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Purpose: Allodynia refers to pain evoked by physiologically innocuous stimuli. It is a

disabling symptom of neuropathic pain following a lesion within the peripheral or central

nervous system. In fact, two different pathophysiological mechanisms of cold allodynia

(ie, hypersensitivity to innocuous cold) have been proposed. The peripheral sensitization of

nociceptive neurons can produce cold allodynia, which can be induced experimentally by a

topical application of menthol. An alternative mechanism involves reduced inhibition of

central pain processing by innocuous cold stimuli. A model to induce the latter type of

allodynia is the conduction block of peripheral A-fiber input.

Patients and methods: In the presented study, functional MRI was used to analyze these

two different experimental models of cold allodynia. In order to identify the underlying

cerebral activation patterns of both mechanisms, the application of menthol and the induction

of a mechanical A-fiber blockade were studied in healthy volunteers.

Results: The block-induced cold allodynia caused significantly stronger activation of the

medial polymodal pain processing pathway, including left medial thalamus, anterior cingu-

late cortex, and medial prefrontal cortex. In contrast, menthol-induced cold allodynia caused

significantly stronger activity of the left lateral thalamus as well as the primary and

secondary somatosensory cortices, key structures of the lateral discriminative pathway of

pain processing. Mean pain intensity did not differ between both forms of cold allodynia.

Conclusion: Experimental cold allodynia is mediated in different cerebral areas depending

on the underlying pathophysiology. The activity pattern associated with block-induced

allodynia confirms a fundamental integration between painful and non-painful temperature

sensation, ie, the cold-induced inhibition of cold pain.
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Introduction
How do central nociceptive structures become excessively sensitive to innocuous

stimuli? Many patients with neuropathic pain, eg, postherpetic neuralgia or central

pain, are hypersensitive to innocuous stimuli. For cold allodynia, two putative

mechanisms have been postulated.1 The first mechanism involves a sensitization

of peripheral nociceptive structures. This peripheral sensitization mechanism can be

modeled in humans by treating the skin with topical menthol. Cutaneous applica-

tion of menthol leads to acute sensitization of peripheral cold-sensitive C-fibers,

presumably by activation of the cold sensing transient receptor potential channel

(TRPM8), which causes cold allodynia.2–5 Alternatively, cold allodynia can also be

induced by a peripheral sensitization of A-delta fibers (ie, TRPA1) via natural

toxins such as ciguatoxin or chemotherapeutics such as Oxaliplatin.6,7
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The second mechanism is based on the thermosensory

disinhibition theory of pain generation. According to this

concept, innocuous cold stimuli physiologically inhibit

central processing of C-fiber nociceptive input. In humans,

innocuous cold stimuli are transmitted centrally by cold-

specific myelinated Aδ-fibers, whereas noxious cold is

conveyed via nociceptive cold-sensitive C-fibers.

Inhibition of A-fiber input leads to “central disinhibition”

of nociceptive pathways resulting in cold allodynia.8–10

This mechanism can be studied by inducing a mechanical

conduction blockade of myelinated A-fibers in a cutaneous

nerve.11–13 This model induces cold allodynia by impair-

ing innocuous cold sensation and tactile perception but

does not interfere with C-fiber function. Moreover,

human microneurographic studies demonstrated that

mechanical nerve compression produces a preferential

A-fiber blockade without affecting the blood supply.13–15

In humans, pain is processed via two main central

pathways.10 The lateral pathway conveys innocuous ther-

moreceptive (cold-specific) as well as nociceptive

activity.16 It projects to the primary and secondary soma-

tosensory cortices as well as the dorsal part of the insula

and is at least partially involved in the perception of

sensory-discriminative dimensions of pain.16–18 In con-

trast, the medial pathway is preferentially activated by

polymodal noxious stimuli (ie noxious cold, heat, and

mechanical pressure) and involves the anterior cingulate

cortex (ACC) implicating affective-motivational pain

processing.19–21

Therefore, in support of previously conducted studies,

the following hypotheses were put forward (see Figure 1):

(i) First, based on the two-pathway model of central pain

processing, it was hypothesized that menthol-induced

sensitization of peripheral nociceptors activates the

thermoreceptive spinothalamic pathway as well as

the polymodal nociceptive spinothalamic tract.

(ii) Second, it was hypothesized that due to the inhi-

bitory influence of the lateral pathway on neuronal

processing in the medial polymodal nociceptive

pathway, menthol should preferentially activate

the lateral thalamus involved in discriminative

coding of pain.

(iii) Third, an A-fiber blockade that reduces innocuous

cool sensation decreases neuronal activity in the lat-

eral innocuous thermoreceptive spinothalamic path-

way and results in central disinhibition of the medial

spinothalamic polymodal nociceptive channel.

Materials And Methods
Subjects
Eight healthy right-handed males (mean age: 26.6 years;

age range: 23 to 35 years) participated in the study.

Handedness was assessed by the German version of the

Edinburgh Handedness Inventory.22 Participants were

informed about the experimental procedures and were

fully aware of the duration and intensity of cold pain that

they would need to endure. Participants gave their written

informed consent to the protocol. The study was approved

by the local ethics committee of the University Hospital of

Kiel and conducted according to the Declaration of

Helsinki.

Experimental Design
Each participant underwent two experimental sessions

which were performed on separate days at least a week

apart in a randomized order. In both experiments, abnor-

mal sensitivity to innocuous cold (ie, cold allodynia) was

induced in the innervation territory of the right superficial

radial nerve using two different techniques (menthol appli-

cation, A-fiber blockade; see section “Procedures To

Induce Cold Allodynia”). Thermal measurements and

Figure 1 Hypothesized regions of activation.

Note: Displayed are the hypothesized regions of activation by cold stimuli, either in

menthol pre-treated skin or in the area within the preferential A-fiber block.
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stimulations were conducted at a defined 3 × 3 cm2 region

at the back of the right hand between the proximal seg-

ments of the metacarpal bones I and II, ie, the innervation

territory of the superficial radial nerve. In one session,

menthol was topically applied to the skin, whereas in the

other session, a mechanical blockade of the superficial

radial nerve at the right forearm just proximal to the

wrist was conducted. Apart from the technique used to

induce cold allodynia, the experimental protocol was iden-

tical in both sessions.

The volunteers rested in the scanner room for at least

20 mins, and then thermal detection and pain thresholds

were assessed. Thereafter, cold allodynia was induced by

applying the individually determined cold pain threshold

repetitively. Thereby the regional neuronal activity during

the perception of innocuous and painful cold stimuli was

measured using blood-oxygen level–dependent (BOLD)

functional magnetic resonance imaging (fMRI). In addi-

tion, participants had to score the pain intensity and the

quality of pain in between each cold stimulus (see sections

“Psychophysiological Measurements” and “fMRI Study

Design”).

After the fMRI measurements, the cold pain threshold

was measured again to prove stability of the induced cold

allodynia. To ensure comparability among measurements,

all psychophysiological and fMRI measurements were

performed in a supine position within the fMRI scanner.

The room temperature was kept constant at 21°C.

Procedures To Induce Cold Allodynia
The menthol-induced allodynia was conducted accord-

ing to the protocol of Wasner et al.2 A 1 mL aliquot of a

solution containing 400 mg of L-menthol (40%) dis-

solved in 90% ethanol (Hof-Apotheke, Kiel) was placed

on a 3 × 3 cm2 gauze pad for 20 mins. The gauze pad

was applied to the skin in the innervation territory of the

right superficial radial nerve and covered by an adhesive

film as well as fixed by a rubber band. After removing

the pad, the skin was wiped with a swab to remove any

remaining menthol.

Blockade of A-fibers was achieved by applying pres-

sure to the right superficial radial nerve as described

previously.11 During the procedure, the hand rested in a

semiprone position and a 2.5 cm wide rubber band was

placed across the forearm just proximal to the wrist and

loaded with a weight of 1.2 kg for a maximum period of

1.5 hrs.

Efficacy of A-fiber conduction blockade was assessed

psychophysically within the innervation territory of the

right superficial radial nerve, ie, on the radial part of the

hand`s dorsum, as described previously.2 A shift in cold

detection threshold below 10ºC indicated a significant

blockade of cold-specific Aδ-fibers. An anesthesia for

light mechanical touch was indicative for the inhibition

of mechanosensitive Aß-fiber afferents. In contrast, C-fiber

function was unaffected; this was indicated by constant

warm detection and heat pain thresholds. The A-fiber

block is reversible within a few minutes upon lifting the

weight from the nerve or a changed hand/forearm-position.

Therefore, the positioning of the right arm was conducted

accurately and the unaltered position during the experi-

ment was visually monitored. Sufficiency of the conduc-

tion block during the study was also controlled by the

measurement of the cold pain threshold at the end of

each session.

Psychophysiological Measurements
Thermal perception thresholds (warm detection threshold

(WDT), cold detection threshold (CDT), heat pain thresh-

old (HPT), and cold pain threshold (CPT)) were measured

by a thermal testing device (TSA II, Medoc, Ramat Yishai,

Israel) prior to eliciting cold allodynia and to prove accu-

racy of the A-fiber blockade (see section “Procedures To

Induce Cold Allodynia”). Additionally, cold pain thresh-

olds were determined after menthol application, during

A-fiber block and after fMRI sessions to validate cold

allodynia stability throughout the experiment.23 A Peltier

type thermode (3 × 3 cm) was applied exactly within the

area of menthol application, which was within the territory

of the right superficial radial nerve. The method of limits

was used with a starting temperature of 32°C and a 1°C/s

ramp velocity to apply either warm or cold stimuli. The

volunteers were instructed to press a button immediately

when the respective thermal sensation was perceived.

Thresholds were determined as the average of three suc-

cessive stimuli using an inter-stimuli interval of 3–5 s

(randomized) for expected non-painful stimuli. An inter-

stimulus interval of 20 s for expected painful stimuli was

used to allow normalization of skin temperature at the test

area after each thermal stimulus.

Intensity of cold-induced pain was quantified on a

numeric rating scale during the fMRI scan (NRS 0–10;

with 0 representing “no pain” and 10 being “the maximum

imaginable pain”). The volunteers had to select a number

indicative for their pain for each thermal stimulus with the
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left hand (Figure 2, R marks) (see section “MRI acquisi-

tion and fMRI data analysis”).2

Thereafter, an identical thermal stimulus as used during

the fMRI scan was applied and participants had to deter-

mine the subjective quality of cold allodynia using the

McGill Pain Questionnaire (MPQ).24,25

fMRI Study Design
An fMRI block design which consisted of alternating

periods (12 s) of neutral and cold thermal stimulations

was used. The Peltier type thermode (3 × 3 cm) was placed

at the area of experimentally induced cold allodynia, ie,

within the area of menthol application or within the terri-

tory of the right superficial radial nerve. The thermode was

placed on the skin throughout all fMRI sessions in order to

minimize perceptual effects of air movement. During neu-

tral thermal stimulation, the thermode applied a constant

temperature of 32°C. The cold thermal stimulation was

adjusted to the individual cold pain threshold. In total, 20

cold stimuli were applied per fMRI run. It included 4

different types of cold stimuli, which were set at 3°C or

6°C above or below the individual cold pain threshold

(+6°C, +3°C, −3°C, and −6°C) after induction of cold

allodynia. Each cold stimulus was applied five times in a

pseudorandom order and counterbalanced in terms of rela-

tive differences of consecutive cold stimuli. Immediately

after a cold stimulus, volunteers had to rate the pain

intensity of the stimulus on the NRS scale. The rating

was recorded by an investigator present in the MR scanner

room.

MRI Acquisition And fMRI Data Analysis
MRI was conducted with a 1.5 T MR scanner (Gyroscan,

Philips Intera 1.5 T, Germany). To exclude structural

abnormalities, T1-weighted 3-D gradient-echo images of

the whole brain were acquired (TR = 7.4 ms, TE = 3.6 ms,

60 slices, matrix: 208 × 129 mm). BOLD fMRI was

performed using a gradient-echo, echo-planar-imaging

(EPI) sequence with TE = 50 ms, TR = 3000 ms, flip

angle = 90°, FOV = 230 mm, and a 64×x64 matrix. Each

brain volume covered the entire brain (33 axial slices with

a slice thickness of 3 mm and a gap of 0.5 mm). The fMRI

measurements were divided into two consecutive fMRI

runs (771s per run). In total, 257 brain volumes were

acquired per fMRI run.

fMRI data were analyzed using SPM12 software

(www.fil.ion.ucl.ac.uk/spm). The first three scans of each

fMRI run were excluded from data analysis because of the

non-equilibrium state of magnetization. The effect of head

motion across time was corrected by realigning all scans to

the mean of the images after the first realignment.

Realigned images were spatially normalized to a standard

EPI template. Normalized images were spatially smoothed

with a Gaussian kernel of 8 mm full-width at half-max-

imum to reduce intersubject differences in anatomy and

enable the application of the Gaussian random field theory.

A first-level analysis was performed individually for

each subject and experimental session based on the general

linear model.26 Task-related changes in BOLD signal were

estimated at each voxel by modeling the onsets and duration

of the cold stimuli as delta functions convolved with a

hemodynamic response function (HRF). Each of the four

stimuli (+6°C, +3°C, −3°C, and −6°C with respect to the

individual cold pain threshold) and motor responses with

the left hand (pain rating) were modeled as separate regres-

sors. Regression coefficients (parameter estimates) for all

regressors were estimated in a subject-specific fixed-effects

model.26 Low-frequency drifts in BOLD signal were

removed by a high pass filter with a cut-off of 128s.

Using appropriate linear contrasts, contrast images of inter-

est were selected for each participant, including BOLD

signal changes associated with each type of cold stimuli.

Group analysis (second level) employed a random-

effects analysis treating subjects as a random variable. The

individual contrast images were entered into a two-factorial

ANOVA with the factors baseline vs stimulation condition

Figure 2 fMRI stimulation paradigm.

Notes: A blocked fMRI design consisting of 12s epochs of alternating neutral and

cold stimuli was applied. Each fMRI session comprised four different degree mod-

alities, which were set at 3°C or 6°C above (X+6°C, X+3°C; ie, innocuous) or

below (X-3°C and X-6°C; ie, nocuous) the individual cold pain threshold (X) after

induction of cold allodynia. Each cold stimulus was applied five times (ie, in total 20

cold stimuli) in a pseudorandom order and counterbalanced in terms of relative

differences of consecutive cold stimuli. Immediately after a cold stimulus and reach-

ing the thermode's baseline temperature of 32°C, volunteers had to rate (ie, R

marks) the pain intensity of the stimulus on the NRS with their left hand.
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(2 levels, prior menthol/fiber block-induced allodynia vs

during menthol/fiber block-induced allodynia). The two

types of stimuli above and below the cold pain threshold

were combined in a weighted model to achieve sufficient

statistical power for analysis. Contrasts of the two types of

allodynia to baseline and contrasts of both types of allody-

nia were calculated. Due to possible conflicting motor

responses induced by the pain rating during the baseline

condition (see section “fMRI Study Design”), the first 4 s

were discarded from the analysis. Statistical threshold was

set at an uncorrected p-value of <0.001. Additionally, a

small volume correction was applied in target regions (ie,

hypothesized areas of activation). Clusters showing signifi-

cant changes in BOLD signal were characterized in terms of

cluster size (number of voxels per cluster at an extent

threshold of p < 0.001) and the voxel showing peak differ-

ence (t-value and stereotactic coordinates).

Statistical Analyses Of Psychophysical

Data
The Wilcoxon test and the Mann–Whitney U-Test were

used to compare psychophysical data, thermal thresholds,

and pain intensity. Psychophysical data are presented as

mean [± standard deviation]. P values of <0.05 were

regarded as statistically significant.

Results
Cold Allodynia
Topical menthol application and nerve conduction block

induced a significant increase of sensitivity towards cold

pain as compared to baseline thresholds (menthol:

Δ=13.4°C [± 3.8], p = 0.006; fiber block: Δ=10.6°C
[± 4.4], p = 0.006; Figure 3). In all volunteers, mechanical

compression of the superficial radial nerve induced an

effective blockade of cold-specific Aδ-fibers (CDT

30.8°C [± 0.9] vs 6.0°C [± 3.2], p = 0.006) and Aβ-fibers
according to the criteria set while the C-fiber-mediated

warm detection and heat pain threshold did not change

significantly (WDT 33.4°C [± 0.2] vs 33.9°C [± 0.9], p =

0.6; HPT 44.9°C [± 2.1] vs 44.3°C [± 1.4], p = 0.5).

Psychophysiological measurements showed no significant

change of the cold pain threshold before and after fMRI of

each condition (p > 0.1; Figure 3) indicating stable cold

allodynia throughout the experiment. Warm and cold

detection as well as heat pain thresholds at baseline did

not differ significantly between the two interventions

(CDT 31.0°C [± 0.2] vs 30.8°C [± 0.9]; WDT 33.5°C

[± 0.6] vs 33.4°C [± 0.7]; HPT 43.1°C [± 3.16] vs

44.9°C [± 2.1] (p > 0.1)), whereas the sensitivity towards

cold pain was lower in the A-fiber block session at base-

line (CPT 10.3°C [± 4.4] vs 5.8°C [± 3.3]; p = 0.02).

Neuroimaging
Contrasting neuronal activity evoked by both types of cold

allodynia indicated that block-induced allodynia was asso-

ciated with prominent significant increases in the BOLD

signal in the left medial thalamus, anterior cingulate cortex

in the bilateral medial and superior frontal cortex (Figure 4;

Table 1). In contrast, cold allodynia following topical

menthol application produced significantly stronger activa-

tion of the left lateral thalamus as well as primary and

secondary somatosensory cortices (Figure 4, Table 2). The

results of contrast analysis of baseline versus stimulation for

each type of cold allodynia are displayed in Tables 1 and 2.

Pain Intensity And Quality
The cold pain intensity ratings between menthol application

and nerve conduction block did not show significant differ-

ences (menthol: 2.8 [± 0.7], A-fiber block: 2.3 [± 0.6], p ≥ 0.1
(NRS 0–10)), Figure 5. The stimulus response indicated a

graded NRS rating with respect to thermal stimuli (ie, +6, +3,

−3, and −6). Further on, a correlation analysis demonstrated a

significant correlation of the NRS ratings and the thermal

stimuli in both conditions (Spearman-Rho: A-fiber block

[Rho=0.880, p < 0.000]; Menthol [Rho=0.840, p < 0.000]).

No subject reported spontaneous pain during the fMRI

sessions.

As expected A-fiber block-induced cold allodynia was

rated more often as “burning” and/or “hot” (8/8 subjects)

whereas only 3 of 8 subjects reported such sensation dur-

ing menthol-induced cold allodynia. In contrast, menthol-

Figure 3 Mean cold pain thresholds (CPT) of experimental-induced cold allodynia.

Note: Both interventions induced a significant decrease in CPT that persisted

throughout the fMRI measurements (**p<0.01).

Abbreviation: n.s., not significant.
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induced allodynia was described as “cold” and/or “freez-

ing” in 8/8 subjects, whereas none did during A-fiber

block. The McGill pain questionnaire showed no signifi-

cant differences in the affective (0.04 [± 1.14] vs 0.04

[± 1.14]; p = 1) but in the sensory (7.15 [± 3.86] vs

11.41 [± 6.38]; p = 0.045) subscores and a non-significant

trend in the evaluative (9.88 [± 8.15] vs 5.51 [± 5.05];

p=0.09) subscore. The latter includes the terms “cold” and

“freezing” (menthol-induced cold allodynia) and the sen-

sory subscore the ratings for “hot” and “burning” (A-fiber

block-induced cold allodynia). The pain rating index (PRI)

showed no significant difference (menthol: 6.57 [± 0.92]

vs block: 6.75 [± 0.92]; p = 0.46).

Discussion
The presented study demonstrates that cold allodynia

induces a preferential activation of characteristic brain

regions depending on the underlying mechanism. Cold

allodynia activates a set of brain regions that have pre-

viously been implicated in the processing of noxious cold

stimuli, including the anterior cingulate cortex and

thalamus.27–29 Interestingly, block-induced allodynia

revealed greater activation in three important areas of

pain processing, the medial thalamus, the ACC, and the

prefrontal cortex. Vice versa, menthol-induced allodynia

led to a stronger activation of the lateral thalamus as well

as primary and secondary somatosensory cortices.

Critically, the differences in neuronal activity in the two

models presented cannot be attributed to differences in

pain intensity due to comparable mean pain intensity rat-

ings for both types of cold allodynia. These findings imply

that cold allodynia has two preferential neuronal represen-

tations in the human brain.

The differences in activation patterns shed new light on

the mechanisms of cold allodynia. As outlined in the

introduction, menthol-induced allodynia is attributed to

peripheral sensitization resulting in an increased nocicep-

tive C-fiber input. In contrast, mechanical nerve block

does not affect C-fiber input but blocks A-fiber input

from the periphery. Though the brain receives less sensory

input during A-fiber block, ACC and frontal cortex

showed increased activity levels during thermal stimula-

tion. These findings provide direct evidence for the ther-

mosensory disinhibition theory of pain generation.8,10,11,16

Figure 4 Differences in regional neuronal activity during cold allodynia induced by topical menthol application or A-fiber block.

Notes: (A) The A-fiber block-induced cold allodynia indicates a preferential activation of the medial thalamus and prefrontal cortical areas. (B) The menthol-induced cold

allodynia causes a stronger activation of the lateral thalamus as well as SI and SII cortical regions. (C) The bar graph indicates the mean change in BOLD signal (±95%

confidence interval) of the medial thalamic region. The activation change during cold stimuli at −3°C and −6°C was compared between both types of cold allodynia models.

(D) SPMs of cortical surface areas indicate a stronger activation of prefrontal areas during block-induced allodynia relative to the pronounced activation of SI and SII regions

in menthol-induced allodynia. SPMs are thresholded at p<0.001.
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In primates, thermosensory lamina I dorsal horn neurons

project via the lateral spinothalamic tract to two main

sites:8,10,30 a lateral thalamic relay nucleus (VMpo) that

projects to the dorsal posterior insular cortex, and higher

cortical centers (lateral system) and a medial thalamic area

(MDvc) that projects to the anterior cingulate cortex and

Table 1 Regions Of Cerebral Activations During A-Fiber Blockade

AAL Label

Side X (mm) Y (mm) Z (mm) t-Value Cluster Size

[Voxels]

Brodmann Area

[BA]

Thalamusa Left −12.0 −4.0 +2.0 3.76 10 -

Caudate nucleus Left −14.0 −2.0 +20.0 4.50 38 -

Medial frontal gyrus (DLPFC) Left −40.0 +26.0 +46.0 3.80 13 BA 09

Medial frontal gyrus (DLPFC)a Right +22.0 +26.0 +38.0 5.08 67 BA 09

Superolateral frontal gyrus

(DLPFC)a
Left −20.0 +34.0 +42.0 5.29 219 BA 09

Superolateral frontal gyrus

(DLPFC)b
Left −12.0 +46.0 +52.0 3.68 10 BA 09

Superolateral frontal gyrus

(DLPFC)b
Left −14.0 +44.0 +54.0 3.62 10 BA 09

Superolateral frontal gyrus

(DLPFC)

Right +6.0 +56.0 +12.0 4.38 38 BA 10

ACCa Right +14.0 +40.0 +22.0 4.60 45 BA 32

PCC Left −6.0 −68.0 +20.0 4.15 141 BA 31

PCCb Left −8.0 −52.0 +24.0 4.05 141 BA 23

PCC Right +10.0 −52.0 +34.0 3.94 26 -

PCCb Right +12.0 −54.0 +14.0 3.80 24 BA 30

Middle temporal gyrus Left −54.0 −58.0 +23.0 1.94 365 BA 21

Middle temporal gyrus Right +56.0 −68.0 +18.0 4.19 221 BA 39

Middle temporal gyrusb Right +52.0 −60.0 +16.0 4.09 221 BA 37

Angular gyrus Left −52.0 −68.0 +32.0 3.84 365 BA 39

Middle occipital gyrus Left −42.0 −80.0 +26.0 5.26 365 BA 39

Middle occipital gyrus Right +48.0 −78.0 +22.0 4.88 221 BA 39

Vermis −2.0 −52.0 −10.0 4.14 84

Cerebellum Left −16.0 −50.0 −16.0 3.67 12 BA 19

Cerebellum Left −32.0 −48.0 −22.0 4.40 113 BA 37

Fusiform Left −42.0 −42.0 −20.0 5.19 113 BA 37

Fusiform Right +28.0 −44.0 −14.0 3.60 24 BA 37

Fusiformb Right +26.0 −42.0 −16.0 3.49 24 BA 37

Fusiformb Right +42.0 −16.0 −20.0 4.11 12 BA 20

Small volume correction

Cluster Peak

X Y Z p-set p(FWE-corr) equivk p(unc) p(FWE-corr) T equivZ p(unc)

Thalamus left

(radius of VOI 8 mm)

−12 −4 2 0.032 0.016 10 0.500 0.010 3.76 3.51 0.000

DLPFC left

(radius of VOI 8 mm)

−20 34 42 0.032 0.000 171 0.010 0.000 5.29 4.69 0.000

DLPFC right

(radius of VOI 8 mm)

22 26 38 0.032 0.003 66 0.087 0.000 5.08 4.53 0.000

ACC

(radius of VOI 8 mm)

14 40 22 0.032 0.005 45 0.151 0.001 4.6 4.18 0.000

Notes: aThresholds (unc. p<0.001) and small volume corrections of target regions. bClusters with a size of >10 voxels and a maximum of 2 sub-peaks for each region.

Abbreviations: ACC, anterior cingulate cortex; PCC, posterior cingulate cortex; DLPFC, dorsolateral prefrontal cortex.
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Table 2 Regions Of Cerebral Activations During Menthol Application

AAL Label

Side X (mm) Y (mm) Z (mm) t-Value Cluster Size [Voxels] Brodmann Area

[BA]

Thalamusa Left −22.0 −6.0 −2.0 4.15 34 –

Thalamus Right +18.0 −20.0 +2.0 3.58 13 –

Amygdala Right +34.0 +0.0 −22.0 4.08 60 –

Hippocampus Left −26.0 −24.0 −10.0 3.50 15 –

Hippocampus Right +26.0 −8.0 −18.0 3.79 12 –

Medial frontal gyrus (DLPFC) Right +48.0 +10.0 +52.0 3.46 15 BA 06

Medial frontal gyrus (DLPFC)b Right +42.0 +8.0 +52.0 3.43 15 BA 06

Inferior frontal gyrus Right +60.0 +30.0 +10.0 4.69 52 BA 45

Inferior frontal gyrusb Right +58.0 +32.0 +16.0 4.55 52 BA 45

Inferior frontal gyrusb Right +56.0 +34.0 +18.0 4.11 52 BA 45

Precentral gyrus Left −36.0 +4.0 +40.0 3.88 20 BA 06

PCC Right +4.0 −44.0 +26.0 3.69 19 BA 26

SIa Left −46.0 −10.0 +36.0 4.29 64 BA 03

SI Right +20.0 −36.0 +80.0 5.42 318 BA 03

SIb Right +28.0 −32.0 +76.0 4.46 318 BA 03

Paracentral lobule Right +2.0 −40.0 +74.0 3.79 318 BA 04

SIIa Left −6.0 −56.0 +68.0 4.62 318 BA 07

SIIb Left −6.0 −58.0 +64.0 4.53 318 BA 07

SIIb Left −10.0 −54.0 +72.0 4.39 318 BA 05

SII Right +4.0 −60.0 +68.0 4.83 318 BA 05

SIIb Right +2.0 −58.0 +66.0 4.67 318 BA 07

SIIb Right +2.0 −70.0 +56.0 4.53 46 BA 07

Middle temporal gyrus Left −54.0 −16.0 −16.0 4.73 312 BA 20

Middle temporal gyrusb Left −54.0 −44.0 −10.0 4.50 312 BA 20

Middle temporal gyrusb Left −54.0 −34.0 −8.0 4.26 312 BA 21

Middle temporal gyrus Right +56.0 −28.0 −8.0 3.58 135 BA 20

Middle temporal gyrusb Right +50.0 −40.0 +6.0 3.44 135 BA 21

Middle temporal gyrusb Right +62.0 −58.0 +4.0 3.95 31 BA 37

Superior temporal gyrus Left −58.0 −46.0 +14.0 3.43 33 BA 22

Superior temporal gyrusb Left −56.0 −40.0 +24.0 3.63 13 BA 48

Supra marginal gyrus Left −50.0 −46.0 +32.0 3.53 65 BA 48

Angular gyrus Left −56.0 −56.0 +36.0 4.61 65 BA 39

Vermis −2.0 −46.0 −6.0 3.92 26 BA 27

Small volume correction

Cluster Peak

X Y Z p-set p(FWE-corr) equivk p(unc) p(FWE-corr) T equivZ p(unc)

Thalamus left (radius

of VOI 8 mm)

−22 −6 −2 0.032 0.007 32 0.218 0.002 4.15 3.93 0.000

SII left (radius of VOI

8 mm)

−6 −56 68 0.032 0.003 69 0.079 0.001 4.62 4.33 0.000

−6 −58 64 0.032 0.001 4.53 4.25 0.000

−10 −54 72 0.032 0.001 4.39 4.13 0.000

0 −54 66 0.032 0.004 4.03 3.82 0.000

SI left (radius of VOI

8 mm)

−46 −10 36 0.032 0.003 61 0.096 0.002 4.29 4.05 0.000

Notes: aThresholds (unc. p<0.001) and small volume corrections of target regions duringmenthol application. bClusterswith a size of >10 voxels and amaximumof 2 sub-peaks for each

region.

Abbreviations: PCC, posterior cingulate cortex; SI, primary somatosensory cortex; SII, secondary somatosensory cortex; DLPFC, dorsolateral prefrontal cortex.
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prefrontal areas (medial system). The lateral pathway con-

veys both, innocuous thermoreceptive (cold-specific) and

nociceptive activity.8,16 The medial pathway is preferen-

tially activated by polymodal noxious stimuli, ie, noxious

cold, heat, and mechanical pressure. The cold stimulation

in the menthol model activates the thermoreceptive spi-

nothalamic neurons as well as polymodal nociceptive spi-

nothalamic neurons, demonstrated by relative stronger

activation of the lateral thalamus. Blocking the lateral

innocuous thermoreceptive cooling channel selectively

(A-fiber block, impairment of cold sensation) resulted in

a profound increase in cold-induced activity within the

medial system. This indicates that activity in the innocu-

ous thermoreceptive system normally inhibits activity in

the medial polymodal nociceptive pathway. Clinically, a

disbalance of this regulatory system caused, eg, by a lesion

within lateral system, is thought to lead to central pain.8

Interestingly, one study also indicated that an infarction of

the Vc (ventral caudal thalamic nucleus), a portion of the

lateral thalamic pathway, leads to central poststroke pain.31

Neuroimaging studies have contributed increasing

knowledge to facilitate the understanding on pain

processing.32–34 Thereby, thermal allodynia has been

investigated in experimental pain models32,35 and in neu-

ropathic pain patients.36–40 In an early positron emission

tomography (PET) study, Craig and collaborators pre-

sented the thermal grill illusion (TGI) paradigm (ie, the

application of non-painful cold stimuli with spatially inter-

laced non-painful warm stimuli). It was shown that the

TGI sensation in healthy volunteers resembled the burning

sensation of cold pain. Moreover, it was postulated to rely

on the mechanism of central disinhibition by a predomi-

nant activation of the anterior cingulate cortex.10 These

results supported the hypothesis of physiological central

inhibition of pain processing by innocuous cold sensation

and were further confirmed by findings in detailed studies

investigating the TGI paradigm.41 The present study

extends these findings by showing that increased neuronal

activity in the prefrontal cortex and medial thalamus are

neuronal substrates for the central inhibition of pain.

Moreover, our results are in line with a functional neuroi-

maging study of cold allodynia in patients with spinal

lesions due to syringomyelia, in trigeminal neuropathy,

CRPS patients and mixed neuropathic pain syndromes

showing a stronger activation of the ACC and/or prefrontal

areas.36–40 However, one study compared physiological

cold pain and menthol-induced cold allodynia and indi-

cated additional bilateral recruitment of prefrontal

cortices,42 that seems to be further activated during

block-induced allodynia as shown in our study. Thus, the

present results indicate a fundamental integration between

pain and temperature sensation, ie, the cold-induced inhi-

bition of pain. A-fiber block disinhibits activity in the

ascending polymodal nociceptive channel. The locus of

unmasked activity is in the medial thalamus, the anterior

cingulate, and prefrontal areas.

In the two models, innocuous cold stimuli produced cold

allodynia of equal intensity, but the pain quality was differ-

ent. In the nerve block model, participants rated the evoked

sensation as hot and burning. In contrast, allodynia induced

in the menthol-sensitized skin was described as freezing and

cold, in both conditions without a considerable affective

component. These ratings replicate previous work9,14

describing the quality of cold pain as burning and is well

known from patients with post-stroke central pain syndromes

reporting a burning pain sensation often within an area of

impaired discriminative thermal sensation.39,43,44

Finally, the question remains why the induction of

experimental cold allodynia either by an A-fiber blockade

or menthol application has been predominantly observed

in healthy volunteers and not in patients. Several studies

indicated that in patients these pathways seem to be atte-

nuated. For example, the topical treatment with TRPM8 or

TRPA1 agonists do not provoke pain in patients with

neuropathic cold allodynia.45,46 Topical menthol has even

been shown to reduce pain in carpal tunnel syndrome in a

placebo-controlled trial.47 In fact, there is no mentioning

of TRP-independent mechanisms of cold transduction,

including cold-sensitive potassium channels and resurgent

Figure 5 Mean pain intensity during experimental-induced cold allodynia.

Notes: Menthol-induced allodynia was associated with slightly higher pain intensi-

ties as compared to the A-fiber block condition. Further on, the results indicate a

graded NRS response with respect to the different test stimuli (ie, +6, +3, −3, and
−6). Mean pain intensity scores of the cold allodynia stimuli (ie, −3 and −6) were 2.8
[± 0.7] after topical application of menthol versus 2.3 [± 0.6] during A-fiber block

on a numeric rating scale ranging from 0 (no pain) to 10 (maximal pain). *p<0.05.

Abbreviation: n.s., not significant.
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currents in sodium channels.48–51 Additionally, another

study assessing oxaliplatin-induced cold hyperalgesia

demonstrated a complete diminishing of cold allodynia

via a preferential A-fiber blockade.7 In light of this evi-

dence, these results need to be interpreted carefully with

regard to clinical implications. In fact, a constant (ie,

chronic) depolarization of structures conveying cold allo-

dynia presumably leads to an altered processing of cold

stimuli as compared to an acute induction of cold

allodynia.52 Therefore, our observations suggest that

future investigations should aim to scrutinize the differ-

ence of cerebral activation patterns in cold allodynia sur-

rogate models between patients and healthy volunteers.

This may reveal further differences in the complex proces-

sing of cold pain sensations and may contribute to the

development of new therapeutic strategies.
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