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Abstract

Signal changes can be detected by proton density-weighted functional imaging in both the brain and the spinal cord. These are attributed

to changes in extravascular water proton (signal enhancement by extravascular protons) density during neuronal activation. In this study, we

used this technique to detect correlations between acupoint stimulation and neural activity in the spinal cord. Stimulation of acupoints

associated with treatment of sensorimotor deficits (LI4 and LI11) was performed on 11 volunteers. During stimulation, 8 of the 11 subjects

had consistent functional activations in C6/C7. A bilateral activation pattern was common. Our findings show that acupoint stimulation

modulates activity in the spinal cord.

D 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Functional brain activation is seen in proton density-

weighted spin-echo functional magnetic resonance imaging

(fMRI) [1]. This signal enhancement by extravascular

protons (SEEP) [2] was proposed to appear along with

blood oxygenation level-dependent (BOLD) signals during

functional activation. Various experiments have been carried

out to verify this new contrast mechanism [3–8]. One of

such verification studies performed low-field proton density-

weighted fMRI studies on the brain [4]. Because the

fractional signal variation due to the change in extravascular

proton density is independent of the field whereas the

BOLD effect diminishes to a negligible level with short

echo times in a low magnetic field, activation detected under

such conditions is mainly due to the effect of increased

proton density [3].

Our group has shown that activation can be detected in

the spinal cord by proton density-weighted fMRI with

sensorimotor stimulation [7,8]. Other groups have also

shown that this is a reliable tool for the study of neuronal

activity and injury [9–11] and is useful in investigating

functional activation in the human spinal cord.
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The present study aims to reveal the functional activation

induced by acupoint stimulation in a low-field MRI system

using proton density-weighted fMRI. Acupoint stimulation

at LI4 and LI11 was given to healthy subjects using a block-

design paradigm. Acupoints LI4 and LI11 are treatment

acupoints for upper limb numbness according to the

acupuncture literature [12]. We refer to these as sensorimo-

tor-implicated acupoints. We performed a current in-depth

qualitative and quantitative study on the activation area and

the fractional signal change in the spinal cord using a proton

density-weighted sequence at 0.2 T. This study is the first

attempt to investigate the effect of acupoint stimulation in

the cervical spinal cord. Preliminary results have been

reported in conference publications [13,14].
2. Methods

fMRI studies were carried out on 28 healthy volunteers

(age=25.96F5.25 years; 14 males) with a 0.2-T Profile

MRI System (General Electric Medical System, Milwaukee,

WI, USA) following a protocol approved by the ethics com-

mittee of the QiaoTou Hospital (Dong Guan, Guangzhou,

China). Each subject gave fully informed consent prior

to participating in the experiment. All subjects included

in the current study were aged between 20 and 36 years,
aging 23 (2005) 995–999



Fig. 1. Stimulation paradigm. R indicates rest; A, acupoint stimulation.
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right-handed and had normal cervical spinal cords without a

history of myelopathy, trauma or other spinal diseases/

injuries. For screening, sagittal T2-weighted and axial

T1-weighted images were acquired for each subject before

the fMRI study to exclude subjects who could not comply

fully with the criteria.
Fig. 2. Activation maps of the eight subjects with positive activation falling within

one spinal level from C5/C6 to T1. The white patches in the spinal cord show the ac
Subjects were asked to lie supine, and a 9-in. GP coil was

used to image the neck region from spinal levels C5/C7 to

T1. Acupoint activation was achieved by simultaneous

electrical stimulation at the sensory acupoints LI4 and LI11

on the left side. LI4 is located at the midpoint of the line

bisecting the angle between the first and the second
the spinal cord. Each row represents one subject and each column represents

tivation areas detected. L indicates left; R, right; A, anterior; and P, posterior.



ig. 3. Average signal change of the eight subjects’ activation in the spinal

ord during acupoint stimulation.
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metacarpal bones when the thumb is fully extended,

whereas LI11 is located at the end of the lateral transverse

elbow crease when the forearm is flexed at a right angle to

the upper arm [12]. The initial location of acupoints was

based on anatomical landmarks, proportional measurement

and specific postures. The accurate location of acupoints

was confirmed using an acupoint detector (Pointer Plus,

Model PD-3332, Plenty Source Development, Hong Kong).

Bipolar electroacupuncture at 2 Hz was conducted with the

positive electrode over LI4 and the negative electrode over

LI11 (Electronic Acupunctoscope, Model WQ-6F, Donghua

Electronic Instrument Factory, Beijing, China) [15–18]. The

intensity was set to midway between barely perceptible and

maximally tolerable levels [19,20]. Subjects felt heaviness,

pressure, soreness, distention, tension and numbness with

the characteristic bde qi Q effect [12,21,22]. A block design

was used with the stimulation paradigm shown in Fig. 1.

The paradigm consisted of four cycles of alternating rest and

stimulation periods, with three scans (57 s/scan) during each

rest period and four scans during each stimulation period.

Proton density-weighted images were acquired with a fast

spin-echo sequence with the following parameters: repeti-

tion time=1 s, echo time=24 ms, echo train length=6, field

of view=160 mm, slice thickness=10 mm, slice spacing=

1 mm, number of slices=5, matrix size=128�128, number

of averages=2 and flow compensation=ON.

The data were processed offline. A rigid-body registra-

tion package, Automated Image Registration [23], was used

to register the data volumes to the first scan to correct for

bulk motion of the spinal cord during the scans. An image

mask was used in the image registration process to mask off

the pharynx and neck muscles so as to yield better results.

After image registration, six motion parameters, three

translations and three rotations, determined from the rigid-

body model were generated for each subject. Subjects with

a maximum translation of N4.2 mm or with a maximum

rotation of N0.04 radian in any of the three orthogonal

directions during the acquisition process were excluded

from analysis. The exclusion threshold values for the motion

parameters were set prior to fMRI analysis to minimize bias.

The total number of subjects satisfying this criterion was

11 (aged=23.9F3.8 years; 5 males). All data volumes were

then resliced to a voxel size of 0.625�0.625�1.2 mm3. The

resliced data sets were then analyzed using Statistical

Parametric Map (SPM) 99. A box-car function was used

to model the hemodynamic response. Postprocessing of

fMRI data was performed using Matlab software (Version

6.1, Math Works, Natick, MA, USA) and the SPM software

package (Wellcome Department of Cognitive Neurology,

Institute of Neurology, Queen Square, UK). Statistical maps,

SPM{t}, which were masked and overlaid on the original

axial images for analysis [25], were generated for all

subjects (P b .006). To investigate the change in MR

signal intensity, we quantitatively analyzed the time course

of the activation voxels falling within the mask. The mean

fractional signal change induced by the proton density
F

c

increase during the acupoint stimulation task was computed

for all activated voxels within the spinal cord.
3. Results

Of the 11 included subjects, 8 (72.7%) showed positive

activation in the gray matter of the spinal cord (Fig. 2).

Discrete activation was found in the anterior, posterior and

lateral gray horns. The activation was localized at spinal

levels from T1 to C7, with peak activity at C7. The average

signal change over the eight subjects was approximately 4%

(Fig. 3). To detect common and focal areas of activation

across subjects, we divided the spinal cords into three

regions—anterior, middle and posterior. These three regions

exhibited more or less the same level of activation among

subjects. The proton density change was detected bilaterally

in the cervical spinal cord sensorimotor areas.
4. Discussion

fMRI is a useful method for noninvasive functional brain

mapping during acupoint stimulation given its relatively

high temporal and spatial resolution [14–17,21,22,26–28].

Unlike most previous studies, ours first used SEEP spinal

fMRI to study neuronal activation in the spinal cord during

acupoint stimulation. fMRI of the human spinal cord has

also been used to reveal areas of neuronal activity in

response to external stimuli in both healthy and injured

people [1,3,5,9,29–32]. To our knowledge, spinal cord

activation as detected by fMRI during acupoint stimulation

has not been previously reported.

During stimulation of acupoints LI4 and LI11, we

observed a positive spread of activation across spinal cord

segments from T1 to C5, with peak activity at the C7 level.

This is consistent with stimulation of the median and ulnar

nerves. Stimulation of the LI11 acupoint excites the lateral

antibrachial cutaneous nerve. Despite the effects of motion,

we were able to detect consistent areas of motor and sensory

activity that correspond well with spinal cord neuroanatomy.

The proton density change was detected in the cervical

spinal cord sensorimotor areas bilaterally. In general, with

an acupoint stimulus applied to the left hand, the activity

was expected to be primarily on the left side of the cord in
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the dorsal and ventral horns of the gray matter, with a spread

of activity to adjacent segments and some contralateral

spread. The positive activations in the anterior, middle and

posterior cord were not focused in the same area because the

median nerve has two roots from the lateral (C5, C6, C7)

and medial (C8, T1) cords, which embrace the third part of

the axillary artery, uniting anterior or lateral to it. Some

fibers from C7 often leave the lateral root in the lower part

of the axilla, passing distomedially posterior to the medial

root, usually anterior to axillary artery, to join the ulnar

nerve; they may branch from the seventh cervical ventral

ramus. Also, the median nerve entering the forearm varies

among individuals [24].

According to traditional Chinese medicine, acupoints

LI4 and LI11 are the most important points related to

sensorimotor deficits [12]. Stimulation of these acupoints

may benefit patients with sensorimotor deficits by activating

the spinal cord. This initial study demonstrates that SEEP

spinal fMRI can be used to reliably assess activity in the

cervical spinal cord during stimulation of upper limb

acupoints associated with treatment of sensorimotor deficits.
5. Conclusions

In the current study, proton density-weighted fMRI using

a low-field system successfully demonstrated human cervi-

cal spinal cord activity associated with acupoint stimulation.

From our results, N72.7% of the subjects showed activation

localized at C6/C7, corresponding to the area associated

with upper limb sensorimotor deficits. Activation was

detected in both the dorsal and ventral parts of the cord,

which correlates with known functional neuroanatomy. The

average percentage signal change was 4%. Our findings

show that acupoints are regions sensitive to needle

stimulation that have an ability to modulate the activity in

specific spinal cord regions.
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