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An interactive computer graphics program has been designed for simulating the penetra-
tion of a microelectrode into the medial geniculate body (MGB) model of the squirrel-
monkey., This program cnables us to obtain a perspective 3-13 plot of the MGB model,
viewed from any selected spatial point and 1o reconstruct from it sections in any plane, A
preselected or reconstructed penetration tract can thus be graphically described, superim-
posed on any selected plane which contains the electrode. The program can be used on line,
when fast selection or reconstruction of a probe location is required under surgical or
experimental conditions.

INTRODUCTION

Probing into deep brain structures for surgery or neurophysiology is
performed routinely with stereotaxic frames and atlases. The brain sections
from which such atlases are constructed are usually in coronal, sagittal and
horizontal planes. It is relatively easy to direct a probe with considerable
accuracy into a deep structure, when the penetration tract parallels at least one
plane in the atlas. However, when the penetration tract has to be interpolated
from two adjacent sections, difficulties arise in visualizing the position of the
probe relative to the various brain structures. The difficulty becomes even
greater when the tract is oblique to all three stereotaxic planes. Individual
variability in size and location of deep brain structures, relative to standard
coordinates of the atlas, presents additional difficulties in guiding the electrode
precisely towards a definite target. These difficulties can be overcome by
manual calculations, combining the use of stereotaxic atlases, various
roentgenological and electrophysiological techniques, and mathematical
manipulations. However, such procedures are burdensome and time-
consuming when executed manually. They cannot be used as routine
procedures when fast selection or reconstruction of a probe location is required
under surgical or experimental conditions.

We are currently studying the response properties of single cells in the
medial geniculate body (MGB)—a thalamic auditory nucleus—in the awake
and undrugged squirrel monkey (Saimiri sciureus). Repeated recordings are
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Fic. 1. An illustration of the simulated medial geniculate body (MGB) and of a reconstructed
electrode plane. (A) An antero-lateral view of the simulated MGB illustrating the shape and spatial
organization of its three subdivisions a, b and c. (B} A photomicrograph of a coronal section
through the MGB. The arrow points to a marking lesion. The borderlines of the MGB (specially in
its medial aspect) and its subdivisions are not clearly visible in a single histological section, but can
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made from the same monkey tor several months, and in order to avoid the use
of a stereotaxic frame, we implant a Plexiglas cylinder above an aperture drilled
in the skull of the monkey (the base of the cylinder is denoted hereafier as the
“manipulator plane’”).

During recording sessions the cylinder carries a calibrated manipulator
which allows the insertion of a microelectrode to any desired depth at any point
on the exposed brain. Marking lesions are made only at the end of the last
recording session. With this approach the monkey sits in a chair in relative
comfort during the experiment, able to move all parts of its body except the
head. Details concerning the operation procedures are described in earlier
works ([, 2).

The MGB is a deep brain structure (relatively small in the squirrel monkey),
which can be further divided histologically (3, 4), and physiologically (3), into
three major subdivisions. Thus any minor deviation in the implantation of the
cylinder from standard coordinates requires compensatory corrections when
preselecting or reconstructing electrode tracts, This and all the aforementioned
difficulties, arising when a quick decision has to be made concerning the spatial
location of an electrode, led us to design an interactive computer graphics
program and integrate it into our experimental setup. This program provides a
perspective 3-D plot of a model of the structure under study viewed from any
given spatial point. It also allows the reconstruction of sections of the model in
any desired plane. A preselected or reconstructed electrode tract can thus be
graphically described, superimposed on any selected plane which contains the
electrode (Fig. 1). This program is, in this regard, complementary to earlier
computational techniques, designed mainly for neurosurgical purposes (e.g., 6 -
4.

Although the program was tailored for a particular brain structure in a
specific animal species, it can be applied to all brain structures in any species.

In what follows we discuss both the mathematical principles of the program
and its application. First we present the structure of the coordinate file
containing the spatial coordinates of a given solid body, and then we describe
the process of obtaining such coordinates of the MGB.

The logic and the flow of the program are discussed in detail, followed by a
description of its use.

HARDWARE AND AUXILIARY SOFTWARE

The program is executed on the CDC-6600 computer of the Tel Aviv
University under NOSBE 1.2 operating system, and is written in Fortran [V. A

be defined by a series of sections (see also 4), on which we based our digitized data (3, 10) (C) A
computer reconstruction of the same section illustrating the electrode tract and the location of the
lesion (centre of the circle). The diameter of the circle represents an estimated range of error
(discussed in the text). The three different subdivisions of the MGB, a, b, ¢ are designated by the
crosses, dashed lines and solid lines, respectively,
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Tektronix 4010-1 or a DEC GT-42 graphic display terminal is used for
interactive processing and display. Hard copies of the drawings are available
by using a CALCOMP 565 plotter. The graphical output of the program can be
displayed by any of the above mentioned devices, since the graphics package
(GD3) produces a device independent display file.

CooRDINATE FILE STRUCTURE

The file consists of the spatial coordinates (X, ¥;, Z,) of a set of points, which
constitutes, when properly connected, the contour lines of a solid 3-D body.
This set of points is divided into several blocks, each block including points
sharing a common Z coordinate, and thus comprising a cross section. The
points of each cross section are clockwise (or counterclockwise) ordered, and
the last one coincides with the first one, so that a closed contour is formed if a
line is passed through all the points. This line can be constructed by means of
interpolation. Without a loss of generality, we shall restrict ourselves to
piecewise linear interpolation.

If the solid body includes several subdivisions, we then further define several
records in each block, where each record represents a polygon. This polygon is
the contour line of the corresponding subdivision in the corresponding cross
section.

The number of points in each record (subdivisions) remains fixed through all
the blocks (cross sections). This requirement is mandatory, since we assume
that the point p; at block i, is ‘*connected’ to the point p, at blocki + 1. By this
assumption, we are able to reconstruct any required cross section between two
given cross sections { and i — 1, by means of interpolation (Fig. 2).

DETERMINATION OF THE ACTUAL COORDINATES

The MGB of the squirrel monkey consists of three divisions (following the
terminology and the division of Jordan (3)). Each subdivision’s contours are
defined on a series of frontal sections with known stereotaxic coordingtes (/0).
We define the cartesian coordinate system as follows (Fig. 4): X-left-right (=

Fic. 2. Method for pairing two consecutive cross sections. Py and P, ; are the points Py of
blocks i and § + 1, respectively.
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lateral) axis, right is positive. ¥Y—ventral-dorsal (= wvertical) axis, dorsal is
positive. Z-posterior-anterior axis, anterior is positive. The origin (0, 0, 0)
coincides with the origin of the atlas (/0).

The contour lines of a certain subdivision in each section are approximated
by A polygon. The number of the polygon vertices is determined as the minimal
number so that the polyvgon’s contour is as close as possible, subjectively
judged, to the substructure’s outline. Since each of the three subdivisions must
have a fixed number of vertices, N,, Nz, Ny, respectively, through all the cross
sections, these numbers are determined by consulting the cross section where
the corresponding subdivision contour is longest and most winding. The
number of vertices actually chosen was N, = 9, N, = 18, N; = 26 for the three
subdivisions {Fig. 3). In a cross section where a certain subdivision does not
exist, all the points of the corresponding block degenerate into one subjectively
selected point.

Having all the cross sections and substructures digitized, we now correlate
the respective vertex p; of any two adjacent cross sections so that the 3-D body
obtained by connecting these points resembles, as much as possible, the
original MGB. This task is aided by producing 3-D perspective views of the
body.

This process of pairing the vertices subjectively, although somewhat tedious,
was found to yield superior results to some automatically programmed pairing
techniques we tried. It should also be kept in mind that this process is carried
out only once. A recently suggested algorithm, not yet tried by us, provides a
programmed solution for the pairing problem (%),
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Fig. 3. A computer reconstruction of three different coronal sections, illustrating the three
subdivisions a, b, c. The ¥ and X axes represent the vertical and lateral coordinates according to
the sterotaxic atlas of Emmers and Akert (/0). The number above each section designates the
location of the section along the anterior-posterior axis. Scale in millimeters.
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ProGgraM LoGic aND FLow
(a) Preliminary Considerations

A reference microelectrode is driven into the brain. This electrode is
characterized by its tip distance (R,) from the manipulator plane; by its tip
coordinates (X,,.. ¥,.. Z,); by the angle between its projection on the X = 0
plane and the ¥ axis (#); and by the angle between its projection on the Z =0
plane and the ¥ axis (¢). ¢ and @ are restricted to [ 907, 90°]. We refer to these
specific angles, since they are obtained from a roentgenographic display (Fig.
4).

The intersection point of the reference electrode and the manipulator plane
(the electrode base) is defined to be the origin (0, 0) of a cartesian coordinate
system on this plane. The axis of the manipulator plane denoted U/ is chosen to
be parallel to the Z = 0 plane (i.e., moving along the L/ axis does not change the
Z-coordinate), The other axis is denoted V.

The electrode base can afterwards be shifted on the manipulator plane, but
the electrode is always normal to this plane.

The program is usually operated as follows: The user enters R,, (X, Yo, Zip),
¢ and #. The program uses these parameters to evaluate the micromanipulator
position.

Then the user enters a pair (i, v) which designates the location of the base of
a microelectrode on the manipulator plane, its length, R, and an angle 00 < y <
18(°. The output of the program is a plot of a cross section through the
simulated MGB. The cross section resides in a plane which contains the
microelectrode. The remaining degree of freedom is satisfied by the
requirement that the intersection line of the cross section plane and the ¥ = 0
plane is at angle v to the Z axis (Fig. 4).

(h) Program Flow

1.1 Given the input R,, (X, Y. Zi).ch,0 obtain the coordinates of the
reference microelectrode base

Xpr = Xy 4 AX,
Ybr YH‘ + AT, []]
zhr = zn- T .ﬁz.

where AX, AY, AZ are the solution of the system
tedh = AX/AY
rgf = AZ/AY [2]

R.: iz
A o2 A V2 i 2 I = o S LT T .
Ax? + A¥Y? + AZ? = R — AY [1+:g2¢-+rgfa]
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For the sake of covenience we now define #' as the angle between the reference
electrode and its projection on the Z = 0 plane:

# = arcsin AZ/R, [3]

such that ¢ and #' are consistent with polar coordinate notation.

Fic. 4, Hustration of the various parameters which define the spatial microelectrode position.
{A) Ink tracing of three X-ray views of the monkey's head. The frontal (a) and lateral (b) views
illustrate o and # The top view (c) demonstrates the user defined angle ¥, which is the angle
between the intersection line of the requested cross section plane and the ¥ = 0 plane, and the Z
axis. The arrows marked X, ¥ and Z are in the corresponding axes directions (see B) (B) X, left
right (= lateral) axis; ¥, ventral dorsal {= vertical) axis; Z, posterior anterior axis. Characterization
of the reference microelectrode: base at X, ¥, Zys tip at X, ¥ & length, R, Axes of the
carntesian coordinate system on the manipulator plane are L/, V. (C) A computer reconstruction of a
certain microelectrode tract within the MGE model superimposed on three different planes defined
by three different v values. Scale; 0.7 mm Subdivisions and meaning of circle as in Fig. 1.
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2.1. Given a shift on the manipulator plane (u,v) and an electrode length R,
calculate the base [4] and tip [5] coordinates of the electrode:

Xy = X, — vsin @ sin b + u cos o
Y, = Y, — v sin 8 cos ¢ — u sin &: 4]
Ly = Ly + v cos '

X; =X, — R cos & sin ¢
Y, = V¥, — Rcos # cos o, [5]
Zy — R sin &',

2.2. Alternatively, given the requested tip coordinates X,, ¥,, Z,, obtain
from Egs. [4] and [5] the values u, v, R. The use of these parameters will lead

the electrode tip to the above defined coordinates,
3.1 Given the angle v, obtain the required cross section plane equation

2 ={(X, Y, 2)| AX + BY + CZ = D}. (6]

This plane contains the electrode points (X3, Y;, Z3), (X, Y, Z,) and a point (X,
Y., Z.) which is determined by the intersection angle v as shown in Table 1. The
requested plane equation is obtained by solving:

X -—-X, Y =T =0
det| X, — X, ¥ =1 =2y |=0 171

X — Xy Y-."_Yb e = &

N
1

which yields

A=(¥—VNZ - Z,) — (Z, - Z)(Y. - ),

B = (Z; - &)X, — X)) — (X, — Xo)lZ, — Z,), [8]
C =X - XY, - §) — (Y — HlX. — X),

D=A 'Xp"‘B‘ YQ+C'Z@'

4.1. Obtain the intersection points of & and all the polygons: Let P;; denote
the polygon represented by the N; points of block i record j, and let the
common Z coordinates of P be Z = Z,. P;;is a set of N, line segments of the
form

ﬂj.l'kX + b,‘jkY + Cuk = {, k= ],Nj. Igl
TABLE 1
DeFiNITION OF THE PoIinT (X, Y., Z.,) FoR DNFFERENT
¥ VALUES
¥ # 0,90, 180 y =0, 180 y o= O
X X+ 1 X X +1
Y. ¥, ¥; ¥

[}
i Z 4+ I.,l'll'ﬂ')' L+l £
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The intersection points of these line segments and ¥ are calculated by solving
the linear systems

AX+BY+ CZ, - D=1,
a,-_,-"X + b”k}’ + {.'U"'I = U, k v I,N_,

MNotice that we are able to determine the intersection points of & with any
polygon P which resides between the given polygons Pj; and P, ; since the
vertices of P might be deduced by interpolation. Thus, we are able to obtain the
intersection points of £ and the solid body in any required resolution.
5.1. Draw the cross section: Having the system [10] solved for K = 1, N,
we obtain an even number of points (X;, ¥)), i = L.m: for if we do not consider a
tangency point as an intersection point, a straight line *‘entering”” a polygon
must also “*come out.”
The points (X,, ¥,},i = l.n share a common Z coordinate Z,. We transform
the point (X,, ¥,, Z,) to its coordinates in the section plane as follows:

H, = (X, — D1} + (¥, — D2y,

[10]

4 J 11
I'=Z/sing b
where
Sl Lo Sl
Dim~2—12,
D2 :D-—; sz
= [12]
g AT+ B
P e

o A + BYA 5
B = arcle IO + BH/AYE

We now sort the points (H,.T) by their H values, and draw at the display
vertical coordinate T segments

[.HélHl'+1}: f=|s3+5s~ . -:m_]--

The electrode itself is drawn as a line segment between the points (X, Y, Z3)
(X, Y,, Z,) after similar transformation to (H, T) coordinates. The tip of the
electrode is marked by a circle of radius Er, which represents the maximal
range of error. This error is further discussed below.

DETERMINATION OF CONCRETE PARAMETERS AND PROGRAM OPERATION

(1) For simulating various penetrations from which one can select any
preferred tract or alternatively drive a microelectrode accurately towards pre-
selected sites within the MGB, we do the following:

{1a) A temporary reference needle is stereotaxically inserted into the
brain perpendicular to the horizontal plane (¥ = 0), and parallel to the coronal
and saggital planes (Z = 0, X = 0, respectively) so that its tip coordinates are
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defined. A reference microelectrode is inserted at any arbitrary point within the
manipulator plane.

{(1b) With the aid of lateral and frontal X-ray views of the reference
needle and microelectrode within the brain, we obtain ¢ and #. The point (X,
Yir, Z,,) is evaluated by measuring its X, ¥ and Z distances from the tip of the
reference needle, as both points appear in the two X-ray views, and the
reference needle’s tip stereotaxic coordinates are known. R is read on the
depth scale of the manipulator,

{1c) We try several triplets, each defining a penetration site within the
manipulator plane and a depth of a hypothetical microelectrode (u, v and R,
respectively). Any triplet is employed for describing graphically the electrode
within a section of the simulated MGB in the electrode plane, the latter being
defined by the angle v; e.g., when the microelectrode is perpendicular to the ¥
= 0 plane (horizontal plane), v = YF represents a coronal section and y = (F
represents a saggital section. From such a set of figures we select, for the actual
penetration procedures, those triplets which result in the desired target.

(1d) When the exact stereotaxic coordinates (X,; Y,: Z) of a certain
required target are known we operate the program in the manner described in
2.2 of “program flow’".

(2) For identifying the actual recording sites after the experiment, we do
the following:

i2a) At the end of the last recording session we make a marker lesion at
the tip of the microelectrode defined by a certain triplet (4, v, R), the
stereotaxic coordinates of the lesion (X;:; ¥i: Z!) being determined from
histological sections.

(2b) With the aid of these stereotaxic coordinates we can make the
proper corrections for the estimated coordinates of the reference
microelectrode tip (see Ib):

X = Xor + (X — X)),
}ﬂ;'r Ftr + “"} T rL [13]
Zw=Zp + L, - Z).

(2¢) This information allows the re-execution of the procedures
described in lc. thus providing us with an accurate reconstruction of the
recording sites.

Error ESTIMATION

There are various sources of local errors which contribute to the global error
in the estimation of the microelectrode tip location (X,, Y, Z)).

(a) The program employs an approximation of the contour lines of the
MGB and its subdivisions, derived from atlas and histological studies. The
magnitude of the approximation error is strictly dependent upon the accuracy
of these sources, and will decrease as more histological works are published.
This limitation holds, of course, for any computer program for modelling any
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part of the brain. Errors due to variations between animals may be reduced by
applying simple scaling transformations to the coordinates file if we can
estimate the specific variation based on X-ray views or other measurements.,

(b} Some errors are introduced by inaccurate estimation of the parameters,
thus the values actually entered are R + AR, ¢ + Ad, 8 + Ad, (X, Yo,
Z,.) + AXYZ. R is read on the micromanipulator depth scale, and AR is the
maximal resolution of this scale. All of the other parameters are obtained from
two X-ray views (lateral and frontal) and errors are introduced due to deviation
from the exact position of the X-ray instrumentation. [t must be emphasized
that the correction procedure described by [13] eliminates the AXYZ error
since the corrected coordinates are obtained from a marking lesion.

Global error is easily estimated by comparing the value of (X,, ¥, Z)
obtained by Eqs. [1] to [5] to the value of (X,, ¥,, Z,) produced by these
equations when using B + AR, & + Ad, etc. Several values of the global error
(assuming AXYZ = () for various parameters are presented in Table II.

In a series of experiments carried out in our laboratory, the parameters were
AR = 0.1 mm (the resolution of our micromanipulator), and (" = &, 8 = 20°. If
Adr and A# less than 2°, then the global error is less than AXYZ + 0.18 mm. The
plots presented in this work were made afier the determination of the corrected
(Xt,, Yt., Zt,) from lesions, but the radius of the ‘‘error circle’” was kept as it
was during the experiments (before the corrections): 0.25 mm, in order o gain a
larger **safety margin.”” While using the program in the manner described by
(1c) we had clear physiological evidence (i.e., single cells responses) that the
global error including AXYZ was also bounded by 0.25 mm.

TABLE 11

Maximal Error MacNITUDES (EXCLUDING AXFZ) 1N
mm FOR VARIOUS ¢, 0, Ads, A8°

(]
A : i AR S P

0 0.08 0.07 0.08 0.1 0.12
0.16 14 0.17 0.21 0.24
20 0.07 0.09 011 013 0.14
0.16 0.18 0.22 0.26 0.29
40 0.1 0.1 0.12 0.14 0.16
0.2 0.21 0.24 0.28 0.33
6l 0.11 0.1 o1 0.12 018
0.22 0.2 0.2 0.24 0.38
80 0.09 0.07 0.07 0.09 010
0.19 0.15 0.14 019 0.20

* Values in cach entry; Upper—for A¢ and A# less than
1*; Lower—Ad and AF less than 2°. R =20 mm,
AR = 0.1 mm.
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