
O

H
s
s

S
L
a

F
b

c

h

•
•
•
•

a

A
R
R
A
A

K
I
U
P
S
C
N

T

h
1

Scandinavian Journal of Pain 5 (2014) 258–267

Contents lists available at ScienceDirect

Scandinavian Journal of Pain

journa l homepage: www.Scandinav ianJourna lPa in .com

riginal experimental

yperalgesia and allodynia to superficial and deep-tissue mechanical
timulation within and outside of the UVB irradiated area in human
kin

ilvia Lo Vecchioa, Lars J. Petersenb,c, Sara Finocchietti a, Parisa Gazerania,
ars Arendt-Nielsena, Thomas Graven-Nielsena,∗

Laboratory for Musculoskeletal Pain and Motor Control, Center for Sensory-Motor Interaction (SMI), Department of Health Science and Technology,
aculty of Medicine, Aalborg University, Denmark
Department of Clinical Medicine, Aalborg University, Aalborg, Denmark
Department of Nuclear Medicine, Aalborg University Hospital, Aalborg, Denmark

i g h l i g h t s

Investigate if UVB irradiation facilitates pain responses from the deep tissues.
One day after irradiation, UVB irradiation induced increased skin blood flow.
UVB irradiation reduced the pin-prick, pressure pain thresholds and tolerance.
Left-shifted stimulus–response curve indicated primary and secondary hyperalgesia.
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a b s t r a c t

Background and aims: The ultraviolet-B (UVB) inflammatory model is a well-established model
of inflammatory pain. This study investigated whether UVB-induced cutaneous inflammation would
enhance pain responses from the underlying deep somatic areas.
Methods: Skin inflammation was induced, in 24 healthy volunteers, by UVB irradiation (three times of
the individual minimal erythema UVB dose) in square-shaped areas on the forearm and lower back.
Assessments of cutaneous blood flow, pin-prick thresholds, pressure pain thresholds and tolerance,
stimulus–response functions relating graded pressure stimulations and pain intensity (visual analogue
scale, VAS) were performed within and outside the irradiated area.
Results: Twenty-four hours after UVB irradiation, a significant increase in superficial blood flow in the
irradiated skin area was demonstrated compared with baseline (P < 0.01) indicating that inflammation
was induced. Compared with baseline, UVB irradiation significantly reduced the pin-prick thresh-
olds, pressure pain thresholds and tolerance within and outside of the irradiated area (P < 0.05). The
stimulus–response function was left-shifted compared with baseline both within and outside the irradi-
ated area (P < 0.05) with a more pronounced left-shift within the irradiated area (P < 0.01). Application of
topical anaesthesia 24 h after irradiation in 5 subjects, both within and outside the irradiated area, could
only increase the pin-prick thresholds outside the irradiated area.

Conclusion: The UVB irradiation of the skin not only provokes cutaneous primary and secondary hyper-

algesia but also causes hyperalgesia to blunt pressure stimulations 24 h after the UVB exposure.

Implications: The presented U
subjects. This model can poten
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. Introduction

Inflammation is part of the biological response to tissue injury,
ncluding exposure to pathogens, toxins, or irritants [1]. Such
esponse can be triggered by physical or chemical injury, e.g.
ound, trauma, infection, and burn injury.

The ultraviolet-B (UVB) inflammatory model is a well-
stablished model, which is easy to use, does not cause tissues
amage or spontaneous pain, and includes a response of the
ermal vasculature due to the inflammatory process. Hypersen-
itivity responses to UVB, manifests as alterations in cutaneous
aso-responses, reductions in both thermal and mechanical pain
hresholds (allodynia), and increased responses to suprathresh-
ld stimulations (hyperalgesia) [2,3]. The UVB irradiation causes
localized erythematic skin (‘sunburn’), developing to a maximal

esponse within about 24 h, accompanied by distinct charac-
eristics of primary allodynia and hyperalgesia within the UVB
rradiated area [2]. In the irradiated area, an increased sensitivity
o both thermal and mechanical cutaneous stimulation has been
emonstrated in men, mice, and rats [2,4]. Altered microvascular
unction and changes in mechanical sensitivity play important roles
n a number of clinical inflammatory conditions such as rheumatic
iseases [5,6]. However, development of area of secondary hyper-
lgesia, surrounding the irradiated area in UVB models, has yielded
onflicting results on both the presence and intensity [2,4,7,8].
pplication of different methodologies to assess the UVB-induced
rea of secondary hyperalgesia, might explain the outcome differ-
nce in the previous studies. For instance, Bishop and collaborators
easured secondary hyperalgesia using a 10 g von Frey filament

2]. In the study of Gustorff and collaborators the area of secondary
yperalgesia was determined at the skin surrounding the erythema
y pricking with a hand-held rigid von Frey filament (150 g) [7].

nstead, in the study conducted by Harrison and coworkers, the
rea of secondary hyperalgesia was measured using an electronic
on Frey System [8].

The existence of secondary cutaneous hyperalgesia via cen-
ral hyperexcitability and convergence between superficial and
eep tissue sensory input may involve adjacent structures such
s the underlying somatic structures (e.g. muscles). Previous stud-
es have reported cutaneous hyperalgesia following widespread

uscle pain in patients but only few experimental studies have
nvestigated the interaction between cutaneous and muscle hyper-
lgesia [4,9,10]. In the present study the change in the superficial
nd deep tissue mechanical pain sensitivity after cutaneous sen-
itization using the Experimental UVB inflammatory model was
ssessed.

The aims of the present study were: 1) to characterize pat-
erns and magnitude of alterations in cutaneous vaso-responses to
VB-induced inflammation, 2) to study mechanical pain sensitivity
ithin and outside the UVB-induced inflammatory area, and 3) to
escribe the effect of topical anaesthesia on the UVB-induced pri-
ary and secondary hyperalgesic reactions. It was hypothesized

hat UVB-induced cutaneous inflammation in healthy subjects
ould enhance pain responses from the underlying deep somatic

reas. This study would potentially enhance understanding of
ymptomatology of clinical inflammatory conditions.

. Material and methods

.1. Subjects
A total of 24 healthy volunteers (10 females and 14 males) par-
icipated in the study. Sixteen of them participated in the first
xperiment (UVB experiment, 6 females and 10 males, mean age
7.2 ± 3.1 years) while the remaining eight (4 females and 4 males,
rnal of Pain 5 (2014) 258–267 259

mean age 24.5 ± 1.2 years) participated in the second experiment
(topical anaesthesia: EMLA experiment). Exclusion criteria were
any current acute or chronic pain conditions, a history of drug
abuse, use of analgesic within one week prior to the start of the
study, any tattoos or skin diseases in the test areas, participation in
other experimental studies in the preceding 4 weeks or during the
study, pregnancy or lactation. Menstrual phase was not reported.
Subjects were instructed to avoid or limit the UV exposure dur-
ing the study period. They received written and oral information
about the study and provided written informed consent. The study
was performed in accordance with the Declaration of Helsinki and
approved by the regional Ethical Committee (N-20110066).

2.2. Experimental protocol

In the first experiment (UVB experiment), rectangular areas
(3 cm × 4 cm) in the middle of forearm and in the low back (approx-
imately 3–5 cm from the spinal cord and 8 cm from the iliac
crest) were experimentally inflamed by means of standardized UVB
inflammation. Region of interest for primary inflammation was
defined at the irradiated site. The somatosensory responsiveness of
the left arm and right lower back was assessed at baseline and 24 h
after UVB irradiation. The stimulated area was divided in an inner
(3 cm × 4 cm, UVB irradiated) and an outer area (approximately
5 cm × 6 cm, not UVB irradiated) (Fig. 1B). Four inner assessment
points (P4, P5, P8, and P9) and 8 outer points (1.5 cm distant from
the irradiated area) were examined. Mechanical pain thresholds
to weight-calibrated pin-prick stimulation were conducted on one
point inside the irradiated area (P4) and on one point 1.5 cm outside
the irradiated area (P3, Fig. 1B). The sensitivity to pressure stimula-
tion was assessed on all sites. Skin blood flow was measured within
the regions of interest inside and outside the UVB sites.

In the second experiment (topical anaesthesia: EMLA experi-
ment), a rectangular area (3 cm × 4 cm) in the middle of the forearm
was UVB irradiated similar to the first experiment. One inner
assessment point (Q2) and two outer points (Q1 and Q3) were
examined (Fig. 1C). Q1 and Q3 were located 1.5 cm from the edge of
the irradiated area. The contralateral mirrored area was defined as
control site and likewise assessed for changes in the somatosensory
sensitivity. The side for UVB irradiation was chosen at a balanced
and random manner. The somatosensory sensitivity was assessed
at baseline, 24 h after irradiation, and after topical anaesthesia
(EMLA cream) on Q1, and on both Q1 and Q2, respectively. Mechan-
ical pain thresholds to weight-calibrated pin-prick stimulation and
the sensitivity to pressure stimulation were assessed on all sites.
Only subjects demonstrating a significant UVB-induced pin-prick
hyperalgesia (pin-prick-thresholds reduced by >50%) before topical
anaesthesia were included in the analysis.

2.3. UVB irradiation protocol

Within a week prior to the first study session, the individual
minimal erythematic dose (MED) for UVB irradiation was deter-
mined with a calibrated UVB source (wavelength 290–320 nm;
Saalmann Multitester, Saalmann, SBC LT 400 Herford, Germany).
The MED is the minimum amount of UVB energy (J/cm2) producing
an erythematic area with distinct borders at 24 h after the exposure.
Five circular spots with a diameter of 1.5 cm at the anterior surface

of the right forearm skin were irradiated with a series of UVB doses
ranging from 40 to 100 mJ/cm2. MED values were determined for
each subject. For the study, skin sites were irradiated with 3 times
of the individual MED.
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Fig. 1. Experimental overview: (A) The three different probes used for pressure algometry: 1.0 cm2 flat probe (i), 0.5 cm2 flat probe (ii), and V-shaped probe with a flat
contact surface of 0.03 cm2 (iii). (B) Assessment sites, experiment 1: four assessment sites located inside the UVB irradiation area and eight outer assessment sites on the left
forearm and low back. The 8 outer sites were 1.5 cm distant from the irradiated area. The four sites inside the irradiation area were approximately 0.5 cm from the boarder of
irradiation. The sites 3 and 7 were located most distally or rostrally for the arm and low back, respectively. (C) Assessment sites, experiment 2: one assessment site located
i d righ
a

2

s
l
t
a
h
r
p
i
T
fl
i

2

m
U
p
6
e
t
“
e
“
o
w
1

nside the UVB irradiation area (Q2) and two outer assessment sites on both left an
rea. (D) Schematic representation of the two EMLA applications on the forearm.

.4. Measurement of skin blood flow

The intensity of skin inflammation was quantified by mea-
urement of skin blood flow. Skin blood flow was measured by
aser Doppler imaging (Moor LDI2, Devon, UK) before the induc-
ion of inflammation and 24 h post-UVB irradiation. The scan
rea was 6 cm × 5 cm with a 256 × 256 pixel resolution. The laser
ead was positioned 30 cm above the irradiated skin and the
egions of interest were constructed to cover the irradiated area
lus the surrounding skin. The images were analyzed using ded-

cated image-processing software (Moor V5.3 Instruments Ltd.).
he skin blood flow was expressed as arbitrary units (AU). Blood
ow was assessed to validate that cutaneous inflammation was

nduced.

.5. Weight-calibrated cutaneous pin-prick stimulation

The mechanical cutaneous pain thresholds (MPT) were deter-
ined using custom-made weight-calibrated pin-pricks (Aalborg
niversity, Denmark). The pin-prick stimulators have a metal
robe with diameter tip of 0.6 mm and weights of 0.8, 1.6, 3.2,
.4, 12.8, 25.6, 50.1 and 60.0 g. Starting from the lightest weight,
ach pin was applied for 2 s in the area until the subject felt
hat the sensation changed from “an innocuous prodding” to a
sharp pricking”. Two repeated stimulations were performed with
ach pin-prick. The weight of the pin-prick, which induced the

sharp pricking” for both stimuli, was defined as the pain thresh-
ld. If the subject did not feel pain when the pin with 60 g
as pressed against the skin, the threshold was considered as

00 g.
t forearm (Q1 and Q3). The two outer sites were 1.5 cm distant from the irradiated

2.6. Assessment of pressure pain sensitivity by pressure algometry

A custom-made computer-controlled pressure algometer (Aal-
borg University, Denmark) was used to assess the pressure pain
sensitivity. The pressure stimulation was applied with 0.3 kg/s with
a probe located perpendicularly to the skin surface and the subject
pressed a push button twice during each stimulation: the first event
was the pressure pain threshold (PPT), and the second event was
the measurement of pressure pain tolerance (PPTO). In addition, the
subject rated the pain intensity continuously during the pressure
stimulation on an electronic visual analogue scale (VAS) where 0 cm
indicated “no pain”, and 10 cm indicated “maximal pain”. The PPT
was defined as the point at which a sensation of pressure changed
into a sensation of pain. The PPTO was defined as the maximal level
of pressure the subject could tolerate. Topographical maps illustrat-
ing the spatial distribution of PPTs and PPTOs were created based
on average values across subjects that were interpolated using a
linear inverse distance weighted interpolation [11].

The stimulus–response curve (SR curve) was further con-
structed to demonstrate association of VAS scores and pressure
intensity for each stimulation site. The pressure equivalent to 5 cm
on the VAS (0–10 cm) was extracted as an estimate of the position
of the VAS–pressure curve and used to detect a shift of the SR curve
with respect to the baseline recordings. The linear slope of the SR
curve was estimated in the VAS ranging from 0 to 10 cm or the VAS
score equivalent with the PPTO. All pressure algometry parameters

were recorded in duplicate and the average was used for further
analysis.

In experiment 1, all assessments were performed using three
different probes (1.0 cm2 flat tip, 0.5 cm2 flat tip, and a V-shaped



S. Lo Vecchio et al. / Scandinavian Journal of Pain 5 (2014) 258–267 261

F s (AU
a pare
a

p
2
(
o
s
r
a

2

o
D
a
u
m
a
b
t
o

2

t
(
f
n
t
a
(
a
a
p
(
r
0

i
d
p

3

3

s
m

ig. 2. Cutaneous blood flow: Mean (±SEM, N = 16) skin blood flow in arbitrary unit
rm (A) and on the back (B). A significantly increased blood flow was observed com
rea (#, BON: P < 0.01).

robe with a flat contact surface of 0.03 cm2, Fig. 1A). In experiment
, the assessments were performed using two different probes
1.0 cm2 flat tip and a V-shaped probe with a flat contact surface
f 0.03 cm2). The pressure stimulation sequence of the assessment
ites was selected randomly by the computer. All measures were
ecorded twice for each point and the average was used for further
nalysis.

.7. Application of EMLA cream (experiment 2)

One day after UVB irradiation, EMLA cream (1 g contains 25 mg
f lidocaine and 25 mg of prilocaine, AstraZeneca A/S, Albertslund,
enmark) was applied on a small rectangular area of 2 cm × 3 cm
round point Q1 (Fig. 1D) on the irradiated arm and control arm
nder occlusion for 1 h. Then the cream was removed and the
echanical pain sensitivity was assessed at Q1, Q2, and Q3 on both

rms. Subsequently, EMLA cream was applied under occlusion on
oth Q1 and Q2 for 1 h. Afterwards, the cream was removed and
he mechanical pain sensitivity was re-assessed at all three points
n both arms.

.8. Statistics

All values are presented as means and standard error of
he mean (SEM). Statistical analysis was carried out using SPSS
IBMSPSS©, V19 2010). The Kolmogorov–Smirnov test was used
or normality assessment and the vast majority of the data was
ormally distributed. In the first experiment (UVB experiment) for
he analysis of MPT and cutaneous blood flow, repeated measures
nalysis of variance (ANOVA) were used with the factors: time
before and after irradiation), area (inside and outside the irradi-
ted area), and location (arm, back). For the analysis of PPT, PPTO
nd SR curve slopes and position repeated measures ANOVA were
erformed with 4 factors: time (before and after irradiation), site
average parameters from inside and outside the irradiated area,
espectively), location (arm, back), and probe size (1 cm2, 0.5 cm2,
.03 cm2).

In the second experiment (EMLA experiment), 5 subjects includ-
ng 2 females and 3 males, mean age 23.2 ± 1.5 years, who
eveloped a significant UVB-induced pin-prick hyperalgesia were
resented as case examples.

. Results

.1. Skin blood flow
Twenty-four hours after UVB exposure, the irradiated skin
howed a clear erythematic area with a marked boundary
atching the irradiated area borders. ANOVA results revealed
) before and 24 h after UVB irradiation inside and outside the area irradiated on the
d with baseline values (*, BON: P < 0.01) and the inside compared with the outside

an interaction between time and area for blood flow which was
independent of location. The cutaneous skin blood flow inside and
outside was significantly increased 24 h after irradiation compared
with baseline and the increase was highest in the irradiated area
compared with the increase found outside the irradiated area
(ANOVA: F1,15 = 408.6, P < 0.01; Bon: P < 0.01; Fig. 2A and B). The
data confirmed that a cutaneous inflammation was induced.

3.2. Skin hyperalgesia to mechanical stimulation by
weight-calibrated pin-pricks

In the first experiment (UVB experiment), the ANOVA showed
a main effect of area with a significant lower threshold within
the irradiated area (ANOVA: F1,15 = 11.8, P < 0.01). An interaction
between time and location in the ANOVA showed that at baseline
the pin-prick thresholds were lower in the back compared with the
arm (ANOVA: F1,15 = 5.7, P < 0.05; Bon: P < 0.05; Fig. 3A and B). This
interaction also showed that the pin-prick thresholds were signif-
icantly decreased 24 h after irradiation compared with baseline in
both locations (Bon: P < 0.05; Fig. 3A and B).

In the second experiment (EMLA experiment), at the UVB side,
24 h after irradiation, a decrease in cutaneous mechanical threshold
was present in all 5 subjects and in all three points (Q1–Q3), com-
pared with baseline (Fig. 4, Table 5). The percentage of decrease,
compared to baseline, was 63%, 93% and 68% for Q1, Q2 and Q3,
respectively. In the control side, a slight decrease in cutaneous
mechanical threshold was present in 4 subjects in Q1 and Q3, 24 h
after the first session. The percentage of decrease, compared with
baseline, was 47% and 41% for Q1 and Q3, respectively.

In the control side, after application of EMLA cream in Q1, an
increase in mechanical pain thresholds in comparison with the
baseline (24 h after UVB irradiation) was present only in Q1 and in
all 5 subjects. After application of EMLA in Q1 and Q2, all 5 subjects
showed an increase in mechanical pain thresholds in comparison
with the baseline (24 h after UVB irradiation, Fig. 4).

In the UVB side, after EMLA cream application in Q1, an increase
in mechanical pain thresholds in comparison with the baseline
(24 h after UVB irradiation) was present only in Q1 and in all 5
subjects. After application of EMLA in Q1 and Q2, an increase in
mechanical pain thresholds in comparison with the baseline was
evident in all 5 subjects in Q1 but not in Q2 (Fig. 4).

3.3. Assessment of pressure pain sensitivity by pressure algometry

In the first experiment (UVB experiment), hyperalgesia to

pressure stimulation was detected both inside and outside the irra-
diated areas (Fig. 5). An interaction between time and area in the
ANOVA showed that PPT and PPTO were significantly decreased
24 h after irradiation compared with baseline and that the decrease
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Fig. 3. Mechanical pain threshold: Mean (±SEM, N = 16) pin-prick pain thresholds (weight calibrated pin-prick instrument) before and 24 h after UVB irradiation inside (P4)
and outside (P3) the area irradiated in the arm (A) and in the back (B). Significantly decreased pin-prick pain thresholds were observed compared with baseline values (*,
BON: P < 0.01).

Fig. 4. Mechanical pain threshold after EMLA: Pin-prick pain thresholds before, 24 h after UVB irradiation, after EMLA cream in Q1, and after EMLA cream in Q1 and Q2 inside
(Q2) and outside (Q1 and Q3) the area irradiated, in the control and in the UVB locations. All data relative to the 5 subjects are presented.

Table 1
Mean (±SEM, N = 16) pressure pain thresholds within the UVB sites and in adjacent skin (outside) before and 24 h after UVB inflammation. A significantly decreased PPT was
observed compared with baseline values (*, Bon: P < 0.01) or compared with the same probe used on the arm (#, Bon: P < 0.01).

PPT inside before (kPa) PPT inside after (kPa) PPT outside before (kPa) PPT outside after (kPa)

Arm, 1.0 cm2 probe 304 ± 37 *177 ± 12 290 ± 37 *204 ± 13
Arm, 0.5 cm2 probe 495 ± 56 *261 ± 24 472 ± 49 *325 ± 21
Arm, 0.03 cm2 probe 4402 ± 408 *2747 ± 370 4557 ± 483 *3341 ± 323

2 18
18
295

w
f
B
s
e

T
M
o

Back, 1.0 cm probe 341 ± 45 *195 ±
Back, 0.5 cm2 probe 493 ± 54 *230 ±
Back, 0.03 cm2 probe #3527 ± 340 *#2424 ±

as largest in the irradiated area compared with the decrease

ound outside the irradiated area (ANOVA: F1,15 > 14.4, P < 0.01;
on: P < 0.01; Tables 1 and 2) in both arm and low back. The probe
ize factor demonstrated that the PPT and PPTO detected with
ach probe were significantly different from the PPT and PPTO

able 2
ean (±SEM, N = 16) pressure pain tolerance within the UVB sites and in adjacent skin (ou

bserved compared with baseline values (*, Bon: P < 0.01) or compared with the same pro

PPTO inside before (kPa) PPTO inside after

Arm, 1.0 cm2 probe 517 ± 56 *300 ± 17
Arm, 0.5 cm2 probe 815 ± 73 *407 ± 27
Arm, 0.03 cm2 probe 6545 ± 452 *4368 ± 308
Back, 1.0 cm2 probe 534 ± 48 *314 ± 26
Back, 0.5 cm2 probe 839 ± 77 *390 ± 33
Back, 0.03 cm2 probe #5419 ± 356 *#3966 ± 286
336 ± 47 *249 ± 27
491 ± 54 *355 ± 48

#3585 ± 342 *#2884 ± 295

detected with the other two probes (ANOVA: F2,14 > 51.2, P < 0.01;

Bon: P < 0.01; Tables 1 and 2). An interaction between location and
probe showed that PPT and PPTO were significantly decreased in
the arm compared with the back when 0.03 cm2 probe was applied
(ANOVA: F2,14 > 7.9, P < 0.01; Bon: P < 0.01; Tables 1 and 2).

tside) before and 24 h after UVB inflammation. A significantly decreased PPTO was
be used on the arm (#, Bon: P < 0.01).

(kPa) PPTO outside before (kPa) PPTO outside after (kPa)

498 ± 53 *325 ± 19
782 ± 69 *527 ± 28

6601 ± 512 *5255 ± 241
538 ± 55 *404 ± 35
833 ± 78 *600 ± 61

#5539 ± 354 *#4705 ± 324
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ig. 5. Pain pressure threshold and pain pressure tolerance maps before and after i
ased on interpolated mean values (N = 16) from assessments with the 0.5 cm2 flat

After irradiation, the pressure-VAS SR curve was left-shifted
ith higher slopes both within and outside the irradiated area

ompared with baseline recordings (Fig. 6). An interaction between
ime, probe and area showed that 24 h after irradiation, the posi-
ion of the SR curves for all three probe sizes were significantly
ifferent from the baseline and that the position after 24 h was less

nside compared with outside (ANOVA: F2,14 = 12.6, P < 0.01; Bon:
< 0.01; Table 3). An interaction between location, area and probe

howed that the general position of the SR curve was more to the
ight position for the arm stimulation compared with the back for
he 0.03 cm2 probe (ANOVA: F2,14 = 5.3, P < 0.05; Bon: P < 0.01).

able 3
ean (±SEM, N = 16) position of the pressure-VAS stimulus–response curve within the

ignificantly decreased compared with baseline values (*, Bon: P < 0.01) or compared with

Position inside before (kPa) Position inside after

Arm, 1.0 cm2 probe 410 ± 45 *244 ± 12
Arm, 0.5 cm2 probe 655 ± 64 *334 ± 24
Arm, 0.03 cm2 probe 5474 ± 419 *3558 ± 321
Back, 1.0 cm2 probe 438 ± 46 *263 ± 21
Back, 0.5 cm2 probe 666 ± 67 *310 ± 22
Back, 0.03 cm2 probe #4473 ± 336 *#3195 ± 273
tion in the low back: the assessments sites are illustrated in panel A. The maps are
. The bottom of the maps is referred to the most caudal part of the lower back.

An interaction between time and area in the ANOVA of the slope
showed a significantly increased steepness 24 h after irradiation
compared with baseline both inside and outside the irradiated area
(ANOVA: F1,15 = 6.3, P < 0.05; Bon: P < 0.01; Table 4). An interaction
between time and probe in the ANOVA of the slope also showed
that at baseline, the slope values for all three probe sizes were sig-
nificantly different, but 24 h after irradiation there was a significant
increase in the slope between the 0.03 cm2 probe and the two other

probes (ANOVA: F2,14 = 8.1, P < 0.01; Bon: P < 0.01).

In the second experiment (EMLA experiment), using the 1 cm2

probe, in the UVB side, 24 h after irradiation, a decrease in pressure

UVB sites and in adjacent skin (outside) before and 24 h after UVB inflammation.
the same probe used on the arm (#, Bon: P < 0.01).

(kPa) Position outside before (kPa) Position outside after (kPa)

394 ± 44 *264 ± 16
631 ± 59 *435 ± 24

5588 ± 486 *4419 ± 259
449 ± 53 *325 ± 31
681 ± 69 *490 ± 55

#4587 ± 333 *#3859 ± 289
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Fig. 6. Pressure intensity versus VAS scores: inside (A) and outside (B) the irradiated area on the low back and arm. The curves are based on the average of 16 subjects from
assessments with the 0.5 cm2 probe. In normal skin (black curve, before irradiation), VAS score increases moderately fast with increasing pressure stimulus intensity. After
irradiation (grey curve), the stimulus–response curve is shifted to the left; there is a lower threshold for producing pain and an increased response to suprathreshold stimuli.

Table 4
Mean (±SEM, N = 16) slope of the pressure-VAS stimulus–response curve within the UVB sites and in adjacent skin (outside) before and 24 h after UVB inflammation.
Significantly increased slope was observed compared with baseline values (*, Bon: P < 0.01).

Slope inside before (mm/kPa) Slope inside after (mm/kPa) Slope outside before (mm/kPa) Slope outside after (mm/kPa)

Arm, 1.0 cm2 probe 0.58 ± 0.06 *1.25 ± 0.37 0.70 ± 0.09 *1.51 ± 0.32
Arm, 0.5 cm2 probe 0.36 ± 0.03 *1.11 ± 0.24 0.41 ± 0.05 *0.64 ± 0.07
Arm, 0.03 cm2 probe 0.06 ± 0.01 *0.16 ± 0.05 0.08 ± 0.02 *0.15 ± 0.05
Back, 1.0 cm2 probe 0.63 ± 0.06 *1.10 ± 0.12 0.66 ± 0.06 *0.78 ± 0.06
Back, 0.5 cm2 probe 0.34 ± 0.30 *1.39 ± 0.32 0.38 ± 0.04 *0.56 ± 0.06
Back, 0.03 cm2 probe 0.06 ± 0.01 *0.20 ± 0.10 0.07 ± 0.01 *0.08 ± 0.01

Table 5
Percentages of subjects (N = 5) presenting changes (>10%, reduction: ↓; increase: ↑) of the pin-prick and pressure pain thresholds (1.0 cm2 and 0.03 cm2 probes) in the control
and the UVB sites 24 h after UVB inflammation and after EMLA application.

Pin-prick pain threshold 24 h after UVB 24 h after UVB and EMLA at Q1 24 h after UVB and EMLA at Q1–Q2

UVB side Q1 100% (↓) 100% (↑) 100% (↑)
UVB side Q2 100% (↓) – 40% (↑)
UVB side Q3 100% (↓) 20% (↑) 20% (↑)
Control side Q1 80% (↓) 100% (↑) 100% (↑)
Control side Q2 40% (↓) – 100% (↑)
Control side Q3 80% (↓) 20% (↑) –

Pressure pain thresholds
UVB side, 1.0 cm2, Q1 60% (↓) – 20% (↑)
UVB side, 1.0 cm2, Q2 80% (↓) 20% (↑) –
UVB side, 1.0 cm2, Q3 60% (↓) 20% (↑) 20% (↑)
UVB side, 0.03 cm2, Q1 20% (↓) 40% (↑) 40% (↑)
UVB side, 0.03 cm2, Q2 40% (↓) – –
UVB side, 0.03 cm2, Q3 – – –
Control side, 1.0 cm2, Q1 60% (↓) 20% (↑) 60% (↑)
Control side, 1.0 cm2, Q2 60% (↓) 20% (↑) –
Control side, 1.0 cm2, Q3 60% (↓) 20% (↑) –
Control side, 0.03 cm2, Q1 40% (↓) 20% (↑) 20% (↑)
Control side, 0.03 cm2, Q2 80% (↓) – –
Control side, 0.03 cm2, Q3 80% (↓) – –
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ain thresholds was present in 3 subjects in Q1 and Q3 and in 4
ubjects in Q2 compared with baseline (Table 5). In the control
ide, 24 h after irradiation a decrease in pressure pain thresholds
as present in 3 subjects in all 3 points compared with baseline

Table 5). Using the 0.03 cm2 probe, in the control side, 24 h after
rradiation, a decrease in pressure pain thresholds was present
n 4 subjects in Q2 and Q3, whereas only 2 subjects presented a
ecrease in Q1. In the UVB side, 24 h after irradiation, only few
ubjects developed hyperalgesia (Table 5). After EMLA cream
pplication, in both sides and with both probes, no relevant
hanges were present (Table 5).

. Discussion

The present study showed that 24 h after the UVB irradiation,
rimary and secondary cutaneous hyperalgesia to pin-prick were
eveloped. In addition, for the first time, this study demonstrated
hat hyperalgesia could also be detected by pressure algometry sug-
esting interaction between cutaneous hyperalgesia and muscle
yperalgesia. However, it was not possible to evaluate if this phe-
omenon was mediated by central hyperexcitability or simply by
onvergence between the cutaneous and deep somatic nociceptive
fferents.

.1. UVB model

The UVB model is a translational inflammatory model which has
een investigated both in animals and humans, and it is currently
ne of the standard models in pharmacological studies to screen
ovel analgesic and anti-inflammatory compounds [2,7,12–14].
he UVB model is characterized by changes in tissue perfusion
nd by increased thermal and mechanical sensitivity within the
rea of primary hyperalgesia [2]. However, the development of
econdary thermal and mechanical hyperalgesia is controversial.
revious studies have demonstrated that UVB induces an area of
yperalgesia restricted to the irradiated site [2,8]. This finding was
hallenged by Gustorff and collaborators whereas secondary hyper-
lgesic area was found in humans [4,7,15]. This was in line with
ndings of Davies et al. observing a robust secondary mechanical
yperalgesia and allodynia in rats following UVB irradiation on the
eel area of the plantar hind paw [12].

.2. Skin blood flow responses

The development of the inflammatory response in the skin fol-
owing UVB application was validated by laser Doppler imaging
howing as expected intense vasodilatation at the irradiated site.
he mechanism of UVB-induced vasodilatation remains unclear,
ut both humoral and neurogenic mechanisms may be involved.
VB inflammation releases a variety of vasoactive inflammatory
ediators which may act directly on the vasculature [16].
In the present study, the skin blood flow increased more than

-fold from baseline both in the arm and in the back. A small but sig-
ificant increase in skin blood flow was also present 1.5 cm outside
he irradiated area. This observation is in line with the findings from
enrath et al. demonstrating a 10-fold increase in blood flow within
he inflamed skin site and a significant increase outside the UVB-
rradiated site [17]. By use of laser Doppler flowmetry, this group
emonstrated a significant increased vasodilatation up to 1 cm out-
ide the irradiated area in the forearm of healthy volunteers, which
s in line with present findings but in contrast with the finding
eported by Bishop and collaborators reporting no observable vas-

ular reactions outside the UVB site [2,17]. The small difference
etween the two studies can be due to the difference in the applied
VB dose or in the methods of blood flow assessment. Bishop et al.
id a visual inspection of the skin, but did not quantify skin blood
rnal of Pain 5 (2014) 258–267 265

flow by laser Doppler methods. It has previously been shown that
significant vasodilatation can occur without any visible reaction
[18].

4.3. Skin hyperalgesia to mechanical stimulation

UVB inflammation induces dose-dependent inflammation and
peripheral sensitization to thermal and mechanical pain at the
site of irradiation [19]. These reactions are likely due to activa-
tion of A� and C fibres based on evidences from animal studies
and also release of pro-inflammatory mediators (IL-1� and IL-6)
shown in human microdialysis studies [16]. However, the develop-
ment of secondary mechanical hyperalgesia in UVB inflammation
in humans and animals is controversial as inconsistent results have
been presented [2,4,7,8,12].

In this study, both experiments showed pronounced cutaneous
mechanical hyperalgesia within the irradiated area 24 h after irra-
diation, in agreement with previous studies [2,8]. In addition, an
area of secondary hyperalgesia was demonstrated outside the irra-
diated area in both experiments. These findings are in agreement
with the findings by Gustorff et al., but in contrast with the study
by Bishop et al. showing mechanical hyperalgesia within but not
outside the UVB-induced inflammation [2,4,7]. The discrepancies
among individual studies may be due to methodological differ-
ence to assess secondary mechanical hyperalgesia [12]. In their
most recent study, Gustorff and co-workers mapped the area of
secondary hyperalgesia using a 25.6 g (256 mN) pin-prick stimu-
lator and found a large area extending outside the irradiated area
whereas Bishop et al. failed to show any secondary hyperalgesia
after UVB inflammation using a 10 g von Frey filament [2,4]. In the
present study, the intensity of secondary hyperalgesia to mechan-
ical stimulation was shown using weight-calibrated pin-prick in
line with Gustorff et al. Most likely the pin prick stimulation may
mainly activate A� fibres in the skin [20,21].

4.4. Pressure algometry

Pressure algometry was used with different probe sizes and
shapes to study sensory reactions in superficial and deep tis-
sues. Previous studies using 3D computer modelling suggested and
proved that probes with large surface area (e.g. 1 cm2 or more) are
more suitable for deep tissue stimulation, as the activation of deep
tissue nociceptors is related to the strain (i.e. deformation) of the
muscle tissue, and this deformation change in relation to the probe
used [22–24].

In the present study the thresholds detected with a small probe
(0.03 cm2) were smaller than the thresholds detected with the
larger probes (1.0 cm2, 0.5 cm2) when not adjusting for the probe
area; i.e. less absolute force is needed to induce pain with the small
probe than with a large diameter probe. This is in line with the
finding reported by other authors [25,26]. Studies aiming at activa-
tion of nociceptors in skin and deep tissues have found increasing
threshold with increasing probe size [25,26]. In order to mini-
mize the effect of the 1.0 cm2, 0.5 cm2 probes on the skin, these
two probes are covered with a rubber disc so that the effect of
the shear strains in the skin can be reduced [22]. This is in line
with the Fischer algesiometer which has been recommended for
measurement of the muscle pain thresholds [27,28]. Moreover, the
decrease after UVB in PPT and PPTO using a 1 cm2 probe suggests
that larger probes may also activate nociceptors in both skin and
deeper tissues in the presence of hyperalgesia [22]. In a recent study
assessing cutaneous hyperalgesia induced by capsaicin patches no

effects were found on the pressure pain thresholds on the forehead
of healthy volunteers [29]. Other studies have found reduced pres-
sure pain threshold following intradermal injections of capsaicin in
the forehead but these findings are likely influenced by very little
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eep-tissue to be stimulated and by a more effective compression
f the dermal nociceptors caused by the hard foundation [30,31].
hus, the reduced pressure pain thresholds both inside and outside
he irradiated area may also be influenced by sensitized responses
f deep-tissue nociceptors.

The present study revealed for the first time that 24 h after UVB
xposure, the SR curve was left-shifted, with an increased slope
oth inside and outside the irradiated area, and the probe shape

nfluenced the slope. The analysis of the slope for the V-shaped
robe suggests that the subjects raised the VAS scale faster than
ith the other two probes both within and outside the irradiated

rea indicating the strongest sensitization effects in the skin.

.5. Effect of topical anaesthesia

The application of local anaesthetic cream (EMLA) is commonly
sed to diminish pain from cutaneous procedures [32]. It is also
ell known that its efficacy is highly influenced by multiple fac-

ors such as skin thickness and regional anatomical differences
33–35]. In the present study, after application of EMLA cream in
he control side, the pin-prick thresholds were increased in the
pplication area compared with baseline, demonstrating the effec-
iveness of the cutaneous anaesthesia induced by the EMLA cream
n non-inflamed skin. The anaesthetic effect of EMLA cream was
etected after EMLA cream application in the UVB side, but only

n Q1. This illustrates that the application of a topical anaesthetic
ream had no effect on the UVB sensitized skin, but only in the
urrounding area. Independently from the used pressure probe,
o systematic effect of the EMLA cream was reported in PPT. A
ecent study conducted by Rössler and collaborators, showed no
lteration in the development of mechanical hyperalgesia at 8 h
fter UVB irradiation following peripheral afferent blockade with
ocal anaesthetic, highlighting that the EMLA cream does not have
n effect if it is administrated after establishment of hyperalgesia
36]. In the present study the anaesthetic cream was applied not
s a pre-treatment but 24 h after UVB application that corresponds
o the peak of the UVB-induced cutaneous hyperalgesia. This can
xplain the lack of EMLA effect in the UVB-treated area. More-
ver, in the irradiated area, only part of the irradiated skin was
reated with EMLA and this portion of irradiated non-anesthetized
kin might also contribute to the pain reported after anaesthesia.
inally, in this study, the pressure pain thresholds resulted rela-
ively unchanged after EMLA application in both sides. This is in
ine with several studies showing both decreased and unchanged
ressure pain sensitivity after EMLA application [37–39]. The UVB-

nduced hyperalgesia assessed by pressure pain thresholds were
elatively unchanged by anesthetizing the skin substantiating the
roposition that also the deeper-structures are sensitized due to the
utaneous UVB sensitization potentially through a central mecha-
ism or by convergence between the cutaneous and deep somatic
ociceptive afferents.

. Conclusion

This study demonstrated that UVB irradiation of the skin not
nly provokes cutaneous primary and secondary hyperalgesia but
lso causes deep tissue hyperalgesia to mechanical stimulation sug-
esting sensitization of the underlying deep somatic structures.
urther studies are needed to investigate potential underlying
echanisms.
. Implications

The UVB model can be used as a translational model from ani-
als to human subjects to study mechanism underlying pain and

[

rnal of Pain 5 (2014) 258–267

inflammation or to identify drugs affecting cutaneous inflamma-
tion or hypersensitivity. The UVB model can also be served as an
experimental tool for screening novel therapeutics in early stages
of drug development.
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