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Imaging of Current Density and Current Pathways in
Rabbit Brain During Transcranial Electrostimulation

Michael L. G. Joy,*Member, IEEE Valeri P. Lebedev, and Joe S. Gati

Abstract—A magnetic resonance imaging (MRI) method was  Several investigations have been carried out to reveal the
used for a noninvasive study of current density (CD) and current CD in the brain especially in connection with the problem
pathways (CP’s) inside the skull during transcranial electrostim- of the target brain area of electronarcosis [1]-[3]. Most of
ulation in rabbits. The transcranial impulse current directions A .
studied were those previously used in transcranial electric treat- these memOdS can be d'V'de‘?' Into tyvo groups. One group uses
ment either sagittally or bilaterally. MRI data were collected from ~ mathematical or computer simulation of CP and CD based
slices perpendicular to the direction of current application. In  on (often extremely rough) approximations of the electrical
these slices, only the perpendicular component of the CD was characteristics of the skull and brain tissues [4]. It later
measured. Computer methods for accurate topographic mapping pecame clear that the considerable level of heterogeneity
of the main areas with high CD and for reconstruction of CP’s . . . S .
are described. and special anatomical peculiarities of brain tissue impedance

It was revealed that current applied on the head sagittally are too complex for modeling [5]. In the second group of
passed mostly through the cerebrospinal fluid in the basal brain investigations an experimental approach was used for esti-
cisternas connected in series, and through the anterior homs mation of CP and CD in different parts of the brain. The

of the lateral ventricles, foramina of Monro, ventrocaudal part . . . . . . L
of the third ventricle, aqueductus, and fourth ventricle. Possible first step in this approach was invasive manipulation—the

connections between these CP’s are suggested. Bilaterally appliedi'_"sertion or impIantatiqn of specia_l probes into the brain
current passed through the brain and skull core more diffusely tissue through a hole in the skull in order to measure the
without concentrations in cisternas and ventricles. The results of electric potential difference between two brain points during
the present study suggest an explanation for the observation that ygnscranial current application. Current was usually calculated
sagittally applied current more effectively stimulates brain struc- according to Ohm's law by means of indirect measurements
tures with antinociceptive function and elicits more pronounced g_ . y, -
analgesic effect. of the resistance of brain tissue between electrode tips and
assumptions about the CP’s [6]. As is well known, interest
in electronarcosis and electrosleep, elicited by transcranial
electrostimulation (TCES) of the brain, diminished in the early

70’s because of the practical inefficacy of both methods and

Index Terms—Current density (CD), magnetic resonance imag-
ing (MRI), transcranial electrostimulation (TCES).

. INTRODUCTION presence of side effects in former. Consequently investigations
of CP and CD also came to a stop. Nonetheless, several very
A. Transcranial Electostimulation (TCES) of the Brain important facts were revealed. First, only some of current

pplied on the skin head surface passes through the brain.

I HERE are circumstances in life (lightning, contacts wit Ithough estimates do not coincide exactly, between 10% and

uninsulate(_d electric power lines) and. in medical practic&% passes through the brain [5], [6]. Second, the CD may be
(electroconvulsive therapy, electronarcosis, electrosleep, elgﬁ‘ferent in different parts of the brain. Third, the electrode

troanalgesia etc.) when electric current applied to the surface

of the head could affect the brain. In order to predict the areap?snIon on the head affepts thg CP in t_he_bram. Finally,
: . the presence of cerebrospinal fluid (CSF) inside the cerebral
possible damage or to understand the mechanisms and predict". . ;
) . . . .~ \entricles is important for current propagation through the
the target area of the electrical stimulation for curative aims, It _. : o .
. . brain. Intraventricularly injected non conducting substances
is necessary to determine the actual current pathways (CP'S

and the absolute current density (CD) inside brain tissue. i qreased the current requirements for electroanesthesia in
animals [7].
Recently, in experiments and in clinical practice, it was
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structures located in deep brain stem structures—in the tout). Nonetheless, some of the noise infiltrates the boundaries
pothalamus, midbrain, and medulla [15]-[17]. In the presehetween high and low SNR regions due to the (usually) 3-
study we wished to determine the magnitude of the CD pixel-square post processing filter template used to compute
these structures without damaging the brain and skull. A newilye required derivatives [19]. This infiltrating noise was also
developed noninvasive method, current density imaging (CDigmoved by masking out pixels adjacent to such boundaries.
provides the unique opportunity of visualizing not only the

brain structures but also, on the same image, of measuring theobjectives

CD elicited by externally applied current. Using this method the aims of the present study on a live

rabbit were as follows:

B. Current Density Imaging 1) to estimate the total values of impulse current passing

1) Theory: The technique of low-frequency current density ~ through the skull core via electrodes applied sagittally
imaging (LF-CDI) was first described in 1989. It has been  or bilaterally;
discussed in numerous papers and abstracts by our group ar®) to reveal the brain regions with the highest level of the
by others [18]-[29]. The basic concept is to measure the impulse CD for each position of the electrodes;
magnetic field,B, produced by a current densitJ, using 3) to follow the main CP’s inside the brain by means of
the MR phase image produced by a conventional MR imaging  the three-dimensional (3-D) CDI reconstructions.
sequence. The phase at each pixel of this image is proportional
to the component oB parallel to the main imaging field, Il. METHODS
By. By rotating the current conducting object by °96wo
orthogonal components @, say B, and B,,, are measured
and used to compute the mutually orthogonal compone
J. = (1/uo)((8B./dy) — (8B,/dz)), of J. The method Imaging experiments were done on four New Zealand
requires no assumptions. It is exact under the assumptionf@pbits (2.6-3.5 kg body weight), anaesthetized (Nembutal,
a noiseless ideal MR image and a perfect 96tation. In 35 mg/kg, i.p.), paralyzed (Pavulon, 0.5 mg/kg, i.v.) and

&.’ Experimental Procedure

practice, imperfections lead to artifacts and noise. art|f|C|aIIy ventilated and on the same rabbits after death.
2) Artifacts: There are three significant sources of artifadPuring the experiment additional dosages of these drugs were
[19] which are peculiar to LF CD images. injected periodically if necessary. Five copper electrodes (1

a) Differences in the shape of the object arising durinﬁ“z each) were inserted under the skin through small incisions
rotation. and fixed by sutures. The position of electrodes was as follows:

b) Errors in registering thé, and B, images. one on the forehead, two symmetrically on the both sides of the
c) Motion of the tissues whgicch is silnchronous with thfead between the eyes and ears, and one behind each ear. For
MR imaging sequence. the sagittal direction of current the electrode on the forehead
Artifacts of the first two types are localized to those regionasnd the pair behind ears were used. The other pair of electrodes

. o was used for bilateral oriented current application which is
where theB, and B, images are not coincident. The mag: PP

nitude of these artifacts can generally be controlled b Oiraeffective for analgesia but commonly used in TCES devices
9 y Y 9008 treatment of insomnia, anxiety and drug addiction [30].

technique. The third type of artifact is particularly significanﬁ.he heads of rabbits were firmly fixed in plastic stereotactic

in in vivo experiments. For example during this work_, th(?rame with an angle of about 3between the zygomatic tooth
rabbits ears were observed to twitch synchronously with the

19 mA current pulses applied to its head. Since the rabbq"éIr line and thg base of thg frame (see [31]). This m_akes the
. ) : se of the brain parallel with the base of stereotactic frame.
were paralyzed, this twitch was presumably due to d|re{. . : o .
) . . o ~T'he stereotactic frame was designed to maintain the rabbits
stimulation of the muscles. Motion which is synchronous with g : o
. . . : in both the horizontal (prone) and vertical position. These
the imaging sequence leads to an artifact which appears as a

. ) : . . ositions made the MRI “coronal” slices and “sagittal” slices
high or low CD localized in the region of the image Whercorres ond closely to those in 3-D atlas maps [31] allowin
the motion occurs. Thistiitch’ artifact does not spread out P y P 9

. L . .._easier identification of the levels and structures [see Fig. 1(a)
in the phase direction as do asynchronous motion artifacts
. . . . and (b)].
in magnetic resonance imaging (MRI) such as those from
respiration or blood flow. Thus all three sources of artifact . ,
in LF CDI are localized as a result of being synchronous witf: Correlation of the Anatomy with
the entire LF CDI MRI pulse and rotation sequence. Magnetic Resonance Images

There is also a random currenhdis€ which has been  The task of relating points in the MR-CD image pair to
discussed elsewhere [20]. This noise is inversely proportiorints in the figures of Shek’s atlas was accomplished in
to signal-to-noise ratio (SNR) of the magnitude image. Sindé@o steps. A “standard reference” series of MRI images of
this SNR varies over the image, so does the current noisee of the rabbits was made. Using trilinear interpolation,
being highest in regions, such as in air or cortical bonthis 3-D block of data was used to produce an interpolated
where no MR signal is produced. For this reason, the curremtage of any desired sectioning plane. The first step of the
densities measured in regions with a SNR of less than sorwmrelation process was to produce a set of interpolated images
appropriate threshold (typically five) are set to zero (maskedhich corresponded to selected figures in an atlas of the
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43 2 1 experimental MR images and in the atlas. We estimate that
the accuracy of our correlations using this method is about
1 mm in the plane of the slice.

The interpolation program was also used to create inter-
/ ) ( polated horizontal CD images from experimental sagittal and
coronal CD images. These interpolated images show the CP
more clearly than the experimental CD images because the
imaged component of the CD lies in the interpolated image
plane, not perpendicular to it. Fig. 4 is an example of such
an interpolated image. Note that the effective pixels in the
interpolated image are not square. In Fig. 4, for example, the

.._/<
~ \‘ljf pixels are 0.785 mm.

C. Current Density Imaging

—~
~—t—L

1) Current Computations:The CDI technique used is es-
12345678 sentially that described in [19]. The sequence described by

» Py E Scottet al. was implementeq as a multislice pulse sequence
(ALY 0 [21]. For cgrrent imaging bipolar rectangular current pulses
/ NCT (see [19, Fig. 2];{ =19 mA, 7. =40 ms) were used. In_aII
T cases, only one component of CD was imaged and this was
( T always perpendicular to the imaged slice.

To make the coronal slices the rabbit was positioned verti-
() cally and the required 90rotation was about a vertical axis.
gig-t_l- (al) 4Dorsr:;l <t:rc]>ntour of rlagbittbrain fhgwilng the levels of: the sagittdlhis choice minimized artifacts caused by differences in the
ofe (;altgrt])?t brainaghowiengcot;loen?evele: Ioofr:]sthe co(rgﬁg.l (é)écl;?g:]séa%n_tg | ;r?dnt?hgehape of the _rabblt_s head (due .tO grawty_) _durlng_ rOtatlon' To
interpolated horizontal Sections a—k (from top to bottom) which are thré8ake the sagittal slices the rabbit was positioned first vertically
pixels (i.e., 2.34 mm) apart. Contours are drawn according to [31]. and then horizontally with rotation about a left to right axis.
Here, there were certainly shape changes during the rotation

rabbit brain [31]. By this means the coordinates (Ieft/righf',vhiCh produ_ce_d artifacts outside the .skuII. No such artifacts
ere found inside the skull. The rotations were accomplished

posterior/anterior, superior/anterior) of any point in the figuré’g . ) . ) . :
in the atlas was established with respect to the “standarg® 9 N appropriate mechanical gig, registered with the stereo-

reference series. The next step was to produce a secondt%%ﬁc frame. The result was verified using *scout” MR images

of interpolated images which corresponded to the MR ima%@ smglltadjléstments m.?de. |fb1e(];1uwfzd. Thgdro:stes mages
in each MR-CD image pair. In the final, correlation, step th ere registered on an easlly visible feature inside the brain. -or

process was reversed and coordinates of any point in the -‘"‘”.‘p'e’ n corpnal sepﬂons, the Agueduct sh.own n F|g: 2,
: : . . ection 7 Left side region Ill. Choosing the registration point

CD image pair was established with respect to the reference. . ) L9 : .
inside the region of interest (ROI) minimizes the registration

MRI series and then with respect to the figures in the atlas. . . . .
resp . 9 ifac? in the ROI. Four 5-mm-thick slices were made at a
The reference MR series comprised 18 coronal and ) . .
. . . ime and a pixel size of 0.78 mm was used throughout. Eight
sagittal slices with 0.78 mm 0.78 mmx 3 mm voxels made ) : ; .
. : i : coronal and four sagittal sections were imaged (see Figs. 2
on a General Electric 1.5-T Signa imager. The d|fferenc§d 3)

between the orientation of the reference MR images an The preprocessing that produces the CD image was as
the sections used in the atlas [31] was estimated, from tge prep 9 P 9

midsagittal MRI sections, to be less thafi. 5The set of escn_bed elsewhere [19]. In all cases the meqsured cu_rrent
interpolated images corresponding to the atlas figures quuantlty was the component of CD normal to the |r_naged.sl|ce.
§1>< 3 template [20, B] was used for phase filtering. Since

spac.ed at the_same intervals as these flgure§. This approgid template would allow any CD image pixel which touched
left little margin for error (beyond that associated with the pixel which had been masked out due to low SN

finite image resolution) in the first subjective matching task “ C ;
Matching of the MR-CD images to interpolated referenc%Ch touching” pixels were also masked out. This procedure

. . oved the majority of “outliers” in histograms of the CD
images was more error prone due to the lower resolution %m ixel val
the MR-CD images (voxel size 0.78 mx0.78 mmx 5 mm) Mage pixel values. .
. . e ' 7 2) Analysis: The current flowing orthogonal to the CD
This procedure for the identification of the anatomy in thl‘?n

. tal MR i ified by locati b age plane through a ROI was computed by calculating the
expenmenta Images was verilied by localing Some 0bvl ot of the pixel CD and its area and summing the result
ous brain structures such as the olfactory bulbs, optic ner

P pixels in the ROL.
and chiasma, ventricles, aqueduct etc. The visual identification P

of MR images .Was then verified b}_/ the comudencg of thezThe registration artifact is “Artifact 2” discussed in Section I-B.
rPStrO'CaUdal ('n case of Coron?! images) or medio-laterakpjyeis with SNR less than five were masked out as described in
(in case of sagittal images) positions of these structures setion I-B.
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Section 1 Section 5
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Section 3
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Fig. 2. MRI (left) and corresponding CD images (right) of coronal Sections 1-8. Datasets from Jun08. The current was applied sagittally. The sagittal
electrodes are one on the forehead and a pair, connected electrically, one behind each ear. The datasets are from rabbit Jun08. Numbers in brackets are
average CD’s, in A/rh, at the pixel or in the contour indicated. The current was applied sagittally. In the CD images, the CD scale is shown at the bottom
of the figure: whitest regions correspond to 28/mm? or more, the blackest, to QA/mm? or negative Section 1:l—Olfactory bulb ( 5.8); IlI—Space

between bulbs (19.75ection 2:I—Longitudinal fissure (19.4); Il—Rhinal fissure (16.8ection 3:I—Longitudinal fissure (5.8); Il—Ventro-lateral surface,

Basal cisterna (17.6); Ill—Lateral ventricle (10.@ection 4:I—Chiasma (15.8); Il—Chiasmatic cisterna (15.1); lll—Centrum semiovale (2.6), IV—Lateral
ventricle (7.9).Section 5:I—Basal cisterna (12.2); Il—Longitudinal fissure (9.1); lll—Region of dorsal part of Third ventricle (7.3); IV—Ventral recess

of third ventricle (7.4); V—Space below pallium (6.5); VI—Thalamus (4 3gction 6:I—Cisterna interpeduncularis (9.4); Il—Dorso-lateral cortex (6.9);
Ill—Space around brain stem (5.5); IV—Longitudinal fissure (15.6); V—Third ventricle (10.6); VI—Thalamus §&&jon 7:—Dorso-lateral cortex (9.1);
Il—Region above colliculi (10.1); lll—Aqueduct (10.6); IV—Space around midbrain (7.8); V—Cisterna pontis (11.7); VI—Periaqueductal greSe(2iGn

8: I—Basal cisterna (10.8); Il—Fourth ventricle (4.8); Ill—Lateral recess of Fourth ventricle (6.5); IV—Reticular formation (2.2); V—Cerebdba(ha).

Several approaches to selecting ROI's were taken. To sepere drawn around regions with high CD as seen on the CD
arate currents inside and outside of the skull we attemptediteage. The neighboring anatomy was subsequently identified
outline the inside of the skull (skull core). We also outlineds described in Section II-B.
the borders of the brain tissue attempting to exclude any
intracranial spaces located peripheral to brain. The same IIl. RESULTS
procedure was used to outline regions of interest inside theFour animals were imaged successfully. These are identified
brain (e.g., ventricles, etc.) or near the brain around the spabgsthe date of the experiment and their imaging parameters
which contain most of the cerebrospinal fluid (e.g., basglven in Table I. A complete CD experiment should com-
cisternas). In all these cases the contours were drawn mise both coronal and sagittal MR/CD images in a single
the MR image and the anatomy identified as described @amimal. From this data, the CD vectors for that animal can
Section 1I-B. The regions chosen were of special interest I confidently deduced using the assumption that the charge
connection with the physiological or curative effects of TCE8ensity remains constaf¥ - J = 0). Knowledge of the CD
previously described [8]-[10], [12]. In some cases contouvectors allows the CP’s to be identified. We were able to
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Section 1 Section 3

Fig. 3. MR (left) and corresponding CD (right) images of sagittal Sections 1-4. Current was applied bilaterally. The datasets from rabbit Jufed8ralhe b
electrodes are at the level of Section 7 in Fig. 1, midway between eyes and ears. The annotation of this figure is different than that used in Figo@rsThe con
which were based on the MRI image (left) are drawn only on that image and not on the corresponding CD image (right), and vice versa. The Roman numerals
associated with all the contours and the line which joins them to their contour is shown on both MRI and CD images. The Roman numerals with an asterisk are
associated with contours drawn on the CD images to surround regions of high current. Numbers in brackets are average CB, satithé/pixel or in the

contour indicatedSection 1:1—Contour of the skull core (5.5); TRostral part of lateral ventricle (5.7); tH—Caudal part of lateral ventricle (7.03ection

2: |—Contour of the skull core (5.3); Il—Lateral ventricle (6.4); Ill and M-Fissure between pallium and brain stem (9.1&8.4); #¥Rostral part of lateral

ventricle (5.8)Section 31—Contour of the skull core (5.6); [I—Third ventricle, rostral (6.1); Il and"¥-Fissure between pallium and brain stem (10.0&10.0);
IV—Aqueductus (5.7); V—Lateral ventricle (7.4)Section 41—Contour of the skull core (6.9); Il—Lateral ventricle (5.8); Ill—Fissure between hemispheres

and cerebellum (7.3); I%/—Rostral part of lateral ventricle (6.6);*"¥—Fissure between hemispheres and cerebellum (11.0). The CD scale is the same as in Fig. 2.

Section b Section d Section f Section h Section i

0 20 40

Fig. 4. Some reconstructions of CP’s of sagittally applied current on horizontal sections (see Fig. 1) of the rabbit brain digitally createdrfedbr@@oro
images (see Fig. 2Bection b:SpM-CP in space above midbraiBection d:Aq and V-CP in the third ventricle and aqueduct8ection f:LV-CP in rostral
parts of lateral ventricleSSection h:CP’s in basal cisterna: SF—space between frontal lobes; Ch—chiasmatic cisterna; PG—position of pituitaSegitornl.

i: SO—space between opthalmic bulbs; Cl—cisterna interpeduncularis. SM—space below medulla. Scale of CD is the same as in Fig. 2.

TABLE | In the same animal (Jun08), with sagittally applied current,
SummARY OF CDI SUBJECTS AND DATASETS OBTAINED we collected the sagittal but not the bilateral component of
CD. In Section IlI-A we report detailed data from this rabbit
(Jun08) and from another rabbit (Jun01) in which the missing
Sagittal Application | Sagittal Application bilateral component was measured.

Subject Applied Current Magnitude

50 mA and 50 mA and Data from other datasets is reported in Section IlI-C. This
Jun01 Dead 10 mA 10 mA 10 mA 10 mA data is much less complete than that discussed in Sections IlI-
Jun04 | Alive 19mA | Notdone| Notdone| 19mA A gnd |II-B, however, for the case of the sagittal component of
332(1)? A":z’e t%n;qf mg: 3822 Nlosi gg:e Nlosi gg:e sagittally applied current, siapproximatelyidentical datasets
t A current waveform with DC offset was also imaged. were available for comparison.
¥ This animal died during the imaging session.

A. Current and CD in the Skull Core Elicited by

perform a complete CD experiment in one live animal (Junogpditielly Applied Transcranial Current
with bilaterally applied current. We present this data in detail 1) Sagittal Components of Current Inside the Skull:
Section IlI-B. Consider first the MR (left) and corresponding CD (right)
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images presented in Fig. 2. Each of these images igiX¥&s region of centrum semiovale (lll) and corona radiata where
(~33 mm) square. The levels of the MR coronal sections of thmyelinated callosal fibers are predominant. There were no
brain coincide with those indicated in Fig. 1. For each sliceaeas with obviously increased CD around the cortical surface
contour of the region inside the skull was drawn (Skull Coredr inside the longitudinal sagittal fissure.
A linear regression was made between the area inside thisSection 5 (Fig. 2) coincides with the middle of the hemi-
contour and the current through it. The correlation coefficiespheres and passes through the thalamus (VI), tuber cinereum
R equaled 0.97 and the current intercept was 0.67 mA.  and infundibulum where the brain connects with the pituitary
A more detailed description of current distribution througlgland. Compared with the more rostral Section 4 the contours
each section of skull core follows. In this description and iof ventricles have changed significantly. They are connected
the figure captions, we have included the Roman numeral kdys means of interventricular foramina with the dorsal part
shown in Fig. 2. In cases where a region has been outlined,the third ventricle. The section also crosses the ventral
the quoted currents and CD’s correspond to the pixels insidecess of the third ventricle, just dorsal to the infundibulum.
and on the contour. Otherwise they are for a single pixel. The bottom of this recess, which separates it from basal
Section 1 (Fig. 2) coincides with the transition area betweesnbarachnoid space, is very thin [31], [34].
olfactory bulbs 1) and the frontal edge of hemispheres. At this In the regions outside the brain the highest CD (about 18
level the highest CD’s were found in the bottom part of theA/mm?) was seen below it to the left of the pituitary gland (in
space between the olfactory bulbs II). This space is relativaiggion I). The current in this area had a significant variability
wide in rabbits [31] and forms the most rostral part of thever the outlined region (I). This area also connects with the
chain of basal cisterna [32] containing cerebro-spinal flugbaces between the lateral parts of pallium and brain stem (V)
(CSF). Inside the nearby brain tissue are the rostral partsvdfiere bilateral regions of high CD were observed. An even
lateral ventricles. These are so narrow in rabbitsO(7 mm) higher CD observed near the dorsal extreme of the sagittal
that, according to Levinger [33], they could only occasionallpngitudinal fissure (II). High CD was also registered in the
be filled by cast injected into the lateral ventricle. Thus tha@orsal part of the third ventricle and adjacent medial parts of
ventricle is unresolvable in the MR image. the lateral ventricles (lll) and the ventral recesses of the third
Section 2 (Fig. 2) coincides with the frontal parts of theentricle (IV).
hemispheres. At this level the hemispheres are totally separate@he other brain tissues registered lower CD although, due
by sagittal longitudinal fissure with a CSF containing a cisterria their larger area, they carried about 5 to 6 times the total
of smaller diameter in bottom [32]. The diameter of the lateralirrent of the ventricles (Ill+ 1V). The lowest CD was
ventricles at this level is about the same as in Section 1. Tfwnd near the thalamus (VI). The low CD in the hemispheres
area with the highest CD was at the bottom of the sagittabntrasts strongly with the high currents flowing outside the
longitudinal fissura (l). There were no areas with high CD odorsal part of the skull. We estimate that 1 mA was carried
the dorsal and most parts of lateral surfaces of hemispheresnAhe CSF around the brain and 0.25 mA in the CSF of the
single pixel with a high CD was observed near lateral surfagentricles.
at the level of rhinal fissure (l1). Section 6 (Fig. 2) coincides with the caudal parts of hemi-
Section 3 (Fig. 2) coincides with more caudal parts afpheres and transition of thalamus to midbrain. The pallium
frontal hemispheres. In this section the lateral ventricles reseimtotally separated from brain stem by spaces containing CSF
ble slots in the dorso-ventral direction. The hemispheres bedih). At this level dorsal part of the third ventricle (V) connects
to connect via the myelinated fibers of the corpus callosuwith the aqueductus.
which separates the sagittal longitudinal fissure (I) from the Again the highest CD’s were outside the brain in the basal
basal brain cisterna (ll). The highest CD’s (about@0mm?) cisterna interpeduncularis (I). The outlined region (Ill) in
for all sections inside the skull were found in region Il athe space surrounding the brain stem, clearly visible in the
the bottom between hemispheres and near their ventro-mediagnitude image, carried a CD somewhat lower than that
surface. (Section 2 has a two pixels with a comparably higbund near the dorso-lateral surface of cortex (Il) and much
CD inregion 1.) The CD’s in the tissues, with the exception dbwer than that in the small dorsal part of the longitudinal
those near the sagittal longitudinal fissure (1), was also highsagittal fissure (IV) or the small caudal part of the third
in this section than in more caudal sections. ventricle (V). This was the first section where an increased
Section 4 (Fig. 2) coincides with parietal cortex, anteridD was observed near the dorso-lateral surface of cortex (I1).
part of hippocampus and optic chiasma (I). At this levelhe lowest CD was found in the thalamus (VI). As in the
the cross sectional areas of the lateral ventricles (IV) aganevious section the CD inside the skull was much less than
increases. The optical chiasma (l) is surrounded by wideat outside at the more dorsal surface.
chiasmatic cisterna (ll). Section 7 (Fig. 2) coincides with the caudal edge of pallium,
The highest CD (20:A/mm?) was seen in this cisternathe midbrain with the colliculi and aqueductus, and the cisterna
(at the end of the bar “Il"), where current flow is dividedpontis below the brain. As in Section 6, increased CD was
in two lateral parts by centrally located optic chiasma (Ipbserved around the both sides of the dorso-lateral cortical
The highest CD’s in the brain were in the medial half. Fasurface (I). A high CD was found in the region above the
example, the ventro-medial parts of right lateral ventricle (IMolliculi (1) and in the aqueductus (IIl). The CD in the outlined
located below corpus callosum carried about the same currpatt of the lateral spaces between midbrain and pallium (1V)
as the chiasmatic cisterna (lI). The minimal CD was in theas elevated. The highest CD in Section 7 was observed in
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the cisterna pontis (V) and the lowest CD was inside ttmuld deviate from the midsagittal plane By2.5 mm. This
periaqueductal grey (VI). means that Section 4 through the opposite hemisphere might

Section 8 (Fig. 2) coincides with cerebellum and cuts thse located either at the same distance from midline as Section
fourth ventricle near its lateral recesses where it connects wiHif Section 3 were exactly at midline) or between Sections 1
subarachnoid space, medulla and the basal cisterna surrowamtt 2 or between 2 and 3 (but on the opposite side). The first
ing basilar artery. CD’s and currents were generally lower thaption was rejected because Sections 2 and 3 were different.
in Section 7. In the ventral region (I) we once again foun@he latter option was rejected based on the amount of brain
the highest CD’s and current. This current is comparable &ppearing in Section 1. The consequent assumed position is
the net current passing through the brain tissues. In the fosfown in Fig. 1(b).
ventricle (1) the total current and average CD were two to four 1) Bilateral Components of Current Inside the SkWlisual
times lower. In the region of the lateral recesses of this (tlrspection of the sagittal CD images, Fig. 3, showed a rather
fourth) ventricle (lll) the average CD was slightly higher thaminiform distribution of the bilaterally applied current. In-
in region Il. The lowest CD’s were observed in the reticulacreased CD was observed mainly in the space between hemi-
formation of medulla (IV) and in area of cerebellar nuclei (V)spheres and cerebellum.

2) Bilateral Components of Current Inside the SkuiWe Two types of measurements were done. In the first we
did not acquire this component of the current during theutlined regions of increased CD on the CD images. These
experiment reported in the previous section. In an earlieutlines are identified by an asterisk and shown on the right
identical experiment performed on a dead rabbit (Jun01) wed occasionally on the left in Fig. 3. The regions were then
had two datasets with 50 mA and 10 mA applied current. Foglated to the atlas [31] using the method described earlier. The
comparison with the Jun08 subject we normalized the CD’s ématomical relationship thus discovered is noted in the caption
19 mA applied current by multiplication by9/50 or 19/10, to Fig. 3. In the second method the skull core, lateral and the
respectively. third ventricles, the aqueductus and the space between pallium

As might be expected, transcranial current applied in ttaand brain stem were visually identified in the MR images and
sagittal direction resulted in much more current in the sagittdlen outlined. These outlines are shown on the left in Fig. 3.
than in the bilateral direction. The average bilateral componéeFtiese outline were transferred to the CD images in order to
of brain CD in the midsagittal CD image Sections (2 and 3hake current measurements and then removed if they over-
was 0.15xA/mm?. This is 20 to 30 times lower than thatlapped the other contours. In all cases where contours would
elicited by the same current, bilaterally applied. The averapave overlapped in Fig. 3 one contour was removed, however,
CD slightly increased in the more lateral sections and wés annotation remains. For example in Section 2, contodr IV
about 0.7uA/mm? at Section 4 and 0.5A/mm? at Section 1. does not appear in the magnitude image on the left.

It is possible that the small increase noted in the lateral slicesData obtained by both approaches were rather similar. CD’s
is related to the fact that the two caudal electrodes are locatedireas of lateral ventricles and the third ventricle were about
on opposite sides of the midsagittal plane. 15% and 23%-33% higher (respectively) than average CD

3) Horizontal CD Interpolated Images of Sagittally Appliednside the skull. In contrast in space between hemispheres
Currents: Horizontal CD and MR images were created bwnd cerebellum CD exceeded the average level by about
interpolation of the sagittal component data shown in Fig. 84%-130%. Increased CD’s were observed neither in the area
Horizontal interpolations of CD inside the skull are shown iof aqueductus nor below the brain in area of the basal cisterna.
Fig. 4. Skull contours from coronal MR sections were used 2) Sagittal Components of Current Inside the Skull:Sagit-
to mask out CD and motion artifacts outside the skull. Thal component of bilaterally applied current was also seen on
distance between the interpolated horizontal sections is thesame coronal sections. This component of current was signif-
pixels (3x 0.78 mm). Note that, unlike Figs. 2 and 3, Fig. 4cant on coronal Sections 5-7 only. These sections roughly
shows the (rostro-caudal) CD componémithe planeof the coincide, in position and size, with the bilateral electrodes.
image not perpendicular to it. This makes the CP’s mofkhe total thickness of three slices was about 15 mm and

apparent in Fig. 4 than in Fig. 2. electrode plate was about 10-mm wide. The largest currents

) o were observed in the lateral parts of the brain and not in
B. Current and CD in the Skull Core Elicited by the cisterna. For example in Section 5 the highest CD areas
Bilaterally Applied Transcranial Current were located in the lateral parts of lateral ventricles (about

The four sagittal MR and CD images of the bilateral.1-7.3zA/mm?). In Sections 6 and 7 higher CD’s (about
component of bilaterally applied transcranial current are shor11,A/mm?) were observed inside the caudal parts of lateral
in Fig. 3. The maximal width of the rabbit brain between thgentricles at the level of caudal edge of pallium. Current on
most lateral poles of the hemispheres is about 30 mm with twlee opposite sides of the brain had opposite directions. The
symmetrical sides 15 mm each. This size permitted only twimlarity of current on each side was similar in Sections 5-7.
MR images on each side at the positions shown in Fig. 1(a).

The roughly midsagittal position of Sections 2 and 3 weré' Other Datasets
verified by the presence of spinal cord in the MR image. The results presented in the previous Sections IlI-A and IllI-

Since the diameter of the spinal cord at the level of uppBrwere from six datasets and two rabbits. In this section results
cervical segments connected with medulla is about 5 mm afidm the remaining datasets tabulated in Table | are discussed.
the slices were also 5-mm thick, the position of Section Bhese datasets are qualitatively similar to those presented
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above. Since various current amplitudes were employed, thiethe living brain by a noninvasive MR method which does
CD images were scaled by multiplication as described mot require the introduction into the brain any electrodes or
Section IlI-A. probes. In the long history of TCES studies started by French
Images of the sagittal CD due to sagittally applied currephysiologist S. Leduc in 1902 [35], [36], this is the first such
contained more resolvable detail and were more numeraugasurement. The use of MR imagers provides the unique
than any other type (see Table 1) and are discussed in the nepportunity for quantitative measurements of CD and total
paragraphs. The five datasets of CD components perpendicolairent in different living tissues [18], [19], [21], [29], [37].
to the direction of current application generally had low CD’s The accuracy of the method used has been established
and thus statistically significant detail on the scale of a feim vitro [37], [19], [20]. There are differences between the
pixels could not be resolved. The numerical data for Jun@D images recorded the different rabbits in the same rabbit
with 50 mA sagittally applied agreed with that for 10 mA tawith different current waveforms and between living and dead
within stochastic error. A gquantitative comparison of the thre@bbits. These differences are probably significant in that they
datasets (Jun01, Jun04, and Jun08) for sagittal componentafinot be explained as artifact or stochastic noise. Factors
bilaterally applied current was not made because the imaghich might explain these differences are mentioned in the
slice orientations and positions were not the same. results section but there is not enough data to draw firm
Sagittal Component of Sagittally Applied Currentconclusions as to their actual source.
Immediately after the data shown in Fig. 2, for Jun08, For topographic orientation it was very helpful to be able
was gathered the sequence was repeated with an asymmétricompare the MR and CD images of the same section
current waveform oft-18.5 ma and-4.5 ma. When compared (see Figs. 2 and 3). In the absence of an MRI atlas of
with Fig. 2, Sections 5 to 7 showed a higher ratio of medidsihe Rabbit brain we developed (see Methods Section B) a
to lateral CD. The high CD noted in the third ventricleuseful technique for correlating the MR/CD images with a
(Section 5) in Fig. 2 was not seen, however, in Section histological atlas [31].
the high CD in the aqueduct appeared in both images. The
high CD in the basal cisterna (Section 7) Fig. 2 was not @ Fraction of Current Entering the Skull Core
localized. Similarly, the high CD in cisterna pontis (Section The study revealed that, in rabbits, only about 14%—16%

7) was missing. of the sagittally or bilaterally applied current passes through

The rabbit Jun01 had been dead for about one hour Wl}?\% skull core. It is obvious that these numbers are peculiar to

the two datasets were obtained. Consequently the art'faI%Bbits because in this animal the brain occupies a relatively

were greatly reduced so that regions outside the skull w $all part of the head. For exampl .
. ; . . . e on coronal Section 6,
credible. We were also able to image with a high (50 mei P P

X ) ig. 2) where the rabbit’s brain cross section is the biggest,
applied current so that the CD SNR was increased. The s 89 ) 99

: . . ccupies less than 20% of the total head cross section. In
slice was also imaged with 10 mA and consequently aPPE/Shtrast, the human brain occupies the most of head cross
noisier. Compared to Jun08, the position of the imaged slic, |

bout 2.5 dal and sliahtly obli A | Sction [38]. This means that in humans during TCES the
are about 2.o-mm caudal and stightly oblique. A generalyy o of the externally applied current passing through the

more med_|al CD concentration is observed as ir_] Juno8 W'&lull core and the brain is probably considerably higher than
asymmetric waveform, however, an asymmetry in the Iateriﬂl the rabbit

CD suggests a redistribution of the CSF after death.

The images of rabbit Jun04 were severely affected by t%e
magnetic fields due to currents in the return wires to the
electrodes. These wire had not been properly positioned awayjt iS very important to understand how current passes
from the head. The effect of this field was so severe thattitrough the skull and reaches the brain. It has been suggested
reduced the intensity of the magnitude image. Since the artifdléat current enters the skull core mainly through the large
was localized, the CD’s in the basal cisterna and lateral skftural holes in the skull, i.e., through optic and sphenopalatine
core are credible. The slice position and CD’s in Jun04 afl@ramina. The recommendation that electrode placement be
Jun08 were essentially identical. near the eyes for electrosleep or on the palate of the mouth for

Rabbits Jun1l and Jun08 had essentially identical sligkectroanesthesia [1], [2], [39] was based on this assumption.
position and CD’s. In Slice 7, the CD patterns were moreor sagittally applied current, the total current and average
diffuse than in either Jun08 dataset. The CD in the cisterkd on either side of these foramina are about equal (see
pontis was higher than in Jun08 (with asymmetric) and mofég. 2). Section 5 is in front of the foramina and Sections
diffuse than in Fig. 2. 6 and 7 are behind them). This observation demonstrates that

A linear regression for all subjects was made between tese foramina are neither unique nor preferential for current
area inside skull core contour and the current through it. TR@ssing to and from the skull core.

correlation coefficien® equaled 0.93 and the current intercept For sagittally applied current, both in subject Jun08 and
was 0.28 mA. over all subjects, the presence of a linear correlation of high

degree between the values of total current inside the skull
IV. DiscussIioN and areas of skull cross sections of each level suggests that

The main reS.UIt of the experiments p_resgntgd in this paper s, pigs, Gamba and Delpy [29] have recently reported that 22% of the
the demonstration of current propagation inside the skull caggplied current entered the brain.

Penetration of the Skull
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significant current can reach the skull core throughout tip®ssible. The bottom of the ventral recess especially in area
whole skull surface. The results of experiments with bilaterallyf infundibulum is very thin [34], [31] and current could
applied current, where rather uniform current distribution igo through to the basal cisterna surrounding pituitary gland.
the brain was demonstrated, also support this point of vie®urrent passing through the fourth ventricle could also connect
Possibly penetration takes place through the many small holeish the subarachnoid space via holes in lateral recesses of this
in the skull which contain the bone nutritional vessels. Thigentricle (see Fig. 2, Section 8).
assumption could also explain why areas with increased CDHence, as was previously assumed [7], the brain’s ven-
were seen near rather restricted dorso-lateral cortex aredsular system plays an important role in the distribution
These areas lie below the position of temporal muscles afi sagittally applied current. It is also very important that
which high CD was usually observed. the ventricular CP’s could have several interconnections with
the CSF filled spaces outside the brain. Thus this work
demonstrates that in rabbits sagittally applied current has a
C. Current Pathways in the Skull Core broad access to the medially located brain structures including
After penetrating the skull and dura matter, current reachgpothalamus, pituitary gland, some structures of midbrain and
the CSF (with a relatively high conductivity) and the braimnedulla.
tissue (with relatively low conductivity). Our data indicate 2) Bilaterally Applied Current: Bilaterally applied current
that the subsequent current distribution is strongly dependayas distributed differently inside the rabbit's skull. The largest
on the anatomical peculiarities of the spaces containing C$Ryt of current passed bilaterally (see Results, part B). Some of
their interrelations with the brain structures and direction dfpassed through the CSF containing space between the caudal
applied current. edge of pallium and rostral surface of cerebellum. The main
1) Sagittally Applied Current:The shapes of the spacegpart of current penetrated the brain rather uniformly without
containing CSF and high CD levels were most complex f@ny concentration in the brain structures and ventricles (see
the sagittal component elicited by sagittally applied curreritig. 3). In contrast with the sagittally applied current which
To better understand the CP’s in sagittal direction, horizontagd a rostro-caudal component only, it was unexpectedly
CD images were created and are shown in Fig. 4. This Figutemonstrated that bilaterally applied current had both bilateral
shows that the CP’s are located mostly in the medial part @hd rostro-caudal components. Inside the skull the rostro-
the skull and the brain where we discovered pathways bataudal component was observed in the lateral parts of the brain
inside and outside the brain. The pathway with highest tota¢ar the electrodes. On opposite sides this component had an
current passed from the ventral part of the rostral sagiti@pposite polarity (see Section II-B). In part, these observations
longitudinal fissure up to medulla through the chain of basaf a sagittal rostro-caudal component of CD could be explained
cisterna containing CSF (Fig. 4, levels d and h). At the rostray a fringing effect at the bilateral electrodes.
level of hemispheres some current branches to the anteriofn humans bilateral application of current is frequently used
horns of the lateral ventricles and forms a second pathwty TCES [30]. In our experiments in rabbits the rostro-
(Fig. 4, level f). It seems that current can penetrate the vent@audal component of bilaterally applied current passed mainly
medial walls of ventricles which are very thin at this levelthrough the caudal parts of lateral ventricles. In humans the
Only these areas of anterior horns of the lateral ventricles daéeral ventricles are more deeply located [38] than in the
not insulated by the myelinated fibers of the corpus callosurabbit, and the sagittal component of bilaterally applied current
and corona radiata which spread around its dorsal and lateraght pass via the Sylvian fissures. In any case the existence
surface. In accord with this suggestion, relatively high CD wax this component near the position of bilaterally applied
seen in coronal Sections 3 and 4 (Fig. 2) only inside the ventelectrodes supports our assumption that current penetrates
medial parts of lateral ventricles even though the dorso-lategull bones in regions with no foramina rather diffusely.
parts (especially in Section 4) are clearly wider. In experimental studies and clinical trials of transcranial
Some current passes from the lateral ventricles throughectroanalgesia [8], [11] it was revealed that the effects of
the interventricular foramina into the third ventricle. Som@&CES with the same electrical regime depend on the position
remains in the lateral ventricles where it spreads into theif electrodes on the head surface. It has been demonstrated
blind posterior recesses. Our data indicate that there are aboutabbits and in humans that only sagittally applied current
three output CP’s from the third ventricle. The first CP isglicits an analgesic effect and this effect has an endorphinergic
directed caudally through the aqueductus to the forth ventriciature [13]. Our data on the differences in distribution of the
(Fig. 4, level d). The second CP passes through the holesagittally and bilaterally applied currents probably provide a
the suprapineal recess where the third ventricle connects witsis for understanding this phenomenon. The main areas in
subarachnoid space below the sagittal longitudinal fissure ahe brain which produce and release beta-endorphin are in the
above the midbrain colliculi. In this area a high level of Cbottom of the third ventricle and pituitary gland [15]. It appears
was observed at Section 7 (Figs. 2 and 4, level b). This @®m our data that in the rabbit a larger fraction of applied
is probably specific to rabbits and guinea pigs because th@rent reaches these areas with the sagittal application than
hole in the suprapineal recess is absent in other speciesaith bilateral application. In addition, other parts of the brain
mammals and humans [33]. A third CP along which part ¢&.g., periaqueductal grey) with well-known antinociceptive
intraventricular current passes ventro-caudally into the bliddnction [16], [17], [40], [41] are also more readily reached
ventral recess of the third ventricle (Fig. 2, Section 5) is aldwy sagittally applied current.
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It is evident that the features of current distribution mee{-

IEEE TRANSACTIONS ON BIOMEDICAL ENGINEERING, VOL. 46, NO. 9, SEPTEMBER 1999

V. CONCLUSION
17]

sured directly in living brain by this noninvasive MRI method
substantially differ from those obtained by mathematical mo?l—s]
els and computer simulations [4], [42]. The reason for this
disagreement is that the skull core contains extremely het-

metric approximations such as concentric sphere models. It
is also evident that the current distribution demonstrated ]

the

rabbit’s skull core will differ from that inside the human

skull. Therefore this noninvasive MR method should be usesh]
in human studies which require detailed information on the

CD’s elicited in the brain by applied currents, e.g., studie[§2]
of the mechanisms of TCES effects and for improvement the

arrangement of transcranial electrical treatment.

(23]
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