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D, riments

The EEGSL is in the process of developing the method of Neurocognitive
Fattern (NCF) Analysis for measuring sspects of mass neural processes
related to perceptuomotor and cognitive activities, Seversl
generations of NCF Anslysis have been used to study both coaplex and
simple tasks, and a3 nuaber of findings have emerged. Taken together:
these results suggest that neither strictly locslizationist nor
equipatentialist views of neurocognitive functioning are realistic,
Since even simple tasks are associated with a rapidly shifting mosaic
of focal scalp-recorded patterns» neurocognitive functioning might be
better modeled as & network in which the activity of many specialized
local processing elements is periodically integrated. Our research is
directed toward developing methods for messuring these processes aore
precisely and modeling them more explicitly,

N.B. It wust be understood that scalp-recorded potentials, even
unaveraged timeseries, are not necessarily cortical in origin. Until
this issve is settledr it is essential not to interpret scalp
designationsy» which conventionally refer to underlying cortical areas»
as implying wmeasurement of the activity of cortical sources. For
conveniencey we use the convential scalp designations subject to this
cavesat.

Specific findings include!

1. Complex perceptuomotor and cognitive activities such as
reading and writing have unique, spatially differentisted scalp EEG
spectral patterns, These patterns hed sufficient specificity to
identify the type of task from the EEG (RECG Clin. ugg_ggnxglgl_
47:693-703r 1979). The results were in sccord with previous reports
of hemispheric lateralization of ‘"spatial®’ and ®linguistic®
processing.

2., When tasks are controlled for stisulusy response and
performance-related factorsr complex cognitive activities such as
srithmeticr letter substitution and wmental block rotation have
identical, spastially diffuse EEGC spectral scalp distributions.
Compared with staring at s dot» such tasks had approximately 10X
reductions in alpha and bets band spectral intensities (EEG in.
Neurophvejol. 47% 704-710, 1979% Science 20316465-668y 1979), This
reduction wmay be an index of their task workload. Since no patterns
of hemispheric lateralization were founds this study suggested that
previous reportes of EEGC hemispheric laterslization aay have confounded
EEG patterns related to limb and eye movements and arousal with thase
of mental activity per se (Science 207:1005-1008, 1980),

3. Split-second visuvomotor taskss controlled so that only the
type of judgment varieds are sssociated with complexs rapidly shifting
patterns of single-trialy evoked inter-electrode correlation of brain
rotential timeseries. Differences between spatial snd nuaseric

2
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Judgments were evident in the task-cued prestimulus interval, Complex

and often lateralized patterns of difference shifted with split-second
rapidity from stimulus onset to just prior to responser at which time
there was no difference between spatial and numeric tasks (Sgcjience
213:918-922, 1981). This suggested that once task-specific
differential perceptual and cognitive processing was completedr 3
motor program common to both tasks was executeds regardless of
differences in the stimuli or type of judgment.

4. Rapidly shifting» focal brain potential patterns:
representing the maximal difference between similar split-second
tasksy can be extracted with NCP analysis. The move and no-move
variants of a split-second visvospatial judgment tasks which differed
slightly in expectation» differed in type of judgment, and differed
greatly in responser were associated with distinct differences in the
patterns of single-trial evoked correlation between scalp-recorded
channels (Scgience 220:97-99y 19834 see Sections III and IV)., These
patterns of difference increased in magnitude in each successive
anslysis interval. In the prestimulus interval, correlation of the
midline frontal electrode distinguished the tasks (p<.01). In the i ‘

' interval spanning the N1» P2 and N2 event-related potential (ERP)
peaksy the between-task evoked correlation contrast was focused at the e
midline parietal electrode (p<,001). In the interval centered on the .
P3a ERP peaks the focus af correlation difference was at the right
parietal electrode sand involved higher correlation of the right
parietal with occipital and midline precentral electrodes in the
no-move tagg: and with the right central electrode in the move task
(p<S x 10 ")» In an interval centered 135 msec after the P33 ERP
peaks which included right-handed response preparation and initistion:
the focus of contrast shifted to the left central electroder involving
higher correlation with midline frontal and occipital electrodes in
the wmove task agg with the midline parietal electrade in the no-mave
task p<S5 x 10 7). These results concur with neyropsychological
models of these tasks derived from clinical observations. They
suggest that although simple perceptuomotor tasks are asssociated with
3 complexr dynamic mossic of brain electrical patterns, it is possible - {
to isolate foci of maximal differences between tasks, It is clear
that without 2 split-second temporal resolution it is not possible to
isolate the rapid shift in lateralization which presumably is
sassocisted with perceptual-cognitive and efferent processing stages.

g e

Se The focal patterns of evoked correlation derived by NCP
analysis significantly distinguished the single-trial dats of 7 of the
? people in the above study. This suggested that similar
neurocognitive mechanisms were being measured scross the wmasjority of
participants (see Section IV),

4, Behaviorally identical trials of the sove and no-moave
visuospatisl tasks in the above study were found to be associated with
distinetly different brain potentisl patterns (Section VI). This
suggests that sppropriste brain potentisl meassures may provide a tool
for maore detailed exsmination of previously unaeasured neurocagnitive
processes.
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E. Analvtic Hethods

Neurocognitive Pattern (NCP) analysis currently consists of the
application of an adaptive-network: nonlinear mathematical pattern
classification algoritha to extract task-related signals from sets of
data. The analysis is spplied to single-trial timeseries in brief
time windows (100 to 175 msec) for up to 49 scalp electrodes (using
power measures) and up to 1176 electrode pairings (using
crosscorrelation or crosscovariance mseasures)., The data windows are
determnined for each person from the pesks of their averaged ERPs as
well as from stimulus and response times, but measures are made on
single trisls.

1. Similesrities and Differences Between NCP Analvsis and
Conventional ERP Analysis :

NCP analysis is grounded on the vast body of information gained from
ERP methods and has the same underlying goal: namely to resalve
spatially and temporally overlappingr task-related mass neural
ProCessSes., Howevers it departs in several ways from the currently
popular approach of extracting independent features froam averaged ERPs
by principal components analysis (PCA) followed by hypothesis testing
with ANOVA, Firsty NCP analysis is concerned with spatiotemparal
task-related activity recorded by ggny electrodes in a number of time
intervals from before the stimulus <¢through the response. It
quantifies  newrocognitive activity in terms of a variety of
parameterss rather than amplitude and latency of ERP components.
Thusy it is possible that the increased dimensionality of
parametrization wmnay facilitste the wmezsurement of subtler aspects of
neuraocognitive processes. Secondr the questionable assumption of a
multivariate normal distribution of brain potentials is not made in
NCP analysis. Thirdy brasin-potential feature extrasction and
hypothesis testing are performed a3s 3 single process which determines
features which are maximally different between the conditions of an
experimenty rather than those which neet possibly irrelevant criteris
such as statistical independence. Fourthr task-related patterns of
consistency are extracted from sets of single~-trial data. Significant
results wmay be obtained as long as there is s pattern of consistent
difference between tasksy even though the means of the tuo dats sets
do not differ significantly.

Taken together» these aspects of NCP analysis may enable it to resolve
small task-relsted signals from the obscuring background °noise® of
the brains revealing useful spatiotemporal information about mass
neursl processes. Howevery this is not without its costs. NCP
analysis requires several orders of magnitude more computing than PCA
and ANOVA, and larger data sets than conventional ERP studies. Also»
because of its sensitivityr highly controlled experimental paradigas
are required to assure that the results are truly relasted to the
hypothesis snd not to spurious or idiosyncratic factors. (The process
of developing one such task is described in Section II of this
report.) This requires a greater asllocation of effort and resources
to experimentsl design» recording and snalysis than is needed for most
4




;? ERP experiments. v : !

“- Although we have obtained several promising results with NCP analysisy (
the latest of which is described in Sections III and IVs we must |
cavtion that °"the jury is still out', Additional basic studies are |
i

!

needed to determine whether NCP analysis is really worthwhile. If sor
it should be possible to optimizer standardize and simplify it for use
in other laboratories.

For the past few years we have concentrated on a measure of the degree f
i of waveshape similarity (crosscorrelation) between timeseries from !
t pairs of electrodes. Measures of single channel power are also being ;
] used and will be reported later this year. The crosscorrelsation !
‘ aporoach.is based on the (unproven) hypothesis that when areas of the

brain are functionally related there is a3 consistent pattern of

waveshape similarity between them. There are 2 number of !
considerations in interpreting the correlation patterns of scalp |
! recordingss such as volume conduction ‘from subcortical sources and !
driving by distant sources. Some of the ambiguities may be mitigated
by careful experimental design» but the neurophysiolagical
interpretation of correlation patterns is an unsettled issue.

v Begsides the scientific value of studying the neural activity
[ associsted with preparation to receive and the subsequent processing
|- of numeric information in two sense modalitiess the auditory-visual
experiment described in this Interim Progress Report is designed to
. . provide a dats base for refining the NCP analysis and investigating
E some aspects of the neurophysiological interpretation of correlation
: patterns., In addition to inter-channel, zero-lag carrelations NCP
) analysis can employ other messures such ss multi-lagged correlation
P and covariancer and single channel pouwer, 3ll in specific frequency
] bands. Preliminary studies described in this report (Section V) have
revealed significant informastion with such measures, A major gosl
during the coming year is to explore and resolve some of these issues.

PR

PRITETIN

II. PILOTING OF AN AUDITORY-VISUAL Pw. IASK
A. Desiagn Considerations '

A number of issues had to be addressed in designing 8 bimodal paradigm

E
P sufficiently controlled to reveal NCPs which might distinguish
auditory - snd visusl perceptuosotor tasks during the wodality-cued
{ prestisvlius snd post-stimvlus intervals.
Two hypatheses are being tested. Firsty NCPs should show
b neurosnatomicelly interpretable differences between the processing of

suditory and visual numeric stimuli in post-stimulus intervals when
feature extrasction is thought to occur in sensory and related cortical
areas. There should be minimal dif ferences after sense-specific

-]




processing is completed. Secondr NCPs should differ in the
modality-cued prestimulus interval as 8 function of the preparstion to
receive either visval or awditory stimuvli. The second hypothesis
requires complete equivalence of cue properties and
nerformance-related factors betueen auditory and visual conditions:
and 3lso 3 strong inference that s modality-specific expectancy set
exists in the cuwed prestimuvlus interval,

2. Experimental Control

The first hypothesis (ie. post-stimulus processing) regquires control
of stimuluss response and performance-related factors across
conditions so that the major difference between conditions is stimulus
modality. Visual and auditory wmodalities have fundamental
differences. Input for the former is parallel (for brief foveally
presented stimulid)y while for the latter it is serial. Inherent
differencees in avditory and visual processing latencies can be
compensated for by centering several analysis windows on the average
ERP peak latencies in each person for auditory and visual conditions
separately. Differences in ERP amplitudes can be explicitly measured
by NCP analysis of single-channel signal power. MWith regard to the
second hypothesis (ie. prestimulus attentional set), the modality-cued
paradigm elicits a2 contingent negative variation (CNV) between cue and
stimulusy with consequent resolution after stimulus presentation., NCP
analysis will be applied to measure pre- and post-stimulus modality
differences. The results may shed some light on the interface between
preparatory activity and post-stimulus processes.,

3. Montage

A 21 electrode scalp montage svitadble for recording activity over
auditory wvisualyr motors parietal and dorsolateral prefrontal cortices
was wuwsed during these pilot recordings. Four additional channels
recorded vertical and horizontal EOG» ENG and the response. The final
design will expand this to 49 brain potential channels to allow a
resolution of approximately é square centimeters (see section II.C.).
The investigation and conclusions concerning these issuves during the
develogmental program of 12 pilot recordings is reported in the
following section.

B. Task development snd pilot recordings
1. Ehasse one (P's $1-8): (Respond to miscues)
L Rationmle. The existence of a modality-specific

prestimulus attentional set was investigated with the "aiscueing®
technique (Posners 1978). In this method & randomly ordered 20X of
the modality cues (a3 visuslly presented letter in both conditions) are
incorrect. The lengthening of mesn response time in these mniscued
trials is considered the °"cost® incurred by the expectation of a
stimulus in 8 specific modslityr angd is used to infer the existence of
8 modality~-specific preparatory set.

b. Iask. Stimulus presentstion and response measureaent
é
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were performed by the real time subsystem of the ADIEEG system» which
also digitized the 25 channels of physiological signals at 256
samples/sec., The participant (P) was instructed to fixate a point at
the center of the CRT screen of an AED II graphics terminal and await
a visually presented wmodality cue (V for visuali A for auditory’
duration 375 msec) 1.5 sec later the stimulus was presented.
Auvditory stimuli consisted of the numbers 1 to 9 generated by a Votrax
speech synthesizer and presented through two speakers about 2 ft.
above the participant's head. Duration varied from 245 to 430 msec
(the number 7 was generated as "SEUN®)., Visual stimuli were single
digit numbers presented on the CRT» subtending a visual angle of under
one degree. Their duration was equated to that of their corresponding
auditory numeric stimuli.

The participant was instructed to attend the modality cue and “focus
his attention® on the speakers or screen as indicated by the cue»
while maintaining his gaze on the screen. He was to respond to the
stimulus without hesitation with @ ballistic contraction of his right
hand index finger on 3 modified Grass force transducer with a pressure
corresponding to the stimulus number on a linear scale of 1 to 9.
Feedback indicating the exact pressure applied was presented as a 2
digit number on the CRT screen (duration 375 msec) 1 second after
completion of response as determined by the program.

1f the response was sufficiently accurates the feedback number was
underlineds signifying a °*win®. The error tolerance for a "win® was
continually adjusted throughout the session 2s a3 moving average of the
sccuracy of the preceeding five correctly cued trials in visuval and
auditory modalities separately.

A random 18X of the trials were miscued {ie., the stimulus arrived in
the wrong modality). The participant was to respond to these just
like the correctly cued trials. Correctly cued and miscued suditory
and visual trials were presented in randomly ordered blocks of 17
trialss self-initiated by the participant.

(33 Recordings. Eight normal, right-handed adult male
participants were recarded in pilot sessions consisting of about 3350
to 700 trials each, Three were personel of the EEGSL and 5 were naive
paid participants. Details were settled during the first 4
recordingss and technically acceptable recordings were obtained from
the 1last 2 people. The electrode montage was Fz» F7» F8y aFls aF2»
Czs C3s C4y CS» Cé6» Pzy F3» P4y T3y T4y TS, Tés 0z» 201 and al2»
referenced to 1linked wmastoids (modified expanded 10-20 systea
nomenclatures Picton» et als 1978). For P#8 several placesents were
changed (see section B,2), Vertical and horizontal eye moveaments:»
response nuscle activityr and force transducer output were also
recorded, All signals were amplified by a &4-channel Bioelectric
Systems Model AS-64P amplifier with .10 to 100 Hz passbandy
continuously digitized +to 11 bits at 256 samples/sec and stored on
digital tape. Signals were also recorded on three 8 channel
polygraphs to monitor the session and for off-line artifact editing.
Average response times (RT) and error rate (proportion of *lose’
trials) were coaputed for behavioral evidence of a “cost® due to 2

7




prestimulus attentional set in 3 total data set of 3735 trials.

d. Results gnd Discussion. For correctly cued trialsy the

mean response times were quicker for visual stimuli for all but two
people. Average RT across F's was 479 asec for visual stimuli and 711
msec for auditory, The longer RT for suditory stimuli, which is
opposite to the findings in simpler bimodal paradigmss, may be due to
the nature of the verbally presented number stimuwli., All information
needed for visual stimulus decoding appeared on the screen within 33
msecr while auditory information was not completed for up to seversl
hundred msec. The laonger RT for the asuditory stisvli may also be due
to the uvse of synthesized speech stimvli,

In the miscued trials a lengthening of RT and increase in error rate
was observed in almost every case (Tables 1 and 2). For aiscued
auditory stimuli the average increase in RT was 47 msec and the
average increase in error rate (proportion of "lose’ trials) was 9%.
For misuced wvisual stimuli the "costs® of miscueing were slightly
greater (increase in RT = 40 msec? increase in error rate = 10%2).
There was a3 small (18 msec) asymmetry in RT effect. That isr miscueing
8 visual stimulus caused 3 greater increase inm RT than miscueing an
suditory stimwlus. This asymmetry and the magnitude of the RT
lengthening in miscued trials is in agreement with previous studies
wsing simpler tasks (Posners 1978). Furtherr the standard deviations
for all cuwed and miscued conditions were siwmilar within personsy
indicating that the RT "costs® duvue to miscueing uwere based on a
consistent effect rather than greater variability in a swmaller sample
(about 4 to 1 ratio of correctly vs. incorrectly cued triasls.) Thus
it was verified <that there was 2 “cost® in the miscued trials
indicative of an attentional committment to a particular modality in
the prestimvlus interval.

The ERFs for one person (P#7) are illustrated in Figure 1. In the
auditory condition (Figures 13 and b) the N1 peak occurred at 120 msec
in correctly cued trials and 136 msec in miscued trials. Its
amplitude was maximal a3t midline fronto-central sites. The FZ peak at
208 wmsec was maximal at midline fronto-central sitess and was well
represented 3t midline parietal sites. In miscued auditory trials
(Figure 1b) 3 P3 peak was apparent at 314 msecr maximal at the aidline,
parietal derivations, and extending to fronto-central, later2l central
and lateral parietal electrodes.

The viswal stimuli elicited an N1 peak at 150 msec in both correctly
cued and wmiscued canditions (Figures 1c and d). Although in this
person the N1 peak was clearly seen 3t the midline occipital
electrodes it was larger over left anterior occipital and posterior
temporal sites (a0l and TS)., The P2 peak was maximal st P2» where its
latency was 21% msecy but at midline fronto-central sites the first
positive peak occurred at 179 msec. This earlier positive peak st
anterior sites (which was also observed in F$#8) was sctually the
resolution of the prestimulus CNVs which in the avditory condition was
masked by the fronto-central N1 peak, In the maiscued visual triesls
(Figure 1d) 8 F3 peak was present at 300 msec in P47 and 330 msec in
P#3. It was slightly larger at Cz than P2y and was also prominent at
8




midline frontal 2nd lateral central and parietal electrodes, 1he F3
peak was of larger amplituder broaders and wore anteriorly distributed
in the visuwal miscuwed trials than in the asuditory miscuwed trials.

fhe pre-stimulus CNY is evident as a fronto-central negative

dicsplacement of the orvestimulus baseline in both conditions and its
resolution could occur at different latencies after visual and verbal
stimuli. Alsoy the information content of the verbal stimuli occurred
at wvarious latencies (as in *six® and ®seven®"» or "four® and "five®,
s compared to the other noumbers), HWhat effect this may have upon the
latencies of endogenous ERP components is not knowny but it is likely
tihat greater varisbility of the P3 latency in the auditovy condition
may account for the smaller» lower amplitude peak, f(hese issuves will
ve addreesed in analyses of lsters more controlled dats sets.

A negative going slow potential shift was observed to coamence at the
FZ 1latency in 3ll but the wmiscuwed viswal trials:, where it may have
been obscured by the robust P3 peak, [t was maximal at Czy ana larger
over the left central (C3) than the right central (C4) electrode.
This 1lateralization began well before the average response times in
eacih condition.,

2. FPEhase two (P's $9-12)! (No response to miscues)

g« Rationale.

1he behavioral results of phase one confirmed the existence of &
prestimulus  a2ttentional setr and the respond-to-eiscues design was
wodified for the formal recovdings to 8 move/no-move design in which
the ‘response®” to a miscuwed stimulus was to make no movement, This
was done so that there would be 8 behavioral confirmation of attention
to the cwe in each trialy and so that post-stimulus processing could
e examined in each modality semparately by a within-modalitys move vs
no-move NCFP analysis. The within-wodality analyses will serve 2s
etandards to 2id in interpreting the resuvlts of the between-modalitly
analyses,

B 1ask. The task was the same as beforer excent that
the nparticipant was instructed to make no response on miscwed trials
(rendom 20%), A monetary incentive was added by rewarding accurate
fwin) wove trials as a2 function of the accuracy attained (about S
cents for each win)., The accrued monetary bonus was displayed at the
ond of esch block of 17 trialss as well as the average error tolerance
for that block (as a performance index) for auvditory and visual
conditions separately. The cue-to-stimulus intervsls were 2.5 sec for
P's $9-11, and 1 sec for P#12., For P#12 a separate run was recorded
#t the 2.5 sec interval for the viswal wodality only.

C Recocdings. Four rnormals right-handed adult males
participated in eessions concsisting of about 100 practice smd 400 tect
trisls. The 21 chznnel wontage coneisted of Fz» F7» FBy» aFls aFZ.

!
t
t

] ;. aCzs Cz+. C3s C4y CS» Cbr Pzy P3s P4, aPSs 2F6s TSs V6 Ozs 301 and
. 202y referenced to linked mastoids, fin scalp electrodes werw
Sk sttached weing a stretchable nylon cap (Electrocap Intevrnaztionzl),
. ?
o; ;
B
- . ‘:‘ ’
| : g -
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Vertical and horizontal eye movements (electrode st outer canthi) and
response wmuscle potentials (EMG from flexor digitorum) were recorded
with Ag-A3C1 cup electrodes. Other aspects of the recording procedure
were the same 8s in Phase one,

Trials were visually inspected off-line to eliminste srtifacted trials
and no-move trisls where muscle activity was present on the EMG
channel. Average stimulus-registered ERPs were coaputed for all scalp
channelss a2s well as sverages of vertical and horizontal EOG and EMG.
Cue-registered averages were also computed for P$#12 vYor the
cue-to-stimuvlus interval (1. sec for this P)} the averaging epoch
extended from 250 msec before the cue to 250 msec after the stimulus.,

g, Results gnd Discussion., Response timer» error rate

(proportion of "lose® trisls)» and average error tolerance in the move
trials for the 4 participants are shouwn in Table 3. Average response
times and error rates were similar across move conditions» but the
adaptive error tolersnce (inversely related to skill level) tended to
be larger for the asuditory condition» indicating that performance was
slightly better for visval stimuli. He will attempt to eliminate this
difference in the formal recordings by providing more practice at the
auditory task.

At the 2.5 sec cue-to-stisuvlus interval (P's $#9-11)y there was a8 high
rate of dates attrition (about 25%) in the no-move (miscuved) trisls due
to mistaken overt responses. This may have been due to 8 decay of the
attentional set. At the 1 sec interval (F#12) there was no sttrition
due to response movements. Since the no-move trials sre infrequent,
the attrition ate must be very low to collect sufficient data for
the within-modality move vs no-sove NCP analysis. Thus the 1 second
interval seeas more desirable,

The stimsvlus-registered ERPs for the move trials (Fig. 2a and c) were
similar to the correctly cued trials of Phsse one. In the visusl
condition the N1 peak was poorly represented at the midline occipital
electroder and in P#12 at the latersl occipital placements slso (Fig.
2¢)s In all P's (including those in Phase one) the N1 peak to visusal
stimuli was lsrgest st the lastersl) posterior temporal sites (TS and
Té). This wmay have been due to the small visval angle (under 1
degree) subtended by the foveal stimuli.

In P's %9y 10 and 12 the no-move (miscued) trisls elicited an
sugnentation of the P3 peak., The P3 peak anplitude in both sove and
no-move averages was asaxiaal at sidline fronto-central sites.
Exsmination of vertical and horizontal EOC channels revealed no eye
saovenent which would sccount for this anterior distribution? thus it
was wost likely due to the resolution of a prestiasulus CNV» an issve
to be addressed in the formal study.

A frontslly-doainant negstive displacement of the pre-stisvius

baseline (CNV) was seen in all participsnts. In 8 cued paradige such

8s this a CNV may well be concomitant to the expectancy set we wish to

study (reviewed by Teccer 1972), The cue-registered aversges faor the

1 sec interval (P$12) revesled the time-course of the prestimulus CNV
10
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to correctly cued auditory and visual stimuli. The negativity was
largest at the midline fronto-central electrodesr» but did not seeas to
differ between wmodalities. NCP analysis of the cue-to-stimulus
interval in the formal study waay shed asore light on the
modality-specificity of the anatomical distribution of CNV-related
activity» which has not been thoroughly examined (Ritter, et al»
1980),

C., Einal Paradigm Screening of Participants

As of 1 JUN 83y one full recording has been made. 1000 trials were
recorded from a3 well-practiced participant using the paradigm»
electrode montager and recording procedure described above. The
cue-to-stimulus interval was 1 secr the visual stiamuli were thickened
and increased in size to just under a2 2 degree visval angler and the
proportion of miscued (no-go) trisls was incressed to 22%Z. ERPs from
this recording were quite satisfactory in most respects.

This paradigm» and a3 49 channel scalp montage (Figure 3) will be used
in the formal experiment. A comson average reference will be
computeds and the passband will be .1 to 50 Hz with digitization at
128 Hz., A recent study of trimodal attentionsl set uvsing the regional
cerebral blood flow technique (Rolandy 1982) has revesled that the
spatial patterns of focal neural processes related to attention and
modality processing are complex even when viewed with a 30 sec
temporal resolution. In order to adequately sample brain potentials
which wmay correspond to these regions of focal sctivation» denser
coverage of dorsolateral prefrontal areas» superior and inferior
posterior parietal and superior and posterior temporal sreas is
required.

A screening program is being conducted to select and train candidate
participants., During screening sessions EEGs sre recorded from Fz»
Czy Pzy» 301 and 302 (to examine the ERP waveform)r and T1 and T2 (to
assess potentials from temporalis muscles), Vertical and horizontal
eye-movements are recorded by a3 single pair of diagonally placed
electrodes., Behavioral records are examined to assess the quality of
task performancers polygraphs are inspected to determine the amount of
data attrition due to artifactr, and average ERFs are cowmputed to
verify the presence of expected peaks. FParticipants for the formal
study will be drawn from these candidates. To date (1 JUN 83) 17
candidates have been screened in this mannersy 46-8 of whom will be
recalled for the formal experiment.

11
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Iable 1 - Average response time (in asec) and standard deviation for
correctly cued and miscved auditory and visual trials for the
8 participants recorded in phase one of task development.
(Miscues total 18%Z of trialsi 9X of each type).

Auditory Visual Increase ncresse
correctly mis- Gorrectly mis- in R.T, in R.T
cyed cued cued cuved miscued miscued i
(S.D.,) (§.0.) sﬁ.g:) {S.D.) QEQ;&OF! VI!E!I
'3 318 830 803 710 757 -27 msec. +47 msec |
(198) (171 (213 (221) :
82 348 702 803 648 796. +101 +148 :
(112) (124) (120) (116)
43 406 574 632 473 539 +58 +66
(81) (89) (93) (93) -
$4 609 687 718 578 652 +31 +74
(140) (198) (140) (120)
!
#5 606 850 865 722 737 +15 +15 |
(136) (124) (140) (116) }
86 648 528 625 603 664 +97 +61 f
(39) (54) (394) (39) (54) (54) '
$7 372 892 978 1052 1106 +86 +54 ;
- (43) (58) (58) (19)
$8 3886 6246 636 609 647 +10 +358
842 (81) (1100 (80)
i--—----------------------_----—----—-_------ ---------------------------
(S.D
across 711 758 &7% 740 +47 msec +695
persons) (106) (111) (116) (103) nsec
Total T TTTTTTTTTTTTTTTmTTTTTTTTTT oo T oo o sss e s s e m T
trials
3735 1560 302 1565 308
13
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Table 2 - Error rate (X of "lose® trials) in correctly cued and
niscued avditory and visusl conditions in phase one of task

development. (Miscued trials = 18%).

& ] Irials Aauditory Lose ¥ Visual Lose % Auditory
correct misg-~ correct miscued increase increase
cued cued cued in lose ¥ in lose %
%
} }
1 318 57 53 a5 80 -4 +35
' 2 348 53 57 48 69 +4 +21
|
3 406 50 63 55 53 +13 -2 ‘
84 609 S1 69 59 65 +18 +é )
’ *" 606 52 61 54 58 +9 +4
26 668 49 53 54 53 +9 -1 ' -
'Y 372 47 66 49 59 +19 +10 ‘
l *8 388 51 53 53 59 *2 +6 ,
————————————————————————————————— e R S, g D O G S e S G D G G GRS G MR S I Gk G G G Seh D MR IR SN D AR R N e S G M J
| X 373S s1% 60% 52% 62% +9 +10 ‘
! (Total) !
- !
} |
! f
| |
| |
i o
| .
4 |
| o
1 !
|
¥ l
: |
) |
- ;
f |
; y
'1 14
.l |
. - . - - - S § U
A 7
'L— s ~n
s ,;.._L . M:‘-“‘M-
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Iasble 3 Response timesr error rate (X lose trials) and error tolerance
(inversely related to skill level) for phase two (P's #9-12),
move/no-sove design.

Ps Trials Average RT in Error rgte Aversqe egrror
asec (S.D.) tolergnce (S.D.)
augi- visual suditory visual avdi- visual
tary ~ tory
89 374 844 846 s2% 50% 10.6 6.4 ﬂ
(218) (219) (4.,0) (2.1) !
#10 370 795 797 532 47% b7 ' S.8 '
(1990) (182) (2.4) (2.%)
i
#11 340 1008 957 SS% 592 - 8.2 7.5 *
(225) (279) (3.1) (3.1) d
#12 410 636 651 S4% S1% 6.2 5.6 ;
(85) (62) (2.4) (3.8) }
e e ————————— e | ;
(Total) '
1494 ‘
X 821 813 53.5% 51.8% 7.9 6.3 ! .
(S.,D.) (180) (186) (3.0) (2.9
across ‘
persons
| !
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Shadows of Thought: Shifting Lateralization of Human
Brain Electrical Patterns During Brief Visuomotor Task

Abstract. Dynamic spatial patterns of correlation of electrical potentials recorded
Jrom the human brain were shown in diagrams generased by mathematical pattern
recognition. The patterns for ‘‘move"’ and ‘‘no-move'' variants of a brief visuospa-
tial task were compared. In the interval spanning the P300 peak of the evoked
potential, higher correlations of the right parietal electrode with occipital and central
electrodes distinguished the no-move 1ask from the move task. In the next interval,
spanning the readiness potential in the move task, higher correlations of the left
central electrode with occipital and frontal electrodes characterized the move task.
These results conform to neuropsychological expectations of localized processing
and their temporal sequence. The rapid change in the side and site of localized
processes may account for conflicting reports of lateralization in studies which
lacked adequate spatial and temporal resolution.

Many investigators have reported that
brain activity is lateralized during cogni-
tive tasks. Advanced radiological meth-
ods reveal relative localization and later-
alization, but cannot resoive temporal
sequencing because of the long time re-
quired for observation. Studies of on-
going, background electrical activity do
not reveal split-second changes in neuro-
cognitive patterns. and those that have
reported lateralization of neurocognitive
activity have been questioned on meth-
odological grounds (1-6). Although the

1| APRIL 1983

components of averaged event-related
potentiais (ERP’s) may indicate the se-
quencing of some neurocognitive pro-
cesses, they have not revealed consist-
ent, robust signs of lateralization, even
for language. (7). Conclusions derived
from patients with focal brain lesions or
with “‘split-brains.”’ cannot be directly
extended to normal subjects. Lateralized
processes inferred from reaction time
differences (o hemifleld or dichotic stim-
ulation have also been questioned on
methodological grounds (8). These fac-

26

tors have undoybtedly comtributed to
coaflicting reports of lmnhzmon of
brain activity.

To observe the spatial patterns and
sequencing of neurocognitive activity,
we have developed a new method called
neurocognitive pattern (NCP) analysis.
In NCP analysis the average ERP's of
each person are used to determine the
time intervals of task-related neural
processes. Within these intervals the
similarity of brain-potential waveshapes
over the scalp is measured on a single-
trial basis by computing the cross-corre-
lation coeficient between paired combi-
sations of electrodes. Aithough the neur-
ocanatomic origin and neurophysiological
sigaificance of these correlations is not
known, it has been suggested that cogni-
tive activity may be associsted with
characteristic scalp correlation patterns
(9). However, task-related electrical sig-
aals from the brain are spatially smeared
ia transmission o the scalp and are em-
bedded in background activity. Since
linear statistical methods were not effec-
tive in dealing with these obstacles, we
used a more powerful analysis called
trainable classification-network mathe-
matical pattern recognition (2. 3. /10-13).
For this method, artificial intelligence
algorithms are used to extract patterns of
correlation that differ hetween two con-
ditions with no assumptions about the
distribution of correlation values. The
algorithm is first applied to- a labeled
subset of the experimental data called
the training set, and the invariant pat-

temns (classification functions) found are’

then verified on a separate uniabeled
subset of data called the test set. If the
classification functions can significantly
separate the test set into the two condi-
tions, the extracted patterns have intrin-
sic validity.

Previously we reported the existence
of complex, rapidly changing patterns
of brain-potential correlation involving
many areas of both hemispheres that
distinguished numeric and spatial judg-
ments in a visuomotor task (/7). Since
the sequencing of neurocognitive differ-
ences between numeric and spatisl proc-
essing is not definitely known, the com-
plex patterns were difficult to interpret.
The present experiment was designed to
clarify this situation by highlighting pre-
sumably localized neural processes. In
comparing two types of spatial judg-
ment, the common activity of brain areas
should cancel, revealing differences in
the right parietal area presumed to medi-

ate spatial judgments. The right-handed-

finger response in one task was designed

to elicit lateralized activity of the left

central motor area.
”
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In this study a person estimated the
distance a *‘target’’ should be moved to
intersect a displayed arrow’s trajectory.
The “‘move’ task required pressure of
the right index finger on a transducer
with a force proportional to that distance
(14). In the “‘no-move" task the arrow
pointed directly at the target, and no
pressing was required (pseudorandom 20
percent of trials). Thus, the spatial judg-
ment and response differed between
tasks, while gross stimulus characteris-
tics were the same.

Nine right-handed, healthy adults
(cight males, one female) participated in
the study. The average response initia-
tion (muscle potential onset) time for the
move trials was 0.59 second (standard
deviation, 0.19; mean of standard devi-

Fig. 1. (A) Montage of
1S electrodes.

Pz electrode, showing "*

P<.001

N100~-P200 interval:
149 to 324 meec

P<8 x 10°8

P300 interval:
302 to 477 meec

ations within persons, 0.24). Brain po-
tentials were recorded from 15 scalp
electrodes and referenced to linked mas-
toids (Fig. 1A) (15). Vertical and hori-
Zontal eye movements, muscie poten-
tials from the responding finger, and the
output of the force transducer were also
recorded. The data were edited to re-
move trials with artifacts, and a set of
1612 correct, representative trials (839
move, 773 no-move) was formed. Aver-
aged ERP’s were computed for all elec-
trodes (Fig. 1B), and r-tests and analyses
of variance (ANOVA's) were performed
e, In.

Cross-correlations were computed be-
tween 91 paired combinations of the 1S
electrodes for each trial in each of three
175-msec intervals (Fig. 1B). Two inter-

~8 uv

'. i

X ' m-’ue
(C)OneoftheISmsoﬂeudectrodepunmwhnchlheﬂpundmhmnsmmped
The anterior occipital (Oy) set is shown. In Fig. 2 the principal electrodes of differing sets are
circled and the most prominent

Stimuive

correlations are indicated as solid and dotted lines.

P<S x 10-¢

RP interval:
438 to 611 meec

Fig. 2. Dnaunsoﬂmwun-tuk differences in the (A) N100-P200, (l) P300, and (C) RP
intervals generated by neurocognitive pattern (NCP) analysis. The most s differing
electrode sets, their significance level, and the most prominent correlations within the set are
shown. A solid line between two electrodes indicates that the correlations were higher in the
move task, while a dotted line indicates higher no-move task correlations.
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person (/8). The correlations were stan-
dardized within persons, within elec-
trode pairs (mean, 0; standard deviation,
1), and then grouped across people. The
t-tests and ANOVA's of single-trial cor-
relations did not distinguish meaningful
differences in between-task spatiotempo-

Matbmncal pattern  classification
was then applied to the single-trial corre-
lations of all nine people to search for
subtle between-task differences in each
interval. To make the results anatomical-
ly interpretable, we performed the
search separately on each of 15 sets of
electrode pairs. Each set consisted of the
correlations of a particular electrode
with ten other electrodes (Fig. 1C). For
each interval, the electrode set that dis-
tinguished conditions on the test set with
the highest significance level (19), and
the most prominent correlations for that
electrode set (20), were diagramed.

In the N100-P200 interval, correla-
tions of the midline parietal electrode
distinguished the tasks (P < .001) (Fig.
2A). In the P300 interval, correlations of
the right parietal electrode with the mid-
line occipital and precentral electrodes
were greater in the no-move task, while

the move task (P < § x 10~ (Fig. 2B).
In the RP interval, correlations of the left
central electrode with the midline frontal
and occipital electrodes were greater in
the move task, while correlations of the
left central electrode with the midline
parietal electrode were greater in the no-
move task (P < 5 x 10°%) (Fig. 2C).
The right parietal locus of between-
task difference in the P300 interval may
reflect a lateralization of activity distin-
guishing the two types of spatial judg-
ment (27) or the difference between
movement estimation in the move task
and the cancellation of response in the
no-move task. The left central focus of
difference in the RP interval 135 msec
later may reflect the preparation and
initiation of the movement of the right
index finger. In contrast, the pattern of
difference in the N100-P200 interval was
not lateralized.
Mmﬂumymexﬂmm

bal-analytic™ and * tputhl tasks | min-
ute or more in duration have been associ-
sted with reiative left and right hemi-
sphere EEG activity (/-6). However, it
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Section IV

NEUROCOGNITIVE PATTERN ANALYSIS OF A VISUOMOTOR TASK:! LOW-FREQUENCY
EVOKED CORRELATIONS

Alan S. Gevins» Joseph C, Doyle, Brian A, Cutillor» Robert E. Schaffer,
Robert S. Tannehills Steven L. Bressler»

EEG SYSTEMS LABORATORY
18595 Folsom

San Franciscosr CA 94103
415-621-8343

Note to colleagues! This manuscript will shortly be submitted for

publication. We would appreciate receiving your cricital comments
and suggestions. Thanks,
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ABSTRACT

Spatial patterns of single-trial evoked correlations of human
scalp-recorded brain potentisls were deterained by applying
Neurocognitive Pattern (NCP) anaslysis to data from nine adults
performing a visvospatial task. Mathematical pattern recognition was
vsed to determine the differences in the spatial patterns of
correlation of ‘move' and *no-move' trials in successive 175-msec
intervals., The magnitude of the patterns of difference between tasks
increased in each successive interval, In the prestimulus intervaly
correlation of the midline frontal electrode with lateral central and
left temporal electrodes was greater for the no-asove taskr while its
correlation with the left parietal electrode was greater for the move
task (p<,.01), In the interval spanning the N1y P2 and N2
event-related potential (ERP) peasks» the betuween-task contrast was
focused at the wmidline parietal electrode and involved higher
correlation of that electrode with lateral temporal and midline
precentral electrodes in the move tasks, and with the left frontal
(F7) electrode in the no-sove task (p<.001): 1In the interval
centered on the P3a peaks the focus of correlation difference was at
the right parietal electrode and involved higher correlation of the
right parietal with occipital and midline precentral electrodes in
the no--ovo_gaskv and with the right central electrode in the move
task (p<Sx10 ). In the interval centered 135 asec after the P3a ERP
peakr and which included the right-handed response preparastion and
initiations the major focus aof contrast shifted to the left central
electroder involving higher correlation of that electrode with
midline frontal snd occipital electrodes in the move taskv_gnd with
the nwmidline parietal electrode in the no-move task (p<5x10 ). In
seven of the nine participantss the group equations significantly
distinguished the tasks. Move and no-move trials which were
behaviorally corrects but which were misclassified by the algorithm
showed high prestisulus alpha activity in the averagjesr and had
post-stiaulus wavefora morphologies intermediate between correctly
classified move and no-move types, Although the neurophysiological
significance of these patterns of evoked correlation is unknowns the
results are consistent with the observstion in humans and primates
that simple visuospatial tasks involve ¢the integration of
gpatially-distributed activity in many neural areas.
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INTRODUCTION

Neurocognitive Pattern (NCP) analysis is a method of measuring the
functional topography of human scalp-recorded brain potentials during
goal directed activity. It involves application of mathematiceal
pattern recognition to measures of inter-electrode correlations of
single-trial evoked brain potentials. Here we report the measurement
of rapidly shifting», focal patterns of correlation which distinguish
two variants of a3 brief *move/no-move" visuosgpatial task.

It has been proposed that task-specific neural processes manifest
patterns of waveshape similarity (crasscorrelation) of low-frequency
macropotentials (Dumenkor 197903 Livanov» 1977). A number of studies
have approached this issue with scalp-recorded EEGs (Halter and
Shiptony 19513 Brazier and Casby» 1952% Callawsy and Harrisy 1974%
Busk and Galbraiths 19735% Livanovy 1977)» but this hypothesis remains
unproven due to problems of experimental design and lack of
methodology for precise ameasurement of task-related correlation
patterns a3t the scalpe.

Any test of the hypothesis that waveshape similarity among
scalp-recorded brain potentials reflects task-related processing in
underlying neural populations aust meet several methodological
criteria, Firsts the functional relationships of specific areas must
be explicitly manipulated. HWell established "landmarks® such as
sensorys ‘"association® and motor aress aust be vused as anatowmic
reference points in the experimental design» and the scalp
projections of the presumed generators aust be considered. Secondy
the experiment must be rigorously controlled for stimuvlusy cagnitives
performance and response-related <factors +to a2llow unambiguous
associastion of experimentazl wmanipulations with spatiotemporal
electrical patterns. Third, 38 high degree of teaporasl resolution is
required, since the neural processes involved in brief cognitive
tasks last only a fraction of a3 second. Fourth,; measures must be
made on single-trial EEG timeseries rather than averagess since the
exact timing of neurocognitive processes msy vary from triasl to
trial, Fifthr the analytic method asust be asble to extract sasll
task-related signals from the obscuring effects of background
activity and volume conduction.,

Our first study employing NCP analysis (Gevins, et alsy 1981) revealed
complexr rapidly changing patterns of evoked correlation which
involved wmany asress of both hemispheres which differed between
nuaseric snd gspatial judgments performed on equivalent stimuli.
Howevery the complex patterns were difficult to interpret since the
sequencing of neurocognitive activity in numeric and spatial
judgments is not definitively known. The present study wass designed
to clsrify this situation by highlighting presumably localized neural
processes. In comparing the move and no-move variants of a spatial
Judgment tack the common activity of brain areas should cancel:
revealing focsl differences in visual and parietal areas presumed to
nediste visual discrimination and spatial judgments. The
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right-handed response in the "move® task should elicit lateralized
activity of the left central motor area.

METHODS

Tasks and Brotocol

The participant (P) was seated in an acoustically dampened recording
chamber with right-hand index finger resting on a force transducer.
Stimuli were presented on a Tektronix graphics terminal and subtended
3 visual angle of less than 2 degrees horizontally and vertically.
They consisted of an arrow originating at center screen and a
vertical line segmsent (the *target®) to one side (Fig. 1). The
target's vertical position and side of screen changed randomly across
both =move and no-move trialss as did the angle and direction of the
arrawv. The arrow's angle varied from 0 to 30 degrees from the
horizontalr» and target size ranged from Z to 36 am (see below).
Stimuli remained on the screen until feedback was presented. On move
trials the participant was to estimate the distance the target aust
be wmoved so that the arrow's trajectory would intersect its centery
and apply a pressure proportional to that distance with a ballistice
contraction of the right index finger. Responses were nasde on a
Grass isometric force transducer with maxisum imm travel st a force
rate of 1 kg3/am, The required force varied randoaly from .1 to 1 kg.
On ‘no-move® trials the arrow and target were oriented so that the
arrow's trajectory would intersect the center of the targets and no
movement was to be made (Fig. 1).

Trials occurred in blocks of 13 or 17. The blocks were
self-initisted by the participant and lasted about 1.5 min. The
no-move trials constituted 20% of the total number of trials snd were
presented in semi-random order such that the first two trials of a
block were always aove ¢trialsr and a3 no-move trial was always
followed by a move trial. Each trial consisted of 3 warning symbol
followed after 2 sec by the stiavlus. One second after completion of
response in the move tasky feedback indicating the response pressure
was presented for 1 sec, Feedback for no-move trisls was presented
3.5 sec., post-stimulus., The inter~trial interval was 1.8 sec.

Two factors were included to reduce the avtomatization of task
performance, First, at the start of each block of trisls the gain of
the response transducer was switched between 2 levels of sensitivitys
requiring the participant to adjust his responses between 2
pressure/distance scales. Seconds the target sutomstically shrank or
lengthened (from 2 ta 34 am) for both move and no-move triasls as an
on-line function of accuracy in the previous S move trials. Thus task
difficulty was continuslly adjusted to match each person's current
performsance level. ‘

Recordings

Nine right-handed adults (8M» LF) were recorded. The first five were
healthy students and professionalss ages 20 to 3%, who received about
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50 practice trials before perforaing the tasks during 2.5 hour
recording sessions. The last four were highly skilled aircraft
pilots who had several hundred practice trials and who performed &
large number of trials in & hour recording sessions.

Brain potentials were recorded from 15 scalp electrodes and
referenced to linked mastoids (Fig. 2a). The montage included
several non-standard midline placements intended to overlie cortical
areas of particular interest! "30z" (anterior occipital), "aPz*
(anterior parietal)s "aCz" (precentral)r and "pFz" (anterior motor).
The first five Ps' brain potentials were amplified by two Beckman
Accutraces with .16 4to S0 Hz passbandi for the other four a
Bioelectric Systems Model AS-44F amplifier with .10 to 50 Hz passband
was useg, Vertical and horizontal eye-movement potentials
(electrodes at outer canthi and above and below one orbit):
response-muscle potentials (flexor digitorum)» and response
transducer output were amplified by a Grass Model é with .30 to 70 Hz
passband, All signals were low-pass filtered at 50 Hz (40 dB/octave
rolloff) and digitized to 11 bits at 128 samples/sec.

Software System

The ADIEEGsy integrated software systemy was used for all aspects of
the experiment (Gevins and Yeager, 1972} Gevins, et als 1975, 197%a»
1981, 1983b), This system performs real-time control of experiments
and behavioral and physiological data collectioni allows automatic
on-line modification of experimental parameters as a function of task
performance; has 3 flexible database structure end integrated data
#ath for the recording and analysis of up to 56 physiological
channels? sllows selection and control of the stimuluss response and
performance-related variables used to aggregate trials into data
sets? performs digital filtering and timeseries analysis of EEGs and
ERPs? and tests hypotheses with linear wunivariate and multivariate
analyses and mathematical pattern recognition,

Formation of Dats Sets

Polygraph records were edited off-line to eliminate trials with
evidence of eye wmovement in the EOG channels:s or muscle or
instrumental artifacts in the EEG channelsy from 0.5 sec before the
stimulus to 0.5 sec after response initistion. The total set of 1612
trials (839 movey 773 no-move) submitted to analysis consisted of 49
to 3%50 behaviorally correct trials from ®ach of the 9 participants
{Table 1). Correct move trials were those in which the participant's
response was ballisticy was completed by 1.5 sec after stimulus
onsety and was not greatly "off target’. Correct no-move trials
were those in which no EMG was evident in response to the "no-move®
stimulus configurations. There was no difference between the two data
sets in the stimulus parameters of arrow angle and side of screen of
the arrow and targetr since these parameters were randomized by the
program, Target size was balanced between move and no-move trials.
The gset of move trials had representative distributions of response
varisbles including response initiation ‘ime» sccuracyr pressures
durationy and velocity. Response initiation was determined by the
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beginning of the average EMG burst of the right index finger's flexor
gigitorum. Thus move and no-move tasks differed slightly in
expectancy and stimulus configurationy differed in the decision based
on spatial judgment, and differed greatly in type and difficulty of
response.

Averaqge ERPs

Average ERPs for all channels were computed for each person in order
to deteraine centerpoints of time intervals for NCP analysis.
Amplitudes of the amajor ERP peaks were measured from 3 500-msec
prestimulus baseline. N1 was the first major negative deflection:
maximal posteriorly. P2 was the immediately succeeding positive
deflection» maximal at the anterior parietal electrode. F3a and P3b
were the first and second positive peaks enhanced in the infrequent
no-move task and maximal at parietal electrodes. The immediately
succeeding negative potential shift (in the move trials) was measured
as the slope of a straight line fitted to the ERP in the 175-msec
interval centered 135 msec after the P3a peak,

Single Evoked Trial Correlations

After applying 3 phase-preservingr nonrecursive digital lowpass
filter (3 dB amplitude point at 12 Hz) to the single-trial
tineseriesy crosscorrelations between pairs of electrodes were
computed according to the formula?l

where X and Y are the saapled voltages of channels x and y at N time
pointsy and s_ v S their standard deviations, A Fisher's z'
transformation “was Ythen applied +to each correlation value,
Correlations were computed for each of the 1612 trials in each of 4§
analysis intervals for 91 of the 105 possible pairwise combinations
of electrodes (Fig. 2b). 14 pairs which were non-homologous or
closely spaced were excluded due to computational limitations.

Since the major ERP peaks indicate the average latencies of distinct
task~related processesr the centerpoint locations of three of the
four 175 wmsec analysis intervals were determined from the peak
latencies of the aversge ERP (Fig, 3), This was done separztely for
each person to account for individual variations. The first interval
was the 175 msec epoch preceding the stimulus, The second interval
stradled each person's N1-P2 peak complex» and the third was centered
on the P3a pesky which was the first positive peak to show a3 betuween
task difference. The fourth interval was centered 135 msec after the
P3a peak and spanned a portion of the response prepsarstion (RP) in
the wmove trials and the P3b peak in the no-move trials. <(An NCP
snalysis synchronized to the movement onset will be reported

elsevhere). 3%
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To equalize the scale of correlation values across peopler the Fisher
z'~transformed correlations were converted to standard scores within
each person's data in each interval (x=0, s=1) and then grouped
across people, ANOVAs and t-tests were performed on the single-trial
correlations to determine task-related differences abservable by
linear statistical methods.

Use of Mathematical Pattern Recognition for Spstiotemporsl Analysis

The analysis of between-task differences in spatial patterns of
evoked correlation was performed with nonlineary
distribution-independent. trainable classification-network
mathematical pattern recognition (Viglioney 1970; Gevinss 1980}
Gevinsy et 31y 19792, 1981, 19833b), This method is similar in
purpose to stepwise discriminant analysisr but uses a more
sophisticated algorithm to search for combinations of variables which
distinguish the data of two conditions of an experiment. The search
is conducted on 3 task-labeled portion of the datar called the
training sets and then the extracted patterns of difference
(classification equations) are verified on the remaining unlabeled
datay called the test set:. If these classification equations can
significantly divide the test set into the two conditionss the
extracted patterns can be said to have intrinsic validity.

To avoid spurious resultsy the sensitivity of this method regquires
that the experimental conditions be highly balanced for all factors
not related to the intended manipulations (Gevins and Schaffer» 1980}
Gevinsy et als» 1980+ 1983b+ Gevins 19803 1983ab)» and that the ratio
of observations to variables be on the order of 20 to 1 or mare. The
variables submitted to analysis showld be grouped (constrained)
according to neuroanatomical and neurophysiological criteria so that
interpretable results may be obtained (Cevinsry et aly 197%ac» 1981,
1983ab# Gevins 1980), In this study temporal constraints consisted
of 1locating the analysis intervals according to the major peaks of
each person's average ERP, Anatomical constraints were applied by
forming sets consisting of the correlations of each of the 15 scalp
electrodes (called 3 principal electrode) with 10 other electrodes
(Fig, 2c), (To reduce the amount of computationr» 4 of the 14
possible pairings were excluded from each set., These involvad
electrodes adjacent to the principal electroder or pairings nesarly
redundant with others.) Midline sets were symmetrical, and lateral
sets were mirror images of each other.

cl ifi ion eguations. A separate classification equation was

computed for each of the 15 electrode sets in each analysis interval
for each task-labeled training set. Each classification equation

consisted of a3 linear combination of the binary decisions of {1 to 6
discriminant functions. Each discriminant function consisted of a

linear combination of 46 correlations selected by the algorithm from
the 10 electrode-pair correlations of an electrode set.
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A recursive procedure was used to develop each classification
equation. Firats 195 discriminant functions were computed (this
number was set by computer limitations), and the best was retained as
a3 binary output (move or no-move) times 3 coefficient weighted for
optimum classification performance by minimization of an exponential
loss function. This process was repeated 6 times} the best
discriminant function from each new set of 15 was added to the
evolving classification equations and the weights assigned to each
were updated., After each passs the training data were re-weighted
inversely to the classification effectiveness of the classification
equations so that the next pass would concentrate on the incorrectly
classified data. In this way a3 classification equation which
optimally partitioned the training dats set into move and no-move
tasks was formed.

Iraining and testing (validation) data setgs. The data set of 14612
trials was partitioned into 3 non-overlapping test (validation) sets.

For each test setr the remaining two-thirds of the data served as its
training set. This rotation of training and testing sets reduced
sampling error due to test-set selection.

A separate classification equation was formed uwsing each of the 3
training sets. Then the classification accuracy of each of the 3
equations for each interval was measured on its corresponding test
set» and the average test-set classification accuracy was determined.

Sianjficance levels of classification. Since our aim was to

deteraine task-related spatiotemporal patterns, rather than to
predict - behaviory the analysis was constrained to facilitate a
nevroanatomically and neurophysiologically meaningful interpretation.
Thus classification accuracies were not as high as they would have
been without constraints. To detersine the significance levels of the
classification accuracies it was necessary to determine a baseline
significance level and safeguard 3agsinst a3 Type 1 error. To do this:
equations were formed from sets of randomly task-labeled data for
each ‘analysis interval. The average classification accuracy of 48
such random-labeled studies was 50.6%r with a standard deviation of
1.1%Z, This could have occurred by chance with p=,.32,» according to the
norsal-curve approximation +to the binomial distribution. Actusl
test-set classification accuracies of 52.9%» 53.9%s_34.9% and 53,5
correspond to p<.01» p<.001,» p<5 % 10 and p<S x 10 respectively.
These significance 1levels were used as an index of the relative
consistency of differences between move and no-move tasks.,

Rigarams of clasgification saustions. In order to illustrate the

strongest between-task differencesr» diagrams were drawn showing the
principal electrode and the electirode pairings which contributed most
to the classification function for the most significant electrode set
in each interval. These "prominent® evoked correlations were
determined by applying the pattern recognition procedure recursively
to the most significant electrode set. Each discriminant function
(combination of correlations) whose weight was more than 0.1 times
that of the maximum weighted function was retained on each pass.
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Within the selected discriminant functionssy those correlations whose
weight was more than +25 times the highest weighted correlation were
retained. The selected correlations were weighted by the number of
discriminant functions remaining in the classification equation» and
summed over the 3 test sets. The 5 highest weighted correlations
were then input to the pattern classifier, If "test-set®
classification for a3 given interval was still significant at p<.01»
the entire procedure was repeated with the least significant
correlation removed until 3 classification function incorporating a
minimum set of 3 or 4 *prominent correlations" was produced.

RESULTS

Aversqe ERP Description

The average ER? waveforas from Ps $#6-9 (Fig., 4) consisted of 3
posteriorly maximum negative peak (N143) and a centro-parietally
maximum positive peak (P230) in both tasks. In the move task there
were parietally maximum positive peaks at 425 and 500 msecy followed
by a3 centrally maximumy left-lateralized negative-going slow
potential shift., In the no-move task a positive peak was observed at
391 msecy maximal at the anterior parietal electrode (aPz)y another
at 425 wmsec and 3 third at 530 msecr both maximal at the midline
parietal electrode (Pz). Subtraction ERPs (Fig. §5) shawed that the
P391 peak inm the infrequent no-move task immediately follows a
negative peak (N2) at 240 msecy» and thus may be the probability
sensitive P33 peak (Squiresy et a3ly 1977), The larger amplitude of
F425 in the move task may be due to the atypical experimental
paradigms in which a3 difficult response is required to the frequent
task-related stimuli. P530 in the infrequent no-move task may
correspond to the P3b peak observed in go/no-go paradigas and to
infrequent task-related stimuli. Peak latenciess the corresponding
NCP analysis intervals, and response initiation times for each person
are given in Table 1.

ANOVAs and t-tests were performed for the P391 (P33) peak amplitude
and the slope of the immediately succeeding slow negative potential
shift, For the P391 peakr, 2 task x electrode x person ANOVA reveazled
a significant task effect (F(1,8) = 29,0y p<<,001) and task x
electrode interaction (F(13:104) = 2,9, p<.005)sy but no electrode
effect (F(13,104) = 1.2y N.S). Correlated t-tests revealed
significant voltage enhancements in the no-move task for all but the
lateral temporal electrodesr the most significant effect being at the
midline anterior parietal elecirode (aPz) (p<.0005) (Table 2), When
Bonferroni-corrected for multiple comparisonssy only the aPz» Pz and
C4 electrodes remained significant (¢ = 4,35 for p<.05). Mean
amplitudes across persons at aPz were .1 uV and 2,3 uV for move and
no-move taskss respectively.

A task x electrode x person ANOVA of the slope of a3 straight line
fitted to the slow potential shift in the response preparation (RP)
interval revealed 2 significant task effect (F(1,8) = 5,46, p<.0%3),
electrode effect (F(145112) = 1,9y p<.05)y and task x electrode
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interaction (F(14y 112) = 2,7y p<.00%5), Correlated t-tests showed
significantly larger move-task slopes for ? electrodes (Table 3).
The most significant difference (p<.005) was at the C3 electroder

where the aean slope values were .24 and -.50 for move and no-move

tasksy respectively. When Bonferroni-corrected for multiple
comparisonsy no electrode remsined significant (¢t = 4.35 for p<.05).
Linesr Analysis of Evoked Correlstions

Mean evoked correlation values over persons and electrode pairs were:
for the move trials!: prestimulus interval = ,64» N1-P2Z interval =
+65y P33 interval = .65y RP interval = ,65F and for the no-move
trials: prestimulus = ,65y N1-P2 = ,65y P33 = ,65» and RP = ,44.
t-tests of differences in single-triasl correlations between tasks
were performed for the 91 electrode-pair correlstions (Table 4)., When
Bonferroni~corrected for mwmultiple comparisons only the F7-T3 and
F8-Pz pairs in the RP interval reached significance (t= 3,58 for
p<.0%5) . Without Bonferroni corrections correlations significant at
»<,05 or better were found in every interval. In the prestimulus
interval S of the 9 significant electrode pairs included the F:z
electrode. In the N1-P2Z interval the 4 significant pairs 3ll included
parietal sites. In the P3a interval the 6 significant pairs were
fronto-centraly with the exception of the P4-C4 pair, In the RP
interval the 25 significant pairs were widely distributed, but 8
included Fzy 9 included F8y and § included C3.

Patterpn Recoapition Analvsis of Single-Trisl Evoked Correlations

Pattern recognition analysis revealed patterns of difference in
evoked correlation which increased in aagnitude in each successive
interval. The principal electrode and prominent correlations of the
most significant electrode set in each interval are shown in Figure
6. In the prestimulus interval there uwss » wezk between-task
difference of the Fz electrode set (p<.01)s involving higher
prominent correlations of Fz with P3 in the move task and higher
correlations of Fz with T3» C3 and C4 in the no-move task.

In the N1-P2 interval the distinguishing significant difference was

in the Pz electrode set (p<.001)s with higher correlations of Pz with
aCzy T3 and T4 in the move taskr and higher correlations of Pz with

F7 in the no-move task.

In the P3as interval tns most significant difference was in the P4
electrode set (p<S x 10 ")y with higher correlations of P4 with C4 in
the move tasks and higher correlations of P4 with aCz and 202 in the
no-move task. At the <.001 level the alz electrode set also

distinguished the tasks.

In the RP interval the_post significant difference was in the C3
electrode set (p<% x 10 )» with higher correlations of C3 with Fz
and a0z in the move task» and higher correlations of C3 with Pz in
the no-move task. Four other electrode sets distinguished the tasks
at_,louer significance 1levels! C4 (p<1 x 10 ")y F7 and T3 (p<S x
10 )y and Pz (p<.001).,
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For the prestimulus and Ni1-P2 intervals the reduced classification
functions required 4 °prominent correlations® to achieve significant
classificationy while in the P3a and RP intervals only 3 were needed.
Furthery significant classification (p<.05) could be achieved with
just the first term (discriminant function) of the reduced
classification equation (Table 5).

To test the interperson validity of the resultss the classification
accuracies of the classification equations for the P4 electrode set
in the F3a interval and the C3 set in the KP interval were assessed
on the data of each person individuallys and compared with the
overall classification accuracy (Table 46). The group equations were
valid for 7 of the 9 people, As 8 further tests, the entire analysis
was performed on the data of one person (255 trials from F #7) for
the P33 interval, The P4 electrode set_again achieved the highest
classification accuracy (59.4%% <5 x 10 7).

DISCUSSION

Neurophysiological Significance of Task-Related Evoked Correlations

In theoryr 3 task-related difference in evoked correlation between

two scalp electrodes could be due to one or more possible causes! 1)

functional coordination of two distinct cortical populationsy 2)

driving by @& third cortical or subcortical neural arear» and 3)

volume conducted activity from a distant generator. While it is '
if the task-related patterns of evoked correlation determined by
Neurocognitive Pattern (NCP) analysis reflect functional coordination i
between cortical (and possibly subcortical) areass, their anatomical {
and temporal specificity suggests that significant aspects of :
task-related neural processes are being measured. (A preliminary NCP ,
Analysis of single channel signal power determined significants but ‘
weakers between-task patterns of difference. Some of the significant .
electrodes corresponded to those found with correlation wmeasures. :
These results will be reported elsewhere.) Howevers the significance

of waveshape similarity in scslp-recorded brain potentials will not |
be understood until further studies are completed. I

NCF Anglvsisr ERPs and Neuropsvchology

In this section the main NCP results will be discussed in light of
previous neuropsychological and electrophysiological (ERFP) findings»
showing how they concur with and elaborate the information obtainable
by those methods. FPsychological interpretation of these results must
be considered speculativer since the processing stages involved in
the task are not definitively known.

The magnitude of between-task difference increased from interval to
interval, The presence of a saall significant effect in the
grestimulus interval wmight be the result of a wesk task-specific
oreparatory set generated in the course of the session by the
ordering of move and no-move triasls. The locus of this difference in
the Fz electrode saet is consistent with neuropsychological and
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electrophysiological (CNV) findings suggesting involvement of
prefrontal cortex in preparatory sctivity (Teuber» 1964; Walter:
19673 Fustersy 1980), A previous NCP study (Gevins, et alr» 1981) also
revealed evidence of a task-specific preparatory set in the task-cued
prestimvlus interval preceding numeric and spatial judgments. The
proninent correlations of Fz with T3» C3s C4 and P3 in the present
study suggest that this preparatory asctivity extends beyond
prefrontal areas.

In the N1-P2 intervals, correlations of the Pz electrode set
distinguished wmove and no-move tasks at p<.001. Subtraction ERPs
revealed an enhancement of the N2 peak no-move trials in 6 of the 9
participants (792 of the total dats set) (Fig. S). Its wmean latency
of 240 msec. placed it near the center of the N1-P2 analysis
intervalsy and its amplitude was maximal (1.7 uv) at P2. Thus the
between-task correlation differences in this intervel may be related
to N2, Although an amplitude incresse in the N2 peak in no-g0 trisls
of 3 30/no-go paradigm with equiprobable conditions has been reported
(Simsons et alr 1977)» N2 has vsually been reported to be sensitive
to infrequent changes in gross stisulus properties or patterns
(Naatanens et aly 1980). Howeverr in the present study, stimvli were
equivalent between conditions in all respectsr save that in no-move
trials the arrow pointed directly at the target in various
randomly-ordered configurations. The N2 effect at 240 asec suggests
that a no-move configuration has been identified by that timer and
that N2 wmay reflect & more subtle process than the detection of »
gross “mismstch® in stimulus charscteristicsy ss indicated by other
recent studies (Ritters et aly 1982). The proainent correlastions of
Pz with T3s F7s #Cz» and T4 suggest that these processes are not
confined to the parietal ares.

In the P3a interval (which was centered on the P3s peak and
overlapped a portion of the P3b pooklstho right parietal (P4) locus
of correlation differences (p<5 x 10 ") provides novel evidence for
the lateralization of neural processes related to these late positive
ERP peaks. Although on the basis of lesion evidence, the right
parietal cortex is known to be necessary for such spatial judgments,
the late positive ERP peaks have not been found to vary in
lateralization according to type of cognitive task (Donchins et al:
1977)., Jys Desmedt (1977) reported a relative right-sided
lateralization in the ERP in s spatial somatosensory-motor tasks but
the effect uwas genersl and was not present in the F3 peakr nor was
its scalp distribution determined. A previous NCP study (Gevins: et
aly 1981) demonstrated lateralized temporo-parietal evoked
correlation differences between numeric and spatial judgments in the
interval centered on the P33 pesk at 340 msec.r but the interval
centered on the P3b peak at 450 msec. exhibited bilasteral
between-task differences from frontaly centraly and parietal
electrodes. In the present studyr the between-task differences in
correlations of +the right parietal electrode with central and
occipital electrodes is in accord with neuropsychological
expectationsy as is the somewhat weaker effect in the 80z electrode
set., The lateralized NCP finding is in contrast with the anterior
midline parietal (aPz) locus of maximsl smaplitude difference of the
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F3a ERF peak.

In the response preparation (RP) interval, centered 135 msec after
the P3a interval centerpoints the focus of between-task dif[grence
shifted to the left central (C3) electrode set (p<S x 10 ")
involving higher correlations of C3 with Fz and 202 in the move task
and with Pz in the no-move task. Since the RP interval overlapped
EMG onset in a2 portion of the set of move trials (average response
time = 590 wsec»> mean S,D. within persons = 240 msec.)r the RP
interval resuwlts may 3lso include a contribution from the output
activity of motor cortex. The C4y F7» and T3 electrode sets:s which
differed at lower significance levels:s may slso reflect movement
preparation and initiations since the presumsed generators of
voluntary finger movements are buried in the lateral bank of the
central svulcus and their scalp projection may be diffuse, The less
significant difference in the Pz electrode set may reflect concurrent
orocesses related to P3b.

Rapidly Shifting Laterasljzation

The rapid (135 msec) shift in side and site of lateralization from
the P3a to the RP interval may help clarify the controversy
surrounding the existence of lateralization of brain potentials in
different types of cognitive activity. Although various
"verbal-analytic' and "spatisl® tasks lasting one minute or more have
been associated with relative left and right hemisphere activity, it
is not clear whether this is due to cognitive activitys or to
stimvuluss motors or arousal-related aspects of the tasks (Donchins et
aly 1977% Gevins and Schaffer, 1980} Gevins, et alr 19807 Gevins,
1983ab) ., In an earlier study (Gevins, et als 197%abc)y we first
found prominent spatial differencesr including lateralized patterning
of EEG spectrar between one minute linguistic and spatial tasks
(reading and writingr» Koh's Block ODesign and mental cube
reconstruction). Houwevers no spatial differences in EEG spectra were
found between similar 15 second tasks which were more controlled for
other-than-cognitive factors. Since heterogeneous tasks comsposed of
many component operstions cannot be cleasrly resolved into serisl
processes» owr subsequent study (Gevinsy et a3ls 1981) refined the
spproach. It uwsed short (less than 1 second) visuomotor tasks
difflering only in type of judgment (numeric and spatial)» employed
175-msec analysis intervals based on person-specific ERP
measurementsy and vsed measures of between-channel correlations in
single trials ss features for NCP Analysis. That study revealed that
even split-second judgments involve a complexs rapidly shifting
mosaic of task-relsted evoked correlation patterns involving many
electrodes over both hemispheres. Thuss, simplistic views af
neurocognitive processing may be the result of inadequate tesporal
resolution of rapidly changing neural activity.

The present study confirmed this by comparing move and no-move
variants of the same spatial task, The results suggest that the tasks
involve split-second changes in the relative localization and
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laterslization of neural asctivity, A dramatic switching of the foci
of patterns of evoked correlations is seen as the stimulus is

anticipatedr perceived, judgedr» and a response executed. These
rapidly shifting patterns are consistent with network models of
functions (Luriar 19773 Arbib and Caplanr 1979}

higher cognitive
Zurif 1980 Mesulamr 19813 and Gevins» 1981y 1983b). It should be
understood that the simplicity of the patterns reported (Figure 4) is

due to the fact that only the most significant results were
diagrananed., The inclusion of results st lower significance levels
would creste sore complex patternsr particularly in the RP interval.
Furthers in a separate within-task snalysis» where esch post-stimulus
interval was coapared with its prestimulus intervals it was evident
that within~task differences were complex and increased in magnitude
This is

and anatomic distribution froa interval to intervsl,
consistent with a3 within-task interlatency analysis reported

ereviously (Gevins, et aly 1981).,

Individus]l Differences
Although the classification accuracies of the overall (multiperson)
classification equations assessed on the dats of the individual
participants varied appreciably (Table 6)» the existence of soae
invariant task-related patterns in 7 of the ? persons was confirmed.
The fact that the significant difference between tasks was also found
at the P4 electrode set in the P3s interval when the data of
one-person was subjected to NCP analysis also supports the inference
of patterns which are invariant across people. Morsover: 2
nonparametric randomization test performed on the individual
classification accuracies of the two groups of P's ($#1-5 and #46-9)
confirmed that the classification squations did not significantly

differ between the two groups.

Is NCP Anslvsis Useful?
Analytic methodology is a critical factor in detersining the
precision and relevance of results in brain potential studies.
analysis uses wmodern signal processing and pattern recognition
technologies to distinguish spatislly and temporally overlaspping

It builds on the vast body of

task-related brasin potential pstterns, .
ERP research by using the average ERP to determine person-specific

time intervals during which successive stages of task-relasted
assumed (0 ocCcCUT, It then searches the

processing nmay be

single-trialsy multichannel brain potential dats with 2 mathematical
pattern classification algorithm to extract spatial patterns which
distinguish the two conditions of an experiment. As with other
advanced approaches (reviewed in MeGillems et al» 1981 and Gevins
1980)y it has the potential to reveal informastion not obtainable from
averaged waveforas. Further studies will determine whether NCP
analysis produces results meaningful enough to justify the large
amount of computstion required.

NCF
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A full comparison of NCP analysis with linear multivariate methods is
beyond the scope of this paper., Two linear tests were performed to
give some indication of the differences betuween methods! post-hoc
task x electrode-pair ANOVAs on selected variables» and the
Bonferroni-corrected t-tests on the full set of single-trial
correla?ions. The ANOVAs were limited to the 10 correlations of the
most significant electrode sets determined NCP analysis! the F4 set
in the P3a interval and the C3 set in the RP interval. 0Only the
electrode-pair effect reached significance (E(14:,72) = 57,9y p<<.001
apd 'E$14v72) = 4B.46r p<<,s001y respectively). There was no
513n1f1cant task main effect or task x electrode-pair interaction.
Thlg result and the results of the t-tests (Table 4) suggest that the
variable subset selection and the nonlinear, distribution-independent
propgrties of the NCP Analysis were both important. This is
consistent with two previous studies where this type of mathematical
pgttern recognition proved more effective than ANOVA and stepuise
linear discriminant analysis (Gevins» et al, 197%a¢ Liebs et 3l»
1981). Although the Bonferroni-corrected t-tests were significant
fqr _oply two electrode pairs in one interval» st uncorrected
513n1f1cance levels (p<,05 or better): the significant electrode
pairs did show 3 slight similarity to the NCP results., 0Of the

significant F2 pairs in the prestiavlus interval» 3 are identical to
the prominent correlations determined by NCP Analysis (Fz-C3,» Fz-C4
and Fz-T3)» and the frontal distribution of significant pairs accords
with the distinguishing Fz electrode set in the NCP results. For the
Ni1-P2 and P3a intervals» however» only the T4-Pz electrode pair in
the former interval and the P4-C4 pair in the latter correspond to
prominent evoked correlations of the NCP analysis. In the RF
interval the t-tests were focused on the frontal areas and included
only two significant pairs from the NCP results (C3-Fz and C3-Pz2).

In its present forms NCP Analysis seems able to extract patterns of
task-related evoked differences from the abascuring effects of volume
conduction and background EEG. Further research is being conducted
wsing measures of interchannel timing and single channel power in

paradigms involving manipulation of modality and responding hand.

These studies may help elucidate the significance of inter-elecirode
evoked correlations accompanying neurocognitive processes.
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Fiqure 1 - Examples of stimuli for move and no-move trials. Arrow
originated at center screen’ its direction and the location of the
target changed randomly across trials. The labels °®Move' and
*No-Move" did not appear in the actual stimuli.

Eigure 2A - Electrode montage.

Figqure 2B - 91 pairwise correlations were computed between the 15
electrodes.

Figqure 2C - Anatomical constraints. The correlations of a principal
electrode was measured with 10 other electrodes. The 30z electrode
set is shown.

Figqure 3 - The major peaks of the average event-relasted potential
(ERP) and Neurocognitive Pattern (NCP) Analysis intervsals determined
from thems This illustration is an average of the data from the last
four persons in the study}? in practices the peaks and analysis
intervals were determined separately for each person.

Figqure 43 - ERPs for Move trials (4610 trials from P's $#6-9).

Figure 4b - ERPs for No-Move trials (604 trials from P's $46-9).

Eigure 5§ - Subtraction ERP's (No-Move minus Movery 6 P's) showing the

negative (N2) peak at 240 msec.

Figure 4 - Between-task NCP results obtained from single trial evoked
correlations. The most significantly differing electrode set and its
prominent correlations are shown in each interval.

Figure 73 - Average right pafietal ERP of those Move trials correctly
classified by the NCP analysis in both the P3a and RP intervals using
correlation measures (195 trials from 4 people).

Figqure 7b - Average ERP of correctly classified No-Move trials. FP391
(P3a) and P330 (P3b) peaks are larger in the correctly classified
No-Move trials (193 trials from 4 people).

Fiqure 7c - Average ERFP of incorrectly classifiedy but behaviorally
correcty Move trials (122 trials from 4 people).

Figure 7g - Average ERP of incorrectly classifieds but behaviorally
correcty No-Move +trials. P3a is absent and P3b is smallers thus
resenbling the correct Move ERP (121 trials from 4 people).

Table 1 - Number of trials, ERP peak latenciess centerpoints of the
NCFP single trisl correlation analysis intervalss and average response
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initiation latency (EMG onset) for each of the 9 participants.,

Iable 2 - Averaged P3a peak amplitude (in micro-volts) and correlated
t-tests (df = 9),

Table 3 - Response Preparation (RP) interval! averaged slope of a
straight line fitted to slow negative potentiasl shift and correlated
t-tests (df=9).

Table 4 - t-tests of correlations for the nine participants (1612

trials: 839 Mover 773 No-Move). Only those channel pairs showing a
significant wuncorrected t-value are listed. (p<.05 = 1,945 p<.01 =
2.57y p<.001 = 3.29. xBonferroni-corrected t{-value of 3,58 = p<,05,)

Iable ¥ - Simplifiedr single discriminant function classification
equation. G(f) =1 for >0, else G(f) =0} (X/Y) is the standardized,
Fisher's 2' transforaed correlation value of the X-Y electrode pair,
Individual trials whose classification function G(f) = 1 were
assigned to the no-move class? those whose G(f) = 0 to the aove
class.

Table ¢ - Classification accuracy for the P3a and RP intervals for

each of the 9 participants using the equations derived froa the whole
group.,
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V. SIGNAL PROCESSING STUDIES (Also Sponsored by the Office of Naval
Research and the USAF School of Aeraospace Medicine)

A ntro tion

In order to further wunderstand the signals extracted in the
move/no-move visvospatial experiment (Sections III and IV), we are
attempting to determine which type of measurements and frequency bands
have the wmost specific task-related information. Preliminary results
of these ongoing studies are presented in this section. We began by
digitally filtering the single-trial brain potential timeseries into
five passbands determined from Fourier analysis of each person's
average ERPs. This was based on the strategy that mass brain
rotentials of different frequency bands might have different types of
information. This resulted in separate "delta®, *"theta"s and low and
high ‘"alpha®s and "beta"' frequency band timeseries for each person.
Thenr using brief analysis intervals centered at latencies determined
from the peaks of each person's average ERPss four types of
measurement were made on the timeseries of each frequency band! 1)
maximum covariance between a pair aof channelss Z) lag-time to maximua
covariance» 3) shape of the lagged covariance function: and 4) single
channel power. These measurements were then used as features in a
between-task pattern recognition analysisy and +the relative
classification accuracy obtained with each measure was used as an
index of its usefulness.

B. Methods

The analysis was confined to the data of the last four of the original
nine people (see Table I in Section IV), Three of the four were Air
Force fighter test pilotss while the fourth was formerly a transport
pilot. All were highly-trained individuals who demonstrated a
profesgional wmotivation towards the experiment and produced data of
superior quality, The analysis was confined to the time windows and
channel psirs in which highly significant between-task differences in
resvlts had been obtained using the zero lag correlation measure! the
three right parietal (P4) electrode-psirs in the P3s interval and the
three left central (C3) electrode-pairs in the response preparation
(RP) interval (see Fig. 6 in Section IV),

Faor the NCP analysis esch of 3 training sets contained 804 trials and
each of 3 testing sets contained 402 trials (total trials = 1204).
Optimal feature subsets were selected by exhaustive search., PFPattern
classification accuracy was the average of the performance of the
equations on the 3 testing data sets. The classification accuracy for
each significance level is shown in Table 4. For each significant
resulty terms of the equastion having weights exceeding a threshold of
152 of the wmaximum weight of the largest tera were selected for

display.
1. Heasures
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Zero-lag correlation was replaced by several covariance-derived
me3sures to determine whether useful informsation was discarded in the
normalization involved in the correlation measure. The entire
covariance functiony rather than just the zero-lag valuer uas
considered to test for information in the timing of the ERPs (Figures
4 to 6). Each covariance function was formed by lagging the signals
+6 time points (48 asec), Lag values were computed from extended
real data pointss rather than from an increasing number of zeros as
done in the noncyclic fast conveolution (FFT) method.

As 3 preliminary steps spectral analysis and bandpass filtering were
performed on the averaged ERP for each person. Three non-overlapping
FFT's were performed for the 0.5 second prestimulus and two 0.3 second
post-stimulus windows for each aversged ERP channel for each person.
A histogram was formed from spectral frequencies over each channel
(Figure 7) and used to determine passovand widths for each person.
Unfiltered average ERPs for one person are shown in Figure 8a.
Filtered ERPs» with passbands selected from Figure 7y are shown in
Figures 8b-h.

Covariance was camputed between two filtered single trials » X(t) and
Y{(t)» using the raw score method?

N N N
€y () = FEX(OWY) - Ex(r) € v(:j/@

where N is the nuaber of points in the time window. Three features
were derived from the covariance function. The first was the maxiaum
(absolute) value of the covariance function. The second uwas the lag
time at the peak of the covariance function» employed to measure the:
relative timing of signals between channels. ‘Since this peak lag
measure was likely to be unstables 3 third measure was used to assess
inter-electrode timing, This was a lagged covariance function °*shape
mneasurer® computed as the similarity of the lagged covariance function
to 8 cosine function. Since the cosine is an even functions this
nessure would indicate the tendency of one channel in a pair to lead
or lag the other. The frequency of the cosine used was the center
frequency of the passband used to filter the ERP foraming the
covariance function. The °"shape sessure’ wass computed as the sua of
cross-products bDetween the points of the covariance function and the
cosine function. The sums was divided by the maxiaum absolute
cross-product to equalize the rasnge scross frequency bands. This
seasure was expected to be more stable than the lag-to-pesk measure
since it is derived from all points in the covarisnce function rather
than just one. The fourth sessure was single channel powers, computed
as the mesn square value of the filtered timeseries over the points of

the time window.

2. Channels

In the between~task results of the earlier anslysis (Sections III and
IV) correlations of the right parietal (P4) electrode distinguished
the move vs no-move tasks in the P3as interval with grestest accuracy.
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The three correlations which contributed most to this discrimination
were P4-30zy P4-C4y and P4-aCz. Likewise in the RF intervals C3-a30z»
C3-Pzy and C3-Fz were most effective in distinguishing the tasks.
Consequently these six channel pairs were wsed in the present study.
In the P32 intervals the C3 pairs were used as controls, and in the RP
interval the P4 pairs were controls.

Single channel paouwer was computed far the seven channels uwhich formed
these pairsy as well as for the P3 electrode to preserve symmetry in

the eight-channel power analysis,

3. Time intervals

The P33 interval was determined individually for each of the four
people so that it straddled the P3a component of each individual's
averaged ERF. The RP interval was centered at the time of onset of
the responses as measured by the average EMG onset for each person.

The width of the analysis intervals varied with the frequency band in
order to accommodate at least one full cycle of the highest frequency
component in a8 given band., For reasons of stability of the measures:
100 msec was the shortest window width, For the delta band the
windows were 200 msec widey for the theta band they were 179 msecr and
for *..e three higher bands they were 100 msec.

tach single-trial timeseries was separately filtered into five

f e tuency bands before other computations were performed:. The average
banupess settings were 0-4 Hz (delta), 4-8 Hz (theta)y 8-11 Hz (low
alpha)s 11-15 (high alpha)r and 15~22 Hz (beta). Exact settings were
individually set for each person based on Fourier analysis of their
averaged ERPs. Linear phaser Hamming FIR filters were employed. They
were convolved with the timeseries by a fast convolution (via FFT)
using the overlap-save method.

C. Rggultg
1. Crosscovariance Measures

Using the waximum covariance measurer the pattern classification
analysis was able to differentiate the two tasks 13 the P3a interval
vsing the P4 electrode-pair covariances (p<5 x 10 ') Figure 9)» but
was unable to do so wsing the C3 electrode-pair (control) covariances.
The algorithm was allowed to combine frequency bands to achieve
optimum classification. The major features which it used were from
the delta and theta bands. In Figures 9 and 10s a solid line
connecting two electrode sites indicates that the vazlue for the move
task was grestery a3 dashed line that it was greater for the no-move
task., A previous analysis in this intervalr using the ,1-12 Hz band,
zero-lag correlation for the same three F4 electrode.pairs:
discriminsted the tasks with significance of only 1 x 10 . Therefore
greater discrimination was achieved by definition of the frequency
ranger by wsing covariance rather than correlation» and by shifting
the time series in time to find their maximum covariance.
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In the RP intervals the two tasks weare sugsossfully classified by the
C3 electrode-pair covariances (p<S x 10 ") (Figure 9)» but not the
control (P4) electrode-pair covariances. Again the major festures
were from the delta and theta bands. Although this classification
significance was highe it was below that of the previous zero-lasg

carrelation study.

The lag-to-maximum covariance was not successful in significantly
discriminating taskss presumably becauvse of the instability of this
measure without thresholding.

Using the shape lagged covariance seasurg in the P33 intervals» the P4
pairs classified the trials (p<1 x 10 ') (Figure 10): whereas the
control pairs did not. Shape measures from the delta and beta band
were the major ones used. In the RP in&grval; the shape seasure of
the C3 pairs classified the trials (p<10 ')» but the controls did not.
The major features were in the thets band.

2. gingle-Channel Pouer Measures

For the power measures» P4y C4 and 30z were used for the P3a interval,
P3y C3 and 30z for the RP interval:, In the P3s interval the
algoritha was unable to discriminate the tasks with these channels.
In the RP intervals the delta band was used to discriminate at p<.001
(Figure 11) compared to p<.05 for controls. In Figures 11 and 12, an
vpward arrow indicates that the move task power was greater, a
downward arrow that no-move power was greater.

Anather analysis was perforaed with the power measure from eight
channels, Separate analyses were performed for each of the five

frequency bands (Figure 12).

In the,RP interval discrimination was achieved in the delta band at
p<ix10 )» using channels C3y PZy 30z and aCz most strongly. For ggc
thets band, disgiilination was achieved in both the P3a (p<§ x 10 )
and RP (p<1 x 10 7) intervals. In the P3a interval, s0z» aCz,» C3, C4
and Fz were the main channels uvsed: and in the RP interval it was P4,
Pz and Fz, For the low gipha bandr discrinination was achieved in the
RP interval at p<S x 10 “» using Pz, C3 and P4. For &Rc high alpha
band discrimination in the RP interval was at p<3 x 10 vsing aCz and
Fz. Discrimination was not achieved for beta band power in either
interval, In generals the direction of the between-task difference in
power was not the same for s given channel in the different frequency

bands.

0. Conglvsions

These preliminary results suggest somewhat that the between-tasks
differences in inter-electrode correlstions and covariances aay not be
due solely to volumse conduction of potentisls from s single distant
generator, Firstr» there was discrisinstory inforsation in the maxiaus
covariasnce aseasures which was often found at non-zero lags. Second:
there was information in the shape of the lagged covarisnce function
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which was sensitive to the phase relation between two signals. Third:
when the power measure of 3 channel uwas greater for one task» power on
3 "highly correlated channel was seen to be lower faor that task. For
exampley the C3-30z covariance was greater for move than no-move task
in the delta band (Figure 9). In this caser 20z delta power was
greater for the move tasks but C3 delta power was lower (Figure 12).
If correlstion was due solely to volume conduction from a single
generators power for both correlated channels would show the same
between-task variation. 0f courser the suggestion that separate
jdenerataors contribute to the reported between-task differences in
scalp correlation patterns is mere speculation. Further studies will
be required to determine if this is actually so and if pairwise
interchannel measures are the best way to characterize the activity of
such generators.

Significant differences between tasks were found to be specific to
certain frequency bands. In particularr a3ll covariance-derived
measures were significant only in the deltas theta and beta bands. In
some cases (e.g. the shape measure in the RP interval) a measure
differentiated the tasks in only one band. Only for the power measure
was there any discrimination in the alpha bands.

Specificity wa3s also achieved in the type of measure which
distinguished the tasks. Zero-1lag correlation depends on the timing
of two signals as well as their similarity, These two aspects were
separated in the 1lag and shape measures on the one handr and the
maximum covariance on the other. These measures were found to have
different abilities to discriminate in the different frequency bands.
Since the between-channel covariance measures differentiated tasks
differently than the power nmeasuresr such measures may provide
information about the brain which complements that obtained from power
measures,

Further investigation is proceeding in several ways. An improved
shape weasure which carries information as to lead or lag between
channel pairs has been developed:. An improved single channel power
analysis will make more explicit the similarities and differences
between single and multichannel measures. Additional studies will
£ill in the gaps in the present study froms non-lasgged correlations to
lagged covariances.,
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significance (p<)

5 x 10~2
1 x 102
5x 10°3
1x 103
5x 10
1x10
5x10
1x10°°

5x 10

=6
1x10

Table 4 - Classification accuracy at different significance
(1206 £rials from 4 persons)

levels.
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VI, DISTINCT BRAIN-POTENTIAL PATTERNS ACCOMPANYING BEHAVIORALLY
IDENTICAL TRIALS (Also sponsored by the Office of Naval Research)

In order to examine patterns used by the pattern recognition algorithm
to define the move and no-move trials, the classification assigned by
the 3lgorithm to each trial of the testing datas was noted. In all
casesy the data were behaviorally correct. Trials for which
classification was correct for both FP3a and RP intervals were called
carrect? those with incorrect classification for both intervals were
ca3lled incorrect, This was done for both move and no-move conditions:
resulting in four classes! (3) correct mover (b) correct no-movesr (c)
incorrect no-mover and (d) incorrect move. Unfiltered ERPs were
formed for each class for the data of the last 4 people in the study
(Figure 13).

The main difference between correctly classified move and no-move ERPs
was the positive P33 and P3b peaks at approximately 345 and S30 msec
post-stimuluss respectively. Cowmparing Figure 13c with Figure 13b»
the incorrect no-move ERP is seen to lack a3 P3a peak and have 3
smaller P3b peaky thus resembling the correct move ERP. The
incorrectly classified move trials (Figure 13d) have a more distinct
P3b peak than the correctly classified move trials (Figure 133)r thus
resembling the correctly classified no-move ERP.

Another obvious difference between correctly and incorrectly
classified ERP‘'ss both move and no-mover was the strong pre-stimulus
3lpha *train® in incorrectly classified ERPs. This dissimilarity is
clearly seen in alpha band-pass filtered averages (Figure 14). In
both the correct and incorrect move conditions there are alpha band
ERFs which occur at the same post-stimulus time (in phase)., In the
incorrectly classified waveform the pre-stimulus alpha is much larger
than in the corrects and is phase reversed. The incorrect ERP appears
to wundergo a phase adjustment prior to the zero-crossing at
approximately 90 msac post-stimulus, which octurs at the same time in
the correctly classified trialsy and is followed by a negative peak at
160 msec in both. This peak corresponds to the N143 peak in the
unfiltered ERP., This could reflect a3 timing process which regulates
the activity of sensory cortex in preparation for incoming stimuli
(the old idea of the "neuronic shutter®). These alpha-band filtered
ERF's are also clearly different in the P3a and RP intervals where the
classification was wade, The high prestimulus alpha in the
incorrectly classified trials may be related to cognitive state» so
that incorrectly classified trials are qualitastively different,
perhaps due to automatic processing. Alternsativelys incorrectly
classified trials may be those with a particular alpha phase at
stimulus onset» resulting in enhanced summation of pre-stimulus waves.
and difference in post stimulus activity. These possibilities are
being further investigated since the resuvlts show that different
neursl patterns may accompany the ssme behavior.,
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d) Incorrectly classified move trials

Figure 13 - Average ERPs for trials which were correctly and incorrectly
classified by the NCP analysis.
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