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1. Introduction

The subjective experience of pain involves neuronal networks
associated with both sensory discrimination of the stimulus as well
as affect and cognitive responses to the stimulus [33]. The sensory
discrimination of a stimulus arises from activation of peripheral
receptors that transmit information via the spinal cord, brainstem
and thalamus to S1 and S2 and possibly the insular cortex (the lat-
eral network). The affective component of pain is associated with
a neuronal network that includes amygdala, insula, anterior cin-
gulate cortex (ACC) and medial regions of the frontal lobe (medial
network) [34].

Functional magnetic resonance imaging (fMRI) and Positron
Emission Tomography (PET) studies of acupuncture needle manip-
ulation [3,11,20–22,24,25,29,31,42–44] and acupuncture analgesia
[5,45,46] demonstrate involvement of these neuronal networks
during acupuncture. Additionally, there is strong evidence that
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es suggest that a lateral network in the brain is associated with the sen-
while a medial network is associated with affective aspects. The highest

ors is in the medial network. There is significant evidence that endoge-
experience of pain and analgesia. We applied an integrative multimodal
ncture. We found functional magnetic resonance imaging signal changes
la, and pons and [11C]diprenorphine positron emission tomography sig-

l cortex, medial prefrontal cortex, insula, thalamus, and anterior cingulate
rain regions within both the lateral and medial pain networks.

© 2008 Elsevier B.V. All rights reserved.

acupuncture analgesia is mediated at least in part by opioid systems
[4,6,26,32].

The current study assessed the effect of manual acupuncture

on pain perception in healthy subjects, employing a multimodal
approach, using both fMRI and endogenous opioid peptide release
as measured by PET. [11C]diprenorphine is a relatively nonspecific
partial opioid agonist that is used for in vivo characterization of
mu, delta, and kappa opioid receptors in conjunction with positron
emission tomography (PET). We hypothesized that brain regions
with fMRI signal changes and/or changes in PET measures of opioid
receptor binding associated with acupuncture would include the
brainstem, thalamus, insula, amygdala, ACC, and medial territories
of the prefrontal cortex (PFC).

2. Materials and methods

2.1. Human subjects

Twenty-two acupuncture-naı̈ve, right-handed subjects (12 males) consented
to and participated in this study, as approved by the Human Research Commit-
tee at Massachusetts General Hospital. Subjects participated in four sessions. In
all sessions heat pain was administered using a TSA-2001 Thermal Sensory Ana-
lyzer with a 3 cm × 3 cm probe (Medoc Advanced Medical Systems, Rimat Yishai,
Israel).

Recognizing the large individual variability in response to acupuncture treat-
ment [17], we chose to pre-screen subjects entering the fMRI and PET scanning

http://www.sciencedirect.com/science/journal/01664328
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dx.doi.org/10.1016/j.bbr.2008.04.020


ral Br

cture
0 to t
64 D.D. Dougherty et al. / Behaviou

Fig. 1. Acupuncture administration procedure. S indicates verum (placebo) acupun
still in place. During the fMRI scanning session, imaging data was collected from t =
began at t = 2.

sessions (Sessions 3 and 4). Prior to Sessions 3 and 4, all subjects participated in
a separate behavioral study (Session 2) to evaluate their response to acupuncture
treatment. Subjects received identical experimental heat pain before and after treat-
ment, and only those whose pain ratings were reduced were allowed to proceed to
the following brain imaging sessions.

2.2. Experimental procedures

2.2.1. Session 1
We used the first behavioral session to familiarize subjects with the rating scales

and determine appropriate stimulus intensities using methods employed in our pre-
vious studies [19,23]. In this session, subjects were also trained to rate heat pain
stimuli applied to the right forearm using the 0–20 Gracely Box Scales [7,8].

In summary, temperatures eliciting subjective intensity ratings in the LOW-level
pain range (∼8; weak on the 0–20 Sensory Scale) and HIGH-level pain range (∼15;
strong) were selected for each individual using an ascending stimuli sequence in
which the stimuli temperature increased in one degree intervals. We then applied
series of 8 noxious stimuli (4 HIGH and 4 LOW in random order) to the right arm.
Temperatures were adjusted when necessary to ensure that each subject’s subjective
ratings of HIGH and LOW remained in the desired range, as these would be used in
the following sessions.

2.2.2. Session 2
In Session 2, subjects received heat pain stimuli (4 pain stimuli sequences

applied to different areas of the right forearm, each stimuli sequence consisting
of 6 HIGH- and 6 LOW-level noxious stimuli) before and after a 29-min application
of verum acupuncture at LI 4, described below. Only subjects who had decreased
pain ratings after treatment for both pain levels (average pain ratings for both HIGH
and LOW levels of noxious stimuli reduced by at least 0.5 on the Gracely 0–20 Sen-
sory Scale) were then randomized into two groups (verum acupuncture and placebo
acupuncture) and studied using fMRI and PET imaging (Sessions 3 and 4) performed
in a counterbalanced manner.

2.2.3. Sessions 3 and 4

Session 3 and Session 4 were the fMRI and PET imaging scan sessions, conducted

in a randomized order with about 1–2 week interval between sessions.

2.2.4. fMRI session
All fMRI brain imaging was performed with a 3-axis gradient head coil in a

3 T head only Siemens MRI System equipped for echo planar imaging. Thirty axial
slices (4 mm thick with 1 mm skip) parallel to the anterior and posterior commissure
covering the whole brain were imaged with 4 s TR, 40 ms TE, 435 time points, 90◦

flip angle and 3.13 mm × 3.13 mm in-plane spatial resolution. A high-resolution 3D
MPRAGE sequence was also collected for anatomic localization.

The procedures for the fMRI session were similar to those for Session 2. Subjects
received heat pain stimuli (4 pain stimuli sequences applied to different areas of
the right forearm, each stimuli sequence consisting of 6 HIGH and 6 LOW noxious
stimuli) before and after a 29-min application of verum or sham acupuncture at LI
4 depending on their group randomization.

2.2.5. PET session
The PET session lasted approximately 5.5 h. Subjects were outfitted with physio-

logical monitoring, visual presentation, and response indicator equipment. An initial
assessment of pain responses was performed right before the subject entered the
PET camera. Two 90-min PET scans measuring opioid receptor binding were col-
lected, one at baseline rest beginning at 9:30 am and the other during acupuncture
administration beginning at 1:30 pm. At the time of imaging, subjects were posi-
tioned in the gantry of a PET camera. Head alignments were made, relative to the
canthomeatal line, using projected laser lines whose positions were known with
respect to the slice positions of the scanner. An individually molded thermoplastic
ain Research 193 (2008) 63–68

stimulation at LI4; R indicates rest without stimulation with acupuncture needle
= 29 min. During the PET scanning session, tracer injection and imaging acquisition

mask was used to minimize head motion. A peripheral venous catheter was inserted
for radiopharmaceutical injection.

[11C]diprenorphine was injected manually as an intravenous bolus of
15 mCi for both acquisitions. PET data acquisition began at the moment that
[11C]diprenorphine injection began and continued for 90 min. After the first PET
imaging period, the subject left the PET camera gantry during the hour required
for residual radioactivity decay. Subjects were then repositioned in the PET gantry
as described above. During the second PET imaging period, acupuncture (active or
sham) began immediately following [11C]diprenorphine injection and continued
during PET data acquisition. The only difference between the two PET imaging peri-
ods was that acupuncture (via methods described below) was performed during the
second PET imaging period.

Images were acquired using a PC-4096 PET camera (Scanditronix AB, Uppsala,
Sweden). The primary imaging parameters of the PC-4096 camera are in-plane and
axial resolution of 6.0 mm FWHM, 15 contiguous slices of 6.5 mm. PC4096 cam-
era data was acquired in 2D mode and reconstructed using a conventional filtered
back projection algorithm with an in-plane resolution of 6.0 mm FWHM. Photon
attenuation measurements were made with a rotating pin source containing 68Ge.

2.3. Acupuncture administration

This study used acupoint Large Intestine 4 (LI 4) on the right hand, which has
well-documented analgesic effects [38]. The acupuncturist practiced sterile tech-
nique. Subjects were blinded subjects to the nature (verum or sham) of acupuncture
by covering the point of insertion with tape. Treatment lasted about 30 min. Imme-
diately following acupuncture treatment, subjects used the Subjective Acupuncture
Sensation Scale (SASS) to quantify their sensations of stabbing, throbbing, tingling,
burning, heaviness, fullness/distention, numbness, soreness, and aching, and other
feelings about the stimulated acupoint [17,20]. This set of deqi descriptors is based
on sensations described in the more recent Traditional Chinese Medicine literature
[18].

2.3.1. Verum acupuncture
Manual acupuncture needle manipulation was performed using a balanced toni-
fying and reducing technique at the acupoint on the right side of the body in three,
7-min on, 2-min off blocks (Fig. 1). The depth of acupuncture needle insertion was
about 1 cm. During the 7-min stimulation period, the acupuncturist manually stim-
ulated acupoint (LI 4) for 30 s followed by a 15-s break before stimulation started
again. Rotation frequency was approximately 180 rpm at an angle of 45◦ from the
perpendicular to the skin surface.

2.3.2. Sham/placebo acupuncture administration
Placebo treatment used a validated sham acupuncture needle (Streitberger

placebo) [16,17,19,28,31,37,40] and was identical to active manual acupuncture
except that the needle was not inserted into the skin and the acupuncturist held and
rotated the needle more gently. The sham needles differed from regular needles by
possessing blunt and retractable tips. Instead of penetrating the skin, the point of
the Streitberger needle retracts up the handle shaft when the acupuncturist presses
it into the skin.

2.4. Data analysis

2.4.1. Behavioral data analysis
Verum and placebo acupuncture analgesia were evaluated using a t-test com-

paring pre- and post-treatment differences in subjective ratings of identical noxious
stimuli.

2.4.2. fMRI data analysis
Pre-processing and statistical analysis of fMRI data were performed using SPM2

software (Wellcome Department of Cognitive Neurology). Pre-processing included



ral Br

(mea

s

D.D. Dougherty et al. / Behaviou

Table 1
Real and placebo acupuncture subjective SASS ratings during fMRI and PET sessions

Soreness Heaviness Fullness Numbnes

fMRI-real 1.6 ± 1.6 1.4 ± 2.2 1.6 ± 2.4 3.0 ± 3.5
fMRI-placebo 0.6 ± 1.3 0.1 ± 0.2 0.6 ± 1.3 0.8 ± 1.3
PET- real 1.4 ± 1.6 1.4 ± 2.9 1.5 ± 3.2 2.2 ± 3.5
PET placebo 0.1 ± 0.2 0.1 ± 0.2 0.1 ± 0.2 0.1 ± 0.2

motion correction, normalization to MNI stereotactic space, and spatial smoothing
with an 8 mm Gaussian kernel. Additionally, fMRI signal change associated with
needle manipulation during real and placebo acupuncture and those associated with
baseline (rest with no needle manipulation) were calculated with a general linear
model. Global signal scaling was not applied. Low-frequency noise was removed
with a high-pass filter applied with default values to the fMRI time series at each
voxel. Group analysis was performed using a random-effects model. A two sample
t-test was used to compare fMRI signal change differences evoked by verum and
placebo acupuncture stimulation. The threshold was set P < 0.005 with 5 contiguous
voxels.

2.4.3. PET data analysis
All brain data were corrected for inter-scan movement. The PET images

were used to generate functional images of the binding potential (BP) of
[11C]diprenorphine using the simplified reference tissue model [9,47] with the
occipital cortex used as the reference tissue. Data were then normalized and
smoothed. Statistical analysis of the PET data was conducted following the the-
ory of statistical parametric mapping. Data were analyzed using the SPM2 software
package (Welcome Department of Cognitive Neurology, London, UK). The analy-
sis of variance considered the scan condition (baseline or during treatment) as
the main effect and subjects as a block effect (verum or sham acupuncture). In
other words, the multi-group, multi-subject function in SPM was used to com-
pare binding decreases during treatment (as compared to baseline) between groups
(verum vs sham acupuncture). Planned contrasts at each voxel were conducted; this
method fits a linear statistical model, voxel-by-voxel to the data. These hypothe-

ses were tested as contrasts in which linear compounds of the model parameters
were evaluated using t statistics. Data from all conditions were used to com-
pute the contrast error term. Threshold was set at P < 0.05 with 5 continuous
voxels.

3. Results

Twelve of 22 consenting volunteers completed the study (6
verum acupuncture and 6 placebo acupuncture subjects). One sub-
ject was dropped after Session 1 because he could not reliably
perform the rating task (High pain stimuli were not consistently
rated higher than Low pain stimuli); eight subjects were dropped
on account of their poor acupuncture response after Session 2; and
one dropped out during a scanning session, citing discomfort with
the procedures of scanning. Of the remaining 12 subjects, there
were three male and three females in each group with the age
(mean ± S.D.) of 28 ± 7 years for the acupuncture group and 36 ± 10
years for the placebo acupuncture group. There was no significant
difference between the two groups.

The behavioral results from Session 2 showed comparable pain
rating difference (pre-treatment pain rating minus post-treatment
pain rating) during verum acupuncture between the groups that

Table 2
fMRI signal change differences evoked by real and placebo acupuncture treatment

Comparison Area (Brodmann Area) Z sco

Real > placebo
Right medial orbital prefrontal cortex (11) 5.32
Right medial orbital prefrontal cortex (25) 3.61

Placebo > real

Left inferior parietal lobule (40) 4.04
Left superior temporal gyrus (22) 3.52
Right Pons 3.12
Right inferior parietal lobule (40) 3.11
Right superior temporal gyrus (22) 2.98
Left operculum 2.88
Left anterior insula 2.79
Left pons 2.70

Peak coordinates are in Montreal Neurological Institute (MNI) space. Threshold was set a
ain Research 193 (2008) 63–68 65

n ± S.D.)

Tingling Aching Burning Throbbing Stabbing

3.6 ± 3.4 1.9 ± 2.0 0.7 ± 1.3 0.9 ± 1.3 1.0 ± 1.5
0.4 ± 0.8 0.6 ± 1.3 0.1 ± 0.2 0.6 ± 1.3 0.6 ± 1.3
2.1 ± 3.0 1.4 ± 2.6 0.6 ± 0.2 1.3 ± 2.2 1.1 ± 2.6
0.7 ± 1.3 0.1 ± 0.1 0.1 ± 0.1 0.1 ± 0.1 0.1 ± 0.1

later underwent verum or placebo acupuncture in Sessions 3 and 4.
In the fMRI session, subjects in the acupuncture group reported pre-
and post-treatment pain ratings of 8.7 ± 1.3 and 7.6 ± 1.6, respec-
tively, for LOW pain and 13.9 ± 1.3 and 12.8 ± 2.1 for HIGH pain.
Subjects in the control group reported pre- and post-ratings of
8.4 ± 2.3 and 9.0 ± 2.0, respectively, for LOW pain and 13.5 ± 2.6
and 14.0 ± 2.9 for HIGH pain. Statistical analyses with paired t-tests
showed that the reduction in pre- and post-treatment pain ratings
was significantly greater in the acupuncture group when compared
to the placebo group (P < 0.05).

Average SASS ratings for each acupoint fell between 0.0 and 2.7
on the 10.0-point scale (Table 1). The maximum individual scale
registered at 8.2, but most ratings fell in the mild to moderate range
(<5.0). As expected, we found significantly lower SASS ratings for
the sham acupuncture treatment than for the verum acupuncture
treatment in both fMRI and PET sessions. The subjective anxiety
rating during verum acupuncture and placebo acupuncture ranged
from 0 to 3.3 with an average score of 0.3. There was no significant
difference between acupunture and placebo treatment in the fMRI
or PET session.

SPM was used to analyze both the fMRI and [11C]diprenorphine

PET data. The only a priori brain region demonstrating greater fMRI
signal increase in the verum acupuncture versus placebo acupunc-
ture group was the right medial orbitofrontal cortex (OFC) (see
Table 2 and Fig. 2). Further analysis showed that the fMRI con-
trast estimated ˇ value (mean ± S.D.) at peak activation (10, 54,
−16) of right medial OFC was 0.32 ± 0.22 for the verum acupuncture
group and −0.26 ± 0.16 for the placebo acupuncture group. A priori
brain regions demonstrating greater fMRI signal increases during
treatment in the placebo acupuncture group versus the verum
acupuncture group included the left insula and bilateral brainstem
(see Table 2).

A priori brain regions demonstrating greater [11C]dipre-
norphine binding decreases (associated with greater endogenous
opioid release) in the verum group versus the placebo group were
observed in the right medial OFC (see Table 3 and Fig. 2), left medial
PFC, right thalamus, and right insula. A greater binding increase
in the verum group versus the placebo group included bilateral
insula, right medial PFC/ACC, left OFC, and right brainstem. Com-
mon fMRI and PET changes (increased fMRI signal and decreased
[11C]diprenorphine binding associated with greater endogenous
opioid release) during verum acupuncture were seen only in the

re Number of voxels in cluster Peak coordinate (x, y, z)

13 10, 54, −16
5 4, 36, −16

23 −62, −30, 36
157 −44, −48, 20

18 12, −26, −24
29 44, −40, 20

7 68, −34, 18
10 −48, −4, 14
15 −28, 28, 6
6 −14, −28, −22

t P < 0.005 with 5 continuous voxels.
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Fig. 2. Greater fMRI signal change increases were found during verum acupuncture wh
potential decreases (suggesting increased endogenous opioid release) were found during

right medial OFC (see Fig. 2). There were no common fMRI and PET
changes during placebo acupuncture.

4. Discussion

In this pilot study, we applied an integrative multimodal imag-
ing approach (fMRI and [11C]diprenorphine PET) to investigate

Table 3
Greater [11C]diprenorphine PET binding potential decreases (corresponding with greater

Comparison Area (Brodmann Area) Z score

Real > placebo

Cerebellum 2.98
Cerebellum 2.83
DLPFC (9/44) 2.85
DLPFC (9) 2.14
Basal forebrain 2.65
Precuneus (7) 2.62
Medial PFC (18) 2.56
Precentral gyrus (6) 2.54
Superior frontal gyrus (10) 2.41
Middle temporal gyrus (39) 2.21
Superior temporal gyrus (22) 2.16
Insula 2.12
Inferior frontal gyrus (44) 2.00
Thalamus 1.97
Caudate 1.96
Inferior temporal gyrus (20) 1.88
Medial OFC (11) 1.75

Placebo > real

Insula 2.92
Insula 2.40
Insula 1.97
mPFC/dACC (9/32) 2.77
Inferior temporal gyrus (37) 2.47
OFC (10/46) 2.42
Cerebellum 2.32
Postcentral gyrus (40) 2.28
GP/Putamen 2.23
Superior temporal gyrus (22) 2.13
mPFC (10) 2.08
mPFC (10) 1.96
Brainstem 2.07
DLPFC (46) 1.95

Peak coordinates are in Montreal Neurological Institute (MNI) space. Threshold was set a
en compared to sham acupuncture and greater [11C]diprenorphine PET binding
verum acupuncture when compared to sham acupuncture.

the brain mechanisms involved in verum acupuncture stimula-
tion compared with placebo needle stimulation. Interestingly, the
two imaging modalities revealed predominantly divergent find-
ings. The fMRI study showed fMRI signal increases during verum
acupuncture in the right orbitofrontal cortex and fMRI decreases
during verum acupuncture in the left insula and bilateral brain-
stem. The PET study showed greater [11C]diprenorphine binding

endogenous opioid release) during real and placebo acupuncture treatment

Number of voxels in cluster Peak coordinate (x, y, z)

252 −18, −76, −32
5 30, −58, −26

176 48, 16, 30
27 −28, 42, 34
31 2, −6, −2
9 −8, −64, 28

11 −4, 32, 36
15 −46, −2, 34
26 −18, 56, 22
85 −52, −66, 24
30 −62, −44, 14
87 26, 12, −8

6 −56, 8, 32
19 8, −10, 12
6 16, 10, 12

12 62, −14, −20
5 8, 62, −18

148 −38, −24, 16
122 −46, 8, 0

12 40, −8, 6
95 8, 30, 34
25 62, −56, −4

173 −34, 46, 4
5 −4, −58, −42

145 −64, −22, 16
21 −16, 6, −4
15 58, 6, −4
6 10, 54, −2
7 14, 50, 14

15 −14, −22, −2
9 34, 40, 24

t P < 0.05 with 5 continuous voxels. Italics represent a priori regions.
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decreases during verum acupuncture in the right orbitofrontal cor-
tex, left medial PFC, right thalamus, and right insula and greater
[11C]diprenorphine increases during verum acupuncture in the
bilateral insula, right medial PFC/ACC, left OFC, and right brain-
stem. Our results showed involvement of some brain regions only
in fMRI results and the involvement of other brain regions only in
[11C]diprenorphine PET results. For these two modalities, there was
convergence only in the right medial OFC.

Despite acupuncture having been used for more than 2000 years
to relieve pain, scientific validation is incomplete and the underly-
ing mechanisms of the therapy are only partly understood. It is now
widely held that a critical component of acupuncture analgesia is
its mediation by endogenous opioids [4,6,26]. Yet, directly linking
the specific brain regions with endogenous opioid release during
acupuncture needle stimulation in human beings remains to be
experimentally undertaken.

Recently, functional magnetic resonance imaging (fMRI) has
been used to investigate the neurobiological mechanisms underly-
ing acupuncture needle manipulation [11,20,22,24,25,29,42–45]. It
is commonly reported that manual acupuncture needle manipula-
tion induces fMRI signal change in widespread neuronal networks.
Many of the brain regions affected by acupuncture needle manipu-
lation are known to contain high concentrations of opioid peptides
or opioid peptide receptors. However, the exact brain regions that
are involved in the endogenous opioid release remain unclear.
In the current study, as expected, some brain regions had sig-
nificant fMRI signal changes without corresponding changes in
[11C]diprenorphine BP and vice versa. While these findings are
informative (and will be discussed below), the goal of the cur-
rent multimodal study was to look for regions of overlap. We
would posit that overlapping changes may represent a relation-
ship between fMRI signal and [11C]diprenorphine BP changes in
these brain regions. In the current study, the only brain region that
exhibited such an overlap between modalities was the right medial
OFC. These results suggest that right medial OFC may be an impor-
tant brain region involved in endogenous opioid modulation during
acupuncture analgesia. Other fMRI signal changes may be mediated
by other neurotransmitters or, given the small sample size, there
may not have been enough statistical power to detect an overlap.
Conversely, there are also [11C]diprenorphine BP changes without
a corresponding change in fMRI signal in some brain regions. Again,
this may be attributable to the small sample size. While the com-
mon finding of changes in fMRI signal and [11C]diprenorphine BP
in the right medial OFC are intriguing, further studies should be

conducted.

Previous studies suggest that the orbital prefrontal cortex can
be roughly divided into two interacting networks: the orbital pre-
frontal network and medial prefrontal network [30]. The first
consists of the agranular insular areas and orbital areas 13b, 13l,
13m, 11l, 12r, 12m and 12l. This network receives signals related to
sensory inputs and seems to play an important role in sensory inte-
gration. Another network, the medial prefrontal network, consists
of all areas on the medial wall including 25, 32, 14r, 14c, 24a, 24b,
11m, 13a, Iai and 12o. Studies suggest these brain regions consti-
tute the origin of the descending projections to the hypothalamus
and periaqueductal gray (PAG). The medial orbital prefrontal cor-
tex observed in our study is located near area 11m and thus would
project into the medial PAG and hypothalamus.

It is well known that the PAG plays a crucial role in the
descending pain inhibition system. For instance, studies suggest
that stimulation of specific regions of the midbrain, PAG and sur-
rounding areas could inhibit pain responses to noxious stimulation
in both animal studies [27,35] and patients suffering from pain
disorders [1,10]. It has been hypothesized that acupuncture may
somehow trigger this descending inhibition system to produce an
ain Research 193 (2008) 63–68 67

analgesic effect. This hypothesis has been supported by experi-
ments performed on animals, where it has been found that PAG
lesions abolish acupuncture analgesia [39]. Thus, we speculate that
fMRI and PET activation in the medial OFC may indicate the activa-
tion of the descending pain inhibition system.

Previous studies in healthy control subjects have demonstrated
high uptake of [11C]diprenorphine in diffuse cortical areas known
from postmortem studies to have high concentrations of opioid
receptors [36], particularly in subcortical (thalamus) and corti-
cal (insula, prefrontal, and ACC) components of the affective pain
network [12]. Chronic pain studies have demonstrated decreased
[11C]diprenorphine binding potential (BP: the ratio of receptor
occupancy [Bmax] to affinity [KD]) in brain regions associated with
the affective pain network (insula, ACC and frontal lobe) during
pain states when compared to non-pain states [13,15,41]. Decreased
[11C]diprenorphine BP is hypothesized to represent increased
binding of opioid receptors by endogenous opioids. Conversely,
[11C]diprenorphine BP in components of the affective pain network
was significantly increased in a cohort of patients after surgical
relief of trigeminal neuralgia pain [14], consistent with the hypoth-
esis that relief of pain is associated with decreased endogenous
opioid release. Recent studies using a high affinity mu-selective opi-
ate agonist, [11C]carfentanil, and PET have demonstrated decreased
mu opioid receptor BP in the thalamus and amygdala following
administration of acute experimental noxious stimuli consistent
with the hypothesis of pain-induced release of endogenous opioid
peptides [2,48].

One limitation in our study is the small sample size. Although
we found convergence with our two modalities of brain imaging
tools only in the right medial OFC, there is no doubt that a whole
network is involved in acupuncture analgesia. Thus, we specu-
late that if the sample size was dramatically increased, additional
brain regions may show up as convergences. In any case, this pilot
study suggests the potential power of using multiple imaging tools
in acupuncture mechanism studies. It must additionally be noted
that in order to maximize effective use of expensive neuroimaging
resources, we only scanned subjects who responded to acupunc-
ture in earlier sessions. This may limit how fully our data sample
represents the general public. Further study is needed at this
point.

In this experiment, given the unknown duration of acupunc-
ture treatment effects, the first PET scan was always a baseline
test and second PET scan was either a sham or active treatment,
depending on a subject’s group randomization. Since our study only

compared the difference between verum and placebo acupunc-
ture, the order effect should not have significantly influenced our
result.

In summary, common fMRI and PET signal changes may rep-
resent a specific marker for endogenous opioid driven changes in
neural activity, a pharmacologically specific marker for fMRI sig-
nal change. Such studies may increase our understanding of which
BOLD signal changes are associated with endogenous opioid release
and which BOLD signal changes may be mediated by other neuro-
transmitter systems. Overall, these preliminary results suggest that
integrative multimodal imaging studies have the potential to help
elucidate the neural mechanisms of acupuncture.
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