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which saved about 40 percent of computing time (van Ooste-
rom [5]).

In a discussion of this problem, Dr. F. A. Muller of the De-
partment of Physics of the University of Amsterdam pointed
out that the numerical stability involved in (5) might be
poorer than in (4). He also suggested that a more drastic
reduction might be possible by considering the triple scalar
product R1 - (R2 X R3). While examining the various expres-
sions for Q2 alternative to (3) as described in (old) textbooks
on spherical geometry, it became apparent how this advice
could be put to use.

In Casey [4, result (359)], it is shown that
fI\ 1 + cos (a) + cos (b) + cos (c)

c 2 - 4 cos (a) cos (tb) cos (ic) (6)
with a, b, and c the arcs among A, B, and C as indicated in
Fig. 1. This can be noted as

1 + cos (Xi)

cos2 =4 Hcos ('xi)'
i= 1,3,x, =a,x2 b,x3 c.

By using the basic trigonometric relationships
cos2 (2Ix) 1= {cos (x)+ }

and

t 2 ) cos2 (I2
it can be easily verified that

{l + 2 1 Cos (Xi) - E cos2 (xi)}
tan (-2)= I+Zcos(x,) (7)
2 1 + Cos (Xi)~~~~

The numerator in this expression is equal to sin (a) sin (h),
with h the arc between A and its spherical projection onto BC
(see Casey [4, results (44) and (57)]). From the geometrical
interpretation of the triple scalar product [R1R2R3] ='R
(R2 X R3), i.e., the volume of the parallelepiped spanned by
the vectors R1, R2, and R3, it follows that [R1R2R3] =
R 1R2R3 sin (a) sin (h). Hence, multiplying the numerator and
denominator of (7) by R 1R2R3 and using the property of the
scalar product Ri - Rj = RiRj cos (RiRi) results in
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A Simple Computerized Neuroanatomical
Data Collection System

A. VANIA APKARIAN, CHARLES J. HODGE, H. JAY WISNICKI,
AND JONATHAN DELATIZKY

Abstract-A semiautomated data collection system, flexible enough
to apply to any microscopic tissue where the data can be accepted as
point positions, is described. The design is simple and can be easily
implemented on a mini- or microcomputer with minimal additional
hardware. The results of a typical neuroanatomical experiment are
shown together with an error and time constraint analysis.

INTRODUCTION
The nature of neuroanatomical data poses difficulties in

creating permanent records that can be collected in a reason-
able amount of time, occupy a minimal amount of space, and
be recalled easily for further analysis. Currently, a number of
research groups [2], [4], [5], [10]-[12], [14], [19], [20],
[24], [25], [27], [28], [30], [32]-[34] possess automated
or semiautomated data collection systems. The success of
these systems is linked to the neuroanatomical techniques
used. Autoradiography lends itself to quantitative analysis,
where single granules can be counted over a given field of
nervous tissue rapidly and accurately with minimal human
lntervention [32], [341. The analysis of golgi-stained tissue
requires systems capable of tracking neuronal processes in
three dimensions at a high resolution [3], [111, [12], [20],
[25], [30], [33], [34]. Other techniques are limited by sub-
jective identification of the presence of a specific label, where

tan(1 Qh = [R1R2R3]
2 / RIR2R3 +(R1 *R2)R3 +(R1 *R3)R2 +(R2 -R3)R1 (8)

By using the Fortran function ATAN2,
Q2.= 2 * ATAN2 (N,D),

with N and D the numerator and denominator of (8), the
ordering of R1, R2, and R3 automatically leads to a change in
sign when the observation point moves from one side of the
plane of the triangle to the other side. In contradistinction,
the method of Barnard et al. requires the additional computa-
tion of the normal to the plane triangle to establish the correct
sign.
The computation involves 32 multiplications, 20 additions,

3 square roots, and 1 ATAN2.

the judgment of an operator is indispensible. Retrograde
labeling of neurons by horseradish peroxidase [16], [18],
glyoxylic acid induced fluorescence of noradrenaline contain-
ing cells or terminals [7], and the Falck-Hillarp [8], [9] tech-
nique to induce fluorescence in catecholamine or serotonin
containing regions in the brain or spinal cord are examples of
methods where introduction of automated techniques has
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been slow. This communication describes an operator assisted,
computer based data acquisition and retrieval system, simple
enough to be implemented on a microcomputer with minimal
additional hardware. The collected data are shown as a two:
dimensional array representing the locations of neuronal cell
bodies and terminals within a histological section. The major
task of identifying the labeled tissue is still performed by a
human operator. The system is versatile enough to be appli-
cable to any neuroanatomical method which requires micro-
scopic analysis and whose data can be reduced to point
positions.

METHODS
A PDP 11/34 computer is used with a Tektronix 4006

graphics terminal and a Hewlett-Packard HP782 1 digital
plotter. The computer is connected to a general purpose
laboratory interface equipped with analog-to-digital (A/D)
converters and digital input/output ports.

Fig. 1 illustrates the organization of the system hardware.
On the stage of a Zeiss microscope, a pair of potentiometers
with fixed excitation voltages is mounted. The output of the
potentiometers, which is proportional to stage position, is
amplified and subsequently digitized by an A/D converter.
Once an operator has located a labeled structure under the
eyepiece crosshair, an enable pulse can be generated by press-
ing a foot pedal. The enable pulse is fed to the interface
through a channel selector which consists of a rotary switch.
As the central processing unit (CPU) receives the enable
pulse, it reads the digitized x, y potentiometer values. The
computer samples the digital input channels at 50 Hz. This
allows the CPU to be available for other time shared programs
which occur transparent to the microscope operator in the
background. Due to the slow operator supplied data rate, the
software may be written in higher level languages, Fortran IV
in this case.
The program has access to a permanently stored disk file

consisting of sample outlines of 25 different levels of cat brain
stem and spinal cord taken from a standard stereotaxic neuro-
anatomy atlas [1]. These outlines were digitized by super-
imposing a grid onto the atlas and typing the coordinates
directly into the computer.
In a typical program run, the operator first enters the

anterior-posterior level of the particular section into the
computer. The computer displays the appropriate outline
with four calibration boxes corresponding to specific anatomi-
cal landmarks. Then the operator enters the calibration points
by adjusting the stage such that the crosshair is aligned with
the landmark. Pressing the foot pedal enters the point corre-
sponding to that calibration position (see Fig. 2). The pro-
gram uses these points to transform the raw data onto a grid
matching the atlas units and stores them as such. The entered
data are displayed within the atlas outline on the graphics
screen providing operator feedback. Different neuronal types
may be designated by the channel selector. For example,
selecting Channel 1 for a strongly labeled cell and Channel 2
for a lightly labeled one. At the end of the scan, selecting
Channel 0 designates the end of the run.

CALIBRATION
The mathematics of the calibration are essential to the

understanding of the operation of the system. The basic
assumption is that the process of obtaining computer-usable
information from fresh tissue is linear (see the Conclusion for
a discussion of this assumption). The computer program is
designed so that the origin is floating and is changed for each
microscopic section. Thus, the origin of the section is made
to correspond to the fixed atlas origin. In moving from one
section to another on the same slide, the origin is rezeroed
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Fig. 1. Diagram of computer-microscope setup. Pressing the foot pedal
sends an enable pulse at the selected channel. Concurrently, the x
and y values are amplified, digitized, transformed to stereotaxic
coordinates, stored on disk, and displayed on the graphics display
terminal.

(b)
Fig. 2. The calibration sequence is shown for a 40 gm section of cat
brain stem at the level of caudal locus coeruleus (posterior 4.0 mm).
(a) An ideal section as displayed on the graphics terminal. (b) The
actual section viewed through the microscope by the operator. The
squares enclose the landmarks that have to be searched for in (b).
The crosses represent the result of the calibration which gives a mea-
sure of the accuracy of this sequence. This figure is also an example
of the variability of shapes between the ideal section and the actual
tissue.

based on the new calibration points, enabling the use of
multiple sections per slide.
The first two calibration points are used to correct rota-

tional deviation of the section with respect to the appropriate
outline by using the equation

AY,a, = arctan A. (1)
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