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Acute effects of electromagnetic stimulation of the
brain on cortical activity, cortical blood-ﬁow,
blood pressure and heart rate in the cat: an

"evaluanon of safety

J A Eyre,PA Flecknell, BR Kenyon, THH G Knﬁ, S Miller

Abstract

The influence of repeated high mtensuy
electromagnetic stimulation of the brain

on cortical activity, cortical blood flow,

blood pressure and hedrt rate has been
investigated in the cat, to evaluate the
safety of the method. The observations
have been made in preparations under
propofol anaesthesia before, during and

after periods of anoxia. Electromagnetic

stimulation of the brain evoked activity
in descending motor pathways and was
recorded by activity in the median nerve
and by muscle twitches. Following
repeated series of high intensity stimula-
tion there were no systematic changes in
somatosensory evoked potentials or
background EEG, nor were there signs
epileptogenic activity during é
tromagnetic stimulation, before, @hg
or after periods of anoxia. No sgstematic
changes in cortical blood

blood
pressure or heart rate w, bserved
during electromagnetic imulation,

before or after perio
clusion, no acute a
following electro
the normal an

noxia. In con-
e consequences
ctic stimulation in
xic cat brain were

Electro alc stimulation of the human

ex to evoke motor action potentials
%clctal muscle has developed into a widely
used’ non-invasive ‘technique for evaluating
the function of descending motor pathways to
the spinal cord and brain stem.! Normal
subjects and subjects suffering from selected
neurological conditions, ranging in age from
preterm babies to elderly adults, have received
repeated clectromagnetic stimulation of the
brain with magnetic fields lasting <300 jis
and with a flux of up to 2 Tesla.>"! In studies.
so far reported neither acute nor longer term
harmful side effects have been observed in any
of the subjects. It may be argued that the

“criteria for harmful side effects are relatively

crude (for example, fits, headache, gross cog-
nitive loss, ekacerbation of existing neuro-
logical signs) and that more subtle changes of
neuronal function or neurovascular control
might result from electromagnetic stimulation
of the brain.

The aim of this study was therefore to
determine in an animal mode!} if electromag-

‘in‘any way changed

%Y

netic stimulation of the brain might evoke
uransitory or longer lasting changes of blood
flow and neuronal activity locally within the
cerebral cortex. Since motor action potentials
following brain stimulation have been studied
in subjects suffering from neurological con-
ditions involving cered ischaemia or
anoxia,” " ‘it also see ﬁ‘portant to inves-
tigate whether the

compounded acute re-
sponses  to

tromagnetic  stimulfation.
Finally, he ¢ and blood pressure were
recorded dices of general homeostatic
respog and “as reference points for inter-
pret anges in cortical blood flow. The’

reﬁ{ ave been reported briefly."?

Methods

The experiments were performed on five cats
weighing between 3-1 and 43 kg. Surgical
anaesthesia was induced with propofol
(Diprivan, ICI) given intravenously 75
mg.kg' hr'. and maintained with a contin-
uous mtravcnous infusion of propofol 15-30
mg.kg™.hr'. After completion of the surgical
procedures neuromuscular block was obtained
with Pancuronium (Pavulon, Organon-
Tetrika) 0-06 mg.kg™. The infusion of pro-
pofol was continued throughout the period of
neuromuscular block and the level of anaes-
thesia monitored "by heart rate and blood
pressure. :

A diagram of the sumu\aung and recording
arrangements is shown in fig 1A. The trachea
was intubated and intermittent’ positive pres-
sure ventilation established with nitrous oxide
and oxygen, with a FiO, of 40%,. A 1:2 mm
external diameter Portex cannula was inserted
into the left femoral artery and advanced into
the aorta for measuring arterial blood pres-
sure. The electrocardiogram (ECG) was re-
corded from surface electrodes applied
proximally to the left and right forelimbs and
to the right hindlimb. In the right forelimb
the ulnar and median nerves were exposed 24

cm below the elbow and their cut central ends -

drawn into tunnel electrodes.” A craniotomy
wa$ made to expose the left sensorimot
cortex. The electroencephalogram (EEG) was
recorded from the somatosensory area for the
forelimb!! using a Ag/AgCl ball electrode (0-5
mm diameter) which was placed in contact
with the surface of the brain and suspended
on a flexible coil of silver wire. Two Ag; AgCl
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Figurel Expcrin;enéal A
method. A, sumulating

 and recording - -

arrangements. B.
Magneuc field intensity
determined with a 10 mm

. diameter, 2 turn, circular

séarch coil at varying

- distances from centre of -

stimularing coil: starred

symbols, at distances along

axis at right angles to

plane of coil; squares,

along central plane of coil; -
triangles, along plane of -

coil 2 cm below level of

central plane
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wires were inserted into the neck muscles to
act, respectively, as an indifferent recording

clectrode and an earth electrode. A fibre-optic
probe was placed on the corresponding motor

- area of the forelimb for the continuous

measurement of cortical blood flow (CBF) by
laser Doppler spectroscopy.’® This ‘method

“provides a particularly sensitive measure of

cortical- blood flow as it records flow in
capillaries. Electromagnetic stimulation of the

~ brain was delivered by the apparatus des-

cribed by Byrne et al.'* The coil was circular,
mean diameter 9 cm, and contained 9 turns of
wire wound in a helix. Pulsed magnetic fields

_ plane) would be maximal along ‘the

—_— ’ ' I )
Eoq24 - 9 .
£ . @ ‘
A S ol o .
E 10t o Q . M I .-2_c;'-n- Cross section
: N -
o8t (b.
- o4
061 %O o {!}
BT e
st o gn
O& ‘ ogol T
o2t '605
ol
Oz N
0 4 + —t + t E t 2

of up to 1-9 Tesla with a rise time of 10V 23
and a total duration of 300us were WS

Measurements at the bench (using 2 2 SN E
circular search coil, 10 mm diameter) sho\é;'
the magnetic field at the surface of the bri®
(that is, 2 cm below the level of the cen®

through the centre of the coil perpendiculst® 3
the winding (fig 1B). The stimulating coil 78
therefore placed tangential to the vault of %%
skull with the geometric centre (axis) 0
ing the cruciate sulcus. df‘
Using the method by Barker et al"
current density in the scalp is calculat
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20-1 mA.cm™ per phase (ph) and the charge

~ density as 2-3 pC.cm™.ph. For the surface of

the brain, taken at 2 cm below the coil
(see fig 1), the magnetic field is 1-2 Tesla

h “:(starred. symbol); the current density is 42

mA.cm™.ph and the charge dcns1ty 043
#C.cm™.ph.

Signals ‘recorded from the. median nerve
were amplified by 80 dB and filtered: with a
—3 dB bandpass ‘of 100 Hz t0 10 kHz. The
EEG was amplified by 80 dB, filtered with —3
dB points of 1 and 100 Hz and recorded
continuously throughout the experiment.

Sensory evoked potentials (SEP) were re- | EEG before aﬁdaf:erelec:romagneticstimula':ion

corded following electrical stimulation of the
ulnar nerve with pulses of 0-1 ms at ap-

. proximately twice the threshold for evoking a
short latency (spinal) reflex response. in the

median ‘nerve.. The inputs of the amplifier
circuits recording the EEG and ENG were
switched and disconnected from the prepara-
tion for between 1-3 ms following each mag-
netic stimulus to minimisc induced electrical
artefact.”

In each experiment baseline recordings
were-made of EEG, CBF, blood pressure,
ECG and instantaneous heart rate. Averages
of 20 SEPs were computed with a sampling
duration of 40 ms and at a stimulus rate of 1
per 5s. Electromagnetic stimuli at maximum
intensity (see above) were then applied every
5s in runs of 10 to 50 giving totals of 120 to

intervals of one to. 10 minutes to allow the

to cool. ENG, EEG, CBF, blood press

heart rate were recorded continucu Ps
were evoked in an interleaved r 2:5s
after each brain stimulus. To lore the
effect of cerebral anoxia, th aration was
then ventilated for five

500 stimuli. The runs were scparatcd%
d

es with 1009,
NO, and thereafter . ed to 30-50%
oxygen. When the p ion appeared stable

essure and heart rate,
further runs erlecaved electromagnetic
brain stimulaé ‘and electrical ulnar nerve
stimulati {(erc applied. Measurements were
conti ﬁ)r up to 75 minutes after the first

peri f anoxia.

The data were recorded on to paper for

immediate scrutiny and on to magnetic tape

for off-line analysis.

Results’

. Neural responses-evoked by stimulation

In all five experiments electromagnetic

" stimulation of the brain evoked activity in the

right median nerve with a latency of 12-15 ms
and a variable duration at times c"xcecding‘
30 ms (ﬁg 2C). The latency of the responses
evoked in the median nerve did not change
systcmatxmlly following prolonged series of

_maximum intensity electromagnetic stimula-

tion. In, one experiment clectromaghetic

stimulation’ was applied before the onset of-

neuromuscular blockade and twitches were
observed in the right forelimb muscles.
Evoked responses were recorded from the
cercbral cortex with the electrode placed over
the forelimb zone of the right somatosensory
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area (fig 2A and B). The earliest response
occurred at 10 ms (arrow in fig 2B) and
continued with varnable longer latency -re-
sponses up to 250 ms (fig 2A).

In all experiments electrical stimulation of
the ulnar nerve evoked activity in the somato-
sensory area of- the-cerebral cortex with a
latency of 7-5 ms {(fig 2E), followed by variable
longer latency responses up to about 250 ms
(fig 2D). Responses were also observed in the
median nerve at a latency of 7-5 ms, consistent
with that of a'spinal reflex (fig 2F).

Figure 3 shows representative sections of EEG
recorded in one experiment, A before, and B
and C during, electromagnetic stimulation.
Averages of 20 SEPs computed before, and in
an interleaved sequence during, electromag-
netic stimulation are shown inserted above
each of the EEG traces. No sy§tematic changes
in background EEG acti Nor in the SEP
recordings were obse lowing repeated
maximum intensity eéromagnctic stimula-
tion before anoxi gs 3D, E and F com-
parable .EEG - P recordings- obained
after a five n\g period of anoxia are shown.
After the periodof anoxia the background EEG

etic sumulanon were smaller (compare

ges in background EEG during elec-
omagnetic stimulation after anoxia; the
amplitude of the SEP increased with time
during electromagnetic stimulation until the
amplitude returned to pre-anoxic levels. There
was no evidence in the EEG of epileptogenic
activity. Similar results were obtained in all
experiments.

Influence of electromagnetic stimulation on blood
pressure, cortical blood flow, ECG, and heart
rate before and after periods of anoxia

The traces in fig 4 illustrate recordings of blood

~
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Figure 2- Responses to elecrromagnmc stimulation of the
brain and 1o electrical stimulation of the right ulnar
nerve. Responses, evoked by electromagnetic stimulation,
int the left sensorimotor cortex (A, B. Note different time
scales. } and in the right mediar nerve (C). Responses,
evoked by ¢lectrical stimulation ( single shock) of the right
ulnar nerve, in the left sensorimotor cortex { D, E. Note
different time scales) and in the right median nerve ( F).
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" stimulation after the

- control period tllustrated .
inA.Band C,samplesof

. minutes anoxia.

Figure3 EEG recofdings

- from sensorimotor coriex,

with insets of SEPs

. averaged from 20

consecutive responses (o
ulnar nerve sumulation.

A, sample of comtrol EEG

-before electromagnetic

" stimulation and ulnar
“nerve stintulation. The

inset SEP average was
made with ulnar nerve

EEG obtained at different

. times during 250 alternate .
“electromagnetic and ulnar

nerve stimulations. The

" numbers in these and

subsequent traces indicate
the curmulative counts of

. stimulations. ( The ulnar
*" nerve counter was set to 0
" ' after the control SEP in A

had been obtained.) D, E -
and F, responses to
alternate electromagneric

- brain stimulation and

elecirical stimulation of

" .ulnar nerve following fiv
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pressure, cortical blood flow, ECG and heart
-rate, before (A), and after (B, C, D), the onset of
maximal electromagnetic stimulation of the
cortex. Figures 4E, F and G show comparable
recordings of these variables following a five
minute period of anoxia. The results are rep-
resentative of those obtained in all experi-
ments. - T
The data presented in fig 4 demonstrate that
before anoxia no systematic changes in blood

. pressure occurred following electromagnetic ”
- stimulation of the brain. After the period of

anoxia the baseline recordings before the onset
of electromagnetic stimulation showed that

" there had been a decrease in blood pressure. .

Subsequently there was a steady rise in blood
pressure to the pre-anoxic. level. No acute

changes of blood pressure associated with elec-
tromagnetic stimulation were observed. .
1n the 300 ms following each electromagnetic

stimulus changes occur in the output from the

laser Doppler flow meter. In fig SA the wac®
was obtained from a live brain using

standard experimental recording conditions, -
- with both the laser and its electronic flow mete

circuits switched on. The recording in fig 5

was obtained with the laser and its flow mete

circuits on, but from the brain 10 minutes aftef

death. When the electromagnetic sumulus B

triggered, the current passing through the coil
causes the wires forming the conductor to mo¥e
towards each other. Despite secure fixauon ¢
the head of the preparation, the stimulating ©

and the fibre optic probe of the laser, it scems
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likely that mechamcal vibration generated by
" the movemeénts of the conducting wires of the
coil were transmitted to the optic fibre probe
and represent a component of the transient
response shown in fig 5A: In contrast, in fig 5C

the trace was obtained with the laser switched:

off, but with the flow meter circuits on and with

a live preparation. It is apparent thata
component of the transient-change results

currents induced-in the flow meter cir y
the pulsed magnctic field. -

- A change in cortical.blood fl ring a
penod of less than 300 ms followihg an elec-
tromagnetic stimulus could masked
by the electrical and mec artefacts in the

flow meter trace, but% brief variation in

at there are no changes
cortical blood flow during
agnetic stimuli; both before
(fig 4).
transient high ftequcncy break-
the clcctromagneuc stimulus 'is
n the ECG trace. The instantaneous
rate trace is derived from the ECG and, as
onsequence, shows an apparent transient

and after

Inﬁg

CVC

siologically improba--

\ﬁ e

We thcreforeg cluded that there are no

es in heart rate mduccd by -

systematic
rcpcate% tromagnetic stimulation of the

brainQ

?{ramagnenc stimulation during severe

xia

n the traces recorded after a period of anoxia
(fig-4D, E.and F) the cortical blood flow,
despite the inidal fall-and subsequent rise in
blood pressure, remains at the pre-anoxic level.
From -this . it can be concluded that . local

‘autoregulation of cortical blood flow was still

present. The traces in fig 7, however, were
obtained during severe anoxia which followed
two previous five minute periods of anoxia. At
this stage autoregulation of cortical blood flow
was no longer present and cortical blood flow
followed passwely the upward and then down-
ward swings of blood ‘pressure. Despite the
degree of anoxic damage to the brain and the
loss of autoregulation of blood flow, the elec-
tromagnetic stimulus did not evoke immediate
or longer term changes in cortical blood flow.
In the EEG there were no signs of fast wave
activity which might signal epileptogenic kin-

SIl—

Loter ON Uve bram

mcreasc From the ECG trace, however, itcan  dling. As cortical blood flow fell towards zero,
"be seen that there is no alteration in the beat to  the SEPs evoked by stimulation of the ulnar
beat (R-R) interval. Detailed analyses of the nerve diminished in amplitude and then disap-

ECG traces have shown there to be stability of peared. The cortical response to electromag-

heart rate between electromagnetic stimuli and  netic stimulation remained until the end of the
throughout the period of stimulation (fig 4).

©

recording.

O ©
. Discussion
Electromagnetic stimulation of the brain'in the
cat evoked activity in the cerebral cortex and in
descending motor pathways. This is a new
" observation since the technique has previously

w only been shown to stimulate the cortex in
primates."” ® The onset of the responses in the
—_ .somato-sensory cortex occurring at 10 ms

would suggest that this cortical area was not
being excited directly. It is likely that the
responses resulted from activity evoked by
projections from other areas of the cerebral
cortex excited earlier by the stimulus. Alter-
natively, the latency of the responses could
possibly be associated with looped pathways

NN
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rise in instantaneoy, hear
‘rare due to break-through in the ECG trace of the electromagnetic stimulus artefact. Note that R-R intervals are regular.
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Figure 6 ECG and instantaneous heart rate recordings during elecxr;rmagrmic stimulation (arrow), damnsirating a false

involving the cortex and somato-sensory nuclei  the responsiveness of the sensory cortex 4

- in the brain stem or spinal cord ** . afferent volleys. Following periods of ang;

The activity evoked in the median nerve by  the SEPs decreased in amplitude, as mighy be

clectromagnetic stimulation had characteristics  expected,. but recovered in spite of ‘continued
of response (latency and duration) consistent electromagnetic stimulation. »
with those obtained with electrical stimulation The calculated maximum charge dcmity
of sensorimotor cortex™ or of the pyramidal induced in th bg%m with cach stimulus (se
tract.®* In our experiments it cannot be deter-.  Methods) wa%m arable to that reported
mined if electromagnetic stimulation evoked Barker ez zb’ their theoretical discussion of
activity directly in the corticospinal tract, or the safet ectromagnetic stimulation of the
indirectly, by exciting the sensorimotor cortex. human(Bjain. These authors argue that the -
It is, however, remarkable that a single elec- | cal maximum charge density is jog
tromagnetic stimulus excites action potentials i ess than the threshold for causing neynyt
in motor nerves or muscles, whereas for elc,c\@amagc with direct electrical stimulation of the .

trical stimulation of the cortex and pyramidt) rain as reported by Agnew and McCreery® ¥

_tract in the cat a train of pulses is needed. In the EEG recordings before and afmd
The observation that the latency and di

electromagnetic stimulation, a marked degree

" of the responses did not change in the of of spindle activity was observed. Spindles were

each experiment before anoxia indplies that commonly observed in rats anaesthetised with

o repeated, maximum intensity e| magnetic propofol, and their occurrence may well be a.
. stimulation of the brain g ot alter the

characteristic of this anaesthetic agent.7 There
responsiveness of the mofory cortex or the wasrio change in the background EEG activity
corticospinal tract. with repeated, maximum intensity electromag-
The SEPs recordefiynt the sensorimotor netic stimulation of the brain. No evidence of
{cortex on stimul% “the ulnar nerve .dis- kindling was observed even during or following
played latencies parable to those pre- anoxia, although it should be noted from
viously report€d’ V™ Repeated series of maxi- studies in the rat and the cat that electrical
mum intens@ ectromagnetic stimulation did

stimuli at 3 Hz, irrespective of the number of
not infl "the early or late components of. stimuli applied, were not able to cause kind-
the ey, responses, leading to the conclusion  ling.?®* (It was not possible to investigate the
tha omagnetic stimulation does not affect ' phenomenon of kindling with electromagnetic
Figure 7 Blood pressure, K During severe anoxia
cortical blood flow, EC

i
-recorded during severe % { J
anoxia: The lower set of CBF(V) 1 [:::t mwr E L«M‘"
tracescontinues directly 0

L 150 ' R Lol LT
heart rate and EEG 8P {mmig) [
from the upper se1. The :

diamond symbols indicate ~ ECC 300

the occurrence of Heart rate 0

eleciromagnetic (bests/min) -

stimulation and the -

triangles the occurrence of ~ E€G : (-

ulnar nerve stimulation. .
Ulnar nerve stim
Brain stim
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stimulation because the stimulator used could
not deliver stimuli faster than 1 per 5s. A major
concern in the use of electromagnetic stimula-

tion in humans has been the possibility of

xnducmg seizure activity. To date no- elec-

. tromagnetic stimulator is able to deliver stimuli
at.a rate even approximating that required to

induce kindling. Névertheless, the lack of any

epxleptogemc activity,. even after periods of -
anoxia, would strengthen the view that the -
~techmque, employmg the low rates of stimula-

tion’of our experiments, is unlikely to induce

- seizures in humans. However, the studiss were
- of necessity conducted under general anaesth-

esia and propofol was chosen since it does not

have excitatory effects during induction or -

maintenance of anaesthesia” and has no repor-
ted anticonvulsant action. The present results
in the cat further support the prcvxous observa-
tions by Cohen and Hallett,” who recorded the

~ EEG in adult human subjects during and after

prolonged percutaneous electrical stimulation

. of the brain and who dnd not show cpnlepto—

gemc actw:ty

Cerebral blood flow was mcasurcd contin-

uously by a laser Doppler flow method, well
estabhshed for blood flow measurements in
'skin,® but only recently evaluated in the
brain.” The method is sensitive to the density
of the capillaries within the tissue studied and
measurements of absolute flow cannot be ob-

ship has been obtained between cortical b
flow measured with the laser Doppler
and cerebral blood flow  measured dio-

. tained. In the rabbit, however, a linear relatio @' ¢ds. Biological and bioch,
éd

nuclide microspheres over fio 10 to :

200 ml/min{100 g."” In our expegi nolong

term changes have been obse blood flow
ing maximum .

intensity electromagne
before or after anoxi
Ingvar has sho
regions of the
2‘901

in the sensorimotor cortex fo

\txmulation either
uman experiments
ges in-blood flow in
1 cortex in association

with  differ untary intentions and
. activities.»" e lack of changes in cortical

blood ﬁ sociated with electromagnetic

our experiments are not neces-
variancé with these observations. In
an experiments the changes in cerebral
0d flow occurred in relation to the prepara-
tlon and execution of complex voluntary
activities over several seconds or minutes. In
contrast, electromagnetic
relatively infrequent, its duration is very brief
and the motor responses involve only brief
involuntary twitches in a few muscle groups.
Measurements of blood pressure and heart
rate have been taken to indicate changes in
_autonomic control exerted by the brain follow~
ing electromagnetic stimulation. No systematic
changes have been recorded, suggesting that
large magnetic fields generated in the brain did
not significantly perturb autonomic function.

In conclusnon, our study in the cat has failed -

to reveal any acute adverse ‘consequences of
_electromagnetic snmulatxon of the brain cither
under normal respiratory condmons, or during
or following repeated anoxia.

“We are gratelul 1o the Medical Research Council, and the Chest,
Heart and Stroke Association for their support. JAE is a
Yellcome Senior Fellow in Clinical Science.
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