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Abstract

This paper is a supplement to "The Origin of the N-Localizer for Stereotactic Neurosurgery" [1]
and "The Mathematics of the N-Localizer for Stereotactic Neurosurgery" [2]. It clarifies the
early history of the N-localizer and presents further details of the mathematics of the N-
localizer.
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Keywords: stereotactic neurosurgery, stereotactic radiosurgery, image guidance, computed
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Introduction

The N-localizer has become an important neurosurgical tool that has achieved widespread use
in modern stereotactic neurosurgery and radiosurgery. The N-localizer produces two circles and
one ellipse in tomographic, sectional images that are obtained via computed tomography or
magnetic resonance imaging (Figure 7). The relative spacing between the ellipse and the two
circles precisely determines the location of the tomographic section relative to the N-localizer
[3-4].
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FIGURE 1: N-localizer and its interaction with the scan section

(a) Side view of the N-localizer. The tomographic section intersects two vertical rods and one
diagonal rod. (b) Tomographic image. The intersection of the tomographic section with the N-
localizer produces two circles and one ellipse. The relative spacing between the ellipse and the
two circles varies according to the height at which the tomographic section intersects the
diagonal rod. Measuring this spacing permits calculation of the location of the tomographic
section relative to the N-localizer.

Russell A. Brown invented the N-localizer in May 1978 when he was a third-year medical
student at the University of Utah and during a research elective in the laboratory of James A.
Nelson. In August 1978, Brown built the first CT-compatible stereotactic frame in order to test
the concept of the N-localizer (Figure 2). In October 1978, he presented this frame at a joint
meeting of the Western Neurological Society and the American Academy of Neurological
Surgeons [5]. Following this presentation, additional presentations [6], and disclosures [7], the
concept of the N-localizer spread rapidly and inspired its incorporation into three different CT-
compatible stereotactic frames that were built in 1979 and reported in 1980: The Brown-
Roberts-Wells frame [8], a Leksell frame that was modified to render it CT-compatible [9],

and a frame that resulted from a collaboration between Pfizer Medical Systems and the
University of Pittsburgh Medical Center (the “UPMC” frame) [10].
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FIGURE 2: The first CT-compatible stereotactic frame

This stereotactic frame was constructed in 1978 and used to test the concept of the N-localizer
by targeting the small spheres inside the frame [3-6].

During the 35 years since the invention of the N-localizer, some misconceptions have arisen
concerning its history in relation to subsequent developments in image-guided stereotactic
surgery. Kondziolka and Lunsford of the University of Pittsburgh School of Medicine have
claimed [11], "At our center, the first CT compatible stereotactic head frame, in collaboration
with industry, was constructed in 1978 and utilized in 13 patients [10, 12]. [...] During this
interval, the newly redesigned Leksell CT compatible stereotactic head frame [9] was used for
dedicated brain biopsies under the direction of its inventor, Lars Leksell. Several groups were
working on devices to allow accurate CT based stereotactic surgery [13]."

The above statement is not the only instance wherein Lunsford and Kondziolka have
inaccurately interpreted the history of image-guided stereotactic surgery; we have discussed
another instance previously [1]. But in particular, the above statement presents an erroneous
chronology and disregards the fact that the adoption of the N-localizer for the Leksell and
UPMC stereotactic frames was derivative. For both of these frames, the knowledge of the N-
localizer originated from Brown's prior invention of the N-localizer [1, 9-10]. The UPMC
frame was not the first CT-compatible stereotactic frame. And the UPMC frame was built in
1979, not in 1978. The documents that corroborate these facts have remained preserved in the
archives of the U.S. Patent and Trademark office for nearly 30 years. The following technical
report, which is based on these archives, recounts the development of image-guided
stereotactic surgery at the University of Pittsburgh Medical Center and relates the events that
led to the construction of the UPMC frame.

Technical Report

Prior to the invention of the N-localizer, a method had been reported for estimating the
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location of a tomographic image relative to patient anatomy [14-15]. This method involved a
plate into which were milled vertical slots whose tops lay along a diagonal line (Figure 3).
Because this slotted plate required counting numerous notches that were visible in the
tomographic image, it was cumbersome to use and susceptible to human error [1, 16]. Despite
these limitations, in the summer of 1978, Dade Lunsford modified a Leksell Stalix frame via the
addition of two aluminum plates having milled vertical slots in the hope of creating a CT-
compatible stereotactic frame [17].

L

FIGURE 3: Slotted plate and its interaction with the
tomographic section

(a) Side view of the slotted plate. The tomographic section intersects the plate into which are
milled vertical slots. The tops of the slots lie along a diagonal line. (b) Tomographic image.
The intersection of the tomographic section with the slotted plate produces a variable number
of notches. The number of notches depends on the height at which the tomographic section
intersects the plate. Counting the number of notches permits estimation of the location of the
tomographic section relative to the slotted plate.

In the autumn of 1978, Lunsford, et al. began to collaborate with John Perry of Pfizer Medical
Systems [1, 17]. By mid-January of 1979, Perry, Lunsford, et al. had added a third aluminum
plate to the Stalix frame and Perry had developed computer software that used information
from the three slotted plates to transform coordinates from a CT scan image into the coordinate
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system of the Stalix frame [16, 18-19]. In a letter dated January 15, 1979 and addressed to Dade
Lunsford, Arthur Rosenbaum and David Zorub of the University of Pittsburgh School of
Medicine, Perry provided detailed instructions that explained the procedure required for
obtaining CT scan images of the modified Stalix frame and for using computer software to
transform coordinates from a CT scan image into the coordinate system of the Stalix frame [16].

Consequently, in early 1979, Perry, Lunsford, et al. appeared to be at the point of performing
clinical cases with the modified Stalix frame. However, according to Lunsford, the modified
Stalix frame was never used clinically because the aluminum composition of the frame and
attached slotted plates created artifacts in the CT scan image [18]. Lunsford’s account is
corroborated by Perry, et al. who reported that the UPMC “frame was made after attempts to
modify the Leksell frame proved difficult” [10].

Lunsford has asserted that the Stalix frame was abandoned in the fall of 1978 and that
thereafter the UPMC frame was constructed [18]. However, he appears to have forgotten the
contents of the January 1979 letter from Perry to Lunsford, et al., a copy of which remains
preserved in the archives of the U.S. patent office [16]. This letter refutes Lunsford's

assertion and clearly demonstrates that in January 1979, Perry, Lunsford, et al. were preparing
to use the modified Stalix frame for clinical cases but they had not yet done so. It was only after
they had attempted to use the modified Stalix frame that they understood the severity of the
artifacts created by the aluminum and subsequently abandoned the Stalix frame [10, 18]. And it
was only after Brown had disclosed the N-localizer to Perry in early 1979 that

Perry understood the concept of the N-localizer and subsequently adopted the N-localizer for
the UPMC frame [1, 7, 10].

The second [4] of Brown's two publications that announced the N-localizer and reported
evaluations of the first CT-compatible stereotactic frame [4-5] was submitted for publication in
January 1979. The first [5] of these publications affirms that Brown presented this stereotactic
frame at a joint meeting of the Western Neurological Society and the American Academy of
Neurological Surgeons in October 1978. These and other publications [4-5, 10], together with
historical documents [16, 19] from the archives of the U.S. patent office, confirm that the UPMC
frame was not the first CT-compatible stereotactic frame and further confirm that the UPMC
frame was constructed in 1979, not in 1978. The relevant historical documents [16, 19] are a
matter of public record and may be obtained from the U.S. Patent and Trademark Office by
requesting a copy of the folder for Interference No. 101267. In order to facilitate access to these
documents, we have included copies as the appendices (labeled as "figures") to this paper.

Discussion

The mathematics of the N-localizer have been discussed previously [4] and in considerable
detail [2]. We review the mathematics below in preparation for presenting further details. The
reader who is not interested in the details of the mathematics may choose to skip directly to the
Conclusions.

Review of the mathematics of the N-Localizer

The N-localizer comprises a diagonal rod that extends from the top of one vertical rod to the
bottom of another vertical rod (Figure 4). In the tomographic image, each of the two vertical
rods creates a fiducial circle and the diagonal rod creates a fiducial ellipse. The ellipse moves
away from one circle and towards the other circle as the position of the tomographic section
moves upward with respect to the N-localizer. The relative spacing between the three centroids
permits precise localization of the tomographic section relative to the N-localizer. The distance
dap between the centroids of circle A and ellipse B and the distance d4c between the
centroids of circles A and C are used to calculate the ratio f = dap/dac . This ratio
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represents the fraction of the diagonal rod B that extends from the top of vertical rod A to the
point of intersection of rod B with the tomographic section.

FIGURE 4: Intersection of the tomographic section with the N-
localizer

(a) Side view of the N-localizer. The tomographic section intersects rods A, B and C. (b)
Tomographic image. The intersection of the tomographic section with rods A, B and C creates
fiducial circles A and C and fiducial ellipse B in the tomographic image. The distance d 45
between the centroids of circle A and ellipse B and the distance d - between the centroids of
circles A and C are used to calculate the ratio f = dAB/dAc . This ratio represents the
fraction of diagonal rod B that extends from the top of rod A to the point of intersection of rod
B with the tomographic section. These geometric relationships are valid, even if the
tomographic section is not perpendicular to the vertical rods, as can be demonstrated using
similar triangles [5].

The fraction [ is used to calculate the (T 'Y, Z) coordinates of the point of intersection P ig
between rod B and the tomographic section (Figure 5). In this figure, points P} and P/
represent the beginning and end, respectively, of the vector that extends from the top of rod A
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to the bottom of rod C. This vector coincides with the long axis of rod B. The (TA,9a,24)
coordinates of the beginning point P} and the (7¢,¥c, 2¢) coordinates of the end point
P( are known from the geometry of the N-localizer. Hence, linear interpolation may be used to
blend points P4 and P to obtain the (B, Y5, 2B) coordinates of the point of
intersection P5 between the long axis of rod B and the tomographic section, as follows

Pp=Pi+f(Fo—Py) = fPe+ (- f)F, (1)

The vector form of Equation 1 shows explicitly the (7,9,2)  coordinates of points P "y, Pi

and P/
[IB YB ZB} =f [l‘c Yo Zc} +(1—-f) [JTA Ya ZA] (2)
Equation 1 or 2 may be used to calculate the (B, YB, 2B) coordinates of the point of

intersection P, ig between rod B and the tomographic section. The point P 1'3 , Which lies on rod
B in the three-dimensional coordinate system of the N-localizer, corresponds to an analogous
point P , which lies at the centroid of ellipse B in the two-dimensional coordinate system of
the tomographic image. Hence, there is a one-to-one correspondence between a point from the
N-localizer and a point from the tomographic image.

PIA (an yA9 ZA)

P'c (xe, yes 2¢)

Py=fP'c+(1-f)P,
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FIGURE 5: Calculation of the point of intersection between rod
B and the tomographic section

The long axis of rod B is represented by a vector that extends from point PA at the top of rod A
to point Pé at the bottom of rod C. The (ZL“A, Ya, ZA) coordinates of point PA and the
(Ic, Yo, Zc) coordinates of point Pé are known from the physical dimensions of the N-
localizer. Hence, the ratio f = dap/dac may be used to blend the (T4, Y4, 24) and
(Ic, Yo, Zc) coordinates of points PA and Pé via linear interpolation as indicated by
Equations 1 and 2. This interpolation calculates the (JC B> YB; ZB) coordinates of the point
of intersection Pfg between the long axis of rod B and the tomographic section.

The attachment of three N-localizers to the stereotactic frame permits calculation of the
(B,,YB), 2B,) , (B, YBy, 2B,) and (7By, YBs, 2B;) coordinates for the

three respective points P él , P 1/32 and P, 1/33 in the three-dimensional coordinate system of the
stereotactic frame. These three points correspond respectively to the three points 5, , B,
and P, in the two-dimensional coordinate system of the tomographic image. In the
following discussion, the symbols Pll s Pg' and P;): will be used as a shorthand notation for P 1’91 R
P 1/32 and P, 1/33 . The symbols P , P> and P3 will be used as a shorthand notation for Pp, |

Pp, and Ps; .

The three points P; , P5 and P; lie on the three respective diagonal rods Bi , Bo and Bz and
have respective (w1,91,21) (22,92, 22) and (73,3, 23) coordinates in the three-
dimensional coordinate system of the stereotactic frame (Figure 6). The analogous three points
Py, Py and Ps lie at the centroids of the three respective ellipses B1 , B2 and B3 and have
(u1,v1) ,(u2,v2) and (u3,v3) coordinates in the two-dimensional coordinate system of

the tomographic image (Figure 7). Because three points determine a plane in three-dimensional
space, the three coordinates (T1,91,21) (T2, 2, 22) and (73,3, 23) together with

the analogous three coordinates (u1,v1) | (u2,v2) and(u3,v3) determine the spatial

orientation of the tomographic section relative to the stereotactic frame. This spatial
orientation permits calculation of the (z7,yr, 21) coordinates of the target point Pr in

the three-dimensional coordinate system of the stereotactic frame, given the (ur, vr)
coordinates of the analogous target point Pr in the two-dimensional coordinate system of the
tomographic image.
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P’y (x5, ¥5, 25) P’ (x3,¥3, 23)

P (Xp, ¥y, 2p)

FIGURE 6: Representation of the tomographic section in the
three-dimensional coordinate system of the stereotactic frame

The quadrilateral represents the tomographic section. The large oval depicts the base of the
stereotactic frame. The vertical and diagonal lines that are attached to the large oval represent
the nine rods. The centroids of the six fiducial circles and the three fiducial ellipses that are
created in the tomographic image by these nine rods are shown as points that lie in the
tomographic section. The tomographic section intersects the three diagonal rods at points P s

P2' and Pé that coincide with the respective centroids F; , P, and P; of the three ellipses
(Figure 7). The (T1,%1,21) , (T2, Y2, 22) and (3, Y3, 23) coordinates of the
respective points of intersection P/ s PQ’ and Pé are calculated in the three-dimensional

coordinate system of the stereotactic frame using Equations 1 and 2. Because these three
points determine a plane in three-dimensional space, the spatial orientation of the tomographic
section is determined relative to the stereotactic frame. The target point P} lies in the

tomographic section. The (JL“T7 yr, ZT) coordinates of this target point are calculated in the

three-dimensional coordinate system of the stereotactic frame using Equation 14. The target
point P lies in the plane of the triangle P; P;P;  and hence its (7, Y1, 27)  coordinates

may be expressed as a linear combination of the (3017 Y1, Zl) 5 (3527 Y2, 22) and
(x3,y3,23)  coordinates of points P, , Py and P using barycentric coordinates via
Equation 7 [20].
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FIGURE 7: Representation of the two-dimensional coordinate
system of the tomographic image

Three N-localizers create three sets of fiducial marks {Al, By, 01} 5 {A2, B, 02} 5
and {As, Bs, Cg} in the tomographic image. Each set contains two circles and one
ellipse. The centroids P, , P, and P; of the three ellipses coincide with the respective points
of intersection P; s PQ’ and Pé of the three diagonal rods with the tomographic section (Figure
6). The (u1,v1) ,(u2,v2) and (u3,v3) coordinates of the centroids P, , P, and P;
correspond respectively to the (3517 Y1, 21) c (562, Y2, 2’2) and (3537 Y3, 23) coordinates
of the points of intersection P, P2' and Pé . A target point P has (UT, UT) coordinates in
the two-dimensional coordinate system of the tomographic image. The (wT, yr, ZT)
coordinates of the analogous target point P} are calculated in the three-dimensional
coordinate system of the stereotactic frame using Equation 14. The target point Pr lies in the
plane of the triangle P 5, P;  and hence its (UT, UT) coordinates may be expressed as a
linear combination of the (U1, 01) . (UQ, UQ) and (ug, 1)3) coordinates of points P; , P,
and Ps using barycentric coordinates via Equation 8[20].
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In order to facilitate calculation of the (Z7,yr, 2r) coordinates of the target point Pr itis
convenient to project the (u1,v1) ,(u2,v2) and(u3,v3) coordinates of the

three respective points P1 , P> and P53 ontothe w =1 plane in three-dimensional space by
appending a third coordinate w = 1  to create (u1,v1,1) | (ug,v2,1)  and (us,vs3, 1)
coordinates. The w -coordinate may be set arbitrarily to any non-zero value, e.g., one, so long
as same value of w is used for each of the three w -coordinates. The equations that are
presented in the remainder of this paper assume that a value of w = 1 has been used to
project the (u1,v1) |, (u2,v2) and (u3,v3) coordinates. If avalue of w # 1  were used
instead of w = 1 to project the (u1,v1) | (u2,v2) and(u3,v3) coordinates, the
equations that are presented in the remainder of this paper would no longer apply and would
require revision so that the calculations that these equations describe may produce correct
results.

The correspondence, or transformation, between the two-dimensional coordinate system of the
tomographic image and the three-dimensional coordinate system of the stereotactic frame may
be represented using the three (,9,2) and(u,v,1) coordinate pairs (71,91, 21) and
(wr,v1,1)  :(22,92,22)  and (U2,v2,1)  :and (%3,¥3,23)  and (u3,v3,1)  inthe

following matrix equation

1 Y1 2 up vp 1 mip Mz M3y
Ty Yo 22| = |uz va 1| |mor Moy mo3 (3)
T3 Yz 23 us vs 1| [ma1 msx ms3

Equation 3 represents concisely a system of nine simultaneous linear equations that determine
the spatial orientation of the tomographic section relative to the stereotactic frame. This
equation transforms the (u1,v1,1)  (u2,v2,1)  and (u3,vs,1)  coordinates from the
two-dimensional coordinate system of the tomographic image to create (1,91,21)

(22, Y2, 22) and (73,3, 23) coordinates in the three-dimensional coordinate system of
the stereotactic frame.

An analogy provides insight into how the transformation of Equation 3 operates. Consider the
tomographic image to be an elastic membrane. The transformation describes the processes of
stretching the membrane in the plane of the tomographic image, rotating the membrane about
an axis that is normal to the plane of the tomographic image, tilting the membrane if necessary
so that it is not parallel to the base of the stereotactic frame, and lastly, lifting the membrane
into place upon the scaffold of the three N-localizers such that the three points 1 , P> and s
from the tomographic image precisely coincide with the respective three points P P; and P;
from the stereotactic frame. Then any other point that lies on the membrane, for example, the
target point Pr , is transformed by the same stretching, rotating, tilting and lifting processes
that transformed the three points P , P and P . In this manner, the (U7,vr)  coordinates
of the target point Pr may be transformed from the two-dimensional coordinate system of the
tomographic image into the three-dimensional coordinate system of the stereotactic frame to
produce the (w1, yr, 21) coordinates of the analogous target point Py .

Equation 3 may be written in more compact form as
F=SM (4)
In Equation 4, F represents the matrix of (T1,91,21) (22,92, 22) and (73,3, 23)

coordinates from the coordinate system of the stereotactic frame. S represents the matrix of
(u1,v1,1)  (u2,v2,1)  and (us,v3,1)  coordinates from the coordinate system of the
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tomographic image. M represents the matrix of elements 77*11 through /¢33 that defines the
transformation from the two-dimensional coordinate system of the tomographic image into the
three-dimensional coordinate system of the stereotactic frame.

Solving Equation 4 for S yields

S=FM' (5)

Equation 5 transforms the (21, %1, 21) (22, Y2, 22) and (73, ¥3, 23) coordinates

from the three-dimensional coordinate system of the stereotactic frame to create (uy,v1,1)
,(u2,v2,1)  and (u3,vs,1)  coordinates in the two-dimensional coordinate system of the
tomographic image.

The above review of the mathematics of the N-localizer is sufficient to permit the presentation
of further details below.

Requirements for the matrices F and s

It is possible to solve Equation 4 for the transformation matrix 4] | #|  and this
solution implies that M exists so long as the inverse matrix S™! exists. It is possible to solve
Equation 5 for the inverse transformation matrix M~! = F~!S and this solution implies
that M~! exists so long as the inverse matrix F~! exists.

From the above considerations, it is apparent that Equations 4 and 5 require that the inverse
matrices S™! and F~' exist. S™! exists as long as the points P; , P> and 5 are not
collinear and no column of S contains three zeros. F~! exists as long as the points P{ P,
and Pé are not collinear and no column of F' contains three zeros.

The collinearity requirement is satisfied by the positions of the three N-localizers relative to
the stereotactic frame. Because for contemporary stereotactic frames the three N-localizers are
positioned either around the circumference of a circle or on the faces of a cube, neither the
points 1 , P, and P nor the points P , P, and P5 can possibly be collinear.

The requirement that no column of S contain three zeros is satisfied by choosing w =1 and
notw = 0 when projecting the the (u1,v1) ,(u2,v2) and (u3,v3) coordinates to create
(u,v1,1) (u2,v2,1)  and (u3,vs,1)  coordinates.

The requirement that no column of F contain three zeros may be satisfied by defining the
three-dimensional coordinate system of the stereotactic frame such that the - -coordinate does
not equal zero anywhere along the diagonal rods. Figure 5 demonstrates that Equations 1 and

2 will never produce z = () along the diagonal rods so long as the interval from 24 to ¢ does
not contain zero. One way to satisfy this requirement is to define the origin of the three-
dimensional coordinate system of the stereotactic frame to be the corner of a cube that
surrounds the stereotactic frame, such that the i -coordinate of the origin is less than the zc¢ -
coordinate of point Fc .

When all three of the above requirements are satisfied, the matrix M will
correctly transform the (uq,v1,1) R (ug,v9,1) and (u3,vs, 1) coordinates of points P ,

P and P; from the two-dimensional coordinate system of the tomographic image to create
the (z1,%1,21) ,(Z2,%2,22)  and (¥3,¥3,23)  coordinates of points P; , Ps and P; in
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the three-dimensional coordinate system of the stereotactic frame. And the inverse matrix
M~! will correctly perform the inverse transformation.

Transformation of the target point 7 and the analogous target
point Pr

The above analysis addresses the transformation of points P, P» and P3 and analogous
points Py, P; and P; . However, the above discussion of the membrane analogy claims

that any point that lies in the plane of points P, , P and I’s may be transformed from the
two-dimensional coordinate system of the tomographic section into the three-dimensional
coordinate system of the stereotactic frame via the same transformation that transforms points
Py, P, and Ps . The following analysis proves this assertion.

Equation 3 transforms en masse the (u1,v1,1)  (u2,v2,1)  and (u3,vs,1)  coordinates
of the three points P, P» and Ps to create the (Z1,¥1,21) ,(%2,%2,22)  and

(73,¥3,23)  coordinates of the three points P , P, and Pj . An alternative is to transform
separately the (u1,v1,1) | (u2,v2,1)  and (u3,v3,1)  coordinates of the three points
Py, P and P

mi1 MMz MMag
Pl’ = [$1 U1 zl] = [ul U1 1] ma1 Mgz M| =AM (6a)
m31 M3z 1M33

mi1 MMz MMig
PQ’ = [x2 Y2 22] = [UQ V2 1] ma1 Moz M| = KM (6b>
mg31 M3z 133

mi1 MMz MMag
Pé = [»TB U3 23] = [Ug U3 1] M1 Moz Moz | = PsM (60)
m31 M3z 1M33

Equation 6 produces the same result for the (r1,y1,21) (72,12, 22) and (73, ¥3, 23)

coordinates of points P; , P» and P; as does Equation 3.

It is possible to represent any point that lies in the plane defined by three other points as a
linear combination of those three points. For example, with reference to Figure 6, the target
point P; may be represented as a linear combination of the three points P/ , P5 and P;
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P = b1 P + by Py + b3 Py (7)

Similarly, with reference to Figure 7, the analogous target point Pr may be represented as a
linear combination of the three points P , P> and Ps .

Pr=b P, + byPs + b3 Py (8)

As used in Equations 7 and 8, the terms b1, b2 and b3 are known as barycentric coordinates and
satisfy the condition by + b2 + b3 =1 [20]. Because the matrix M that transforms S
into F describes a linear transformation, the same barycentric coordinates b1 , b2 and bs apply
to either Pr or P; and hence may be used in both Equation 7 and Equation 8. These
equations describe interpolation in a plane that is analogous to the interpolation along a

line that is expressed by Equation 1.

Using matrix M to transform point Pr as suggested by Equation 4 and substituting Equations
6-8 yields

PrM = (0P +bP+b3P5) M
= b P M + by M + b3 PsM
= by P] + by P; + b3 Py
= P;

)

Eliminating the intermediate steps from Equation 9 and showing explicitly the (77, yr, 27)
coordinates of P} and the (UT, UT) coordinates of Pr yields

PI/«Z [.I'T yr ZT] = [UT vr 1] M = PTM (10)

Equation 10 proves that any point Fr that lies in the tomographic image may be transformed
from the two-dimensional coordinate system of that image into the three-dimensional
coordinate system of the stereotactic frame to obtain the analogous point Py .

Using matrix M~! to transform point Pr as suggested by Equation 5 and substituting
Equations 6-8 yields
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Py Mt = (by P} + by Py + by Py) M
= b Pl M 4 b P,M ™ + b Py M}
= by P + by Py + by Py
= Pr

(11)

Eliminating the intermediate steps from Equation 11 and showing explicitly the
($T7 yr, ZT) coordinates of P} and the (UT, UT) coordinates of Pr yields

PT = [UT Ur 1] = [(L’T yr ZT] ].\/[_1 = Pj/« 1\/_[_1 (12)

Equation 12 proves that any point Pr that lies in the plane of the tomographic section may be
transformed from the three-dimensional coordinate system of the stereotactic frame into the

two-dimensional coordinate system of the tomographic image to obtain the analogous point
Pr.

Solving Equation 4 for M yields

M =S"'F (13)

Substituting Equation 13 into Equation 10 and showing explicitly the elements of matrices S
and F from Equation 3 yields the transformation equation that accompanied the introduction
of the Brown-Roberts-Wells stereotactic frame 8]

-1

u;y v 1 I yl Z1
[z yr zr] = [ur vr 1] Juy va 1 Ty Y2 2 (14)
uz vy 1 T3 Ys Zz3

Conclusions

The first CT-compatible stereotactic frame, and the only CT-compatible stereotactic frame that
was constructed in 1978, is the frame that Brown built in order to test the concept of the N-
localizer. Dissemination of the concept of the N-localizer inspired its incorporation into three
different CT-compatible stereotactic frames that were constructed in 1979 and reported in
1980: the Brown-Roberts-Wells frame, a Leksell frame that was modified to render it CT-
compatible, and the UPMC frame. The Brown-Roberts-Wells frame, its successor the Cosman-
Roberts-Wells frame, and the Leksell frame all achieved widespread clinical use.

The UPMC frame was utilized in 13 patients and then abandoned.

The N-localizer permits determination of the spatial orientation of a tomographic

section relative to the stereotactic frame. When used to the full extent of its capability, the N-
localizer allows calculation of the spatial orientation of a tomographic section that is
arbitrarily oriented relative to the frame. This method obviates the need to affix the frame to

2014 Brown et al. Cureus 6(1): e156. DOI 10.7759/cureus.156 15 of 20



Cureus

the tomographic scanner bed or to align the frame to the scanner [3-6, 8, 13, 21]. It is possible
to forgo these advantages and instead employ the N-localizer in a restricted manner that
requires fixation of the frame to the scanner bed and also requires careful alignment of

the frame to ensure that the tomographic section is parallel to the base of the frame [9].

The impetus for this restricted use of the N-localizer appears to have been concern over the N-
localizer's requirement for "advanced computer technology" [9]. However, 30 to 35 years ago,
exploiting the full capability of the N-localizer required only the CT scanner computer [4-6, 8,
13] or even a mere hand-held, programmable calculator [13, 21] to perform the calculation
indicated by Equation 14. At that time, neither the CT scanner computer nor the hand-held
calculator exemplified advanced computer technology. In this era of modern neurosurgery, the
computation required to plan stereotactic radiosurgery far exceeds the minuscule computation
required to harness the full capability of the N-localizer.

Appendices
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MEDICAL SYSTEMS, NC.

- ASUBDARY OF PFEA B

January 15, 1979

Dr. Dade Lunsford
r. Arthur Rosenbaun

r. David Zoru
University of Pittsburgh

School of Medicine
Pittsburgh, Pennsylvanis 15261
Gentemen: -

1 hepe tn our brief tine together on Sunday you felt we acconplished your
goals. Here is my description of the technique.

Once the fiducta) plate file 1s set up for the frame, I think the clinfcal
sequence of events will go something 11ke this:

1. Mount the frane to the patfent's head.
2. Attach the fiductal plates to the frane
50 Scan the patfent at the narroest ice thickness unti) the
C target 1s found in the scan (this must be accomplished in a
sTice which fntersects each fiducta plate at 1wt one slot
fron each end, eg, more than one and less than
Ber of STots Rust be seen in mn ol the”three Tiauctal prates).
Fi11 out the Stereotaxis
fote the fmage scale i teor
For each fiduct

G

number of slots seen.
3. Uing the cursor, measure the €T scan
gordinitar of the slot which ends fn

s
Then sln!hvly Petiire.the €1 scan coordinates of

fun the TKATE progran, typing fn the reaussted daty and recording
the calculated frame coordinates of the targ ¢ dats sheet.
sons engths of v Aeiars A By and C. Mo
brow tht 1 m ricuracy can be obtained with mfmms ot up 0
A large difference indicates something ¥
Rerove ihe ot o
& Corry out. the classtaal n:mnx!x procedure to be assured that
the computer-calculated coordinates are consistent with the anatomy.
9. Set the calulated Z coordinate into_the probe carrfer.
10, Set the side bars at the calculated Y coordinate.
T1. Attach the probe carrier to the side bars at the calculted X co-
ordinate.” At this point the target 15 exactly cent
orfgin of the frane's spherical coords
( (theta or phi) may be selected for the it

9052 Oid Annapolis Rosd  Columbla, Maryland 21045

EXHIBIT B

) )

Check that the depth fndicator on the probe carrfer fs set at

cn.:x  that the probe Tength stap fs correct g the Tength
1. Imersihe probe.

re. 1 bope to elninate the transcribing of the coordinates and the
ety of then s T TAAIF

Two criticatly fmortant points should be made about the procedure.  First,
e CT scan resolution elenent

nore
m, must Teading C1 scan coordinates and
1n counting fidicial bars. There 15 very. 11¢c1e the comuter cun do.to.check
the accuracy of its fnput. Second, the slice thickness fn even the best cir-

cen rget e plan slice. 1 think one of the more sub-
tle contributions of the radiologtst in ths procedure w11 be his use of
the partial volune effect that the target 15 centered in the sTice
hicioms, wininizing this potentratly stoniricant s same vein,
1 would suggest that fn any procedure, care be taken Hor the center

. o target votume.

The mathenatics of our technfque can be described as follows.  The basie
problen s to measure the coordinate transform between the coordinate sys-
Sen of the stereotaxis frane and the CT scamer. With this transform, the
T goordinates of a target can be converted to the corresponding frané co-
o

To me, the {nnovation fn our method fs the technique for getting all the
Toforsation on the transforn and the target fron one scan, ths winiuiing
infe

CT fmage.

There are several ways to actuslly calculate the transform. 1 approach it
as a physicist might.

Lat cupital atters darate frine coordinates and Tower case letters denote
CT scan coordinate:

' f,. h

- fiducta
[ A R
7% IR TN R

1.t - uge
Define:
| S A T )
Betoh s Beheh
LR I N T8 )
The problem fs to find T, the target frane coordinates.

- Stnce 3, B, and , 1Me in the sane plane and 3 and B are not collinarr, v
can find by solution of the staultaneous equations, a and 8 such t

et-h - alesd
The equivalent fn frane coordinates 1s:

3=1-% - kel
Ths:

Tetisakend

s you can see, the pnb\:m 1s trivial, mathenatically. If 1t tums out to

medically v T think this will'be another strong statenent on behalf
of CT. 11 o visiting Pittsburgh in the very near future.
Stncerely,
John H. Perry
rector
Research aid Development.
. IHP/crw

FIGURE 8: Appendix 1: John Perry Letter, pp. 1-3, January 15,
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FIGURE 9: Appendix 2: Richard Matthews Letter, pp. 1-7,

2014 Brown et al. Cureus 6(1): e156. DOI 10.7759/cureus.156 19 of 20


http://assets.cureus.com/uploads/figure/file/983/lightbox_RichardMatthewsLetterRedacted_1979_01_261388328502.png

Cureus

January 26, 1979

Additional Information
Disclosures

Conflicts of interest: The authors have declared that no conflicts of interest exist.

References

1. Brown RA, Nelson JA: The origin of the N-localizer for stereotactic neurosurgery . Cureus.
2013, 5:e140. http://www.cureus.com/articles/2335-the-origin-of-the-n-localizer-for-
stereotactic-neurosurgery.

2. Brown RA: The mathematics of the N-localizer for stereotactic neurosurgery . Cureus. 2013,
5:e142. http://www.cureus.com/articles/2336-the-mathematics-of-the-n-localizer-for-
stereotactic-neurosurgery.

3.  Brown RA, Nelson JA: Invention of the N-localizer for stereotactic neurosurgery and its use in
the Brown-Roberts-Wells stereotactic frame. Neurosurg. 2012, 70:173-176.
10.1227/NEU.0b013e318246a4f7

4. Brown RA: A stereotactic head frame for use with CT body scanners . Investigative Radiology.
1979, 14:300-304. 10.1097/00004424-197907000-00006

5.  Brown RA: A computerized tomography-computer graphics approach to stereotaxic
localization. ] Neurosurg. 1979, 50:715-720. 10.3171/jns.1979.50.6.0715

6. Brown RA, Roberts TS: A stereotaxic frame and computer software for use with CT body
scanners. Stereotactic Cerebral Irradiation. Szikla G (ed): Elsevier/North-Holland Biomedical
Press, Amsterdam, the Netherlands; 1979. 25-27.

Brown RA: Personal communication with Perry JH . January-February 1979,

Brown RA, Roberts TS, Osborn AE: Stereotaxic frame and computer software for CT-directed
neurosurgical localization. Invest Radiol. 1980, 15:308-312. 10.1097/00004424-198007000-
00006

9. Leksell L, Jernberg B: Stereotaxis and tomography. A technical note . Acta Neurochir (Wien).

1980, 52:1-7. 10.1007/BF01400939

10. Perry JH, Rosenbaum AE, Lunsford LD, Swink CA, Zorub DS: Computed tomography-guided
stereotactic surgery: Conception and development of a new stereotactic methodology.
Neurosurg. 1980, 7:376-381. 10.1227/00006123-198010000-00011

11. Kondziolka DS, Lunsford LD: CT and image-guided surgery. Textbook of Stereotactic and
Functional Neurosurgery. Lozano AM, Gildenberg PL, Tasker RR (ed): Springer Verlag, New
York; 2008. 619-629.

12.  Rosenbaum AE, Lunsford LD, Perry JH: Computerized tomography guided stereotaxis: A new
approach. Appl Neurophysiol. 1980, 43:172-173. 10.1159/000102252

13.  Roberts TS, Brown R: Technical and clinical aspects of CT-directed stereotaxis . Appl
Neurophysiol. 1980, 43:170-171. 10.1159/000102251

14. Lee SH, Villafana T, Lapayowker MS: CT intracranial localization with a new marker system .
Neuroradiol. 1978, 16:570-571. 10.1007/BF00395364

15. Villafana T, Lee SH, Lapayowker MS: A device to indicate anatomical level in computed
tomography. ] Comput Assist Tomogr. 1978, 2:368-371. 10.1097/00004728-197807000-0002.8

16. Perry JH: Letter to Lunsford D, Rosenbaum A, and Zorub D . Available in Appendix 1 and U.S.
Patent and Trademark Office Interference folder 101267. 1979, 1-3.

17.  Lunsford LD: Email to Brown RA. August 9, 2012,

18. Lunsford LD: Email to Brown RA . August 10, 2012,

19. Matthews RS: Letter to Nixon LS. Available in Appendix 2 and U.S. Patent and Trademark
Office Interference folder 101267. 1979, 1-7.

20. Barnhill RE: Representation and approximation of surfaces. Mathematical Software III. Rice
JR (ed): Academic Press, New York; 1977. 69-120.

21.  Brown RA, Roberts TS, Osborn AG: Simplified CT-guided stereotaxic biopsy. Am J Neuroradiol.
1981, 2:181-184.

2014 Brown et al. Cureus 6(1): e156. DOI 10.7759/cureus.156 20 of 20


http://www.cureus.com/articles/2335-the-origin-of-the-n-localizer-for-stereotactic-neurosurgery
http://www.cureus.com/articles/2335-the-origin-of-the-n-localizer-for-stereotactic-neurosurgery
http://www.cureus.com/articles/2336-the-mathematics-of-the-n-localizer-for-stereotactic-neurosurgery
http://www.cureus.com/articles/2336-the-mathematics-of-the-n-localizer-for-stereotactic-neurosurgery
http://dx.doi.org/10.1227/NEU.0b013e318246a4f7
http://dx.doi.org/10.1227/NEU.0b013e318246a4f7
http://dx.doi.org/10.1097/00004424-197907000-00006
http://dx.doi.org/10.1097/00004424-197907000-00006
http://dx.doi.org/10.3171/jns.1979.50.6.0715
http://dx.doi.org/10.3171/jns.1979.50.6.0715
http://scholar.google.com/scholar?q=intitle:A stereotaxic frame and computer software for use with CT body scanners
http://scholar.google.com/scholar?q=intitle:Personal communication with Perry JH
http://dx.doi.org/10.1097/00004424-198007000-00006
http://dx.doi.org/10.1097/00004424-198007000-00006
http://dx.doi.org/10.1007/BF01400939
http://dx.doi.org/10.1007/BF01400939
http://dx.doi.org/10.1227/00006123-198010000-00011
http://dx.doi.org/10.1227/00006123-198010000-00011
http://scholar.google.com/scholar?q=intitle:CT and image-guided surgery
http://dx.doi.org/10.1159/000102252
http://dx.doi.org/10.1159/000102252
http://dx.doi.org/10.1159/000102251
http://dx.doi.org/10.1159/000102251
http://dx.doi.org/10.1007/BF00395364
http://dx.doi.org/10.1007/BF00395364
http://dx.doi.org/10.1097/00004728-197807000-00028
http://dx.doi.org/10.1097/00004728-197807000-00028
http://scholar.google.com/scholar?q=intitle:Letter to Lunsford D, Rosenbaum A, and Zorub D
http://scholar.google.com/scholar?q=intitle:Email to Brown RA
http://scholar.google.com/scholar?q=intitle:Email to Brown RA
http://scholar.google.com/scholar?q=intitle:Letter to Nixon LS
http://scholar.google.com/scholar?q=intitle:Representation and approximation of surfaces
http://scholar.google.com/scholar?q=intitle:Simplified CT-guided stereotaxic biopsy

	The History and Mathematics of the N-Localizer for Stereotactic Neurosurgery
	Abstract
	Introduction
	FIGURE 1: N-localizer and its interaction with the scan section
	FIGURE 2: The first CT-compatible stereotactic frame

	Technical Report
	FIGURE 3: Slotted plate and its interaction with the tomographic section

	Discussion
	Review of the mathematics of the N-Localizer
	FIGURE 4: Intersection of the tomographic section with the N-localizer
	FIGURE 5: Calculation of the point of intersection between rod B and the tomographic section
	FIGURE 6: Representation of the tomographic section in the three-dimensional coordinate system of the stereotactic frame
	FIGURE 7: Representation of the two-dimensional coordinate system of the tomographic image

	Requirements for the matrices  and
	Transformation of the target point  and the analogous target point

	Conclusions
	Appendices
	FIGURE 8: Appendix 1: John Perry Letter, pp. 1-3, January 15, 1979
	FIGURE 9: Appendix 2: Richard Matthews Letter, pp. 1-7, January 26, 1979

	Additional Information
	Disclosures

	References


