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Augmented Cerebral Activation by Lumbar Mechanical

Stimulus in Chronic Low Back Pain Patients

An fMRI Study

Yoshitaka Kobayashi, MD,* Jiro Kurata, MD, PhD,T Miho Sekiguchi, MD, PhD,*
Mika Kokubun, RT,# Takashi Akaishizawa, RT,# Yoshihiro Chiba, RT.%
Shin-ichi Konno, MD, PhD,* and Shin-ichi Kikuchi, MD, PhD§

Study Design. Cerebral activation by lumbar mechan-
ical stimulus was investigated by functional magnetic res-
onance irmaging in healthy subjects and patients with
chronic fow back pain {LBP). ,

Objectives. To characterize the cerebral substrates of
LBP, and to explore a possible pathologic pattern of ce-
rebral activation in chronic LBP patients.

Summary of Background Data. The cerebral sub-
strates of LBP have been poorly defined in contrast to
those of cutaheous somatic pain.

Mathods. Eight healthy volunteers and 6 patients with
idiopathic, chronic LBP were recruited. Each subject was
placed in the prone position on a 3 Tesla MRI scanner,
and stimulated by manual pressure with the tail of an
air-filled, 20-miL syringe ‘at 5 ¢m left of the fourth-fifth
tumbar spinal interspace, Three blocks of 30:second pain-
ful stinulus, calibrated at either 3 6r 5 o thie 10-cm visual
analog scale {VAS); were applied with intervening 30-
second vest conditions during whole-brain echo-planar
imaging: VAS of pain intensity and unpleasantness were
evaluated after each session. Functional imaging was an-
alyzed: using a multisubject general linear model with
Bonferroni multiple comparisons at P< 0.0b.

Resules, Pain thresholds were smialler {P < 0.05} and
VAS of unpleasantness was larger in LBP patients than in
healthy subjects, Activation was observed at the prefron-
tal, insular, posterior cingulate cortices (PCC), suppie-
mentary motor, and premotar areas predominantly inthe
right hemisphere, but not at the somatosensory cortices.
t.BP patients showed augmented activation compared
with healthy volunteers specifically at the right insula,
supplementary motor, and PCC:

Conclusion, Chronic LBP patients showed ingreased
teriderness at the fower back, higher aversive reaction to
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pain, and augmented LBP-related cergbral activation. The
LBP-related activation is characterized by the absence of
sensory-discriminative component and the involvement
of PCC.

Key words: chronic low back pain, functional magnetic
resonance imaging, deep pain, affective component.
Spine 2009;34:2431-2436

Low back pain (LBP) affects 70% to 85% of general
population,! but usually heals within 12 weeks in 90%
of patients,'” The rest of the patients suffer from intrac-
table, chronic LBP (cLBP) despite no evident organic ab-
normality.?

Functional neuroimaging studies have shown that
cLBP is associated with plastic, pathophysiological
changes in the brain, such as a progressive decrease in the
gray matter volume of the thalamus and the prefrontal
cortex’; exaggerated cerebral activation to pain®; de-
creased blood flow in the contralateral thalamus.® Most
of those earlier studies, however, employed heat or me-
chanical pain on the forearm.® Areas of cerebral activa-
tion specific to LBP7'® have been relatively unexplored.

To clarify cerebral activation specific to ¢LBP, we
have developed a model that induces LBP by applying
mechanical stimulus to the lumbar region. Next, func-
tional magnetic resonance imaging (fMRI) was per-
formed to ascertain differences in response to lumbar
mechanical compression between healthy subjects and
patients with cLBP.

@ Materials and Methods

Subjects
The present study was approved by the institutional review
board of Fukushima Medical University and was conducted in
compliance with the ethical standards,

We recruited 8 healthy sabjects (HS) (8 men) and 8 patients
with cLBP (5 men, 3 women). They were all right-handed, had
no histories of a cerebrovascular disease, and were free from
any medication within 24 hours of the study. As previous re-
search has shown that caffeine use does not affect brain activa-
tion,” it was not checked in the present study. The subjects in
the HS group had never experienced LBP lasting longer than 1
week, Using an 11-grade visual analog scale of the intensity of
pain (VAS-i),'%*! cLBP was defined as lower back pain lasting
longer than 3 months with a VAS-i more than or equal
to 3.2 In any of the cLBP patients, we did not find any
structural abnormality in the lumbar spine on MRI nor any
neurologic symptoms,
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Pain Stimulation
We used an in-house algometer made from a disposable, 25-mL
syringe filled with 25-mL of air with its head sealed and
rounded (Figure 1A). With the rubber-cushioned tail of the
pusher orthogonally placed on the target of stimulation, man-
ual compression on the sheath caased displacement of the
pusher, gauged by the printed scale on the side of the sheath,
and a pressure stimulus on thetail. The pressure stimulus was
calculated from the distance of the displacement and semiquan-
tified in kilopascals. The surface of the tail wasabout 3 cm®,

In the MRI scanner, each subject was placed in the prone
position to receive a mechanical pressure stimulus at the lum-
bar region (Figure 1B), The head was immobilized vsing an
in-house styrofoam mask to minimize head motion during
scanning, The tail of the algometer was placed orthogonally
S-cm left on the median line between the fourth and fifth um-
bar vertebrae (Jacoby line) (Figure 1C) on the lower back. A
calibrated pressure stimulus was created by pushing the sheath
of the syringe downward on the lower back at a specified scale
of the syringe. The rise time of the pressure stimulus was ap-
proximately 2 seconds.

Determination of Compression Force

To standardize the intensity of pain, the force of mechanical
compression was determined in each subject as follows. First,
in the prone position, the above-mentioned region was com-
pressed using the syringe. Intensity of pain was assessed using
an 11-grade (0-10) VAS scale (VAS-i),' ™" with “0” indicating
no pain, “1” slight pain, and “10” the strongest imaginable
pain, We measured the amount of mechanical compression
inducing pain with'a VAS-i of “3” or “5” three times for each,
and took the averages for individaal stimulus, The minimum
unit of the scale o the syringe was 0.5 mL. Furthermore, the
lumbar region was compressed 3 times, and the average of 3
measurements was used to evaluate reproducibility, Differences
of more than =1 in measurement threshold of VAS-i indicated
poor reproducibility, and the VAS-i was measured again. Such
calibration of pressure stimulus was repeated until differences
of more than +1 of VAS-i were eliminated.

Experimental Paradigm

The experimental paradigm included three alternating sets of
30-second rest and 30-second lumbar mechanical compression.
Compression forces for VAS-i of 3 and VAS-i § were individu-
ally calibrated before the experiment. At the same time, whole-
brain T2*-weighted MRI was performed using the gradient-
echo echo-planar sequence. During fMR], each subject was
asked to memorize the level of unpledsantriess caused by each
of 3 lumbur mechanical compressions. The VAS of unpleasant-
ness (VAS-u) was assessed in 11 grades (0~10) with “0” indi-
cating no unpleasantness, “1” slight unpleasantness, and “10”
the hlghest imaginable degree of unpleasaniness, After fMR],
the VAS-i and the VAS-u scores were reported verbally, and an
average of 3 scores was used for behavioral analysis.

MRI Scanner and Pulse Sequences

A 3.0-T MRI scanner (Signa GE Healthcare, Milwaukee, M)
was used, and fMRI was performed under the following con-
ditions: repetition time, 3000 milliseconds; echo time, 50 mil-
liseconds; flip angle, 90°; field of view, 240 mm; matrix, 64 X
64; interslice time, 120 milliseconds; number of slices, 25; slice
thickness, 4 mm; gap, 1 miy; and voxel size, 3.75 X 3,75 X 4
mm. Furthermore, 3-dimensional SPGR was used to capture
high-résolution anatomic images.
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Figure 1. A, An in-house algometer using a disposable 25-mL syringe
{*). Before pressure (a}; the syringe was filled with 25-mL air and sealed.
Its tait was ptaced orthogonally on the low back. During pressure {b): with
an examiner's hard, mechanical compression was applied manually. The
dnsplacement was measured by reading the scale on the side of the
syringe. Pressure point {arrow). B, Prone position in the MRI scanner. A
subject was Jaid in the prone position in the MRI scanner, with his/her
head fixed with a styrofoam pillow and a band in a receiver coil. G,
Stimulation with the algometer on'the low back. The pressure point was
marked 5-cm left of the median line (a) between the fourth and fifth
lumbar vertebrae {Jacoby line, b). With the tail of the syringe was placed
orthoganally on the pressure point, stimulation was applied by pushing
't1he ;hg:th of the syringe downward. Pressure point {circle); h indicates
ead side.
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Analysis
The functional images were preprocessed using the BrainVoy-
ager QX software (Brain Innovation, Maastricht, Netherlands)
and the effects from head motion were cotrected. As the head
motion had posed a significant problem with subjects in the
prone position, any data showing head motion of more than
half the voxel size (1,875 mm) in any of the %, y, and z direc-
rions were excluded from further analysis.

An unpaired £ test was used to compare VAS+ and VAS-u
scores between the HS andthe cLBP groups, and P < 0.05 was
cousidered sighificant. The BrainVoyager QX software was
used to extract pain-related cerebral actvation. Briefly, blood
oxygenation level-dependent (BOLD) signalsin each brainarea
were subjected to a multisubject general linear model aualys:s
with Bonferroni multiple compatisons (P < 0.05). Only posi-
tive BOLD signals were analyzed., Voxels with exceptionally
low signal intensities (arbitrary signal strength less than 1000)
were removed from analysis because they lacked reliability doe
to low signal-to-noise ratios. Coordinates of areas with cere-
bral activation were determined using the Talairach atlas.** In
addition, thie time courses of BOLD signals in activation clus-
ters were averaged across the subjects.

B Results

Demographics ,
Mean age was 29 years for the HS group (range, 22-42
years; most common age group, 20s) and 33 years for
the cLBP group (range, 22~44 years; most common age
group, 20%s). No significant difference in age was seen
between groups.

Head Motion Correction
The head motion was corrected in all the functional data
to be appropriate for further data analysis except for 2
cLBP patients, who showed excepuonally large head mo-
tion more than 1.875 mm in the z-axis direction, possibly
due to unexpectecﬂy loose apphcanon of the head strap.
To minimize false-positive activation by motion arti-
facts, the data from those 2 patients were excluded from
analysis. Head motion from 8 healthy subjects and 6
cLBP patients are summarized in the Figure 2. In 14 of 16
subjects/patients, head motion was suppressed to less

(kPa) “

OHS
B ciBP

VAS-i5

VAS-i3
* p<0.05
Figure 2. Intensity of umbar mechanical compression. In the pa-
tients with chronic low back pain, the pressure required to induce
pain at the visual analogue scale of pain intensity {VAS-i} of 3 or
§ was significantly lower than in the healthy sub;ects HS, healthy
subject; cLBP, chronic patient with low back pain.
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Table 1. Head Motion During IMRI

VAS-i = 3 VAS<i =5
Translation X 020 = 0.16 mm 028+ 0.13 mm
Translation Y 0.27 = 0.21 mm 043 = .43 ' mm
Translation 2 047 = 0.25 mm 0.72 £ 0.34 mm
Rotation X 018+ 0.15° 034+ 031°
Rotation Y 0172 0.11° 0.20 = 0.09°
Rotation Z 017 £ 6.16° 0.29 £ 0.22°

The valies are expressed as mean *-standard deviation in mmor degress in
translation and rotation, respectively.
VAS- indicates visual analogue scale of the intensity of pain.

than half of the voxel size (1.875 mm) of translation and
negligible rotation. Such head motion was successfully cor-
rected with the preprocessing function of the BrainVoyager
QX software, resulting in robust functional activation
maps free from false-positive activation. (Table 1)

Intensity of Lumbar Mechanical Compression
As shown in the Figure 2, the cLBP patients required
approximately 20% less amount of pressure than the
healthy subjects (P < 0,05) to feel the same intensity of
pain.at the VAS-i of 3 or 5.

Unpleasantness Due to Lumbar

Mechanical Compression
Despite the comparable intensity of pain, the level of
unpleasantness was higher in the cLBP patients than in
the healthy subjects. The healthy subjects showed VAS-u
scores of 2.3 = 0.9 and 4.4 = 1.4, respectively, at the
VAS-i of 3 and §. On the other hand, the cLBP patients
showed VAS-u scores of 4.3 + 1.1 and 5.8 = 1.3, respec-
tively, at the VAS-i of 3 and §. That is, the cLBP patients
felt approximately 30% or 90% more unpleasant than
the healthy subjects when they received pain at the VAS-i
of 3 or 5, respectively (P < 0.05). Despite such a differ-
ence in proportion, the VAS-i and the VAS-u scores cor-
related significantly with each other at either intensities
of pain (Figure 3).

Cerehral Activation at VAS-i = 3

As shown in the Figure 4 and the Table 2, pain stimula-
tion at the VAS-i of 3 activated the right premotor area
(PMA) in the healthy subjects. In the cLBP patients, more
robust activation was observed in a diverse network in-
cluding the right insular, bilateral posterior cingulate
(PCC), primary motor cottices, right PMA, and right
supplementary motor area. We did not observe any ac-
tivation at the primary (S1) and secondary somatosen-
sory cortices (S2).

Cerebral Activation at VAS-i = 5
As shown in the Figure § and the Table 3, pain stimula-
tion at the VAS-i of § activated the right insular cortex,
bilateral PCC,. rxght prefrontal cortex (PFC), and right
SMA. In the cLBP patients, similar pattern of activation
was observed in larger clusters and more diverse areas
including the right insular cortex, bilateral PCC, right
PFC, bilateral PMA, right SMA, and right thalamus; Ac-

5 article is prohibited.
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cLBP:r=0.67, p=0.008
HS: r=0.73, p = 0.001

10
° o cLBP
5 o o HS |
° mm——
:’(1’)5 . < oﬁﬂ“ -..;EBP
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0 :
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Figure 3. Correlation between the visual analogue scales for pain
intensity and pain unpleasantness. There was a significant corre-
fation between the visual analogue scales for pain intensity
{VAS-i) and pain unpleasantness {VAS-u) in both the healthy sub-
jects {HS} and chronic low back patients (cLBP). With VAS-i of 3
and 5 compression, level of unpleasantness was significantly
higher for the cLBP group than for the HS group (P = 0.01 and 0.04,
respectively).

tivation at the $1/52 was not observed either in the
healthy subjects and the cLBP patients,

Comparison of Cluster Sizes and BOLD Contrasts of

Cerebral Activation
The cLBP patients showed larger activation clusters than
the healthy subjects in the PCC; insular cortex, and SMA
at VAS-i of 5 as shown in the Table 3.

Oni 'the other hand, the activation time courses were
similar between the healthy subjects and the cLBP pa-
tients. For example, BOLD 'signal time courses at the
peak voxels of the PCC are shown in the Figure 6. The

Healthy subjects

(x=44) (2=50)
Chronic low back pain patients

(x=1) (2=6) (y=-33)
Figure 4. Brain areas activated by low back pain at VAS-i of 3.
Colored dots indicate significantly activated clusters of activation.
The"x,” "y,” and "z" values represent coordinates in'the Talairach
atlas. 1, nght msu!a 2, posterior cingulate cortex; 3, right supple-
mentary motor area; 4, right premotor area; 5, primary motor
cortex.
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Table 2, Brain Areas Activated by Low Back Pain at
VAS-i of 3

Coordinates
Cluster +Value
Region of Activation X Y Z Size {Max)

Healthy subjects (n = 8)
Rt. premotor area (BA 8) a4 6 50 172 748
Chronic low back pain patients {n = 6)
Posterior cingulate cortex {BA 29} i —~46 15 422 6.98
Rt. supplementary motor area (BA6} 1 12 46 45 559

Bt. premotor area (BA §) 4 12 6 542 7.06
Rt. insula 33 25 1 302 5,91
Rt primary motor area {BA 4} B -3 59 124 660

Three-dimensional coordinates are indicated for each voxel showing the max-
imurn tvalue in each fegion of activation, according to the stereotaxic atlas by
Talairach and Tournoux.'!

BA indicates Brodmann area. Cluster size is in mm?,

BOLD signal increased gradually during the first 6 to 9
seconds of pain stimulus and decreased promptly after
the cessation of pain stimulus. The BOLD signal ampli-
tudes did not significantly differ between the 2 groups as
well as between the 2 intensities of pain.

@ Discussion

'The present study has shown that the cLBP patients re-
quired smaller force of compression to feel a certain in-
tensity of pain than the healthy subjects. This agrees with
earlier studies that demonstrated lower pain threshold in
¢LBP patients, using heat and mechanical compression at
the forearm.'>"!® On the other hand, affective reaction to
pain, as measured by the VAS-u scores, was significantly
greater in the cLBP patients than in the healthy subjects.
Such disproportional exaggeration of the affective di-
mension of pain might be a behavioral characteristic of
the cLBP patients..

Healthy subjects

(x=1) (z=3) (y=23)
Figure 5. Brain areas activated by low back pain at VAS-i of 5.
Colored dots indicate significantly activated clusters of activation.
The"x,” "y,” and "z" values represent coordinates in the Talairach
atlas. 1, Right insula; 2, posterior cingulate cortex; 3, right supple-
mentary motor area; 4, right premotor area; 5, right prefrontal
cortex; 6, left premotor area.
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Table 3. Brain Areas Activated by Low Back Pain at
VAS-i of 5

Coordinates
Cluster tValue

Region of Activation X Y Z Size {(Max)
Healthy subjects (n = 8}
Posterior cingulate cortex (BA 26} 1 -4t 2 8 5.55
Rt. supplementary motor area (BA 6} 1 45 9 530
Bt. prefrontal area (BA 9) 30 41 28 462 733
Rt. insula B 9 8 185 560

Chranic low back pain patients {n = 6)
Posterior cingulate cortex (1} (BA29) 2 —46 14 198 635
Posterior cingulate cortex {2} (BA 29) 2 471 & 1N 673
Rt supplementary motor area (BA B} 2 134 144 565

Bt. premaotor area {BA 6} 47 11 6 3B 103
Lt. premotor area {BA 6} ~-50 17 6 284 676
Rt. insula 32 2% 3 582 780
Rt prefrontal cortex (BA 9) 45 23 33 633 8.41
Rt. thalamus -7 16 14 15¢ B30

Three-dimensional coordinates.are indicated for each voxel showing the max-
imum tvalue in each region of activation according to the stereotaxic atlas by
Talairach and Tournoux,'* Activation at the posterior cingulate cortex in the
chronic low back pain patients is shown divided in neighboring two regions
that are considered to belong to one functional region. Those regions sum up
10 369 mm?3, whichis farger than the posterior cingulate cortex activation at 64
mm? in the healthy subjects.

BA indicates Brodmann area. Cluster size is in mm3.

The present mechanical stimulus at the lower back
was intended to reproduce or simulate low back pain in
real life. Many chronic cLBP patients complain of pain or
tenderness at the point where the present mechanical
stimulus was applied. Therefore, the cercbral network
we have reported in the present study might consist of the
cerebral substrates for low back pain, that is, the “LBP
matrix.” The LBP matrix inclides the insular cortex,
PFC, PCC, SMA, PMA, and the thalamus, Most of those
areas overlap with the conventional “pain matrix” re-
ported in earlier studies that employed heat or mechan-
ical stimulation on the surface of the limb.'” However,
the PCC activation, instead of the more anterior part of
the cingulate cortex, might be unique to the present pain
stimulus at the lower back. The absence of activation at
the 81 and the 52 might also be a contrasting difference
from many eatlier studies.’”

g L.umbar mechanical stimulus e YAS ] = 3{cLBP)
-8+ YAS-{ = 5(cLBP)
4 L2 %
- B A S R k- vas-1=50S)
g S ~
'g 2 = “,/“J.*\
] i g' A
2 ALY ¥
Folgd e X
436 B ANTOBPY 22BN
g
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Figure 6. Blood oxygenation level-dependent signal time courses
at the posterior cingulate cortex. The blood oxygenation level-
dependent (BOLD) signal time courses of the posterior cingulate
cortex were averaged across the healthy subjects {(HS) and the
patients with chronic low back pain (cLBP). No significant differ-
ences were observed in the amplitudes of BOLD signals. VAS-,
visual analogue scale of pain intensity; VAS-u, visual analogue
scale of pain unpleasantness, Time is in seconds.
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The insular cortex, PFC, SMA, PMA, and the thala-
mus are part of commonly reported pain matrix,'? Acti-
vation at the insular cortex is associated not only with
superficial somatic pain, but also by deep muscle pain
induced by intramuscular injection of physiologic saline
or electrical stimulation.'®*' In addition to its role in
pain discrimination, the insular cortex also mediates the
affective (unpleasantness)® and cognitive’”* compo-
nents of pain. The PFC belongs to the medial nociceptive
system and considered to mediate the affective and cog-
nitive components of pain.”! Together with its degener-
ative changes in cLBP,? its pathologic role in cLBP could
be significant, The SMA and PMA are commonly acti-
vated by pain,’®** and usually associated with motor
preparation. Activation in those areas might be associ-
ated with preparation for protective behavior against
pain.

The robust PCC activation in the present study did
not differ in the BOLD amplitude, but showed a contrast-
ing difference between the healthy subjects and the ¢cLBP
patients in the size of activation clusters. That is, the
cLBP patients showed more than 6 times larger area of
activation than the healthy subjects in response to pain at
the VAS-i of 5 (Table 3, 369 mm? vs. 54 mm3). This
might be associated with significantly more unpleasant-
ness reported by the cLBP patients (Figure 2). The PCC
might possibly have mediated the affective component of
pain as has been commonly reported with the anterior
cingulate cortex.”> Many earlier reports underscore a
role for the PCC in negative emotion,?*~3! visuospatial
orientation, and assessment of self-relevant sensation.>®
Exaggerated cerebral activation by pain stimulus may
also be associated with the pathologic pain state such as
allodynia.?? Together with its possible role in inflamma-
tory pain,®? the PCC activation could possibly reflect the
negative emotion and the pathologic state of pain.

The S1 represents somatotopy and processes informa-
tion about the location of superficial pain.** According
to Penficld somatosensory map,”* the sensory field for
the lumbar region is located near the midline of the post-
central sulcus. Although reproducibility is low, the S1 is
usually activated by superficial pain simulation.?*-¢
However, with the present mode of pain stimulation, the
$1 was not activated either in the healthy subjects or in
the cLBP patients. This might indicate that the lumbar
mechanical compression did not elicit much of superfi-
cial pain, but induced pain sensation of the musculoskel-
etal tissue deep inside the trunk. The contribution of the
$1 to deep lumbar pain might thus be limited.

The $2 was commonly activated in superficial somatic
pain models.3” However, the 52 was not necessarily ac-
tivated in models for myalgia, which represents deep tis-
sue pain,'®2%2! and in a model for subcutaneous pain by
capsaicin injection.>® Because the mechanical stimulus in
the present study most likely induced deep tissue pain,
the absence of 52 activation accords well with the above
earlier results. Taken together, the $2 might not be in-
volved in pain in the deep musculoskeletal tissue.



