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.
Magnetoencephalography

Synonyms
MEG

Definition

Synchronized extracellular currents in a few square cen-

timeters of cortex generate magnetic fields measurable

with sensors on the surface of the scalp. The biggest ad-

vantage of MEG, as compared with electroencephalog-

raphy (EEG), isits high spatial resolutionduetoless of an

effect of cerebrospinal fluid, skull and skin, since mag-

netic fields are not affected by electric current conduc-

tivity.

» Insular Cortex. Neurophysiology and Functional
Imaging of Nociceptive Processing

» Magnetoencephalography in Assessment of Pain in
Humans

» Thalamotomy for Human Pain Relief

I
Magnetoencephalography in Assessment
of Pain in Humans

RYUSUKE KAKIGI, KoJi INUI,

MINORU HOSHIYAMA, SHOKO WATANABE,
DAISUKE NAKA, KENSAKU MIKI,

HIROSHI YAMASAKI, DIEP TUAN TRAN,
YUNHAI QIU, XIAOHONG WANG

Department of Integrative Physiology, National
Institute for Physiological Sciences, Okazaki, Japan
kakigi@nips.ac.jp

Synonyms

Topography; Source Analysis; magnetoencephalo-
gram; Superconducting Quantum Interference Device;
Gradiometer; Biomagnetometer; Magnetometer

Definition

Cortical neurons are excited by the signals conducted
through thalamo-cortical fibers from the thalamus. Af-
ter signals are received. electric currents are conducted
through apical dendrites of pyramidal cells of the cere-
bral cortex. The electric currents generate magnetic
fields. The electric currents are recorded as electroen-
cephalography (EEG) and magnetic fields are recorded
as » magnetoencephalography (MEG). There are two
kinds of postsynaptic potentials (PSP), excitatory ones
(EPSP) and inhibitory ones (IPSP). EPSP are consid-
ered to be the main generators for both EEG and MEG.
There are two kinds of cellular currents, intra-cellular
and extra-cellular. MEG mainly records intra-cellular
currents. EEG records both, but mainly extra-cellular
currents.

To record clear MEG, at least 20000 or 30000 neurons
must be activated simultaneously, which causes the same
directed intra-cellular currents. A summation of the cur-
rents of many neurons with the same positive-negative
direction can be mimicked as one strong dipole. Since
it is easy and simple to imagine it present in the cortex,
we hypothesized it by naming the » equivalent current
dipole (ECD).

Characteristics

Atfirst, the advantages of MEG compared with EEG will
be introduced. When electric currents generated in the
cortex are recorded using scalp electrodes, there are ef-
fects of cerebrospinal fluid, skull and skin, whose elec-
tric conductivities vary markedly. In contrast, since mag-
netic fields are not affected by current conductivity, the
recorded MEG is theoretically unchanged. Therefore,
the spatial resolution of MEG is higher than that of EEG.
The advantages and disadvantages of MEG compared
with positron emission tomography (PET) and func-
tional magnetic resonance imaging (fMRI) are listed
below.

Advantages of MEG

1. Completely non-invasive.

2. Measures neuronal activity rather than blood flow
changes or metabolic changes.

3. » Temporal resolution is much larger, in the order of
ms.

4. Stimulus evoked or eventrelated responses can easily
be measured in detail.

5. Frequency response (brain rhythm) analysis can be
done, which means physiological changes can be an-
alyzed spatiotemporally.

6. Results in an individual subject can be analyzed in
detail, sothataveraging resultsinanumber of subjects
isnotnecessary. In other words, one can analyze inter-
individual differences.

Disadvantages of MEG

1. Spatial resolution is lower than for PET and fMRI,
particularly when the » signal-to-noise ratio is low.

2. Aninverse problem solution program is necessary. In
other words, measuring results are indirectly or arti-
ficially induced.

3. The quality of algorithms (solution programs) is
not good enough at present when multiple areas are
activated simultaneously. Therefore, it is sometimes
difficult to use MEG to analyze long-latency compo-
nents mainly relating to emotional and / or cognitive
functions. However, this is an endless game, since
users always want new and improved software.

4. Tt is difficult to detect magnetic fields generated in
deep areas. Therefore, the smaller the distance be-
tween activated regions and detecting coils the better.
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5. Itisimpossible to record activities generated in white
matter and pathways, since EPSPs are not generated
there.

6. Ttisdifficult orimpossible to record activities in some
regions such as the thalamus showing a so-called
physiological closed field.

7. Activated location measured by MEG must be over-
laid on CT or MRI, but the location can change,
though the change must be very small.

Considering the advantages and disadvantages of MEG
outlined above, the temporal characteristics of primary
components just after the period when signals ascending
through » A3 fibers and » C Fiber reach the cortex are
the best indication for MEG and later activities relating
to cognition are mainly analyzed by PET and fMRI.

Methods

Various methods are used to record pain-related SEP
and SEF (see review by Kakigi et al. 2000a,b; 2003a;
2005). The first study was reported by Hari et al. based
on dental pulp stimulation (Hari et al. 1983). Then, CO;
gas was applied to the nasal mucosa, a painful impact
stimulation (Arendt-Nielsen et al. 1999), and epider-
mal electrical stimulation was applied (see review by
Kakigi et al. 2000a,b; 2003a; 2005). Each method has
its own advantages and disadvantages, but the ideal
pain stimulation is pain-specific, controllable, safe and
repeatable. At present, there are two main methods
for recording pain-related SEP (SEF); (1) SEP (SEF)
following high-intensity painful electrical stimulation
(see review by Kakigi et al. 2000a,b) and (2) SEP (SEF)
following painful CO; » laser beam stimulation (see
reviews by Bromm and Lorentz 1998; Kakigi et al.
2000a,b; 2003a; 2005). Since the latter method, which
isusually called pain-related SEP (SEF), or laser evoked
potential (LEP) or magnetic field (LEF), has several
advantages as described below, it is more popular.

1. Other methods causing pain or heat sensation such as
needle stimulation of the skin activate not only noci-
ceptive receptors but also mechanoreceptors. There-
fore, for example, the SEP waveform recorded fol-
lowing needle stimulation is very similar to that fol-
lowing electrical stimulation. In contrast, since aCO»
laser beam is light, it does not activate mechanore-
ceptors of the skin, i.e. it is a purely noxious stimu-
lation.

2. For analyzing temporal information in the order of
msec, the time difference (lag) between the stimulus
timing and the beginning of the sweep of the computer
should be very stable and short, less than | ms. Figure
1 shows the procedure using our MEG device. A laser
beam is applied to the subject’s hand through optical
fibers.

One interesting method reported recently is electrical
stimulation of a very short needle, whose tip is located

“exgpviE”

Magnetoencephalography in Assessment of Pain in Humans,
Figure 1 The procedure using our MEG device (VectorView 306-
channels, Elekta Neuromag Oy, Helsinki). The laser stimulator is set
outside the shielded room because of its large magnetic artifacts and
the laser beam is applied to the subject’s hand through optical fibers.
The laser beam can be applied any part of the body except the eyes,
so both the experimenter and the subject must wear special glasses or
swimming goggles.

in the epidermis where only free nerve endings are
present, named » ES stimulation (Inui et al. 2003a,b).
The biggest advantages of this method are: (1) Only
A3 and C fibers are stimulated. (2) When the needle is
inserted, subjects feel no uncomfortable painful feeling
and show no bleeding. (3) Since a small intensity with a
short duration is enough for recording A3 fiber-related
MEG, subjects feel only a tolerable jingling pain. (4)
No special device is necessary except for a hand-made
short needle, which is easily made.

One of the biggest recent topics in this field is the MEG
response to the signals ascending through unmyelinated
C fibers (see review by Kakigi et al. 2003a; 2005). Sev-
eral methods have been reported to selectively stimu-
late C fibers, but they were difficult to record and the
responses obtained were not consistently recorded. Our
method was based on that reported by Brussels’s group
(Bragard etal. 1996). Since the number of polymodal re-
ceptors of C fibers relating to second pain is larger than
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that of A fibers, and since the temperature threshold
of the former is slightly lower than that of the latter, C
fiber receptors can be selectively activated by using a
low-intensity CO; laser beam on tiny areas of skin. We
made a new device for recording C fiber-related MEG
responses.

Results

Results using ES stimulation are shown as a representa-
tive case, since it is the newest method in this field and
the results were fundamentally similar to those obtained
using a CO; laser (Inui et al. 2003) (Figs. 2, 3).

First, the primary somatosensory cortex (SI) in the hemi-
sphere contralateral to the stimulation was activated,
whose peak latency was approximately 100 ms. It is
very small in amplitude and the generator is considered
to be area 1 in SI. This long latency is, of course, due to
the slow conduction velocity of A3 fibers (10-20m /).
Then, » secondary somatosensory cortex (SII) and
insula in the bilateral hemispheres were activated si-
multaneously as the primary major component, even
after stimulation applied to othersites, i.e. bilateral func-
tion. Their peak latencies were approximately 150 ms,
but ipsilateral responses were significantly longer than
contralateral ones, probably through the corpus cal-
losum. SI component in the contralateral hemisphere
was also recorded by laser stimulation (Kanda et al.
2000; Ploner et al. 1999). Then, cingulate cortex and
mid-temporal regions around the amygdala in the bi-
lateral hemispheres were activated; peak latencies of
the first negative and second positive components were
approximately 200 and 300 ms, respectively. We believe
that MEG is the most appropriate method for a detailed
spatio-temporal analysis of these early activities within
300400 ms after stimulation, which PET and fMRI
cannot do.

Factors that Affect the Waveforms of Pain

One frequently sustains an injury while playing sport,
but does not notice it until after the game. This clearly
indicates that psychological conditions affect pain per-
ception. These interesting findings were also confirmed
by MEG (see reviews by Kakigi et al. 2000a,b; 2003b;
Kakigi 2005: Kakigi and Watanabe 1996). When sub-
jects paid close attention to a mental activity such as a
calculation or memorization (distraction task), MEG re-
sponses, particularly the later components generated in
limbic systems, were much reduced in amplitude or dis-
appeared and a mental pain rating (» visual analogue
scale, VAS) showed a positive correlation with the MEG
changes. In contrast. early responses in SI and SII were
reduced but still present. Therefore, early components
seem important for primary functions such as the local-
ization of stimulus points, but later components are very
related to cognitive functions of pain perception. This
pattern was more remarkable after C fiber than A stim-
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Magnetoencephalography in Assessment of Pain in Humans,
Figure 2 MEG waveforms measured using the ES method (intra-
epidermal electrical needle stimulation) for primary pain perception
in humans by activating AS fiber stimulation. C and I: Hemispheres
contralateral and ipsiiateral to the stimulation, respectively. SI and
Sli: Primary and secondary somatosensory cortices, respectively. MT
Mid-temporal region around amygdala. (Applied from Inui et al. 2003).

ulation. Therefore, second pain may be more related to
cognitive functions than the first pain.

During sleep, we usually do not notice pain, unless
it is very strong, so what happens in the brain while
receiving painful sensations during sleep (see review
by Kakigi et al. 2003b)? Most of the MEG responses,
particularly later components, were much reduced in
amplitude or disappeared. This finding is very sim-
ilar to the changes in the distraction task, but more
remarkable. Interestingly, MEG responses during sleep
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insula ‘C l

insula (i

to other modalities, such as touch, auditory or visual
stimuli were enhanced, probably due to an inhibition
of the inhibitory system while awake. Therefore, pain
perception seems very different from other kinds of
sensations.

MEG and EEG changes and VAS were also significantly
reduced in amplitude by other kinds of sensations such
as touch, vibration, cooling and movements (see review
by Kakigi et al. 2000a; Kakigi et al. 2000b; Kakigi et al.
2003a; Kakigi et al. 2005; Kakigi and Watanabe 1996).
The effects of pain relief by tactile stimulation applied
to painful areas simultaneously is utilized in transcuta-
neous electric nerve stimulation (TENS). I think “move-
ment” is most effective for pain relief, since we automat-
ically move painful regions to reduce pain. For example,
if we touch a very hot object with our hand, we invol-
untary shake that hand strongly. We are now trying to
clarify the underlying mechanisms by MEG.

Clinical Application

Unfortunately, the clinical application of MEG for
pain relief is not very popular at present. Most inter-
esting studies were reported from Germany on MEG
responses following tactile stimulation in patients with
» phantom limb pain after amputation (Floretal. 1995).
They confirmed a plasticity of the somatosensory cortex
using MEG. These interesting and important issues are
described in detail in another chapter.

The following 3 review articles are recommended on the
basic physiological and clinical background of pain in-
cluding MEG (Bromm and Lorentz 1998; Treede et al.
1999, 2000).

Magnetoencephalography in
Assessment of Pain in Humans,
Figure 3 Activated regions using
the ES method (intra-epidermal
electrical needle stimulation) for
primary pain perception in humans
by activating A fiber stimulation.
The calculated equivalent current
dipole (ECD) of each region was
overlaid on the MRI of this subject.
See also legend of Fig. 2. (Applied
from Inui et al. 2003).
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> Magnetoencephalography in Assessment of Pain in
Humans

|
Magnification

Definition

The tendency to exaggerate the threat value associated
with a particular symptom, situation or outcome.
» Catastrophizing

|
Magnocellular Neurons

Definition

Magnocellular neurons are neurons with soma of a
large size located in the paraventricular and supraoptic
hypothalamic nuclei. These neurons synthesize vaso-
pressin and oxytocin and transport them via their axons
to the posterior neurohypophysis.

» Hypothalamus and Nociceptive Pathways

I
Maintenance

Definition

A readiness to change stage, in which a person has made
a behavior change and has maintained that change for
long enough that relapse is unlikely.

» Motivational Aspects of Pain

» Operant Perspective of Pain

I
Maitland Mobilisation

» Passive Spinal Mobilisation

|
Major Depressive Disorder

Synonyms
MDD

Definition

Major Depressive Disorder (MDD), as defined by the
Diagnostic and Statistical Manual of Mental Disorders
4™ ed. (DSM-IV)(American Psychiatric Association,
1994), is the presence of a collection of symptoms
that must include depressed mood or loss of interest
or pleasure in most activities lasting at least 2 weeks.
Additional symptoms include fatigue, feelings of ex-
cessive or inappropriate worthlessness or guilt nearly
every day, significant weight loss or gain, insomnia or
hypersomnia, diminished concentration or ability to
make decisions, frequent thoughts of death, suicidal
ideation or suicide attempt. In order to meet criteria for
MDD, symptoms must cause distress or impairment in
functioning. '

» Depression and Pain

|
Maladaptive Coping

» Catastrophizing

|
Maladaptive Thoughts

Definition

Cognitions that interfere with successful coping and
adaptation to noxious stimuli or aversive events, or
contribute to inappropriate behavior.

» Multiaxial Assessment of Pain

T
Malalignment Syndromes

Definition

Malalignment syndromes are abnormal body align-
ments (for example, an abnormally pronated rear foot)
thought to predispose overuse syndromes.

» Stretching

|
Malignant Bone Pain

» Adjuvant Analgesics in Management of Cancer-
Rated Bone Pain
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RS NI-MBEREMEOE ) 7 3> (NA, 5-HT & ¥) 0¥+ 7 RABTHRKEA
DOERY2HEMEL, ¥ FTABBOE) 73 VB EIIS L2 LItk 5T, Y
TABRREMBCNT 2IEHREET 2 L L bic, BUHREICL 2 Y- FARBERD
BAER (down regulation) bHIBEHBUCHESLTWEbDEEZ bNT V1S,
BRI DRE v +» 7 AREZ AR, v v 75— (AOZEF  A—T L v
F—tLTHS NADOEEZHEZELTWE) tOESE2ERLTNA D% R
THIEPHESN TR B, FRICHT 2 a0 & B A O T DR 2%
SSHT P NADPEELZREEE-> T2 2 EEBRCTHS LT w32, R
BRI s 2 TITHEORAIMEIR OIS 1 0w T RBRETII 2w, %7, EEE
DG ETIE, BERERHEA T 2 BFRICE2 2T 2EFNL B 5N3 C k
26, PRHENTORADORM T 0¥ 21053 25081 D WT & BET 2 BB
5HbDEEZ B,

TALED B VEIA T =PIV FFAY— L FENTWERY Y VT EE VR
Y1id GABAL GO GABABINIMEA2ED 2 2 L BN REI LT H b, GABA O1fE
HEEET 5 Lk o THREFHMT LD EEZI SN T WS, iz, /SLEY—L

BREY S AROMRSRESNT WS, 77V b= VR TARAETH 3 25,
EXHEREPROEENR IR ERD B, £, BEOFHCOMELTDH 2 LD
BLED 6, KR EERSERIMREE 2 T OB IZ & QB RESE .

6. 7% 3 ¥ RTERE

RIwTF vV YT ADNTYF > sensitive REFNZH LT, 100 m/ DEE
0mgDr 57—V EIMZ, FHIBEMMITEBT 3. BEEI~2:8ET [
RTARBREZIT). ZIROBFEHMZEAZSH Y, bFrEEEOL0» 5 138
FRRERRT 2 b D TIEET 5. SIRORGEIFRISEWERT b —E%E 2 4
5 ENEROBEICEEETHY, ThCE > TRMINLRELZEOND LI
PIBZvs, Fiz, 78 7 - VOABRESChE o T BIFLEBOEESTEET, 10
FLERER U ERIC B T SRR L, B REIER I 2T,

77— IVOROMREEERIREE L LT OWEH» SIEBEOEL 2 2 2 50 b 5
UZedd, B REEBEFNT 510X > T, BUNRBESRE2E2Z L8 T2,

7. KM EE BB

(1) KRR BB ER S = DiELE
HREE SRR 12 3 B B RN I 2SR PR A ICTERR & 11T v B 7398 13 kI B2 B B 4





