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Cognitive Neurophysiology
of the Motor Cortex

Apostolos P. Georgopoulos,* Masato Taira, Alexander Lukashin

A major challenge of current neuroscience is to elucidate the brain mechanisms that
underlie cognitive function. There is no doubt that cognitive processing in the brain engages
large populations of cells. This article explores the logic of investigating these problems

by combining psychological studies in human subjects and neurophysiological studies of

neuronal populations in the motor cortex of behaving monkeys, The results obtainad show
that time-varying psychological processes can be visualized in the time-varying activity of
neuronal populations. Moreover, the functional interactions between cells in the motar
cortex are very similar 1o those observed in a massively interconnected artificial network

performing the same computation.

The reconding of the activity of single cells
in the brain of behaving animals provides a
teal for directly studving the functional
properties of single cells, inreractions be-
rween cells, and the dynamics of neuromal
pepubitions involved in a varicty of coeni-
tive processes; ineluding atcention, memo-
™, perceprion, and motor interition. [his
method was introdoced 38 vears 2P0 b}-‘
Riccl, Doane, and Jasper (1) and was psr-
fected and popularized later by Evarts (2).
Evarts saw it @ the only way o study
voluntary movement, o function that by
defnition canner be studied inaneschetized
preparations. Pis and subsequent stodics
showed that changes in cell activity in the
wiotor cortex precede the development of
the moror output and relate guantitacively
ro its intensity (3) and sparial characrer-
stics (4-70

The main challenge wirh daga obiined
with this rechnigue in studies of cognicive
tunction is their interpretation. For exam-
ple, a common finding & thar cell activiry
changes in a certain brain area during o
particular cognitive process. The crucial
question is: how can we deduce the time-
varying cognitive process from the single-
eell recordings? How cam purely temporal
serles of action potentials (spike  trains)
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yvield informaton abour o cognitive process
unfolding in time!

Tu solve this problem, one must realize
that o cognitive process usually operates on
a vanable; for example, meneal arichmete
operates o numbers. The process, then, is
the eperation, and the puszle of how
broin  performs multplication iy trans-
formed o the problem of how nurbers aee
being multiplivd. The crocial ides 1= that if
we canedecipher the neural coding of num-
bers, then we have 5 good chance of deci-
phering the cognitive process of mental
mudtiplication by observing neural activig
during this process, recovering the numbers
by decoding, and mferring how they are
being operated upon in this particular pro-
vess. [he essence of the idea is that solving
the problem of neural coding of 3 particular
wariahle provides the means for potentially
solving the problem of cognitive processing
of that variable. These logical steps are
shown in Table 1, The ceucinl seep is step d,
namely thar of neural coding. This is the
step thar conneces cell activiey with rhe
variable of interest—that is, the step chat
provides  the link berween the neural di-
mension and the dimension of the vanable,
We illustrate below the successtul applica-
tion of this sequence of investigation to the
study of copnitive processes involving mo-
tor operations in space. For rhat porpose
we chose the direcrion of reaching moves
ment @y the sparial variable of inrerest. We

Table 1. Sleps in deciphering brain meacha-
nisms ol cognitive procasses

1. Select a variable of infsrest,
2. Find the newral coding of the vanabile
culside the cognitive process.
Selact a cognilve process oparabng on
the vaniakle of intaras)
4. Recerd brain actvily during cogrilive
processing and infer how the varisble is
operated on:
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tion 15 encoded in the motor correx and how
cognitive processcs aperating on directon
(for example, memory or mencal rotation)
are reflecred in motor cortical ACrivity,

The Problem of Coding: Single
Cells and Neuronal Populations

The problem with the coding of the direc-
ton of movement inspace is that direction
5 closed {cireular or spherical) variable
and as such does not lend itself w simple
motonic coding by the intensity of cell
activity, A possible simple solution o the
problem would be o allocate cells that
would be spectfically activated only with
movements inoa particular dicection—rthae
is, for cells w0 be sharply tuned 0 the
dicection of movement. Howéver, this is nor
the ease. Instead, cells in the mowr cortes
(4=7) as well as in other strucoures (8, 99 are
hrl”-'!-.'“‘_r' tuned to the direction of movemenr.
This means thar the cell activiry is hughest
for a mesvement in a particular direction (the
cell's preferred direction) and decreases PR
gressively with movemenss farther awsy from
this direction. The changes i cell activiry
relace w0 the dircction and net the targer of
this reaching moverment (1Y, Quantitative-
Iy, the crucial variahle an which cell activiry
depends is the angle formed berween the
direction of the movemenr and the cell’s
preferred direction: the intensicy of coll we-
tiviey can be approximaced as a lnear fune-
tiom of the cosine of this angle (4=9. The
directional tuning equation is

DMy = b +ncos B, {1

where I {M,) 35 the discharge rate of the ¢
cell with movement in direction M., b, and
o, are regression coefficients, and 0., s the
angle between the direction of movement
M, and the cell’s preferred direcrion €. An
cxample is shown in Fig. 1. Some IS
concerning preferred  direcrions are note-
worthy. First, cells in a cortical column
tend to have verv similar preferred direc-
twoms (I11. Second, particular preferred
ditections are muleiply represenred in the
motor cortex (1. And third, the pre-
terred directions of single cells arc no
clustered in particular direcrions bur range
throughout the directional continuum (4—
9y (Fig. 2). This indicates a distribured
vectorial coding rather than coding of a
coordinate frame (12} for example, if
such a frame were Cartesian, the preferred
direetions would have clustered along the
three cardinal directions.

The broad directional tuning indicates
chat a given cell participates in movements of
variovs directions; from this résult and from
thie et that preferred directions range widely,
it follows thar o movement in a Emr[:’cular
direcrion will involve the engagement of a
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whaole population of cells. How, then, isthe
direction of reaching encoded i an unambie-
s fashion mea populanon of newrons, each
of which s directionally broadly wned? To
answed this gquestiom, we hyporhesized that
the motor cortical commard (or the dircction
of reaching can be regarded as an crsemble of
vectors (13 14) i which each vector Tepre-
senis the contribution of a directionally tuned
cell. A particular vector points in the cells
preferred dircction and has a leseh [rpr-
tiomal to the chunge in cell activiey associated
with o particular movemene direction. Fora
given movernent M, the vecror sum of these
wedghted cell vectors (the neuronal popula-
it vector P can be regarded as the ourcome
of the ensemble operation

PiM) = X VIMIC, (2)

where € is the preferred direction (4) of
the i eell and V (M) s the activiey of the

Fig, 2. Three-dimensicnal
preferred. direchions | (pur-
e af B34 mokyr cortical
celis stuchad In three mon
s2vs The axes are in white
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M eell sveraged over a pertod of e (for
example, [he papula
teon vector points acor near the direction of
the movement (12-16) (Fie. 3. Three
aspects of the population vecior are miste-
wortly: ics simplicity, its robustness, and is
spatinl characterisdes, Fiest, the caleukation
af the popubation vector is 3 simple proce-
dure tor i (i) assumes dircctional selectviey
which is apparent; ({ii)
weights vecrorial contriburions by single
cells on the hasis of the change incell
acciviey, whicl is reasomable; and (il is the
outcome: of the wvecrorial summation of
these conrribwtions, which 1s pracrically the
simplest procedure to obtain a unigue out-
come. Stcond, population vector 45 a
robust measure, for it can still convey a
gocd directiona] signal even with relarively
few (100 o 1300 cells (15}, And thicd, the
population vecror &5 a spatial measure. The
popularion analysis transforms aseregares of

the reaction time).
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purely temporal spike tminms into @ spario-
temporal population vector.

The neuronal population pedforming ol
vectorial operation consists omly of direc-
ticnally tuned cells. Given thar the pwlwmi
dhrecrion seems o be represented in cortical
columns (1) and that the population oper-
ation involves cells with different preferred
directions, it follows char this operation has
to be intercolumnar. Moreover, the popula
tion vector is o good predictor ol the diree-
tion of mevement when 1t 15 calculared
separately from subsets of cells recorded in
the upper o lower cornieal bvers (17),

The neuronal pepulation vector  has
proved o be g robust and accurare measure
of the directional tendency of 3 neuronal
ensemble under a variery of conditions, in-
cluding movements from different origins (9,
15), continuous drawing movements (199,
pulses (61, Moreover,
the analysis holds i other structures con-
cerned with sensorimotor control (8, 9 o
visual processing (200, Simele cell acrivity is
broadly ramed i other areas (20 and for
other movements (22), although o popula:
tions vector analysis has not been pers
Finally, a cosine directional tuning was ob
served i the elements of the hidden layer of
a three-laver artificial network trained to per
form the population vector operation (239,

Especially fnteresting 15 4 recent seneral-
ization of the application of the population
analysis to the coding of taces in the
discharge of cellsin the inferotemporal cor-

e ol monkevs (24,

Llﬂd BBOTOETTe fomee

rned.

VECTor

In the studies of the
moror cortex, the population vector and the
vectorial contributions of single cells were in
direcrions in physical spuce. The face coding
study gencralized the vector approach o an
arbierary space of multidimensional
of the similariey of tace fearures. Thus, space
newd ot be phystcal bur can be any re-di-
mensional fearure Fven for motor
furiction, thiscan be a

sealing

space.
powertul approach.
For example,
thue mOtor cortex conrmls
during hand mwmipulaoon of objeces tha
invirlve o large number of combioarions of

ks

an interesting question is how

IHfer movements
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finger movements, The hypothesis would be
that (i} single cells code for combinations of
manipulatory movements, (i) 2 paricular
cell discharges maost for a preterred combing-
ticn, (i) the mrensity of cell activarion
fallows a broad, possibly cosine, tuning with
the variows movement combinations when
they are expressed in a continuum of simi-
Lartty in o reduced “movement combinarion
space,” and (iv) when cell contrbutions are
expressed as weighted vectors in the lanter
space, their vector sum (population vector)
would provide an unequivecal signal for the
coing of @ purticular mampulatory move-
ment combination. Given otk that can
provide the requisite variety of movement
combinations, the hypothesis abovie can be
testesd rigoroushy.

The Population Vector as a
Temporal Probe of Direction

The popolation vector can be used as a
probe by which w monitor in time the
changing directional endency aof the neu-
ronal ensemble. One can obtain the time
evolution of the population vecror (Eg. 2)
by calculading i1 ar shoot successive infer-
vals ¢ (for example, every 10 or 20 ms) of
continuomeshy, during peniods of interest:

P(Mut) = > ViIiMaIC, (3)

1

Chus, cortical mechanisms that underlie
specific processes (for example, memoriza-
tion) could be followed by observation of
the time-varying poepulation vecrer.

The feasibility of this approach was firse
documented when it was shown that the
neuronnl - population vector predicts - the
dircction of movement during the reaction
tiine (11, 14). The visual reacrion tme s
period of approximately 300 ms thar inter-
venes between the appearance of a visual
targer and the initirion of movement; duor-
ing this period, the upcoming movemenr is
being planned and s execution initiated.
Theis is the simplest case of predicting the
direction of the upeoming movement. In
addicion; the population wvecror predices
well the direction of movement during an
instructed delay period (25), L these ex-
periments, monkeys were trained e with-
hold the movement for a perind of time

Fig. -5. RActation of the neéwonal poputahon
vector during the reaction time fram the direc-
tion of the stimulus (Bhee) 1o the direcion of e
rmewvement (recd), Cata from all eight stimulus
directions used (37) are shown,

after the onget of a visual cue sipnal anmd o
move later in responize tooa “po” signal.
During this - instoucted  delay peried, the
population wvector pave a reliable signal
concerming the &irection of the movement
that was triggered larer for execution. Fi-
nally, noan even more complex rask, the
population vector prediceed well the diree-
tien of movernent during 4 memorized delay
period (263, T these expeniments, the war-
get of the moverment was shown for only
0 ma. The monkeys were mained o
withhold the movement for a subsequen
periond of time, during which the rarzer was
off, and then moved in the direction of the
memorized target in response to a Moo
stgmal. During this memorized delay period,
the population vecoor poinced in the direc-
ticry of the memorized movement.

MNeural Mechanisms of a Cognitive
Process: Mental Rotation

The cognirive process we chose for stady
invorlved & rransformacion of an intended
movernent direction. Our general approach
in studying the brain mechanisms of a
cognitive funcrion nvelves (i) defining the
copnitive rask, (i) performing psychologi-
cal experiments i human subjects; the
results: of which lead o hypotheses con-
cerning the natiere of the cognitive process,
{iil) training monkeys to perform the same
task amd recording the aceiviy of single
cells in the brains of these animals during
performamee of the task, and (iv) connect-
ing the neural results with rhose of the
human studics and interprecing the psycho-
logical results oo the basis of the neurophiys-
iological ones, This cycle is illustrated in
Fig. 4 the obdective is toopet @ close as
possible o relating neucophysiology and
cognitive pavchology. Below, we deseribe
these steps as they were applied o a parric-
ubar problesn of o menta] trmsformation of

SEIENCE =

VL 260 =0 D APRIL 1993

moverment  direction.  Subjects were re-
quited to move a handle ar an angle from a
reference direcnion defined by a visoal soim-
wlus on a plane. Because the reference
direction changed from trial o rial, the
rask required thar in oa given rrial the
direction of movement be specified accord-
ing to this reference dicection,

In human studies, subjects pertormed
Blocks of 20 rrials in which the angle and s
departure (counterclockwise or clockwise)
were fixed, although the reference dirgetion
varicd (27, Seven angles (5% to 1407 were
wsed . The basic finding was thar the reaction
rime increased in a linear fashion with the
angle. The most parsimonions hvpothesis oo
explain this result is thar subjects amive m
the correct direction of movement by shife-
ing their moror intention from the reference
direction to the movement direction, tray-
eling  through the dntermediate anpular
space. [his idea 1z very similar to the menal
rotation hypothesis advanced by Shepard
and co-workers (28} o explain the mono-
ronic dncrease of the reactiom ome wach
orentation angle abour when a judgment
las torbe made about whether o visual image
is normal or mirror-image. Interestingly, the
mgan rates of totation {approsamately 4007
per second) and their range among subjects
are very similar in both kinds of soudy.
When the same homan subjects pertormed
bath perceprual and motor rotation tasks,
their processing rates were positively corre-
lated (29, a result that indicares similar
processing constraimnts for both tasks.

The resulrs of nevrophysiological studies
{30, 31} provided direct evidence for the
mental rotarion hypothesis. Bhesus mon-
kevs woere trained to move the handle 907
atdd comnterclockwise from o reference Ji-
rection. | he populacion vector rotared dur-
ing the meaction time from the stimulus
{reference) direcrion to che direcrion of the
maovernent through the councerclockwise
angle. This is illusieared in Fig. 5. The
occurrence of & true rotation was further
documented by showing that there was =
transient increase during the middle of the
reaction (ime in the recomitment of cells
with preferred dircctions berween the stim-
wles: and movemenr directions (31). This
neural rotation pricess, sweeping through
the directionally tuned ensemble, provided
for the first time o dircce visualizagion of a
dymamic copnitive process (3270 The mean
rotacion rate and the range of rares observed
tor different reference dircctions (3] were
very similar to those obrained in the human
studics {27, 729).

The Motor Cortex as a Network:
Real and Artificial

The population vector amd irs mransforma-
rioms are the resules of operacions within an
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ensemble of cells. The cell activity is, in
turn, the result of converging influences on
the motor cortex of both external signals
from other brain areas and of incrinsic
interactions among the motor cortical cells.
We tnvestigated these local interactions by
recording the impulse activity of several
cells simultaneously by using seven inde-
pendently movable microelectrodes (33).
The data used here come from recordings of
impulse activity during the reaction and
movemnent time in the motor cortex of five
monkeys during the performance of a reach-
ing task (4). The seven electrodes were
arranged in oa linear armsy every 0L6 mmg
cells were recorded at all inrerelecrrode
distances. A total of 1728 pairs were used in
this aralysis; in 1126 pairs, both cells inoa
pair were directionally tuned, whereas in
the remaining 602 pairs none of the two
cells in o pair were tuned., We waneed to
know whether the prevalence of significant
interacrions differed significancly berween
the tuned and nontuned pairs and wherher
the strength of interaction was correlated
with the similarity of preferred directions of
cells ina pair. For that purpose, we estimat-
ed the strength of presumed interaction
{synaptic weight) from the " o the j&
AEUron I8 pair using an analysis based on
waiting time probability density function
{34}, An example i illustraced in Fig. 6.

There were two major findings of our
analysis. First, sipnificant interactions were
2.25 times more frequent in the directionally
runed (203 of 1126 cells or 18%) than in the
nontuned (48 of 602 or %) group (P < 1075
chi-square test); significant interactions in the
tuned cell group were observed for cells re-
corded at all interclectrode distances. Second,
the mean synaptic strength (34) was negative-
ly correlated with rthe angle ((F w 1809
berween the preferred directions of the two
neurons Jeorrelation coefficient (r) = —(.E15;
P 0.004] (Fig. 7A) throughour the range of
conngctions from positive (excitation) o nep-
ative (inhibition). This s illustrated in the
conver phﬂtk}ﬁmph.

The presence of interactions among cells
in the moror cortex has been suggested on
motphological grounds (35) and demon-
strared by electrophysiological rechnigues
36}, Our resules demonstrate that the di-
rectional tuning of motar coreical cells is a
significant factor governing the strength of
interactions berween cells. This finding i
qualitatively similar to that observed in the

visual cortex reparding the associaton of

cells with similar orientation tuning (37).
The importance of directional tuning for
the presence of cell interacrions and the
dependence of the srength of these interac-
tions on the similarity of preferred directions
provide a fertile pround on which o tes
hypotheses concemning the organizadon of
arttficial neural networks performing a pop-
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Fig. 6. Dependance of call inter-
achons on their preferred direc-
lions, Two cases illusirale the
methods described in (34). Up- ,a‘
per row, a case of cells with sim-
ilar preferrad directions (arrows)

e "diference distribution” and
the CUSUM are positive. which
indicates an excitatory eflect, The
slalistical  sigreficance of the
CUSUM (P = 0.04) iz established
whin if crosses the upper chance
lime. Lower row, a case of cells A
with vary different preferraed direc-
lions. The "differance distribwion”
and the CUSUM are negative,
which indicales an inhibitary af-
facl.

ulation operation (23, 38). For thar purpose
we used a single laver, extensively intercon-
necred notsymmetnc network thar consise-
ed of dirccrionally tuned cells and performed
the caleulation of the neuronal population
vector. We wanted o know whether the
strengrh of interactions beoween is elements
depended on the simitarity of their preferred
directions, as observed n the motor cortex.
The fact that the neuronal populadon veertor
remains stable after an initial growth {17,
15} implies that during this steady-state pe-
riod the sctivities V, (Eq. 3) cease to change,
so that dV/de = 0 fur all & Acriviries V, can
b mpnhmmd as V, = glu), where u, is the
internal srate m"th{' ™ neuron (i, for exam-
ple, might represent the membrane patential
of the neuron averaged over a rensonable
time interval) and g s an aceivation funcrion
having & saturation nenlinearry. Assuming
that the internal state u is a linear function
of inpues received by the neuron from the
other neurons in the network, then ar
stable state (dV/dr = 0} the cquality

VML) = g[ ) w, V(M)
J

{4)

is valid for all neurons (39) and, generally,
for all direcrions M. The weights w, in Ey.

Flg. 7. The dependence of the mean
vaiue (= SEM) of synaplic strength on
e angle: Betwaen preferrad directions
of neurons involved in tha connecion
Wa caloulzted the maan value of synap-
I slrengih by averaging over synagtic
slrengths . between neurons, the pro-
terred directions of which did net differ
from each other by more than 18° [A)
Fesults Trom 203 pairs of directionally
tunedd neurons with significant interac
tions recorded simultanscusly in the
monkey molor conex. The lotal numiber
of values averaged dor each of ten poinls
phatted {from (2 to rghth ame 25, 33, 22,

Hormallzed synaptic strangth

Excitation
" Slgnificance
Darfamn:n cusuu tntlng
ML? “ S
Inhibition

i} 20 ms ‘[ 20.ms
27 <182

4 can be regarded as synapric connection
strengths, If activities V, at a stable state are
known for 4 given number of neurons and
for an appropriate number of directions M,
Eq. 4 can be used for determining the
parameters w.

Equation 4 shows that the stabilicy of
the population vector could be ensured by
an appropriate set of synaptic connection
strengths w. To determine the general fea-
tures of the sets of these strengths that would
ensure stability, we scarched for parameters w
within different ranges of possible values |wl
< d (where d i a restiction pammeter) and
for different numbers of neurons N in a ner
work. In rounne calculations, the activanon
funcrion g in Eqg. 4 was specified as glu) =
tandy u. A cosine tuning function was chosen
tor activities V,(M,) in accordance with ex-
perimental findings {(4): V(M) = agcos 0,
(Eq. 1), where a, is 2 positive number and #,
is the angle between the preferred direcdon of
the ™ cell (C) and the direcrion of upcoming
minvement (M), Disections C and M, were
randomly and uniformly diseribured in space,
and the values of & were randomly and uni-
formly distributed on the inrerval [0,1). For
each set of N randomly selected, cell-pre-
ferrerd directions and of K mndomly selecred
movement dirsctions, we obtained values of

A B
1.0 ’ Mator corlox | Maural network
b [
os|] ‘\\' |
[+ U'i
0.5 I | r \}
=1.0}
] G0 120 !EIU |:| 120 130

Angle betwesn proferted dlmc!rgm; {degrees)

24,16, 21,15, 15, 18 and 14, (B) Results of simulations for N = 32, K = 32, and o = 0.2 The total

number of values averaged for each of tan points plotted (from left to nghl) sre 134, 104,

94, 90, 96, 104, 100, and 100,
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the woparameters that ensured the condirions
deseribed in Eg. 4 above by minimizing a cos
furerion without pssuming a sytametry of the
miacrix i, (40},

Figure 7B shows the result of rhe calow-
lations for d = 0.2 and N = 3, The
normalized mean value of synaptic connec-
it steength wois plotted against the angle
between the preferred directions of inter-
contected meurons: these paramerers are
negatively correlated (v = =0.984). Our
caleularions for different values of J and &
confirmed that this correlaion is always
steeng enough if possible values of synaptic
connection sirengchs are resericted o d -
LN bt practically disappears when the
restriction becomes weak (d — 1) (41}

These simulariom stodies showed that
weakly lnrerconnecred bur correlared new-
rons can ensure the stabilicy of the popula-
von vector, It ds likely that conversing
external inputs initiate the changes in ac-
oiviry in the motor cortex and contribute o
the ongoing activity of the populacion.
However, such external contriburions can
be understood and evaluared properly only
within the context of the dynamics of the
cortical metwork deelf. Our resules show
that the network can by ieself supporr 2
stable process, which leads o the iden that
external dnputs may cact as initiators o
modifiers but need nor be the excluesive
derermmunts of this inrrinsic process.

Thete are three points worth mencion-
ing in comparing our data from the newral
and artificial networks, First, the interac-
tions berween  directionally tuned cells
predicred by the neework model were con-
firmed by the results of the nearophysio-
logieal studics. Second, the emphasis in
our moedeling an intrinsic cell interactions
as means tor sustaining cefl activities with-
i the nerwork 5 warranted by the recent
emphasis on inerinsic cortical interactions
as means for amplifying and sustaining
cortical excitation {42). And thicl, the
prediction by our model chat extensive but
weak interactions are sufficient for the
stability of o nerwork operation provides a
reasonable explaniation of, and a possible
function for, the extensive (351 bur weak
iibereed coreical

IALETAC TR between

cells (430,
Conclusion

Major progress has been made during the
past decade toward determining the func.
tional properties of single moror cortical
cells with respect 1o behaviar and the un-
derstanding of operations by neuronal pop-
ulationa, This:knowledze, combined with
an elucidation of the interactions dming
cells and  ngorous  nerwork modeling,
should lead to an understanding of how the
cortex wiorks and how cognitive operations

are processed in specthe brain areas. A
limirarion of the single cell recording rech-
nigue i that it can be wsually applicd only
toone restricted brain area at o time. Other
technigues, mcluding positron emission to-
mt‘.ngmph'g.n Can l‘lrm'idi: A greater picture of
arcas of activation in the brain during
performance of a task. A new major ool is
the oxygen-hased funcrional maging of the
brain with the wse of nuclear magnetic
resonance (44, This rechnigue s noninva-
sive, sensitive, does not require averaging
of daty from more than one subject, pos-
sesses adequate resolution, amd hasalready
been successfully applied w imaging of the
human - motor conex (45). This method
provides informarion  complementary o
thar obrained by single cefl recordings and,
together with the laer, can lead 1w major
insights in brain function.
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Meural natwork model of the primate motor cortex, with
celis coding different directions of mevement {purgle
ballswith directional blue cones). Interactions between
celis vary, ranging from strong excitatory (red, similar
direclions) to strang inhibitory {gresen, opposite direc:
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ticns), depending on the similarity of the prefared
directions in a cell par. See paga 47, [Computer
graphics, Masata Tara and Apostolos Georgopoulos,
Production: Eugene Evbank, Medical Media Service
Winneapalis Veterans Affairs Medical Coentar)
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