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Abstract \
Background: This study investigated if a localized increase in skin temperature in rat models of incisional and inflammatory pain
correlates with the intensity of spontaneous and evoked pain behaviors.

Methods: Anesthetized rats received either a 20-mm longitudinal incision made through the skin, fascia, and muscle of the plantar
hind paw or an injection of complete Freund adjuvant into the plantar hind paw of anesthetized rats to induce local inflammation.
Spontaneous and evoked pain behaviors were assessed, and changes in skin temperature were measured using a noncontact
infrared thermometer.

Results: There were no differences in skin temperature between the ipsilateral and contralateral hind paw before the incision or
inflammation. Skin temperature increased at 2 hours after hind paw plantar incision or 1 day after inflammation of the affected paw,
which gradually returned to baseline by the first day and fourth days after treatment, respectively. The increase in skin temperature
correlated with the intensity of spontaneous pain behaviors and heat but not with mechanical allodynia.

Conclusions: Our results suggest that a simple measurement of localized skin temperature using a noncontact infrared
thermometer could measure the extent of spontaneous pain behaviors and heat hyperalgesia following plantar incision or
inflammation in animals. In the absence of a reliable objective marker of pain, these results are encouraging. However, studies are
warranted to validate our results using analgesics and pain-relieving interventions, such as nerve block on skin temperature

REPORTS

changes.
Keywords: Hyperalgesia, Behavior, Pain

1. Introduction

Two cardinal features of inflammation are pain and increased
tissue temperature.® It is currently unknown if local temperature
changes can be used as an indirect measure of the intensity of
spontaneous or evoked pain. Previous studies attempting to
address this question are surprisingly limited. In clinical studies,
assessments of pain intensity in patients with juvenile rheumatoid
arthritis correlated with increased joint temperature.’® After
upper-extremity amputations, patients with phantom limb pain

had higher stump temperatures compared with pain-free
amputees.’ Similarly, long-term measurements of skin temper-
ature in patients with complex regional pain syndrome showed
that the affected limb had higher skin temperatures than
unaffected limbs or limbs in healthy controls.?° In addition, a
proportion of patients experiencing nummular headaches with
trophic changes had increased local temperature.?® Further-
more, capsaicin-induced abdominal pain was associated with
increased temperature in the referred pain area, whereas control
subjects who were administered saline showed no such
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temperature changes.? By contrast, a pilot study found no
significant correlation between knee temperature and pain in
osteoarthritis patients.®®

Increased local skin temperature has also been documented
following skin incision in humans. For example, the site of surgical
wounds for enterostomy closure had elevated temperature.®°
The wound site temperature in obese women were found to be
higher than their abdominal temperature following a cesarean
section.'® However, the animal studies showed disparate resullts.
Woo et al.®* measured hind paw skin temperature using a contact
wire thermocouple between operated rats and sham-operated
rats, finding no significant difference in skin temperature.
Similarly, in mice, Scherer et al. used infrared thermography
and found increased hind paw temperatures at the site of injury
for inflammatory models but not following skin incision.?® The
reason for these discrepancies in the results from human studies
and animal studies for incisional pain are unclear but may be due
to methodological differences used in animal and human studies.
For example, contact-based temperature measurements used in
animal studies may have lower thermal sensitivity and spatial
resolution.?! Therefore, in this study, we measured hind paw skin
temperature following skin incision or inflammation of the rats
using a noncontact method and compared skin temperature with
measures of spontaneous pain behaviors, mechanical allodynia,
and heat hyperalgesia.

2. Methods
2.1. Animals

Adult, male, Sprague-Dawley rats (250-300 g) were purchased
from Harlan (Somerville, NJ) for this study. Two or 3 rats were
housed together in 43 X 21.5 X 25.5 cm polymethyl methac-
rylate cages and kept on a 12-hour light/dark cycle. Food and
water were available ad libitum.

Rats were simultaneously randomized into the incisional pain
and inflammatory pain groups without considering any other
variables. Six rats were used to model incisional pain, and 10 rats
were used to model inflammatory pain. No control rats were
needed in this experiment because treatment was only given to
the ipsilateral hind paw and the contralateral hind paw served as a
control. An a priori power analysis for sample size selection was
not performed. The sample size was informed by previously
published studies studying hind paw temperature increases in rat
models of incisional pain.® There was no criteria for exclusion of
animals for experimentation or analysis.

This study adhered to the proposals of the Committee for
Research and Ethical Issues of the International Association for
the Study of Pain and was approved by the Seton Hall University
Institutional Animal Care and Use Committee.

2.2. Plantar incision and injection of complete
Freund'’s adjuvant

Rats were anesthetized with isoflurane before surgical incision or
subcutaneous injection. Each animal was placed in a plexiglass
induction chamber containing 5% isoflurane in room air. Once the
righting reflex was lost, 2% to 3% isoflurane in room air was
delivered through a nose cone.

The rat model of incisional pain was performed as previously
described.® Briefly, a 20-mm longitudinal incision was made
through the skin and fascia of the plantar aspect of the hind paw.
Following skin incision, the plantaris muscle was elevated,
stressed, and incised longitudinally, although the origin and
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insertion of the muscle remained intact. The skin was then closed
using 2 mattress 5-0 silk sutures. After surgery, animals were
housed on soft bedding and allowed to recover. Sutures were
removed on the third postoperative day.

To produce inflammation of the hind paw, each rat received
100 plL of 1 pg/mL complete Freund adjuvant (CFA) (Sigma-
Aldrich, St. Louis, MO) injected subcutaneously into one plantar
hind paw using a sterile 1-mL syringe with a 27-G, 1/2-inch
needle. In subsequent measurements, investigators could not be
blinded to which paw was ipsilateral or contralateral.

2.3. Measurement of plantar skin temperature

Plantar skin temperature difference measurements were per-
formed at 2 hours, and at 1, 2, 3, 6, and 8 days after incision or at
1,2, 3, 4,7, and 9 days after CFA injection. Animals were placed
on metal mesh floor (IITC Life Sciences, Woodland Hills, CA) and
allowed to acclimate (room temperature 22—-24°C) for 30 minutes.
Mid plantar skin temperature was measured bilaterally with a
noncontact infrared thermometer (range 0-600°F, emissivity
0.2-1, target size 1/4-inch diameter at 3/4-inch distance; Omega
Engineering, Stamford, CT). The sensor was placed directly
under the paw through gaps in the metal mesh. The distance
between the skin and the sensor was approximately 5 mm and
was kept constant. Temperature readings were recorded on the
injured and uninjured paw after 5 to 10 seconds of stabilization.
The order of measurement was random because a noncontact
thermometer is not known to cause any physiologic change in the
recorded tissue.?" The difference in plantar skin temperature
between the hind paws was calculated by the following formula:

Temperature difference = skin temperature on injured paw
— skin temperature on uninjured paw.

2.4. Spontaneous foot lifting behaviors

To measure spontaneous pain behaviors, spontaneous foot lifting
(SFL) was measured as previously described.'® Measurements
were performed at 2 hours and at 1, 2, 3, 6, and 8 days after
incision orat 1, 2, 3, 4, 7, and 9 days after CFA injection. Briefly,
after rats were placed on a metal mesh floor and allowed to
acclimate for 20 minutes. The spontaneous and rapid lifting
episodes of the paw was counted with a manual counter. A mirror
was placed under the mesh floor at a 45° angle to view both hind
paws clearly. Spontaneous foot lifting behaviors manifested as 3
distinct patterns: (1) spontaneous, rapid, and brief lifting of the
incised paw; (2) rapid lifting followed by licking; and (3) rapid lifting
followed by holding the paw off the mesh for a brief period. The
behaviors were quantified by a trained investigator. Paw lifting
associated with locomotion were not counted. Behaviors with a
duration of <1 second were ignored. Three rats were tested at
one time. Rats were selected randomly each day. Each rat was
observed in 4 blocks with 5-minute intervals and 10-minute rest
periods over the duration of an hour. The total observation per rat
was 20 minutes.

2.5. Measurement of evoked mechanical allodynia

Following SFL measurements, the same rats were tested for
mechanical allodynia at the following time points: 2 hours and 1,
2,3, 6, 8, 10, and 13 days after incision; and 1, 2, 3, 4, 7, 9, 11,
14,16, 18, 25, and 32 days after CFA injection. The measurement
order was selected randomly. Rats were placed under plexiglass
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compartments (12 X 20 X 17 cm) on a metal mesh floor. The paw
withdrawal threshold (PWT), or the threshold force required for
paw withdrawal in grams, was determined using an electronic
von Frey consisting of a handheld force transducer attached to
0.5-mm polypropylene tips (IITC Life Sciences). After the rats had
acclimated, force was applied perpendicularly from the poly-
propylene tip to the midplantar surface, starting with the least rigid
tip. If a flinching response accompanied by spastic paw
withdrawal was observed, stimulation with the same filament
was repeated following reacclimation to ensure validity. If the
response was reproduced, then the response was recorded. If a
response was not reproduced, it was ignored and the protocol
was repeated using a filament with a higher rigidity. The PWT was
calculated by averaging measurements from 3 to 4 independent
trials.

2.6. Measurement of hyperalgesia to heat

After PWT measurements, sensitivity to heat was determined by
measuring the paw withdrawal latency (PWL) to noxious heat.
Paw withdrawal latency was measured at 2 hours and at 1, 2, 3,
6, 8, 10, and 13 days after incision orat 2, 3, 4, 7, 9, 11, 14, 16,
and 18 days after CFA injection. The measurement order was
selected randomly. Animals were placed on an elevated glass
floor in individual plexiglass chambers (12 X 20 X 17 cm) and
allowed to acclimate for 15 minutes. Convective heat was used to
maintain the temperature of the glass floor at 29.0 + 1°C. A
focused radiant heat source (50 W projector lamp with an
aperture diameter of 6 mm) was positioned directly beneath the
midplantar region of the ipsilateral hind paw. Stimulus temper-
ature values began at 40°C and increased in 2.5°C increments
every 10 seconds until a clear withdrawal response occurred.

For subsequent trials, baseline glass temperature (29.0 + 1°C)
and animal behavior were reestablished, and the input stimulus
temperature was set at 2.5°C below the temperature associated
with the PWL of the previous trial. To maintain consistent heat
intensities across individual stimuli at the same input tempera-
tures, compressed air was used to remove heat from the lamp to
maintain a temperature of 29.0 * 1°C before stimulation. No more
than one trial was applied at a given location on the glass floor to
avoid elevating the skin temperature. If after one trial, the animal
did not move to another location, movement was elicited by
gently tapping the glass floor.

2.7. Statistical analyses

Time-dependent changes in differences in plantar hind paw skin
temperature, frequency of SFL, PWT, and PWL were analyzed
using a 1-way analysis of variance (ANOVA) followed by a post
hoc Dunnett test. Analysis of variance model assumptions were
checked using a Shapiro-Wilk test and Bartlett test. The post hoc
Dunnett test was used to compare each time point with the time
point furthest from injury. For rats with plantar incision, the latest
time point was day 8 for hind paw skin temperature difference and
SFL and day 13 for PWT and PWL. For CFA-injected rats, the
latest time point was day 9 for hind paw skin temperature
difference, day 32 for PWT, day 18 for PWL, and day 9 for SFL.
The latest time points were used for comparison because those
measurements were similar to baseline pain behavior measure-
ments that were previously reported in the literature. 534

The primary outcome of this study was the association of hind
paw skin temperature difference with frequency of SFL, PWT, or
PWL. For each animal model, at each time point that both
temperature and pain behavior measurements were available,

www.painreportsonline.com 3

the mean hind paw skin temperature difference was plotted
against the mean SFL count, PWT, or PWL for that time point. A
linear regression was plotted, and the strength and direction of
the association was determined using the Pearson correlation
coefficient. Analyses were performed using Prism 5 (GraphPad
Software, San Diego, CA). A P value of <0.05 was considered
significant.

3. Results

3.1. Relation between local skin temperature and pain
behaviors following skin incision

There were no differences in temperature between the ipsilateral
and contralateral hind paw before the incision (data not shown).
After incision, skin temperature of the incised paw increased
(1-way ANOVA, F(5,30) = 27.94, P < 0.0001; Fig. 1A). The
maximum increase in skin temperature, 4.27 *+ 0.44°C, occurred
at 3 hours after incision (P < 0.0001) and remained elevated for
24 hours (P = 0.0002; Fig. 1A). Paw withdrawal threshold and
PWL were measured for 13 days after skin incision, and SFL
count was measured for 8 days after skin incision (Figs. 1B,D). In
investigating the correlation between skin temperature and pain
behaviors from 2 hours and 1, 2, 3, and 6 days after plantar
incision, there was no relationship between skin temperature and
PWT (r = —0.8002; 95% CI = —0.9772, 0.03237; P > 0.05;
Fig. 2A). However, differences in skin temperature correlated
with PWL (r = —0.8787; 95% Cl = —0.9867, —0.2342; P =
0.0212; Fig. 2B), and SFL count (r = 0.9636; 95% Cl = 0.6975,
0.9962; P = 0.0020; Fig. 2C).

3.2. Relation between local skin temperature and pain
behaviors following complete Freund adjuvant injection

There were no differences in temperature between the ipsilateral
and contralateral hind paw before the incision (data not shown).
Intraplantar injection of CFA into the hind paw increased skin
temperature as compared with the contralateral control paw
(1-way ANOVA, F (5,54) = 49.47, P < 0.0001; Fig. 3A). The
maximum difference in hind paw temperatures (6.42 = 0.47°C)
occurred on the first day. Hind paw temperature difference
gradually decreased to baseline by day 4 because post hoc
Dunnett test against day 9 was only significant for day 1 (P <
0.0001; Fig. 3A), day 2 (P < 0.0001; Fig. 3A), day 3 (P < 0.0001;
Fig. 3A), and day 4 (P = 0.003; Fig. 3A). Paw withdrawal
threshold was measured for 32 days (Fig. 3B), PWL was
measured for 18 days (Fig. 3C), and SFL count was measured
for 9 days after CFA injection (Fig. 3D). The correlation between
changes in skin temperature and pain behaviors were examined
for 1, 2, 8, 4, 7, and 9 days following CFA injection. As for skin
incision, changes in skin temperature did not correlate with PWT
(r = —0.69; 95% Cl = —0.96, 0.28; P = 0.13; Fig. 4A) but
correlated with PWL (- = 0.85; 95% Cl = —0.98, —0.14; P =
0.03; Fig. 4B) and SFL count (r= 0.97; 95% Cl = 0.71,0.99; P =
0.0018; Fig. 4C).

4. Discussion

In this study, we characterized skin temperature difference
between ipsilateral and contralateral paws in rat models of
incisional and inflammatory pain and correlated changes in skin
temperature with measures of spontaneous and evoked pain
behaviors. Compared with the contralateral paw, skin tempera-
ture of the injured paw increased after the injury and gradually
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Figure 1. Hind paw temperature difference and pain behaviors after plantar
incision in the rat hind paw (n = 6). For each measurement, a 1-way ANOVA
was performed as an omnibus test, and a post hoc Dunnett test was used to
compare each measurement at each time point against their respective last
time point measurement (day 8 for skin temperature difference and SFL count
and day 13 for PWT and PWL). (A) Hind paw temperature difference between
the ipsilateral and contralateral paws as measured using a noncontact infrared
thermometer. Skin temperature difference varied over the measurement
period (1-way ANOVA F(5,30) = 27.94, P < 0.0001). Skin temperature
difference was significantly higher than day 8 at 2 hours (P < 0.0001) and 1 day
(P = 0.0002) after plantar incision. (B) Evoked mechanical allodynia was
measured following plantar incision. PWT was found to be significantly
different over the measurement period (1-way ANOVA F(7,40) = 17.94, P <
0.0001). When compared with day 13, PWT was found to be significantly
different 2 hours (P < 0.0001), 1 day (P < 0.0001), 2 days (P < 0.0001), 3 days
(P < 0.0001), 6 days (P = 0.0106), 8 days (P = 0.0007), and 10 days (P =
0.0014) after plantar incision. (C) Heat hyperalgesia was measured using PWL
(1-way ANOVA F(7,40) = 14.78, P < 0.0001). PWL at 2 hours (P < 0.0001), 1
day (P < 0.0001), 2 days (P < 0.0001), 3 days (P = 0.0001), 6 days (P =
0.0149), and 8 days (P = 0.0002) were significantly different from
measurements at 13 days postplantar incision. (D) Spontaneous pain
behaviors were measured using SFL count (1-way ANOVA F(5,30) = 16.48,
P < 0.0001). SFL count was greater at 2 hours following plantar incision (P <
0.0001). The horizontal axis is not scaled linearly with time. Horizontal lines
represent mean values. Error bars represent SEM. Asterisks denote significant
differences (“***P < 0.0001, **P < 0.001, *P < 0.05). ANOVA, analysis of
variance; PWL, paw withdrawal latency; PWT, paw withdrawal threshold; SFL,
spontaneous foot lifting.

recovered over time. Although increased skin temperature after
inflammation is well documented, our study is the first to show
that in animal models of incisional pain, increases in local
temperature at the incisional site correlated with SFL behaviors
and heat hyperalgesia but not mechanical allodynia.

Our results may appear to contrast with previous work by Woo
et al. (2004) and Scherer et al. (2010). However, several
methodological differences may account for these apparent
discrepancies between our studies. For example, Woo et al.®®
used contact-based thermocouple to measure skin temperature,
which may have lower thermal sensitivity than the noncontact
infrared thermometer used in this study. In addition, Scherer
et al.?° used infrared thermography, which may be susceptive to
systemic increase in temperature, changes in ambient temper-
ature, or other unforeseen variables. Moreover, SFL behaviors are
difficult to measure in mice.?*
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Figure 2. Correlation coefficients between hind paw temperature difference
and various pain behaviors after plantar hind paw incision were calculated
using Pearson regression analysis. (A) Evoked mechanical allodynia
(r = —0.8002; 95% Cl = —0.9772, 0.03237; P = 0.0559), (B) heat
hyperalgesia (- = —0.8787; 95% Cl = —0.9867, —0.2342; P = 0.0212),
and (C) spontaneous pain behaviors (r = 0.9636; 95% Cl = 0.6975, 0.9962;
P = 0.0020) were analyzed.

Our study showed that the increased local temperature
correlated well with increased intensity of spontaneous pain
behaviors and heat hyperalgesia, but not evoked mechanical
allodynia, after plantar incision in rats. Spontaneous foot lifting
behavior in animals has been considered an expression of ongoing
pain.3® Several studies suggest that the duration of spontaneous
pain behaviors in our incisional model correlates well with the
temporal pattern of incisional evoked pain in humans reported in
previous studies.'®172° It is likely that ongoing activity in sensitized
C-fiber and A-fiber nociceptors induced by deep tissue (muscle
and/or fascia) injury may contribute to ongoing pain behaviors in
this model. Chemical mediators that are released after tissue
damage may lower the threshold for the activation of afferents so
that body temperature becomes adequate stimuli for their
activation.2”®" In agreement, our previous reports show that
tissue damage by incisional injury increases the excitability of
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Hind paw temperature and pain behaviors after experimentally induced inflammation in the rat plantar hind paw. Intraplantar injection of complete Freund
adjuvant (CFA) produces inflammation and alterations in nociceptive sensitivity. For each measurement, an omnibus test was performed using a 1-way ANOVA,
and comparisons of each measurement at each time point against their respective last time point measurement (day 9 for skin temperature difference and SFL
count, day 32 for PWT, day 18 for PWL, and day 9 for SFL count) was performed using a post hoc Dunnett test. (A) Hind paw temperature difference between the
inflamed and noninflamed paw were measured using an infrared thermometer. Hind paw temperature differences were varied over the measurement period (n =
10; 1-way ANOVA F(5,54) = 49.47, P < 0.0001). In comparison to day 9, skin temperature was elevated on day 1 (P < 0.0001), day 2 (P < 0.0001), day 3 (P <
0.0001), and day 4 (P = 0032). (B) Evoked mechanical allodynia was varied during the measurement period following CFA-induced inflammation (n = 6; 1-way
ANOVAF(11,60) = 9.839, P < 0.0001). PWT was significantly different on day 1 (P < 0.0001), day 2 (P < 0.0001), day 3 (P = 0.0002), day 4 (P = 0.0263), day 9 (P
< 0.0001), and day 11 (P = 0.0050) when compared with day 32. (C) Heat hyperalgesia was found to be significantly different over the measurement period (n = 6;
One-way ANOVAF(8,45) = 26.43, P = <0.0001). Day 2 (P < 0.0001), day 3 (P < 0.0001), day 4 (P < 0.0001), day 7 (P < 0.0001), day 11 (P < 0.0001), and day 14
(P = 0.0259) were found to be significantly different from day 18. (D) Spontaneous evoked pain behaviors were measured using SFL count, which was significantly
different over the measurement period (n = 10; 1-way ANOVA F(5,54) = 9.439, P < 0.0001). Day 1 (P < 0.0001) and day 2 (P = 0.0085) were significantly different
from day 9. The horizontal axis is not scaled linearly with time. Horizontal lines represent mean values. Error bars represent SEM. Asterisks denote significant
differences (***P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05). ANOVA, analysis of variance; CFA, complete Freund'’s adjuvant; PWL, paw withdrawal latency;

PWT, paw withdrawal threshold; SFL, spontaneous foot lifting.

primary afferents such that they exhibit spontaneous activity and
increased heat sensitivity even in an in vitro condition where blood-
borne mediators are removed, and afferents are separated from
the influence of their cell body and central nervous system.* Several
mediators, such as nerve growth factor, released after an incisional
injury and tissue acidosis contribute to nociceptor sensitization” 3°
because of their capability to reduce threshold temperature for the
activation of the heat-sensitive ion channel transient receptor
potential cation channel subfamily V member 1 (TRPV1).11:1438
Lack of this receptor prevented the development of carrageenan,
complete Freund adjuvant, or incision-induced heat hyperalge-
sia.821225 Fyrther research into the relationship between temper-
ature and spontaneous pain behaviors may investigate grimacing,
which is another way to measure spontaneous pain behaviors in
animals.®2

Our results show a lack of correlation between localized
temperature difference and mechanical allodynia after incision
and inflammation. The mechanistic basis of mechanical allodynia

is incompletely understood. It has been suggested that candidate
mechanosensitive channels such as Piezo2, as well as the
peripheral and central nervous system mechanisms, are impli-
cated in this form of pain.?? In agreement, Zahn and Brennan®’
(1999) showed that hind paw incision produced sensitization of
the dorsal horn neuron as evidenced by increases in their
spontaneous activity and evoked activity. Furthermore, several
single peripheral neuron recording studies showed sensitization
of nociceptors to heat under many experimental conditions, but
most of these studies did not show mechanical sensitization.®
Likely, central nervous system'®'® mechanisms play a larger role
on this form of pain behavior.

4.1. Significance

Our results suggest that a simple measurement of localized skin
temperature using a noncontact infrared thermometer could
measure the extent of spontaneous pain behaviors and heat
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Figure 4. Correlation coefficients for hind paw temperature difference vs
various pain behaviors were calculated with Pearson regression analysis. (A)
Evoked mechanical allodynia (r = —0.6866; 95% Cl = —0.9621, 0.2825; P =
0.1320), (B) heat hyperalgesia (r = 0.8536; 95% Cl = —0.9837, —0.1367; P =
0.0306), and (C) evoked pain behaviors (r = 0.9649; 95% CI = 0.7068,
0.9963; P = 0.0018) were analyzed.

hyperalgesia following plantar incision or inflammation in animals.
In the absence of a reliable objective marker of pain, these results
are encouraging. However, studies are warranted to validate our
results using analgesics and pain-relieving interventions, such as
nerve block on skin temperature changes.

Disclosures

The authors have no conflict of interest to declare.

Acknowledgements

This work was supported by the National Institutes of Aging Grant
AG232 to R.K.B. None of the other authors have conflicts of
interest to disclose. The data are available upon request to the
corresponding author R.K.B.

Article history:

Received 31 December 2022
Received in revised form 30 May 2023
Accepted 26 June 2023

References

[11 Angrilli A, Koster U. Psychophysiological stress responses in
amputees with and without phantom limb pain. Physiol Behav 2000;
68:699-706.

[2] Arendt-Nielsen L, Schipper KP, Dimcevski G, Sumikura H, Krarup AL,
Giamberardino MA, Drewes AM. Viscero-somatic reflexes in referred pain
areas evoked by capsaicin stimulation of the human gut. Eur J Pain 2008;
12:544-51.

[38] Attal N, Filliatreau G, Perrot S, Jazat F, Di Giamberardino L, Guilbaud G.
Behavioural pain-related disorders and contribution of the saphenous
nerve in crush and chronic constriction injury of the rat sciatic nerve. PAIN
1994;59:301-12.

[4] Banik RK, Brennan TJ. Spontaneous discharge and increased heat
sensitivity of rat C-fiber nociceptors are present in vitro after plantar
incision. PAIN 2004;112:204-13.

[6] Banik RK, Brennan TJ. Sensitization of primary afferents to mechanical
and heat stimuli after incision in a novel in vitro mouse glabrous skin-nerve
preparation. PAIN 2008;138:380-91.

[6] Banik RK, Brennan TJ. Trpvl mediates spontaneous firing and heat
sensitization of cutaneous primary afferents after plantar incision. PAIN
2009;141:41-51.

[71 Banik RK, Subieta AR, Wu C, Brennan TJ. Increased nerve growth factor
after rat plantar incision contributes to guarding behavior and heat
hyperalgesia. PAIN 2005;117:68-76.

[8] Brennan TJ, Vandermeulen EP, Gebhart GF. Characterization of a rat
model of incisional pain. PAIN 1996;64:493-502.

[9] Caterina MJ, Leffler A, Malmberg AB, Martin WJ, Trafton J, Petersen-

Zeitz KR, Koltzenburg M, Basbaum Al, Julius D. Impaired nociception and

pain sensation in mice lacking the capsaicin receptor. Science 2000;288:

306-13.

Childs C, Wright N, Willmott J, Davies M, Kilner K, Ousey K, Soltani H,

Madhuvrata P, Stephenson J. The surgical wound in infrared:

thermographic profiles and early stage test-accuracy to predict surgical

site infection in obese women during the first 30 days after caesarean

section. Antimicrob Resist Infect Control 2019;8:7.

Chuang HH, Prescott ED, Kong H, Shields S, Jordt SE, Basbaum Al,

Chao MV, Julius D. Bradykinin and nerve growth factor release the

capsaicin receptor from PtdIns(4,5)P,-mediated inhibition. Nature 2001;

411:957-62.

Davis JB, Gray J, Gunthorpe MJ, Hatcher JP, Davey PT, Overend P,

Harries MH, Latcham J, Clapham C, Atkinson K, Hughes SA, Rance K,

Grau E, Harper AJ, Pugh PL, Rogers DC, Bingham S, Randall A,

Sheardown SA. Vanilloid receptor-1 is essential for inflammatory thermal

hyperalgesia. Nature 2000;405:183-7.

llowite NT, Walco GA, Pochaczevsky R. Assessment of pain in patients

with juvenile rheumatoid arthritis: relation between pain intensity and

degree of joint inflammation. Ann Rheum Dis 1992;51:343-6.

[14] Ji RR, Samad TA, Jin SX, Schmoll R, Woolf CJ. p38 MAPK activation by

NGF in primary sensory neurons after inflammation increases TRPV1

levels and maintains heat hyperalgesia. Neuron 2002;36:57-68.

Kabadi R, Kouya F, Cohen HW, Banik RK. Spontaneous pain-like

behaviors are more sensitive to morphine and buprenorphine than

mechanically evoked behaviors in a rat model of acute postoperative
pain. Anesth Analg 2015;120:472-8.

Kawamata M, Takahashi T, Kozuka Y, Nawa Y, Nishikawa K, Narimatsu

E, Watanabe H, Namiki A. Experimental incision-induced pain in human

skin: effects of systemic lidocaine on flare formation and hyperalgesia.

PAIN 2002;100:77-89.

Kawamata M, Watanabe H, Nishikawa K, Takahashi T, Kozuka Y,

Kawamata T, Omote K, Namiki A. Different mechanisms of development

and maintenance of experimental incision-induced hyperalgesia in

human skin. Anesthesiology 2002;97:550-9.

Kilo S, Schmelz M, Koltzenburg M, Handwerker HO. Different patterns of

hyperalgesia induced by experimental inflammation in human skin. Brain

1994;117:385-96.

Koltzenburg M, Torebjork HE, Wahren LK. Nociceptor modulated central

sensitization causes mechanical hyperalgesia in acute chemogenic and

chronic neuropathic pain. Brain 1994;117:579-91.

Krumova EK, Frettloh J, Klauenberg S, Richter H, Wasner G, Maier C.

Long-term skin temperature measurements—a practical diagnostic tool

in complex regional pain syndrome. PAIN 2008;140:8-22.

(0]

01

12

(3]

(9]

(el

17

(e

9]

[20]



SMIAGZUMIPXZOBBAROATOAEIOYIASALLIKIPO0AEIEAHIOIN/ADAUMYTX

IMADYOINXOHISABZIY 1A+ NIOITWNOTZTARYHA3SHAQUG Ag sidiured/woo mm sfeulnol;/:dny wouiy papeojumoq

202/8T/€0 uo

8 (2023) 1097

[21] Lahiri BB, Bagavathiappan S, Jayakumar T, Philip J. Medical applications
of infrared thermography: a review. Infrared Phys Technol 2012;55:
221-35.

[22] Lolignier S, Eilkelkamp N, Wood JN. Mechanical allodynia. Pfliigers
Archiv 2014;467:133-9.

[23] Pareja JA, Cuadrado ML, Fernandez-de-las Penas C, Nieto C, Sols M,
Pinedo F. Nummular headache with trophic changes inside the painful
area. Cephalalgia 2008;28:186-90.

[24] Pogatzki EM, Raja SN. A mouse model of incisional pain. Anesthesiology
2003;99:1023-7.

[25] Pogatzki-Zahn EM, Shimizu |, Caterina M, Raja SN. Heat hyperalgesia
after incision requires TRPV1 and is distinct from pure inflammatory pain.
PAIN 2005;115:296-307.

[26] Pogatzki-Zahn EM, Wagner C, Meinhardt-Renner A, Burgmer M, Beste
C, Zahn PK, Pfleiderer B. Coding of incisional pain in the brain: a
functional magnetic resonance imaging study in human volunteers.
Anesthesiology 2010;112:406-17.

[27] Reeh PW, Pethd G. Nociceptor excitation by sensitization: a novel
hypothesis, its cellular and molecular background. Pain Neuroimmune
Interact 2000:9-19. doi: 10.1007/978-1-4615-4225-4_2.

[28] Schattenkirchner M. Diagnostic methods for evaluation of activity in
inflammatory rheumatic disease. Scand J Rheumatol 1987;16:63-70.

[29] Scherer M, Reichl SU, Augustin M, Pogatzki-Zahn EM, Zahn PK. The
assessment of cold hyperalgesia after an incision. Anesth Analg 2010;
110:222-7.

[30] Siah CJR, Childs C, Chia CK, Cheng KFK. An observational study of
temperature and thermal images of surgical wounds for detecting

www.painreportsonline.com 7

delayed wound healing within four days after surgery. J Clin Nurs 2019;
28:2285-95.

[31] Sorkin LS, Wallace MS. Acute pain mechanisms. Surg Clin North Am
1999;79:213-29.

[32] Sotocina SG, Sorge RE, Zaloum A, Tuttle AH, Martin LJ, Wieskopf JS,
Mapplebeck JCS, Wei P, Zhan S, Zhang S, McDougall JJ, King OD, Mogil
JS. The Rat Grimace Scale: a partially automated method for quantifying
pain in the laboratory rat via facial expressions. Mol Pain 2011;7:55.

[83] Tsai PF, Richards K, Tatom I. The association between knee temperature
and pain in elders with osteoarthritis of the knee: a pilot study. J Adv Nurs
20083;42:373-81.

[384] Uhelski ML, McAdams B, Johns ME, Kabadi RA, Simone DA, Banik RK.
Lack of relationship between epidermal denervation by capsaicin and
incisional pain behaviours: a laser scanning confocal microscopy study in
rats. Eur J Pain 2020;24:1197-208.

[385] Woo YC, Park SS, Subieta AR, Brennan TJ. Changes in tissue pH and
temperature after incision indicate acidosis may contribute to
postoperative pain. Anesthesiology 2004;101:468-75.

[36] Yoon C, Wook YY, Sik NH, Ho KS, Mo CJ. Behavioral signs of ongoing
pain and cold allodynia in a rat model of neuropathic pain. PAIN 1994;59:
369-76.

[37] Zahn PK, Brennan TJ. Primary and secondary hyperalgesia in a rat model
for human postoperative pain. Anesthesiology 1999;90:863-72.

[38] Zhang N, Inan S, Cowan A, Sun R, Wang JM, Rogers TJ, Caterina M,
Oppenheim JJ. A proinflammatory chemokine, CCL3, sensitizes the
heat- and capsaicin-gated ion channel TRPV1. Proc Natl Acad Sci 2005;
102:4536-41.


www.painreportsonline.com

