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Itch is an aversive sensory experience and while systemic therapies,
such as acupuncture, have shown promise in alleviating itch in
patients suffering from chronic itch, their antipruritic mechanisms are
unknown. As several lines of evidence implicate brain-focused mech-
anisms, we applied functional magnetic resonance imaging and our
validated temperature-modulation itch model to evaluate the under-
lying brain circuitry supporting allergen-induced itch reduction in
atopic dermatitis patients by acupuncture, antihistamine, and respect-
ive placebo treatments. Brain response to allergen itch demonstrated
phase dependency. During an increasing itch phase, activation was
localized in anterior insula and striatum, regions associated with sal-
ience/interoception and motivation processing. Once itch reached
peak plateau, robust activation was noted in prefrontal cognitive and
premotor areas. Acupuncture reduced itch and itch-evoked activation
in the insula, putamen, and premotor and prefrontal cortical areas.
Neither itch sensation nor itch-evoked brain response was altered fol-
lowing antihistamine or placebo acupuncture. Greater itch reduction
following acupuncture was associated with greater reduction in
putamen response, a region implicated in motivation and habitual be-
havior underlying the urge to scratch, specifically implicating this
region in acupuncture’s antipruritic effects. Understanding brain cir-
cuitry underlying itch reduction following acupuncture and related
neuromodulatory therapies will significantly impact the development
and applicability of novel therapies to reduce an itch.

Keywords: atopic dermatitis, counter irritation, counter stimulus, insula,
itch, pruritus, putamen

Introduction

The sensation of itch is defined as a complex and unpleasant
sensory experience that induces the urge to scratch (Hafenref-
fer 1660). While itch has evolutionarily protective functions
(e.g. insect localization on the skin), chronic itch is a preva-
lent and highly debilitating symptom of many inflammatory
skin disorders and allergies (Boguniewicz 2005). Placebo-
controlled studies have shown that acupuncture can reduce
itch in healthy adults (Belgrade et al. 1984; Lundeberg et al.
1987; Pfab et al. 2005) and chronic itch patients (Pfab, Huss-
Marp, et al. 2010; Pfab, Valet, et al. 2010; Pfab, Kirchner,
et al. 2012), potentially with greater efficacy (Pfab, Kirchner,
et al. 2012) than antihistamines, the first-line preventive sys-
temic therapy (Ikoma et al. 2006). Additionally, while central
nervous system mechanisms may predominate for systemic,
as opposed to topical, therapies, and recent neuroimaging
studies have begun to unravel the brain circuitries mediating
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itch perception in humans (Pfab, Valet M, et al. 2012), the
mechanisms by which therapeutic interventions such as acu-
puncture and antihistamines modulate these brain circuitries
are not known.

Pruriceptive itch is commonly perceived when inflamma-
tory mediators activate a specific subset of peripheral sensory
nerve endings, which relay afference via the spinothalamic
tract to the brain (Davidson et al. 2007). Neuroimaging
studies, which have mainly focused on histamine-induced itch
in healthy humans, have implicated a diffuse network of
brain areas (Pfab, Valet M, et al. 2012) mediating somatosen-
sory, cognitive/attention, affective/motivation, and salience/
interoceptive components of the multidimensional itch sen-
sation. Interestingly, compared with histamine itch, an itch
produced by mediators better approximating chronic itch (e.
g. cowhage) is stronger and induces greater activation of
insula, thalamus, and putamen (Papoiu et al. 2012). Addition-
ally, chronic itch patients with conditions such as atopic der-
matitis (AD) demonstrate central sensitization for itch (Ikoma
et al. 2004), wherein nociceptive stimuli of various modalities
produce itch, not pain sensation. Moreover, AD itch is also
known to be produced by specific allergens (Koblenzer
1999). A previous neuroimaging study applying allergen itch
in patients sensitized to this allergen noted robust activation
of striatum, thalamus, and ventral prefrontal cortices (Leknes
et al. 2007). Interestingly, the striatum plays a critical integra-
tive role in striato-thalamo-cortical circuits implicated in moti-
vational processing and found to be dysregulated in
generalized urge suppression pathology (Koob and Volkow
2010) such as obsessive/compulsive disorder, obesity, and ad-
diction. In chronic itch, striato-thalamo-cortical circuits likely
support the urge to scratch (Leknes et al. 2007). Additionally,
itch perception includes temporally distinct phases including
increasing itch sensation versus steady-state itch (Pfab et al.
2006; Pfab, Huss-Marp, et al. 2010; Pfab, Valet, et al. 2010).
Ultimately, striato-thalamo-cortical involvement in these dis-
tinct phases of itch perception, and its role in supporting
different antipruritic therapies is unknown.

In this study, we applied functional magnetic resonance
imaging (fMRI) and our validated temperature-modulation
itch model (Pfab et al. 2006) to evaluate the underlying brain
circuitry supporting allergen-itch reduction in chronic itch
(AD) patients by acupuncture, antihistamine, and respective
placebo treatments. Different phases of itch experience were
evaluated. Based on our previous behavioral study (Pfab,
Kirchner, et al. 2012), we hypothesized that acupuncture will
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more readily down-regulate the itch, and via specific modu-
lation of the striato-thalamo-cortical circuits thought to
underlie the urge to scratch.

Materials and Methods

Subjects

Fourteen (14) subjects with a clinical diagnosis of AD were enrolled in
the study. Inclusion criteria included 1) male or female adults aged 18-
60, 2) AD diagnosis with a SCORAD (SCORing AD; European Task
Force on Atopic Dermatitis 1993) score >18, 3) type-I sensitivity to
grass pollen, birch pollen, and/or Dermatophagoides pteronyssinus
or Dermatophagoides farinae with wheal and flare formation upon
skin prick testing. Patients had to stop all immunosuppressive medi-
cations at least 10 days prior to the study to avoid potential suppres-
sion of itch perception. Patients had no prior experience with
acupuncture. All patients gave informed consent and the protocol was
approved by the Human Research Committee of Massachusetts
General Hospital.

Patients were recruited by print and email advertisement, as well
as physician colleagues in the Department of Dermatology at MGH.
Patients were screened via phone for eligibility in the study prior
to initial evaluation. Patients who met eligibility criteria by phone
were then invited to a training session and evaluated with a focused
history, physical exam, and allergen skin prick testing to confirm
eligibility by a licensed dermatologist (F.P.).

Experimental Protocol and Itch Provocation Model

AD patients were evaluated using a cross-over design, wherein every
patient experienced all 4 intervention MRI sessions. The therapeutic
interventions included 1) verum, or real, electroacupuncture (VAC), 2)
placebo acupuncture (PAC), 3) verum antihistamine solution (VSO),
and 4) placebo solution (PSO). An intervention order was counterba-
lanced and fMRI scan sessions with different interventions were sep-
arated by at least 1 week.

Prior to any MRI sessions, patients were evaluated with a behavior
training session where the most effective itch-inducing allergen was
determined, and the subjects could experience the temperature-
modulated itch provocation model. During the training session,
patients also completed several questionnaires including an expect-
ancy VAS questionnaire, within which expected itch intensity without
any therapy could be contrasted (nonparametric Wilcoxon signed-
ranks test) with the itch expected following both acupuncture and
antihistamine therapies.

During each MRI visit (Fig. 1), brain response to itch was evaluated
at baseline (itch fMRI scan 1) and following 1 of the 4 therapeutic
interventions (itch fMRI scan 2). Each itch fMRI scan included a skin
prick test performed just prior to imaging (see below). Following
each itch fMRI scan, a numerical rating scale from 0 (no itch) to 100
(most intense itch imaginable) was used to rate the intensity of itch
experienced separately during warm and cool temperature-
modulation blocks. As in our previous studies (Pfab et al. 2005, 20006;
Valet et al. 2008; Pfab, Huss-Marp, et al. 2010; Pfab, Valet, et al. 2010;

Skin prick test 1
(allergen)

Pfab et al. 2011), subjects were instructed that a rating of 33 corre-
sponds to an “urge to scratch” threshold. Above this threshold, each
individual feels the clear-cut desire to scratch, which, however, was
not permitted (and confirmed by observation). Prior to any itch fMRI
scan, a simple temperature-modulation fMRI scan was also performed
as a control for the itch fMRI scans. This scan did not involve any aller-
gen skin prick testing and controlled for any brain response to simply
cooling and warming the skin. Following this control scan, subjects
also rated any itch experienced during cool and warm blocks.

The temperature-modulated itch provocation model has been pre-
viously validated (Pfab et al. 2006) and applied during fMRI (Valet
et al. 2008; Pfab, Huss-Marp, et al. 2010; Pfab, Valet, et al. 2010).
Briefly, a nonlesion site on the left volar forearm was chosen for itch
induction. A single drop of allergen was applied, followed by a super-
ficial puncture of the skin with a plastic MR-compatible lancet
(Duotip Test II, Lincoln Diagnostics, Decatur, IL, USA). The allergens
used for itch provocation were individually determined to be most
pruritogenic from the behavior testing session and included Timothy
grass pollen (100 000 BAU/mL), D. pteronyssinus or European house
dust mite (10 000 AU/mL), and D. farinae or American house dust
mite (10 000 AU/mL, Allergy Laboratories, Oklahoma City, OK, USA).
The skin puncture results in a deposition of allergen solution at the
dermal-epidermal junction, where the terminals of itch-related
C-fibers are located (Shelley and Arthur 1957). After a median latency
of 35 s, an itch sensation develops with peak itch intensity approxi-
mately 120 s after application (Pfab, Huss-Marp, et al. 2010; Pfab,
Valet, et al. 2010). Sustained pain is avoided by the delicate and
shallow puncture, as previously reported (Pfab et al. 20006), thus the
stimulus can be considered a pure itch, and not combined pain/itch,
sensation. The drop of allergen solution was carefully removed with
an absorbent gauze pad 120 s after application. A 30 x 30-mm sized
MRI-compatible thermode probe (TSA II NeuroSensory Analyzer ther-
mode, Medoc Advanced Medical Systems, Rimat Yishai, Israel) was
then placed over the allergen treated skin area. During the block-
design itch fMRI scans (itch fMRI scans 1 and 2), skin temperature
was modulated over successive cooling and warming blocks. Starting
from a neutral skin temperature of 32°C, 16 equal duration (20 s)
blocks, alternating between 32°C (warm) and 25°C (cool), were
applied. A transit time of 1.5 s (ramp 5°C/s) was used between warm
and cool blocks, and modeled accordingly in the fMRI general linear
model (GLM, see below). Stimulation during the fMRI scan (see
below for detail) included 8 cool/warm blocks over a 6-min scan run.
This procedure has reliably been used to modulate itch, such that
cooling the skin increases itch sensation (Pfab et al. 2000).

Therapeutic Interventions—VAC, PAC, VSO, PSO

The 4 MRI sessions included 1 of the 4 different therapeutic interven-
tions: VAC, PAC, VSO, or PSO. MRI sessions were counterbalanced in
order and separated in time by at least 1 week.

During each MRI session, approximately 30 min elapsed between
cessation of itch fMRI scan 1 and initiation of itch fMRI scan
2. During this time, all interventions were performed. This duration of
time allowed for itch sensation experienced during baseline testing to
wane, while also allowing for antihistamine pharmacotherapy to
reach peak plasma concentration, at approximately 0.5h (Teva

Skin prick test 2
(allergen)

Temp fMRI

Itch fMRI
scan (control) > scan1
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verum solution (VSO), or placebo solution (PSO)
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Figure 1. Schematic of scan session. Subjects experienced a temperature-modulated itch fMRI scan before (itch fMRI scan 1) and after (itch fMRI scan 2) 1 of the 4 different
therapeutic interventions involving acupuncture or antihistamine solution (VAC, PAC, VSO, or PSO). Subjects also experienced a control fMRI scan where temperature was
modulated, but without a preceding skin prick test. The therapeutic intervention extended into itch fMRI scan 2 for all interventions.
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Pharmaceuticals Ltd., Sellersville, PA, United States of America). A sol-
ution was used instead of a tablet as the latter has been reported to
reach mean peak plasma concentration in a much longer duration of
1.2 h (Simons et al. 2005). Both VAC and PAC were initiated 15 min
before itch fMRI scan 2, as acupuncture has delayed effects in terms
of both brain response (Napadow et al. 2009) and clinical efficacy. A
similar 15-min prestimulation period was successfully used in a prior
study investigating acupuncture alleviation of itch (Pfab et al. 2005).
All interventions (VAC, PAC, VSO, and PSO) were “active” during itch
fMRI scan 2, that is, subjects were experiencing electrostimulation,
and antihistamine effects, during this temperature-modulated itch
fMRI scan run.

VAC was performed for all subjects by the same investigator (V.N.),
who has more than 10 years of clinical experience, and is very experi-
enced in performing acupuncture in the fMRI setting. Electroacupunc-
ture stimulation was performed between acupoints LI-11 (Quchi) and
HT-3 (Shaohai), located around the right elbow. Specifically, LI-11 is
located on the elbow at the midpoint of the line joining the lateral
end of the transverse cubital crease and the lateral epicondyle of the
humerus. This acupoint has been noted in clinical texts to have anti-
pruritic effects and has been used in our previous studies (Pfab et al.
2005; Pfab, Huss-Marp, et al. 2010; Pfab, Valet, et al. 2010; Pfab et al.
2011; Pfab, Kirchner, et al. 2012) to evaluate acupuncture efficacy in
itch reduction. HT-3 is located between the ulnar end of the cubital
crease and the medial epicondyle of the humerus. Specially manufac-
tured, pure titanium acupuncture needles (0.20 x 30 mm, DongBang
Acupuncture, Inc., Boryeong, Korea) were used, as they are stiff, non-
magnetic, and MR-compatible. Needles were inserted at the above
locations using plastic guidetubes. Electrical current was delivered
with a modified current-constant HANS (Han’s Acupoint Nerve Stimu-
lator) LH202 (Neuroscience Research Center, Peking University,
Beijing, China) device. Stimulus frequency was 100 Hz, with a bipolar
pulse width of 200 ps. Stimulus intensity was adjusted until the per-
ceived sensation was moderately strong but not painful. The current
intensity used for VAC was 1.4+ 0.8 mA (¢ +0).

PAC was designed to mimic the ritual of VAC, but without any
stimulation of real acupoints, or electrostimulation. We also used
MR-compatible needles (pure-silver, nonferrous acupuncture needles,
0.25 mm diameter, 40 mm length, Maeda Corporation, Japan), modi-
fied to have blunt tips that would not penetrate skin. Nonacupoint
skin locations were stimulated by sham insertions through plastic
guidetubes, identical to VAC. The nonacupoints, SH-1 and SH-2, were
located on the ulnar aspect of the forearm. Similar to VAC, electrodes
were placed at the stimulation locations, but were not connected to an
electrostimulation source. Subjects, whose heads were inside the MRI
head coil, could not see the VAC or PAC procedures performed at
their periphery. The consent form instructed subjects that they would
receive “different forms of active or inactive acupuncture,” and that
“stimulation may range from barely perceptible to moderately strong
but not painful.” While these procedures allowed the subjects to be
blinded as to verum or placebo intervention, our study was con-
sidered single blinded. A double-blinding procedure in electroacu-
puncture research has not been developed and, thus, the
experimenter was not blinded.

For the oral VSO scan session, we used a common 3rd generation
antihistamine, levocetirizine (Xyzal, 5 mg, Teva Pharmaceuticals Ltd.,
Sellersville, PA, United States of America). Following itch fMRI scan 1,
subjects were removed from the MRI scanner bore, allowed to sit up,
and asked to drink 10 mL of levocetirizine solution in a generic paper
cup. Once subjects ingested the solution, they were placed back into
the scanner. Procedures for the PSO MRI session were identical to the
VSO session; however, subjects received 10 mL of sweetened water
solution, which was both color- and flavor-matched to the VSO sol-
ution (Doc Johnson Enterprises, Inc., North Hollywood, CA, United
States of America).

Psychopbysical Analyses

Itch severity was rated for warm and cool blocks following the
temperature-only control fMRI scan, itch fMRI scans 1 and 2. Itch in-
tensities for the cool temperature block (more severe itch) were

compared between the temperature-only control scan and itch fMRI
scan 1 using a nonparametric Wilcoxon signed-ranks test, as itch
rated during temperature-only scanning was not normally distributed
(Shapiro-Wilk statistic (df=14)=0.854, P<0.05, SPSS 18.0, Armonk,
NY, USA). To test treatment effects, itch intensities for the cool temp-
erature block were evaluated using a repeated-measures analysis of
variance (ANOVA) model with a between-subjects factor THERAPY
(levels: VAC, PAC, VSO, and PSO) and a within-subjects repeated-
measures factor TIME (levels: Baseline and post-therapy). Post hoc
testing comparing itch fMRI scan 1 versus 2 (the intervention effect)
for each different intervention was also performed using Wilcoxon
signed-ranks tests due to previously noted non-normality. Spearman’s
correlation analysis was used to evaluate any relationship between
clinical severity (using the SCORAD scale) and itch ratings for the
cool temperature block. As a secondary measure of treatment effects,
we also evaluated how the residual itch from the first skin prick test
decreased pre- versus postintervention, before the second skin prick
test was administered. A repeated-measures 1-way ANOVA was per-
formed for the VAS change score for each therapy (VAC, PAC, VSO,
and PSO). Post hoc testing using the nonparametric Wilcoxon
signed-ranks test compared the different interventions. The signifi-
cance level for all tests was set at alpha =0.05.

At the end of both the VAC and PAC scan session, subjects rated
the intensity of acupuncture-induced sensations using the MGH Acu-
puncture Sensation Scale (MASS; Kong et al. 2007). The MASS index
(MD), which is a summary metric that weights both the breadth and
depth of sensations evoked by acupuncture, was calculated from the
response data.

Following scanning, at the end of each session, patients also com-
pleted the d2 test of attention, as our recent studies have suggested
that antihistamines may effect attentional processing differently from
acupuncture (Pfab, Kirchner, et al. 2012). This instrument is con-
sidered to be the standard for measuring concentration speed and at-
tention in both clinical and experimental settings (Brickenkamp and
Zillmer. 1998). It was performed after all intervention procedures
were completed.

MRI Scanning Protocol

Imaging was performed at 3T on a Siemens Trio MRI scanner
(Siemens AG, Erlangen, Germany). fMRI data were collected with a
gradient echo T>*-weighted pulse sequence [time repetition (TR)/time
echo (TE)=2s/30ms, 32 anterior-posterior commissure aligned
slices, slice thickness=3.6 mm, matrix=064x64, field of view
(FOV) =200 mm, flip angle (FA)=90°] and a 32-channel multiarray
coil. All fMRI scans included 8 cool/warm blocks and a total of 180
timepoints over a 6-min scan run. High-resolution T;-weighted struc-
tural imaging was completed with an isotropic multiecho MPRAGE
pulse sequence (TR/TEl/time to inversion=2530/1.64/1200 mS,
matrix = 256 x 256, FOV = 256 mm, FA = 7°).

JMRI Data Analysis

BOLD images were preprocessed using the FMRIB Software Library
(FSL) and tools available through the FreeSurfer software package
(Dale et al. 1999; Fischl et al. 1999). Data were skull stripped (brain
extraction tool, Smith 2002), slice-timing corrected, motion-corrected
(MCFLIRT) (Jenkinson et al. 2002), and spatially smoothed with a full-
width at half-maximum 5-mm Gaussian kernel (Smith et al. 2004).
Subject fMRI data were excluded if gross translational motion ex-
ceeded 3 mm on any axis, or if discrete motion spikes exceeded 1.5
mm. Data were high-pass filtered (f},;g, =0.017 Hz) and analyzed with
a GLM.

For itch fMRI scans, which included 8 cool/warm blocks, 3 regres-
sors were used. These regressors were based on the stereotyped dy-
namics of temperature-modulated itch sensation, as demonstrated in
our previous studies using the identical model and continuous itch
ratings (Pfab et al. 2006; Pfab, Huss-Marp, et al. 2010; Pfab, Valet,
et al. 2010; Pfab, Kirchner, et al. 2012). The first regressor covered the
first half of the cool temperature stimulus blocks and was aimed at
capturing increasing itch sensation. The second regressor covered the
second half of the cool temperature blocks, when itch sensation is
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known to plateau to its peak level. Finally, a regressor of no-interest
was included that covered the first 12 s of the warm blocks, when itch
sensation is known to be decreasing. Hence, the baseline for all re-
gressors of interest was the latter portion of warm blocks, when itch
sensation had leveled off to its nadir. This analysis was performed on
data acquired during the temperature control scan.

Parameter estimates and their variances from the subject level GLM
were then passed up to group level by transformation to a standard
space. Cortical surface reconstruction was performed using FreeSurfer
to improve structural-functional coregistration through boundary-
based registration (Greve and Fischl 2009). Functional data were then
registered to standard Montreal Neurological Institute (MNI) space
using FMRIB’s Non-linear Image Registration Tool (FNIRT, FSL).

Brain response to itch was evaluated by first combining results for
itch fMRI scan 1 from all 4 MRI sessions within-subjects, using a fixed
effects model. A mixed effects model was then used between subjects
to contrast brain response between temperature-modulated itch and
brain response to temperature modulation alone—the control con-
dition (FMRI Expert Analysis Tool, FEAT, FSL). Results for the increas-
ing itch (INCR) and peak itch (PEAK) regressors were cluster corrected
for multiple comparisons (z>2.3, P<0.05), and peristimulus plots
from significant clusters were created to visualize the temporal evol-
ution of fMRI signal response to temperature-modulated itch.

To investigate the influence of different therapeutic interventions
on brain response to itch, we calculated difference maps between itch
fMRI scans 1 and 2. These maps were calculated for each intervention
using a paired #-test mixed effects model, also cluster corrected for
multiple comparisons (z>2.3, P<0.05). In order to confirm that
brain areas reported when contrasting itch fMRI scans 1 and 2 for
VAC were also significantly different between VAC and PAC, we used
an ANOVA to calculate the interaction VAC (itch2—-itch1)-PAC (itch2—
itch1). This analysis was performed using a whole-brain approach,
cluster corrected for multiple comparisons (z>2.3, P<0.05), as well
as a more focused regions of interest (ROI)-based approach guided
by anatomical labels from the Harvard-Oxford Atlas corresponding to
the regions reported when contrasting itch fMRI scans 1 and 2 for
VAC (see Results, Table 1). Significant clusters for the ROI analysis
were determined using an uncorrected threshold of P<0.01 and a
minimum cluster size of 50 mm?>.

We also evaluated the correlation between the change in brain
response to itch (both INCR and PEAK) and the change in itch
ratings. This mixed effects linear regression analysis (FEAT, FSL) was
also cluster corrected for multiple comparisons (z> 2.3, P<0.05). Cor-
relation analyses were used to evaluate any relationship between clini-
cal severity (using the SCORAD scale) and 1) significant brain
responses to allergen itch and 2) significant changes in brain response
following therapy.

Table 1
Phase-variant brain response to allergen itch in AD patients
Side  Size Location (MNI) Z-score  fMRI %-Change
(mm’)
X |4 z

Cool +itch  Cool only

Increasing itch sensation

Insula R 25936 30 18 2 419 0.14 =0.09 0.07 =021
aMCC R 25936 8 34 32 273 0.19+0.24 0.08 = 0.53
R 25936 24 18 4 404 0.15 =011 0.02 +0.26
Putamen
L 7872 =22 10 10 324 013=011 -0.01=+0.18
R 25936 20 18 8 365 0.12+0.10 0.03 +0.24
Caudate
L 7872 -20 10 16 340 012=011 0.02 +0.14
Glob. R 25936 18 4 4 339 0.11 =0.09 0.02 =021
pallidus
VIPFC R 25936 34 40 6 352 0.16 =0.16 0.07 =047
Peak plateau itch sensation
diPFC R 9096 36 20 52 387 0.24 £0.25 0.14 = 0.68

R 9096 22 -4 62 3.06 013+012 -0.04+0.36
Premotor
L 4960 -20 -20 62 355

SPL L 4960 -28 44 64 274

0.10 =0.10
029 +031

0.04 +0.23
0.09 =048

876 Acupuncture Modulates Itch Circuitry - Napadow et al.

Results

Fourteen patients (age: 25.4+9.1 years old, SCORAD:
38.7 £ 14.9, mean + standard deviation, except where noted)
were enrolled in the study. All but 1 patient were right
handed (Edinburgh Inventory; Oldfield 1971). The allergens
used to elicit itch were concentrated solutions of grass pollen
(N=8), D. pteronyssinus (European house dust mite, N=3),
or D. farinae (American house dust mite, N=3).

Psychopbysics of Itch and Acupuncture

Itch was elicited by allergen prick testing and was signifi-
cantly greater during cool blocks (59.3 + 13.5) compared with
warm blocks (32.2+14.1, P<0.001). Itch sensation elicited
by allergen prick testing was also greater than itch perceived
during the temperature-only control fMRI scan (cool:
14.4+16.2; warm: 4.1+9.9; both P<0.001). No significant
correlation (P> 0.1) was found between allergen-itch intensity
and clinical severity (SCORAD score).

Treatment effects for itch during cool blocks (most severe
itch) were evaluated using a repeated-measures ANOVA,
which found a significant effect for TIME (Fss=>5.34,
P=0.025) and TIME x THERAPY interaction (F;ss=0.64,
P<0.001). Post hoc testing demonstrated that itch sensation
was significantly (P=0.004) decreased following VAC during
cool temperature blocks (—21.6 +18.6; Fig. 2). There was no
significant change following PAC, VSO, or PSO during cool
temperature blocks (PAC: 1.8+16.7; VSO: 2.8+18.1; PSO:
—3.3+11.6). Expectancy for itch relief, assessed prior to
fMRI, demonstrated that subjects expected greater relief fol-
lowing antihistamine (—35.8 +15.4) compared with acupunc-
ture (—23.8+14.9, P=0.006). There was no correlation
between expectancy of relief and actual itch relief (cool block
ratings), for any intervention. There were also no correlations
between changes in allergen-itch intensity and clinical sever-
ity (SCORAD score).

A secondary measure of treatment effects evaluated how
the residual itch from the first skin prick test decreased pre-
versus postintervention, before the second skin prick test was
administered. A repeated-measures 1-way ANOVA found a sig-
nificant effect for THERAPY (F; 53 =4.54, P=0.008). Post hoc
testing demonstrated that residual itch sensation from the first
skin prick test was significantly more reduced following VAC
(-25.1+£12.8) compared with PAC (-13.4+16.7, P=0.02),
VSO (7.4 +18.6, P=0.01), or PSO (-10.6 +15.8, P=0.003).

Change in itch intensity with different therapies

- -

10

=]

*_

Change in itch intensity
(VAS, 0-100)
3

R

VAC PAC VsO PSO

Figure 2. Following VAC, itch intensity rated for cool blocks (itch fMRI scan 2-itch
fMRI scan 1) was significantly diminished. Other therapies (PAC, VSO, and PSO) did
not appreciably change itch intensity. ***P < 0.005. VAC, verum acupuncture; PAC,
placebo acupuncture; VSO, verum antihistamine solution; PSO, placebo antihistamine
solution.
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VAC was associated with greater acupuncture sensation in-
tensity (MI: 5.5+1.9), compared with PAC (MI: 1.4+ 1.4,
P<0.001). The strongest sensations reported for VAC were tin-
gling (6.3+2.5, on a scale of 0-10) and deep pressure
(3.5+2.4), while for PAC they were tingling (1.3+1.5) and
warmth (1.0 +1.3).

Mean attention scores (correct hits minus errors) were as-
sessed at the end of all sessions (~30-45 min after therapeutic
interventions) with the d2 test of attention. We found no sig-
nificant difference between interventions (VAC: 193.6 + 29.3;
PAC: 192.6 +35.5; VSO: 188.3 + 23.9; PSO: 188.8 +30.1; 1-way
ANOVA, P>0.1).

JMRI Results

fMRI data were analyzed with separate regressors for the first
half of the cool temperature block (when, from our previous
studies, itch is known to be increasing; Pfab, Huss-Marp,
et al. 2010; Pfab, Valet, et al. 2010) and for the second half of
the cool temperature block (when itch is known to have
reached a peak plateau; Pfab, Huss-Marp, et al. 2010; Pfab,
Valet, et al. 2010). A separate scan, during which temperature
was modulated but no skin prick testing was done to induce
itch, was used as a control. We found that brain activation
during increasing itch differed from the activation noted
during peak itch (Fig. 3, Table 1). Controlling for brain
response to temperature change, we found that increasing
itch sensation was associated with activation in the right
anterior insula, anterior middle cingulate cortex (aMCC), bilat-
eral putamen and caudate, globus pallidus, and right ventro-
lateral prefrontal cortex (vIPFC). In contrast, peak itch
sensation was associated with activation in the right dorsolat-
eral prefrontal cortex (dIPFC), bilateral premotor, and left
superior parietal lobule (SPL). fMRI timeseries extracted from
regions such as right anterior insula and putamen, which
were activated during increasing itch, clearly peaked prior to
the dIPFC, which was activated during peak itch (Fig. 3). No
regions demonstrated significant deactivation (decreased fMRI

Activation during increasing ITCH

signal) in response to either increasing or peak itch. There
were no correlations between brain response to itch and clini-
cal severity (SCORAD score).

In concordance with diminished itch intensity following
VAC, we also noted reduced brain activation, during both the
increasing itch phase and peak plateau itch phase (Fig. 4,
Table 2). During increasing itch, there was reduced activation
in the right anterior insula, claustrum, putamen, globus palli-
dus, caudate, and nucleus accumbens. During the peak itch
phase, there was reduced activation in bilateral primary soma-
tosensory/motor cortex, right secondary somatosensory and
premotor cortices, middle frontal gyrus, and cuneus, as well
as left posterior cingulate cortex. There were no brain regions
that demonstrated increased activation to itch following VAC.
There were also no brain regions that demonstrated increased
or decreased activation in response to itch sensation following
PAC. A confirmatory whole-brain ANOVA analysis directly
contrasts VAC with PAC by calculating the interaction: VAC
(itch2—itch1)-PAC (itch2—itch1). This analysis found a signifi-
cant interaction for the peak itch phase in regions showing a
significant decrease following VAC: premotor cortex and
middle frontal gyrus. An ROI analysis for regions previously
noted to reduce itch-evoked activation following VAC noted a
significant interaction in the right insula, putamen, caudate,
and nucleus accumbens for an increasing itch phase and left
S1/M1, right S2, premotor cortex, and middle frontal gyrus
for the peak itch phase (Supplementary Table 1). While there
were no changes following VSO or PSO during increasing
itch, patients demonstrated greater deactivation in the precu-
neus and posterior cingulate cortex during the peak itch
phase following PSO. There were no correlations between
changes in brain response to itch and patients’ clinical sever-
ity (SCORAD score).

To probe more specifically the brain circuitry underlying
reduced itch in AD, we used an intersubject regression model
to investigate changes in brain response to itch that correlated
with reduced itch sensation. We found that diminished itch

Activation during peak itch
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Figure 3. Brain response to itch was phase dependent. During the first half of the cool temperature block, when itch is known to be increasing (Pfab, Huss-Marp, et al. 2010;
Pfab, Valet, et al. 2010), activation was noted in several regions including the anterior insula, putamen, and vIPFC. During the second half of the cool temperature block, when
itch is known to have reached its peak plateau, activation was noted in the dIPFC. dIPFC, dorsolateral prefrontal cortex.
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Acupuncture alters brain response to itch
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Figure 4. Brain response to itch was diminished following VAC. During the increasing itch phase, there was less activation in the insula and putamen. During the peak itch
phase, there was less activation in prefrontal (MFG) and premotor cortices. alns, anterior insula; MFG, middle frontal gyrus.

following VAC was correlated with the change in fMRI
response (for the increasing itch phase) in the left putamen,
and mid-insula cortex (Fig. 5, Table 3). There were no signifi-
cant correlations for the peak itch phase nor for any other
therapies (i.e. INCR, PEAK).

Discussion

Itch is an unpleasant, aversive sensation and is the cardinal
symptom of several chronic dermatological and allergy-
associated diseases, including AD. We applied our validated
temperature-modulated itch model in conjunction with fMRI
neuroimaging to noninvasively probe the brain circuitry sup-
porting allergen-induced itch perception in AD patients. Brain
activation to itch during the increasing itch phase was loca-
lized in the anterior insula and striatum, regions associated
with salience/interoception and motivation processing.
Robust activation was noted in dIPFC and premotor areas
once itch reached a peak plateau. Acupuncture reduced itch
and itch-evoked activation in the insula, putamen, and pre-
motor and prefrontal cortical areas. Neither itch sensation nor
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itch-evoked brain response was altered following antihista-
mine or PAC. Greater itch reduction following acupuncture
was associated with greater reduction in putamen response,
a region implicated in motivation and habitual behavior
underlying the urge to scratch, specifically implicating this
region in acupuncture’s antipruritic effects.

We found that clinically relevant itch elicited by allergen
prick testing in AD patients was significantly greater during
cool blocks compared with warm blocks, consistent with our
previous studies (Pfab et al. 2006; Pfab, Kirchner, et al. 2012
Valet et al. 2008; Pfab, Huss-Marp, et al. 2010; Pfab, Valet,
et al. 2010). Separate regressors modeled the first half of the
cool block, when itch is increasing in magnitude (according
to our prior studies (Pfab, Huss-Marp, et al. 2010; Pfab, Valet,
et al. 2010), and the second half of the cool block, when itch
has reached a peak plateau (Pfab, Huss-Marp, et al. 2010;
Pfab, Valet, et al. 2010). We found that brain regions known
to process salience (insula and aMCC) and affect/motivation
(VIPFC, insula, and striatum) were activated during increasing
itch, consistent with the onset of a highly salient and aversive
stimulus. In contrast, as patients were instructed to refrain
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Table 2

Therapy associated change in brain response to allergen itch in AD patients

Side Size (mm?) Location (MNI) Z-score fMRI %-Change
X Y V4
Baseline Post-VAC
Verum acupuncture
Change in response to increasing itch
Anterior insula R 3720 36 20 14 -3.42 0.09 +0.12 —0.06 = 0.14
Putamen R 3720 26 14 8 —3.46 0.13 = 0.09 0.03 +0.10
Glob. pallidus R 3720 12 4 2 —3.52 011011 —0.02 = 0.15
Caudate R 3720 12 16 -4 -2.82 0.04 £0.15 —0.15+0.23
NAcc R 3720 14 14 -6 -3.07 0.01 =0.16 -0.21 =020
Claustrum R 3720 28 18 -2 -3.17 0.12+0.14 —0.05 = 0.20
Change in response to peak itch
S1/M1 R 7312 50 -2 54 —3.84 0.15+0.28 —0.15+0.25
L 3624 —42 -14 64 -3.13 0.45 = 0.55 -0.11 =037
S2 R 5384 58 -30 24 -3.25 0.06 =0.29 -0.23+0.25
Premotor R 7312 36 0 32 —4.04 0.03 = 0.07 —0.10 = 0.06
MFG R 7312 42 28 16 —-2.89 0.09 =0.16 —0.16 = 0.31
PCC L 7744 -10 —48 8 -3.13 0.07 =0.20 —0.15+0.23
Cuneus R 7744 22 —66 12 —3.50 0.13=0.22 —0.03 = 0.15
Placebo acupuncture
None
Verum antihistamine solution
None
Placebo antihistamine solution
Change in response to increasing itch
None
Change in response to peak itch Baseline post-PSO
PC R 7088 2 —66 52 —-3.60 0.24 +=0.31 —0.35 =043
PCC R 7088 6 —52 14 -3.21 0.08 =0.19 —0.13+0.23
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Figure 5. A whole-brain analysis found that following VAC, decrease in putamen response to itch (during the increasing itch phase) was correlated with reduced itch intensity
following this intervention.

from movement, even with the urge to scratch, activation of
dIPFC and premotor areas during steady-state peak itch likely
relates to prefrontal cognitive control (dIPFC) over motor
planning areas (premotor) in order to limit scratching-related
movements. Regions such as the insula, cingulate, striatum,
and lateral prefrontal cortices have all been previously impli-
cated as components of the brain circuitry supporting itch
perception (Leknes et al. 2007; Pfab, Valet M, et al. 2012;
Ishiuji et al. 2009). While previous itch neuroimaging studies
have not differentiated an increasing itch from a peak plateau

Table 3
Post-VAC change in brain response versus change in itch sensation
Side Size (mm?) Location (MNI) Z-score

X |4 z

A response to increasing itch versus A itch sensation
Putamen L 4200 -32 -14 6 3.88
Mid-insula L 4200 —40 -14 14 3.38

A response to peak itch versus A itch sensation
None
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itch phase, previous pain studies have reported that the brain
circuitry supporting “increasing” pain differs from the circui-
try supporting pain that has reached a peak plateau (Baliki
et al. 2006). Itch has similarities to pain (Davidson and
Giesler 2010), but differs in that it induces the urge to scratch.
Thus, while Baliki et al. (2006) found that right anterior
insula and MCC were activated during increasing pain, and
prefrontal cortex was activated during a high pain plateau,
the authors did not find putamen activation during increasing
pain nor premotor activation at high pain plateau. While this
null result could be due to thresholding, it does support the
hypothesis that putamen activity likely mediates increasing
itch, while premotor activation at high itch plateau likely sup-
ports motor planning underlying the urge to scratch.

The putamen, activated by increasing itch, is a critical com-
ponent of the striato-thalamo-cortical circuitry implicated in
motivational processing, habitual behavior, and action
initiation (Graybiel 2008). Scratching is known to alleviate
itch (Yosipovitch et al. 2007; Kosteletzky et al. 2009; Vierow
et al. 2009) and putamen activation is greater when scratching
is experienced during itch, than outside this itch-scratch
context (Vierow et al. 2009). In fact, Vierow et al. report that
putamen activity during itch preceded scratching, suggesting
that this brain region also codes the urge to scratch (Vierow
et al. 2009). Our study found that fMRI signal in the putamen
increases during increasing itch. Following acupuncture, itch
sensation was reduced and putamen response to evoked itch
sensation was also reduced. Moreover, reduced putamen acti-
vation was found to correlate with reduced itch following acu-
puncture. Specifically, patients with greatest reduction in itch
actually responded with putamen deactivation to evoked itch,
consistent with a hypothesis that reduced itch resulted from
an inhibitory influence on this brain region.

Interestingly, electroacupuncture is known to activate the
putamen (Napadow et al. 2005), and in our study, electroacu-
puncture activated putamen bilaterally (Supplementary
material). As acupuncture was applied concurrent to post-VAC
itch stimuli, active putamen recruitment by tonic acupuncture
stimulation may have limited further itch-locked phasic acti-
vation. This relationship may be mediated by dopamine, as
increased tonic dopamine levels in the striatum are known to
inhibit subsequent phasic dopaminergic activation (Wood
2006). As the putamen has also been implicated in salience
detection, particularly for aversive stimuli such as pain
(Downar et al. 2003), diminished phasic activation to exper-
imental itch may lead to a reappraisal of perceived itch as less
salient and demanding of behavioral (scratch) response. This
mechanism may be similar to other counter stimuli, such as
scratching, which also reduces itch and activates putamen
(Vierow et al. 2009). However, while peripheral mechanisms
for counter stimuli may also exist, in our study, acupuncture
was applied on the arm “opposite” to the itch induction site
(in contrast to most scratching studies), suggesting that the
antipruritic effects of acupuncture are indeed mediated by the
central nervous system.

Reduced itch following acupuncture was accompanied by
altered itch-evoked response in other brain areas as well. The
right anterior insula, which was activated during the increas-
ing itch phase, showed reduced activity during this phase fol-
lowing acupuncture. Moreover, reduced itch sensation was
correlated with reduced insula activation, suggesting a stron-
ger coupling between acupuncture-mediated itch reduction
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and underlying brain activity. Previous studies have also
noted that the insula is commonly activated by itch (Pfab,
Valet M, et al. 2012), and that increasing experimentally
induced itch intensity is correlated with increasing insula acti-
vation (Ishiuji et al. 2009). This region is also commonly acti-
vated by other aversive and broadly defined interoceptive
sensations such as pain (Craig 2003; Apkarian et al. 2005) and
nausea (Napadow et al. 2013). Insula is also commonly acti-
vated by electroacupuncture (Napadow et al. 2005) and was
noted in our AD patients as well (Supplementary material).
Robust anterior insula activation to itch may be associated
with its high degree of salience, and reduced itch-evoked
insula activity further supports the contention that acupunc-
ture reduced the salience, as well as the magnitude of per-
ceived itch.

For the peak itch phase, somatosensory, premotor, and
prefrontal cortical activation was also reduced following acu-
puncture. Acupuncture, which was performed on the right
arm, may have reduced right (ipsilateral) premotor and soma-
tosensory activation due to active interhemispheric inhibition
from left (contralateral) S1, a known cross-hemispheric inter-
action between sensorimotor-related regions (Ni et al. 2009).
However, reduced premotor and prefrontal activities during
the peak itch phase may have also resulted from diminished
activation in salience and affective/motivation regions during
the preceding increasing itch phase. This latter contention is
supported by the fact that reduced itch was better correlated
with reduced putamen and insula activation during increasing
itch compared with brain response changes during peak itch.

Acupuncture is an interesting multidimensional interven-
tion, which modulates anticipatory, somatosensory, and cog-
nitive re-appraisal circuitries. While the specific effect of
acupuncture in reducing aversive sensations such as itch or
pain is not completely understood, the somatosensory aspect
of this intervention may prove to be important for its anti-
pruritic effects. We found that electroacupuncture, but not
PAC (associated with significantly less somatosensory affer-
ence), reduced evoked itch intensity. Ultimately, acupuncture
might be considered a counter stimulus (Ward et al. 1996) in
its ability to regulate itch. Counter stimulation is thought to
modulate itch by multiple central nervous pathways, in a
pruritogen-dependant manner (Davidson and Giesler 2010).
As we found no correlation between expectancy for itch relief
evaluated at baseline and eventual itch reduction (in fact,
patients expected greater itch relief from the antihistamine
than for acupuncture), and as our electroacupuncture inter-
vention was actively providing somatosensory afference
“during” itch induction, it is likely that somatosensory proces-
sing was an important component in mediating the reduction
of itch by acupuncture. Furthermore, as acupuncture’s anti-
pruritic effects were demonstrated to have a central com-
ponent, future studies should explore synergistic effects of
acupuncture and peripherally acting agents, such as topical
corticosteroids.

Antihistamine therapy did not reduce itch sensation and
brain response to itch was not altered following this interven-
tion. Interestingly, our previous study found that antihista-
mine reduced allergen-associated itch using an identical
temperature-modulated itch model (Pfab, Kirchner, et al.
2012). However, this previous study used a different, second
generation antihistamine (cetirizine), and in addition to
reduced itch, we also found decreased attention levels with
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the d2 test of attention. Our current neuroimaging study used
a third generation antihistamine (levocetirizine), which is
touted as being less likely to induce drowsiness as a side
effect. In fact, we found no significant decrement on the d2
test of attention. In sum, our results support the contention
that histamine may not be an important mediator of itch in
AD, and other, perhaps brain-derived attentional mechanisms
may support antihistamine relief of AD itch.

Several limitations should be noted. Our study design was
limited to the evaluation of the brain circuitry subserving a
direct abortive antipruritic effect of electroacupuncture, which
may differ from the brain mechanisms underlying reduced
AD itch following a longitudinal course of acupuncture
therapy. Another potential limitation is that our confirmatory
ANOVA interaction for VAC versus PAC and baseline versus
post-therapy brain response did not find significant clusters
corresponding to every brain region identified as showing
reduced activity following VAC. This could have been due to
the increased power necessitated by the ANOVA interaction
analysis approach, or that reduced brain activity in some
areas was comparable across conditions.

In conclusion, we have identified different brain regions
that process clinically relevant allergen itch in AD patients
during the increasing itch phase compared with a peak
plateau itch phase. Acupuncture significantly reduced itch
sensation in AD patients. Acupuncture also reduced insula
and striatum activation during the increasing itch phase and
premotor activation during the peak itch phase. Neither anti-
histamine nor sham acupuncture reduced itch or altered brain
response to evoked itch. Greater itch reduction following acu-
puncture was associated with greater reduction in putamen
response to increasing itch, specifically implicating this region
in acupuncture’s antipruritic effect. Our study investigated, for
the first time, the brain circuitry underlying therapy-associated
antipruritic effects in patients suffering from chronic itch.
Novel therapies for AD patients are needed and understanding
mechanisms for itch reduction will significantly impact the
development and applicability of acupuncture and related
neuromodulatory therapies for AD.

Supplementary Material

Supplementary material can be found at: http://www.cercor.oxford-
journals.org/
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