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Abstract

Noxious stimulation of the skin with either chemical, electrical or heat stimuli leads to the de-
velopment of primary hyperalgesia at the site of injury, and to secondary hyperalgesia in
normal skin surrounding the injury. Secondary hyperalgesia is inducible in most individuals
and is attributed to central neuronal sensitization. Some individuals develop large areas of
secondary hyperalgesia (high-sensitization responders), while others develop small areas
(low-sensitization responders). The magnitude of each area is reproducible within individu-
als, and can be regarded as a phenotypic characteristic. To study differences in the propen-
sity to develop central sensitization we examined differences in brain activity and anatomy
according to individual phenotypical expression of secondary hyperalgesia by magnetic
resonance imaging. Forty healthy volunteers received a first-degree burn-injury (47°C,

7 min, 9 cm?) on the non-dominant lower-leg. Areas of secondary hyperalgesia were as-
sessed 100 min after the injury. We measured neuronal activation by recording blood-
oxygen-level-dependent-signals (BOLD-signals) during mechanical noxious stimulation be-
fore burn injury and in both primary and secondary hyperalgesia areas after burn-injury. In
addition, T1-weighted images were used to measure differences in gray-matter density in
cortical and subcortical regions of the brain. We found significant differences in neuronal ac-
tivity between high- and low-sensitization responders at baseline (before application of the
burn-injury) (o < 0.05). After the burn-injury, we found significant differences between re-
sponders during noxious stimulation of both primary (p < 0.01) and secondary hyperalgesia
(b <0.04) skin areas. A decreased volume of the right (o = 0.001) and left caudate nucleus
(o =0.01) was detected in high-sensitization responders in comparison to low-sensitization
responders. These findings suggest that brain-structure and neuronal activation to noxious
stimulation differs according to secondary hyperalgesia phenotype. This indicates differ-
ences in central sensitization according to phenotype, which may have predictive value on
the susceptibility to development of high-intensity acute and persistent pain.
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Introduction

Injury-induced sensitization of the central nervous system is a condition that is believed to play
an important role in the development and maintenance of pain. During sensitization the central
nervous system is regulated into a state of high reactivity in which sensory inputs from both injured
and non-injured adjacent areas produce augmented responses [1-3]. One important question is
whether some individuals develop more central sensitization than others and consequently, if such
individuals are predisposed to higher levels of acute and chronic pain experience.

A number of experimental models are used in the study of central sensitization in volunteers
[1,2]. Noxious stimulation of the skin with either electrical [3], chemical [4] or heat [5,6] sti-
muli leads to the development of primary hyperalgesia at the site of injury, and to secondary
hyperalgesia in normal skin surrounding the injury [1,2]. The proneness to develop secondary
hyperalgesia has been used to study differences in central sensitization [7]. Some individuals
develop large secondary hyperalgesia areas (high-sensitization responders) while others only
develop small secondary hyperalgesia areas (low-sensitization responders) [7]. Although the
magnitude of secondary hyperalgesia areas varies widely between individuals, the intra-indi-
vidual variability is low, i.e., individuals will continue to develop areas of similar magnitude
when exposed to the same noxious stimulus [7]. Development of secondary hyperalgesia thus
seems to be a phenotypic characteristic [7].

No studies have yet compared high- and low-sensitization responders regarding differences
related to central pain processing. Development of secondary hyperalgesia areas of different
magnitudes may reflect variations in brain anatomy and brain function, i.e., cerebral pain pro-
cessing. Understanding these variations is important to gain further insight into central mecha-
nisms of pain and to investigate, if such variations are predictive of the severity of acute pain
and the propensity for transition to chronic pain.

Magnetic resonance imaging (MRI) gives a unique opportunity to assess microstructural
differences in brain anatomy [8] while blood-oxygenation-level-dependent (BOLD) functional
magnetic resonance imaging (fMRI) is widely used to map the neuronal dependent
hemodynamical responses to pain in humans [9,10].

The aim of the present exploratory study was therefore to compare functional and structural
characteristics of brain activity and anatomy in high- and low-sensitization phenotypes using
()MRI. We hypothesized that according to phenotype differences in the activity and the anato-
my of the brain could be demonstrated.

Methods
Volunteers

We recruited volunteers through advertisements in a magazine for university students and
through own records from completed studies. Inclusion and exclusion criteria are presented in
(Table 1). Based on a previous study [11] the interquartile range of secondary hyperalgesia
areas was 24-55 cm®. We therefore defined high-sensitization responders as volunteers devel-
oping secondary hyperalgesia areas above 55 cm” and low-sensitization responders as volun-
teers developing secondary hyperalgesia areas below 24 cm”.

All volunteers gave written consent after receiving detailed oral and written information.
The volunteers were paid EUR 200 (USD 260) as a compensation for their participation. The
study took place on two study days, a screening day, and an experimental day separated by at
least one week. The study was approved by the Committee on Health Research-Ethics of
Copenhagen (H-3-2012-117) and the Danish Data Protection Agency (30-0871 / 01994) and
was performed according to the principles of the Helsinki Declaration with later revisions.
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Table 1. Inclusion and exclusion Criteria.

Inclusion Criteria Exclusion Criteria

ASA Il The volunteer is not cooperative

20 yrs < age < 35yrs The volunteer does not understand or speak Danish
or English

18 kg/m? < BMI < 30 kg/m? Pregnancy, breastfeeding, women planning
pregnancy or not using contraceptives (pill or IUD)

Urine sampled negative for amphetamines, Coffee, tea, cocoa or other methylxanthine-

barbiturates, benzodiazepines, cocaine, opioids containing foods or beverages and tobacco for at

(buprenorphine, methadone, morphine) and least 12 h before start of the study

tetrahydrocannabinol (THC)

Negative pregnancy test No development of secondary hyperalgesia area 100

minutes after a first-degree burn

Secondary hyperalgesia area < 24 cm? or Participation in a drug trial in the previous 60 days
Secondary hyperalgesia area > 55 cm?

Alcohol or drug abuse
Use of psycho-active drugs or analgesics
Use of prescription drugs 1 week before the trial

Use of over-the-counter medication 48 hours before
the test

Neurological condition

Chronic pain condiion

Allergy to morphine or naloxone

Skin lesions in the assessment areas

Signs of neuropathy in the ipsilateral or contralateral
assessment areas

Contra-indication to MRI scanner

Volunteer refuses to be informed in case of
pathological findings in the MRI scans.

§ based on a previous study [11] the interquartile range of secondary hyperalgesia areas was 24-55 cm?.
We therefore defined high-sensitization responders as volunteers developing secondary hyperalgesia
areas above 55 cm? and low-sensitization responders as volunteers developing secondary hyperalgesia
areas below 24 cm?.

doi:10.1371/journal.pone.0114840.t001

Screening day

Screening and assessments took place in a quiet room at the Multidisciplinary Pain Center,
Rigshospitalet, from Monday to Sunday between 08.00 AM and 08.00 PM. The first inclusion
date was 17.10.12. The screening included information about the trial, gathering of a brief med-
ical history, and a physical examination. Volunteers completed the Hospital Anxiety and De-
pression Scale (HADS)[12] and the Pain Catastrophizing Scale (PCS) [13]. Volunteers then
received a first-degree burn-injury. Pain during the burn, as well as areas of secondary hyperal-
gesia were assessed.

Induction of secondary hyperalgesia

The first degree burn-injury was induced with a contact thermode (Thermotest, Somedic AB,
Horby, Sweden [2.5 x 5.0 cm?, 47.0°C,7 min]), with the upper anterior corner 11 cm below the
medial meniscus margin and 6 cm from the anterior margin of the tibia in the dominant

leg. Pain during the burn injury was assessed with a numeric rating scale (NRS, 0 = no pain;

10 = worst imaginable pain)[14]. The secondary hyperalgesia area was assessed after 100 min
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[15] using a polyamide monofilament (Aesthesiometer nominal value 18 (bending force
(mean =+ SD): 937 & 14 mN); Somedic AB) by stimulating in 8 diagonal and orthogonal lines
converging towards the center of the burn-injury. Volunteers were instructed to close their
eyes during the assessments. The stimulations started in skin with normal sensation. When the
volunteers reported the occurrence of a definite change in sensation (uncomfortable feeling,
burning or stinging sensation), this was defined as the border of the secondary hyperalgesia
area. The corners of the octagon were marked on the skin and transferred to a transparent
sheet. The size of the hyperalgesia area (cm?) was calculated using a computer-based vector-
algorithm (Canvas 12.0, ACD Systems International, Victoria, Canada).

Experimental Day

The experimental procedures, including MRI scans took place at the Radiology Department,
Glostrup Hospital, from Monday to Sunday between 08.00 AM and 08.00 PM. The first MRI
scan session was conducted 04.11.12 while the last MRI scan session was completed on the
11.03.13. A blood sample was collected to for measurements of hematocrit, hemoglobin and
electrolytes. The burn injury location and procedure, including assessment of secondary hyper-
algesia areas, were similar to the screening day, except that the non-dominant leg, and a 9 cm?,
MRI compatible TSA-II contact thermode (3.0 x 3.0 cm?, Medoc Ltd, Ramat Yishai, Israel)
was used for testing (two volunteers, (one high- and one low-sensitization responders respec-
tively) were tested on the right side (non-dominant side) while the remaining volunteers were
tested on the left side).

Assessment of mechanical pain thresholds

Mechanical pain thresholds were assessed using weighted-pin stimulators (PinPrick, MRC Sys-
tems, Heidelberg, Germany (8, 16, 32, 64, 128, 256, 512 mN)) with a contact area of 0.049 mm>
according to Dixon’s “up-and- down” method [16]. Assessment area was the non-dominant
lower leg, where the burn injury was later induced. Before burn injury the volunteers were
stimulated 5 times and were asked to indicate when more than 2 of the pin-prick stimulations
were perceived as painful. Using pin-prick stimulators of ascending or descending order, the
thresholds were determined 5 times and the median of these assessments was then considered
for analysis. We used the lightest pin-prick stimulator, which was perceived as painful, for all
subsequent pin-prick stimulation sequences during BOLD recordings throughout the study.

For experimental procedure and timings (Fig. 1).

Experimental procedure

MRI was performed on a 3.0 T Philips Achieve Scanner (Philips Medical Systems, Best, the
Netherlands) using a 32-channel phased-array send and receive head coil. Initially a reference
anatomical whole-brain image was obtained, followed by T1-weighted 3D anatomical images.

Volunteers were positioned in the MRI scanner in a comfortable supine position. Support-
ive soft cushions were used to limit head movement. Monitoring included continuous ECG,
end-tidal CO,, and respiratory rate, while non-invasive arterial blood pressure was measured
intermittently at pre-determined fixed intervals.

Pre-burn injury BOLD response measurements were performed during painful pin-prick
stimulation. Following induction of the burn injury, and a waiting period of 100 min secondary
hyperalgesia areas were assessed. The subjects were then re-positioned in the scanner and
BOLD response measurements were repeated twice (Fig. 1). In the first BOLD response mea-
surement, painful pin-prick stimulation was performed inside the secondary hyperalgesia area
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Figure 1. A: Study Algorithm — Experimental day (Top). All variables were recorded in fixed order
throughout the study. MRI was performed on a 3.0 T Philips Achieve Scanner (Philips Medical Systems,
Best, The Netherlands) using a 32-channel phased-array send and receive head coil. Initially T1-weighted 3D
anatomical images were obtained. Pre-burn BOLD response measurements were performed during painful
pin-prick stimulation. Subsequently a first-degree burn-injury was induced on the non-dominant lower leg.
After 100 min waiting period the area of secondary hyperalgesia was assessed. The volunteers were then re-
positioned in the scanner and BOLD response measurements were repeated twice. There was at least 5 min
pause between each BOLD response measurement. B: Stimulation areas (Middle). Areas of noxious pin-
prick mechanical stimulation in high- and low-sensitization responders. High-sensitization responders (left)
developed large areas of secondary hyperalgesia surrounding the burn-injury site (red square) while low-
sensitization responders only developed small areas of secondary hyperalgesia (right). In the first BOLD
response measurement, pin-prick stimulation was performed inside the secondary hyperalgesia area one cm
from the border of the burn-injury (SH). In the second BOLD response measurement, pin-prick stimulation
was performed inside the primary hyperalgesia area (PH). Pin-prick stimulations were delivered within a
predetermined area of 1x1 cm. Pain was rated on a verbal numerical rating scale (NRS) after each
stimulation. C: Stimulation paradigm (Buttom). To obtain BOLD fMRI measurements we applied noxious
mechanical stimulation by weighted-pin stimulators (pin-prick) in a block design. Pain thresholds were
individually assessed by pin-prick stimulation and the lightest pin-prick stimulator perceived as painful before
induction of the burn-injury was used throughout the study. The stimulation paradigm consisted of rest blocks
with no stimulation, alternating with active blocks of pin-prick (pain) stimulation delivered at 1 Hz. One scan
session thus consisted of abbrev6 resting blocks (30 s/block) interleaved by 5 stimulation blocks (30 s/block)
with a total duration of 5 min 30 sec.

doi:10.1371/journal.pone.0114840.9001

one cm from the border of the burn injury. In the second BOLD response measurement,
pin-prick stimulations were performed inside the primary hyperalgesia area (Fig 1B). Pin-prick
stimulations were delivered within a predetermined area of 1 x 1 cm. Pain was rated on a nu-
merical rating scale (NRS: 0-10) after each stimulation. There was at least 5 min pause between
each BOLD-response measurement. Pain was rated on a NRS after each stimulation.
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Data Acquisition and Imaging Protocols
Anatomical Images

Anatomical images were acquired using a T1-weighted 3D turbo field echo sequence (137 sag-
ittal slices 1.1 mm thick; in-plane resolution 1.1 x 1.1 x 1.1 mm: repetition time 6.9 ms; echo
time 2.8 ms; flip angle 9°).

BOLD response

BOLD functional imaging utilized a gradient echo EPI sequence (33 slices 4.0 mm thick; slice
gap 0.1 mm; field of view 230 x 230 x 134 mm; in-plane acquired resolution 1.8 x 1.8 x

4.0 mm; repetition time 3.0 s; echo time 35 ms; flip angle 90°; SENSE factor 2). Slices were
oriented parallel to the inferior border of corpus callosum covering the whole brain. The 110
dynamic scans were obtained during each 5.5 min scan session.

To record BOLD response, we applied mechanical stimulation with pin-pricks. The para-
digm consisted of six rest blocks (30 s/block), in which no stimulation was performed with al-
ternating five active blocks (30 s/block), where pin-prick stimulation was performed at 1 Hz
with a total scan time of 5 min 30 sec per BOLD response measurement (Fig. 1). Volunteers
were told to stay awake and asked to keep their eyes open during the BOLD scans.

MRI Data Analysis
BOLD fMRI preprocessing and statistical analysis

Functional images were analyzed using FMRIB software Library (FSL) version 5.0.1, Oxford,
UK (http://www.fmribox.ac.uk/fsl). FMRI Expert analysis Tool (FEAT) was used for pre-
processing (first level analysis). The first two volumes of each functional scan were removed to
allow equilibration of image intensities. Pre-processing steps included motion-correction,
brain extraction, spatial (5 mm) smoothing, and temporal filtering (high pass 100 s). The block
stimulation paradigm convolved with a two-gamma hemodynamic response function served as
a model time course. Whole brain analysis was performed on the data using general linear
model (GLM). Statistical results were co-registered first to the subject’s own T1-weighted 3D
anatomical images and subsequently to the standard Montreal Neurological Institute atlas
(MNI-152) using linear registration, full search and 12 degrees of freedom (except in #21 were
co-registration was done directly to MNI-152).

The 3D anatomical images had prior to this been transformed to match the dimension of
the functional scans using FSLreorient2sted. Subjects that were left-handed (N = 2; one high-
and one low-sensitization responder) were right-left swapped using FSLswapdim. Brain extrac-
tion was performed using FSL brain extraction tool (BET) (Fractional intensity threshold: 0.6,
threshold gradient of 0.1, and robust brain center estimation).

A full quality assurance (QA) was completed, which included individual visual inspection to
ensure that all subjects had a full set of scans including pre-burn injury, secondary hyperalgesia
scan and primary hyperalgesia scan. Furthermore it was ensured that there was no excess mo-
tion (>3 mm) and an optimal co-registration. All scans passed the QA were included in the
subsequent analysis.

Individual GLM results were then fed into a fixed-effects analysis model (second level analy-
sis) using FLAME (FMRIB’s Local Analysis of Mixed Effects) and outlier de-weighting. In ad-
dition analysis was repeated with gender added as a covariate to rule out possible gender
related confounding of the results.

Z (Gaussianised T/F) statistical images were thresholded using clusters determined by Z > 2.3
and a corrected cluster significance threshold of p = 0.05, corrected for multiple comparison by
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false discovery rate [17]. We analyzed differences between high- and low-sensitization re-
sponders at each stimulation zone separately using an unpaired t-test. BOLD changes are
presented as Z scores (A (x - mean)/standard deviation)) and p values for high sensitization re-
sponders compared to low sensitization responders. Z scores of > 1.96 corresponding to a

p value of < 0.05 were determined as significant activation in a region. Individual regions were
identified using Juelich Histological Atlas [18] and in addition verified by translating to corre-
sponding anatomical structures using GingerALE 2.3.1 and Talaraich Daemon 2.4.2.

Structural MRI preprocessing and statistical analysis

Anatomical images were preprocessed using the FreeSurfer imaging analysis suite (http://
surfer.nmr.mgh.harvard.edu/; version 5.3). FreeSurfer is a semi-automatic software package
that performs volumetric segmentation of subcortical structures [19-21].

Subcortical volume estimates were exported to IBM SPSS Statistics (version 21) and a Pear-
son correlation analysis was performed to assess the relationship between regional subcortical
volume and secondary hyperalgesia areas. All volumes where adjusted for total intracranial vol-
ume based on the analysis of covariance approach as outlined in Raz et al. [22]. This was per-
formed to avoid possible confounding due to differential head-size between participants.

Statistics

Our primary endpoint was differences in BOLD responses before and after induction of the
burn injury between high- and low-sensitization responders. Secondary endpoints were differ-
ences in brain structure between high- and low-sensitization responders. Further, data on
HADS- and PCS-assessments, pain during burn-injuries, areas of secondary hyperalgesia, and
mechanical pain thresholds, were analyzed.

Preliminary estimation of sample size was based on detection of differences in BOLD re-
sponse between the two groups. We wanted to detect a 3% difference between high and low-
sensitization responders with regard to BOLD response to noxious mechanical stimulation
(minimal relevant difference). Under the assumption that data is normally distributed and
using a significance level (o) of 0.01, § = 0.2, inter-individual standard deviation in BOLD
response (o) = 2.5%, the estimated necessary number of subjects is 32. However, in order to
compensate for any drop-outs, we set the number of volunteers to 40 (i.e. 20 in each group).

Data were assessed for normality using Q-Q plots and Shapiro-Wilk W test. In case of nor-
mally distributed data, we used unpaired t-test to compare mechanical pain thresholds, pain
scores (NRS) and psychometric scales between high- and low-sensitization responders, where-
as Mann-Whitney rank sum test was used for non-normal data. Secondary hyperalgesia areas
in the screening and the experimental days were compared with Wilcoxon rank sum test.

Data are given as mean (SD) or median (25-75% interquartile range (IQR)).

Results

A total of 55 volunteers were screened for magnitude of secondary hyperalgesia areas. Two
volunteers did not develop a measurable secondary hyperalgesia area, while nine did not meet
the area requirements to be classified as high- or low-sensitization responders. Two volunteers
suffered from claustrophobia and one had to be excluded due to concurrent illness. In total

14 volunteers were excluded after the screening day prior to inclusion. Seven volunteers (# 26,
28, 30, 31, 35, 37, 38) were considered low-sensitization responders, although they developed a
slightly larger secondary hyperalgesia area in the screening Day than the cut-off value of

24 cm”. However, in the experimental day, these seven volunteers had smaller secondary
hyperalgesia areas than 24 cm® and were therefore included in the study.
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In total, 41 volunteers were included in the study. On the experimental day, one volunteer
(BNK) was not able to stay awake during the scan sessions and was therefore excluded.

Hence, per-protocol data from 40 healthy volunteers (22 F, 18 M) were included (#1-20: high-
sensitization responders; #21-40: low-sensitization responders) A T1-weighted anatomical
scan from one subject had to be removed due to misalignment during acquisition (#21). Two
subjects (#11 and #35) did not complete the HADS and PCS questionnaires.

Demographic data are shown in (Table 2). Detailed individual demographic data are shown in
(S1 Table). There were no significant differences between high-sensitization and low-sensitization
responders with regard to age, sex, height or weight (p > 0.05); however, there was a trend towards
a larger number of females than males (Fisher’s exact test p = 0.11) in the high-sensitization group.

Blood pressure, heart rate and end-tidal CO, parameters recorded during MRI scans are
shown in (Table 3). Detailed individual hemodynamic data are shown in (52 Table)Baseline
blood chemistry showed normal hematocrit, potassium- and sodium levels except in the few
cases with marginally borderline values. There were no differences between high- and low-
sensitization responders with regard to any of the blood chemistry parameters (p > 0.05). For
blood samples outside the normal range (Table 4).

BOLD responses

Pre-burn assessments

(Fig. 2A and 2B) shows the neuronal activation maps while (Table 5 and Table 6) shows the
z-stats scores and coordinates for neuronal activation following noxious mechanical stimula-
tion before burn-injury in high- and low-sensitization responders, respectively.

We recorded less neuronal activation in the ipsilateral precentral gyrus (left, p = 0.046) and
ipsilateral superior temporal gyrus (left, p = 0.04) after noxious stimulation of the normal skin
(before burn-injury) in high- versus low-sensitization responders. In addition, after correction
for gender, we recorded increased activation of the contralateral inferior frontal gyrus (right,
p =0.0049) and less activation of contralateral precentral gyrus (right, p = 0.00047) in
high- versus low-sensitization responders (Fig. 2C), (Table 7).

Post-burn assessments
(Table 8 and 9) show the z-stats scores and coordinates for neuronal activation after induction
of the burn injury in the secondary and primary hyperalgesia areas.

We recorded less activation of the contralateral precuneus (right, p = 0.041) after noxious
stimulation in the secondary hyperalgesia area in high- versus low-sensitization responders. After
correction for gender we in addition recorded increased activation in the contralateral post-central
gyrus (right, p = 0.00015), ipsilateral precuneus (left, p = 0.023), ipsilateral posterior cingulate cortex
(left, p < 0.0001), contralateral parahippocampus gyrus (right, p = 0.0013) and contralateral cau-
date nucleus (right, p < 0.0001) in high- versus low-sensitization responders (Fig. 3A).

Table 2. Demographic Data.

High-sensitization responders Low-sensitization responders
Male/Female (n) 6/14 12/8
Age (years) 243+23 242+26
Height (cm) 1753 +£9.3 1779 £ 11.5
Weight (kg) 68.7 £ 8.5 71.5+10.3

Mean values + SD.

doi:10.1371/journal.pone.0114840.t002
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Table 3. Blood pressure (BP), heart rate and end-tidal CO, during fMRI BOLD scans (Mean + SD).

BP systolic (mm Hg) BP diastolic (mm Hg) Heart rate (/ min) End tidal CO, (mm Hg)

High-sensitization responders

Pre-Burn scan 120.8 + 8.8 68.0 + 6.9 62.7 +7.9 47 +04
Secondary hyperalgesia scan 123.7 £10.6 66.7 + 5.7 63.5 + 8.1 46 +0.6
Primary hyperalgesia scan 124.9 + 10.4 69.7 + 6.3 65.4 + 8.8 47 +0.5
Low-sensitization responders

Pre-burn scan 118.8 + 8.3 66.3 + 10.4 58.9 + 12.0 5.0+ 0.3
Secondary hyperalgesia scan 123.4 + 12.3 623 +7.2 60.0 + 10.7 5.0+ 0.3
Primary hyperalgesia scan 122.0 £9.3 66.9 £7.5 64.3 £ 10.9 49 +0.3

doi:10.1371/journal.pone.0114840.t003

Table 4. Baseline blood samples.

We recorded less activation in the ipsilateral precentral gyrus (left, p = 0.00048) after nox-
ious stimulation in the primary hyperalgesia area in high- versus low-sensitization responders.
Correcting for gender lead to less recorded activation in the ipsilateral anterior lobe of the cere-
bellum (left, p = 0.0018) (Fig. 3B).

Structural MRI results

We recorded a smaller volume of the caudate nuclei in subjects with large secondary hyperalgesia
areas, with a negative correlation between adjusted caudate volume and secondary hyperalgesia
area. This was true for both hemispheres and mean secondary hyperalgesia areas: Right caudate
nucleus; r = —0.498, p = 0.001; Left caudate nucleus; r = —0.407, p = 0.01; all n = 39, (Fig. 4).
There were no differences between men and women regarding the volume of the caudate nuclei
(p > 0.05). There where no effects in other brain regions (all, p > 0.05)

Pain during burn injury

During induction of the burn-injury both groups reported moderate to severe pain

(NRS = 6.0 =+ 1.8 in high-sensitization responders vs. NRS = 5.8 £ 2.1 in low-sensitization
responders (p = 0.72)). Erythema and hyperalgesia were observed in all volunteers following
the burn-injury. For detailed individual results (S3 Table).

Blood sample Normal values Volunteer Blood chemistry
Haematocrit [M: 0.41-0.50] #8 M: 0.40
[F: 0.35-0.46] #20 F: 0.30
Haemoglobin [M: 8.4—10.8 mmol/] #8 M: 8.2
[7.2-10.0 mmol/L] #5 F: 71
#20 F: 6.8
Potassium [3.5-5.0 mmol/L] #24 F: &3
#26 M: 3.4
#39 F: 3.4
Sodium [135—-145 mmol/L] #14 F: 147
#32 M: 148
#34 F: 146

Baseline blood chemistry showed normal hematocrit, potassium- and sodium levels except in the few cases shown in this table with marginally borderline
values. There were no differences between high- and low-sensitization responders with regard to any of the blood chemistry parameters (p > 0.05).

doi:10.1371/journal.pone.0114840.t004
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High- sensitization responders (a)
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Figure 2. Brain activation during mechanical noxious stimulation before burn-injury. Group analysis
showing brain activation by BOLD fMRI during mechanical noxious stimulation at baseline (pre-burn)in (a)
high-sensitization responders and (b) low-sensitization responders. (c) Shows differences in brain activation
between high- and low-sensitization responders. Activity is displayed upon standardized inflated brain figures
with red areas showing regions-of-interest (ROI) with increased or positive activation and blue areas showing
ROI’'s with decreased or negative activation. We found significant differences in brain activation with more
activation in the right inferior frontal gyrus and less activation in the left superior temporal gyrus, left, and right
precentral gyrus in high- versus low-sensitization responders. L = Left side, R = Right side, Lat. = Lateral

view, Med. = Medial view.

doi:10.1371/journal.pone.0114840.9002

Table 5. Pre-burn group activation to noxious mechanical stimulation in high-sensitization responders.

Brain Region Structure Lat. z-stat X (mm) Y (mm) Z (mm) Vol (cm3)
Positive Activation

Cortical

Frontal

Middle BAG6, 8,9 L 5.99 -48 12 42 21.24
Medial BAG6, 8 L 4.46 0 32 40 06.75
Inferior BA 10, 46, 47 R 4.09 48 50 -4 06.77
Parietal

Post-central BA 3,1,2, 40, 41,42 L 5.99 -52 -24 16 33.94
Secondary Somato-sensory BA 5,7 L 5,99 -36 -24 18 05.45
Temporal

Superior BA 21, 22, 38 R 5.99 56 2 -2 18.60
Insular

Insula BA 13, 41 R 5.99 36 -20 14 26.31
Subcortical

Cingulate BA 30,31,32 L 5.99 -5 38 22 12.51
Thalamus VL L 2.75 -6 -18 0 04.13
Thalamus VL, VPL, MD, VA R 2.24 14 -12 6 03.36
Brainstem / Cerebellum

Culmen L 1.75 -2 -50 -2 02.76
Pyramis R 5109 30 -70 -30 24.73

BA: Broadmann area, VL: Ventral Lateral Nucleus, VPL: Ventral Posteriolateral Nucleus, MD: Medial Dorsal Nucleus, VA: Ventral Anterior Nucleus.

doi:10.1371/journal.pone.0114840.t005
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Table 6. Pre-burn group activation to noxious mechanical stimulation in low-sensitization responders.

Brain Region Structure Lat. z-stat X (mm) Y (mm) Z (mm) Vol (cm3)
Positive activation

Cortical

Frontal

Superior BA 6 L 2.45 -6 26 62 03.65
Medial BA 6 L 1.97 -8 -6 68 03.02
Inferior BA 10, 46 R 4.59 46 52 -4 05.09
Parietal

Postcentral BA 3,1,2,46 L 1.93 -52 -8 50 02.97
Secondary somato sensory BA 5,7 L 5,99 —42 -15 18 03.23
Temporal

Superior BA 40,41,42 L 2,45 —-46 -24 11 56.7
Insula

Insula BA 13 R 5.99 62 -32 20 76.31
Subcortical

Cingulate BA 31,32 L 2.45 -4 35 18 07.14
Thalamus MD, VPM, VL, VPL R 5.99 12 -18 4 08.24
Brainstem / Cerebellum

Cerebellar Tonsil R 5.17 28 -64 -34 11.07
Cerebellar Tonsil L 5.04 -28 -62 -36 10.42

BA: Broadmann area; MD: Medial dorsal nucleus; VPM: Ventral Posteriomedial nucleus, VL: Ventral Lateral nucleus, VPL: Ventral posteriolateral
nucleus.

doi:10.1371/journal.pone.0114840.t006

Areas of secondary hyperalgesia

High-sensitization responders developed secondary hyperalgesia areas with a mean of
102.9 + 41.2 cm? (range: 61.5-178.2 cm?) on the screening day, and of 103.4 4 52.6 cm?
(range: 52.2-251.4 cm?) on the experimental day (p = 0.71). Low-sensitization responders

Table 7. Contrast analysis results before burn injury in high- versus low-sensitization responders.

Brain Region Structure Lat. z-stat X (mm) Y (mm) Z (mm) Vol (cm®)

Positive activation

Cortical

Frontal

Inferior BA 10, 46,47 R 2.58 44 52 -2 03.73

Negative activation

Cortical

Frontal

Precentral BA 4,6,46 R 3.31 26 -18 62 05.03

Precentral BA 4,6 L 2.61 -50 -4 42 03.32
2.91 07.44

Temporal

Superior BA 40,42, 43 L 1.97 -68 -22 14 02.75

Contrast analysis results for noxious mechanical stimulation in high-sensitization responders versus low-sensitization responders for noxious mechanical
stimulation before burn injury. Bold italic letters shows results without gender correction, while the results after correction for gender are written in normal
letters. BA: Broadmann area

doi:10.1371/journal.pone.0114840.t007
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Table 8. Contrast analysis results for noxious stimulation inside the secondary hyperalgesia in high- vs. low-sensitization responders.

Brain Region Structure Lat. z-stat X (mm) Y (mm) Z (mm) Vol (cm®)

Positive activation

Cortex

Parietal

Post-central BA 2, 40 R 3.62 42 -30 34 05.79

Precuneus BA 5,7 R 1.74 14 -48 66 02.73
1.83 02.79

Precuneus BA7 4,5 L 1.99 2 -44 66 02.97

Subcortical

Posterior Cingulate BA 23,29,30 L 4.32 2 -54 12 07.70

Caudate R 5.99 -36 -14 40 35.52

Parahippocampal BA 30 R 3.01 30 -58 6 04.48

Contrast analysis results for noxious mechanical stimulation inside the secondary hyperalgesia areas for high-sensitization responders versus low-
sensitization responders. Letters in bold italic show results without gender correction, while the results after correction for gender are written in plain. BA:
Broadmann area

doi:10.1371/journal.pone.0114840.t008

developed secondary hyperalgesia areas with a mean of 23.1 4 5.5 (range: 14.6-33.8 cm®) on
the screening day, and of 16.5 + 3.2 cm” (range: 12.1-23.3 cm®) on the experimental day. The
areas were smaller on the experimental day by a mean of 6.7 & 5.3 cm” (p < 0.01) in these re-
sponders (Fig. 5). A smaller, (MRI compatible) thermode was, however, used on the experi-
mental day (9 cm?), compared to the screening day (12.5 cm?).

Mechanical pain thresholds

There was no difference in mechanical pain thresholds between the groups (p = 0.27).

The median pin-prick force used was 128 mN (interquartile range [IQR] 128-256) in high-
sensitization responders and 256 mN (IQR 128-512) in low-sensitization responders.

There was no difference in pain scores between high- and low-sensitization responders
either before the burn-injury (p = 0.29, normal skin) or after the burn injury following
stimulation in the secondary hyperalgesia area (p = 0.37), or primary hyperalgesia area

(p = 0.08). (Fig. 6) illustrates NRS values from both high- and low-sensitization responders
during pin-prick stimulation before and after the burn-injury. For detailed individual results
(S4 Table)

Table 9. Contrast analysis results for noxious stimulation inside the primary hyperalgesia areas in high- vs. low-sensitization responders.

Brain Region Structure Lat. z-stat X (mm) Y (mm) Z (mm) Vol (cm®)

Negative Activation

Cortex

Frontal

Precentral BA 4,6 L 3.30 -48 -8 58 04.60
3.30 04.77

Brainstem / cerebellum
Cerebellum anterior lobe L 2.91 -8 -50 -26 04.02

Contrast analysis results for noxious mechanical stimulation inside the primary hyperalgesia areas for high-sensitization responders versus low-
sensitization responders. Letters in bold italic show results without gender correction, while the results after correction for gender are in plain. BA:
Broadmann Area.

doi:10.1371/journal.pone.0114840.t009
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Figure 3. Differences in brain activation between high- and low-sensitization responders during post-
burn mechanical noxious stimulation. Group analysis showing differences in brain activation by BOLD
fMRI between high- and low-sensitization responders. Activity is displayed upon standardized inflated brain
figures with red areas showing regions-of-interest (ROI) with increased activation and blue areas showing
ROI’s with decreased activation. The cartoon on the right illustrates the stimulation zones for the pin-prick
stimulation. A: Secondary hyperalgesia: We found significant differences in brain activation between high-
and low-sensitization responders after stimulation inside the secondary hyperalgesia area with more
activation of the right post-central gyrus, left precuneus, left posterior cingulate cortex, right parahippocampal
gyrus, right caudate nucleus and less activation of right precuneus in high- compared to low-sensitization
responders. B: Primary hyperalgesia: After stimulation inside the primary hyperalgesia areas we found less
activation in the left precentral gyrus and anterior lobe of cerebellum (not shown,).

doi:10.1371/journal.pone.0114840.9003

HADS and PCS

In the HADS questionnaire we observed a trend towards higher scores in the anxiety subscale
in the high- compared to the low-sensitization responders (p = 0.08). When comparing females
in the high-sensitization group with females in the low-sensitization group in regard to anxiety
scores, significantly higher scores were observed in the high-sensitization group (p = 0.007;
Mann-Whitney-test). A similar comparison for males did not demonstrate any significant dif-
ference (p = 0.32; Mann-Whitney-test). In agreement, comparing gender differences among
the high-sensitization responders in regard to anxiety scores, higher values for females than
males, were observed (p = 0.009; Mann-Whitney-test). No gender difference was observed in a
similar comparison among the low-sensitization responders (p = 0.29; Mann-Whitney-test).
One female (#13) had an anxiety score of 15 indicating a clinical significant anxiety trait.

A: Left caudate nucleus B: Right caudate nucleus
5500+ $500
A High-sensitization
. * responders
# lowsensitization
5000 5000 responders
* .
A A
‘Euco- * A Etsoa- e AA
3 ® & H N A
5 4 A A £ A
S 40004 ‘ * S 40004 A A
* LN A A
A A A A
f . 2
3500 A & 3500 A A
7Y A A

T T T T T T T T T T
0 50 100 150 200 250 0 50 100 150 200 250

Secondary hyperalgesia area (cm?) Secondary hyperalgesia area (cm?)

Figure 4. Structural differences between high- and low-sensitization responders. Volumes of caudate
nuclei are shown as a function of secondary hyperalgesia areas in high-sensitization responders (red
triangles) and low-sensitization responders (blue diamonds). High-sensitization responders showed smaller
volume of the left (p = 0.001) and right (p = 0.01) (corrected p-values) nucleus caudate volume compared to
low-sensitization responders.

doi:10.1371/journal.pone.0114840.9004
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Figure 5. Secondary hyperalgesia areas: Secondary hyperalgesia areas assessed 100 min after a first-
degree burn-injury in the screening day and in the experimental day in high- and low-sensitization
responders. The table shows the median, inter quartile range (IQR) and range of secondary hyperalgesia
areas in high- and low-sensitization responders on the screening day and experimental day respectively. Red
lines show the magnitude of secondary hyperalgesia areas in high-sensitization responders, while blue lines
show the magnitude of secondary hyperalgesia areas in low-sensitization responders. There were no
differences in secondary hyperalgesia areas between the two experimental days in high-sensitization
responders (p = 0.71). In low-sensitization responders the secondary hyperalgesia areas were smaller on the
experimental day by a median (experimental day — screening day) of 5.4 cm? (interquartile range; —9.8 to
-3.6cm?®) (p < 0.01). This difference could however be subscribed to differences in thermode size between
the screening and the experimental days. On the screening day a 12.5 cm? thermode was used while a
smaller MRI compatible thermode of 9 cm? was used on the experimental day.

doi:10.1371/journal.pone.0114840.9005

Although a trend of higher rumination scores (PCS; p = 0.03) was observed in high- vs. low-
sensitization responders, no differences were seen in other PCS-variables or the global PCS-
score (p = 0.17). No gender-related differences in PCS-scores were observed. For detailed indi-
vidual results (S5 Table).

Discussion

Injury-induced sensitization of the central nervous system is believed to play a crucial role in
the development and maintenance of pain [23,24]. One essential feature of central sensitization
is secondary hyperalgesia, i.e. expansion of receptive fields or recruitment of wide dynamic
range neurons in the spinal cord enabling input from non-injured tissue to be perceived as
painful [23,24]. Secondary hyperalgesia is expressed differently among individuals, and has
been suggested to be a phenotypic characteristic [7].

The major findings of this study were that to a uniform noxious mechanical stimulation
healthy volunteers showed dissimilarities in neuronal activation associated with their propensi-
ty to develop large or small areas of heat-induced, secondary hyperalgesia without reporting
significantly increased pain scores. The observed differences increased after gender-wise cor-
rection. An inverse relationship between the magnitude of secondary hyperalgesia, and the vol-
ume of the caudate nuclei was further demonstrated. Finally, we recorded a trend towards
higher anxiety scores in high- versus low-sensitization responders, reaching significance in
females.
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Figure 6. Pain ratings after noxious mechanical stimulation. Boxplot of pain ratings by numeric rating
scale (NRS) in high- (red boxes) and low-sensitization responders (blue boxes). Noxious mechanical
stimulation by pin-prick did not result in any differences in pain scores between high- and low-sensitization
responders before burn-injury (high-sensitization responders: 3.6 + 1.9; low-sensitization responders 2.9 +
1.8; p = 0.29). After burn-injury there were no differences in pain scores after stimulation in the secondary
hyperalgesia areas (high-sensitization responders: 5.0 & 2.1, low-sensitization responders: 4.4 + 2.1 (p =
0.37)) or after stimulation in the primary hyperalgesia areas (high-sensitization responders: 6.3 & 2.1, low-
sensitization responders 5.1 + 2.2, p = 0.08).

doi:10.1371/journal.pone.0114840.9006

Pre-burn cerebral differences between phenotypes

We found that high-sensitization responders had a smaller volume of the right and left caudate
nuclei in comparison with low-sensitization responders. Further, we recorded more activation
of the contralateral inferior frontal gyrus and less neuronal activation bilaterally in the precen-
tral gyrus and in the ipsilateral superior temporal gyrus, after noxious stimulation of normal
skin in high- versus low-sensitization responders.

An inverse relationship between pain sensitivity and gray matter density in cortical regions
has been demonstrated in earlier studies [25]. A lower volume of the caudate nucleus has been
recorded in pain conditions such as fibromyalgia [26] and chronic fatigue [27], but is also a
known feature in various psychiatric diseases including depression [28,29]. It has been sug-
gested that the caudate nuclei are sites for integration of sensory, motor, and motivational pro-
cesses into behavioral output [30]. The caudate nuclei play an important role in sensory
processing [31] and suppression of pain [32]. Specifically activation of the caudate nuclei is an
important element in spatial discrimination of pain [31] and in addition contributes to sup-
pression of motor responses to pain stimuli [33].

One possible interpretation of our results is that high-sensitization responders have a com-
paratively attenuated sensory discrimination [34], are less effective at suppressing pain and fur-
thermore, are more prone to avoidance behavior due to diminished suppression of nociceptive
motor responses. This is confirmed by the pre-burn functional results. The decreased activa-
tion of the motor cortices may suggest that high-sensitization responders have more prepotent
pain avoidance behavior. Consequently, stronger suppression is necessary to avoid excessive
motion during the MRI measurements. The inferior frontal gyrus has been implicated in inhi-
bition of response behavior (Go/No-Go tasks) [35], indicating an active suppression of motor
responses resulting in the globally decreased motor cortex activity. The superior temporal
gyrus deals with emotional aspects of pain [36] and is responsible for the integration of previ-
ous experiences in decision-making [37].
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Post-burn cerebral differences between phenotypes

After stimulation in the secondary hyperalgesia area we recorded more activation in the cau-
date nuclei, parahippocampus gyrus, post-central gyrus on the contralateral side and in the
precuneus and posterior cingulate cortex on the ipsilateral side; while less activation was re-
corded in the contralateral precuneus in high- versus low-sensitization responders. After stim-
ulation in the primary hyperalgesia area we recorded less activation in the ipsilateral precentral
gyrus and anterior lobe of the cerebellum in high- versus low-sensitization responders.

The differences in neuronal activation evoked by stimulation of the hyperalgesic skin fur-
ther confirm that high- and low-sensitization responders process pain differently. The “default
mode network” is a defined system of brain areas that is active when individuals are not fo-
cused on external environment [38]. Nociceptive stimulation of secondary hyperalgesia areas
induces strong deactivations in brain areas belonging to the default mode network [39]. We re-
corded differences in brain areas related to the default mode network (precuneus, posterior cin-
gulate cortex), with increased (less reduced) activations in high-sensitization responders and
more attenuated activation in low-sensitization responders. Interestingly, chronic pain patients
also demonstrate less deactivation in this network [40].

The post-central gyrus (primary somato-sensory cortex) is a part of the sensory-discrimina-
tive dimension of pain [41]. Increased activation has been observed in allodynia [42] and has
been correlated with increased pain sensitivity [43]. Interestingly activation has been observed
in allodynia [42] and unilateral increased activation has been associated with chronic pain [44].
The parahippocampal gyrus is associated with pain memory [45]. Activation of cerebellum in
pain studies is generally considered to be primarily associated with pain avoidance reflecting a
latent motor response [46]. Decreased activation thus suggests a suppression of withdrawal-
movements, due to the experimental settings not allowing the volunteers to move within the
MRI scanner.

Our results have confirmed previous observations that the area of secondary hyperalgesia is
a robust reproducible phenomenon [7], thus asserting that healthy subjects can be phenotyped
with regard to secondary hyperalgesia areas. We have furthermore demonstrated differences
between phenotypes with regard to brain anatomy and central pain processing at rest and after
induction of secondary hyperalgesia without reporting concomitant differences in pain scores.
These findings suggest differences in pain sensitivity between groups. Previous studies have
suggested a correlation between secondary hyperalgesia area and persistent pain [47,48] al-
though one study failed to find an association between areas of secondary hyperalgesia and
acute postoperative pain [49]. The area of secondary hyperalgesia is believed to be dependent
on individual predispositions [7,47] rather than correlated to pain thresholds at rest or injury-
related factors [47]. Specifically we have reported similarities between high-sensitization re-
sponders and chronic pain patients with regard to brain activation. One hypothetical interpre-
tation could therefore be that these subjects have a higher propensity to develop central
sensitization and therefore are at higher risk for developing chronic pain.

Impact of gender

There was a trend towards a larger number of females than males in the high-sensitization re-
sponders group. Intracranial volume varies between sexes due to differences in body size [50].
While gender-specific regional differences in brain anatomy have been demonstrated, there are
no differences with regard to the caudate nuclei volume between sexes when adjusted for intra-
cranial volume [51,52]. This is confirmed in the present study. In addition, in the analysis of the
functional results gender was included as a co-variant to remove possible confounding by gender.
Therefore the differences reported in the present study are in all likelihood, not related to gender.
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Psychometric data

The observation of a trend in higher anxiety-subscale (HADS) scores, in high-sensitization re-
sponders compared to low-sensitization responders, reaching significance in females, is in-
triguing, but should be interpreted with caution. First, the psychometric data belong to the
secondary outcomes and as such are only of exploratory nature. Second, a number of compari-
sons of the psychometric variables were made, introducing a fairly high probability of a type I
error. Third, the unequal gender distribution in the groups, may inadvertently have introduced
a selection-bias. However, after carefully considering these caveats, the data in the present co-
hort may indicate that in females there is a correlation between scores from the anxiety sub-
scale (HADS) and the magnitude of secondary hyperalgesia areas. Emotional and attentional
mechanisms of pain processing, such as pain-related anxiety, catastrophizing and hyper-vigi-
lance, are important elements of sensitivity to pain [53,54]. While it is reasonable to assume
that high-sensitization responders are more sensitive to pin-prick noxious stimuli than low-
sensitization responders, a recent well-powered experimental pain study indicates that hyper-
vigilance, but not anxiety trait or catastrophizing behavior, predicts sensitivity to pain [53]. It
should be noted that a very recent study demonstrated, that central sensitization can be modi-
tied volitionally by altering pain-related thoughts [55].

During central sensitization the central nervous system is regulated into a state of high reac-
tivity, in which an uncoupling of the distinct simple stimulus-response relationship that defines
nociceptive pain, occurs. Central sensitization thus changes, distorts or amplifies pain so it no
longer matches the peripheral noxious stimuli, but instead is increased in severity, duration
and spatial extent. Since the increased attention on central sensitization more than 30 years ago
[56], much effort has been directed into understanding why some individuals are more prone
to central sensitization. We wish to suggest that phenotypic expression of secondary hyperalge-
sia may act as a diagnostic tool to assess individual’s propensity to develop central sensitization.
We have characterized variations in brain anatomy and central pain processing that are corre-
lated with secondary hyperalgesia phenotype. We have furthermore established that these vari-
ations regarding spatial distribution of secondary hyperalgesia express differences in pain
sensitivity leading to increased or augmented central responses regardless of unchanged pain
scores and demonstrated a possible correlation to persistent pain states. The use of secondary
hyperalgesia as a tool to phenotype individuals and thereby to establish their ability to develop
central sensitization may be of predictive value in management of acute pain and in mitigating
the trajectory to chronic pain.

Conclusion

Individuals showing different phenotypic expressions of secondary hyperalgesia, a centrally
mediated phenomenon, differ in brain morphology and in neuronal activation to noxious stim-
ulation. Both the sensory-discriminative and the affective dimensions of pain are processed dif-
ferently in subjects developing large and small areas of secondary hyperalgesia. This suggests
differences in central sensitization across these phenotypes and may have predictive value on
the susceptibility to development of acute and persistent pain.

Supporting Information

S$1 Table. Individual demographic data. Table with individual demographic data for all in-
cluded volunteers.
(PDF)
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S2 Table. Individual hemodynamic data. Table with individual hemodynamic data for all in-
cluded volunteers.
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$3 Table. Individual pain ratings. Individual pain rating results after noxious mechanical
stimulation at baseline (before burn injury), in the primary hyperalgesia area and in the sec-
ondary hyperalgesia area.

(PDEF)

$4 Table. Mechanical Pain Thresholds. Individual mechanical pain thresholds using using
weighted-pin stimulators (PinPrick, MRC Systems, Heidelberg, Germany (8, 16, 32, 64, 128,
256, 512 mN)).
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S5 Table. HADS and PCS. Individual HADS and PCS results
(PDF)
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