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Abstract

In the past year we have made good progress in two areas: 1) software for the Neuro-Triggered Train-

ing (TRIGGER) system has been designed and is currently being implemented; and 2) analysis of
data from a pilot study of working memory has been completed, graphics produced, and a paper writ-

ten for submittal for publication.
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NEURO-TRIGGERED TRAINING (TRIGGER).

The objective of the Trigger project is to determine the feasibility of a method to accelerate the learn-
ing of a task, and optimize its performance by delivering stimuli at instants when preparatory atten-
tional networks are optimal. We plan to 2ichieve this Tbjective by determining the prestimulus EEG
patterns associated with a subject's accurate task performance using neural-netwcrk pattern recogni-
tion, and then training the subject to produce those patterns on a single-trial basis.

We have formulated a detailed plan for executing the project and are currently in the process of pro-
gramming the Trigger system. Brian Cutillo, the Co-PI, is managing the day-to-day conduct of the
project. The programming is being supervised by Jim Johnston, a physicist who is experienced in
both PC programming and EEG feedback systems.

A 486 PC has ='oo"rch~zJ, and ": r e adapting existing software to record EEG and behavioral
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information. We are redesigning the stimulus presentation and data analysis/display software in a
way that will allow easy modification of the Trigger system in the course of future development. For
efficiency, a menu system has been written which is used to set and adjust task and feedback parame-
ters during system development and which will be used later when training subjects. The first task
we are implementing is our Bimanual Visuomotor Task (Gevins et al., 1989a), but the modular pro-
gram design will allow other tasks to be conveniently added.

The project plan is to:

1. Program the PC to present the Bimanual Visuomotor Task with behavioral feedback and end-of-
block behavioral summaries while collecting EEG, EOG and EMG data.

2. Record 10 channels of EEG, right and left hand EMG, 2 channels of EOG, and the output of 2
finger pressure transducers from a subject performing the Bimanual Visuomotor Task.

3. Quantify behavioral variables including response time, pressure, duration, accuracy and the adap-
tive error tolerance (as a measure of ongoing performance level). Use the behavioral variables to form
data sets of accurate and inaccurate task trials, statistically balanced for confounding variables (espe-
cially response variables).

5. Decide what features to use in classifying the accurate and inaccurate trials using the SAM neural
network pattern recognition program.

6. Program the PC to extract these features on-line.

7. Implement an on-line algorithm to detect lateral and vertical eye movements and blinks, and
incorrect finger movements or hand EMG activity, and abort the trial if such activity occurs.

8. Run the Trigger system in full neurotrigger mode.

When these goals are achieved, hopefully by the end of year 2, we will begin pilot recordings to fine
tune the system prior to a formal experiment.

PILOT STUDY OF WORKING MEMORY.

Data for this study were recorded several years ago under USAFSAM sponsorship, but never previ-
ously analyzed.

Working memory is a component operation involved in almost all mental activity. These results may
well be the first measurements ever made of the rapidly shifting functional cerebral networks of
human working memory. A full report of this study, titled 'DYNAMIC NEURAL NETWORKS OF
HUMAN WORKING MEMORY" has been completed for submission for publication, and is included
here.
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DYNAMIC NEURAL NETWORKS OF HUMAN WORKING MEMORY

A.S. Gevins and B.A. Cutilo
EEG Systems Laboratory, 51 Federal St., San Francisco, CA, 94107

Cortical neuroelectric patterns during a working memory task differed from a
control task during two of four split-second intervals when access to the contents
of working memory is assumed to take place. Prefrontal cortical areas were
prominent among those differentially activated by working memory in thest two
intervals, which included a prestimulus preparatory interval and a late
poststimulus response-inhibition interval. By contrast, patterns were similar
between conditions during an early poststimulus interval and during a response
interval, when the predominant activity was related to stimulus encoding or
response execution. These results suggest that working memory is a dynamic pro-
cess embodied in neuroelectric activity patterns distributed across the neural
areas involved in performing a particular task.

The active aspect of short-term memory, termed "working memory" by A. Baddeley
and co-workers (1), provides the basis for consciously directed perception, cognition
and action, attentional programs, and extended logical and linguistic operations. In
Baddeley's view, working memory is a limited capacity, unitary process that operates
in tasks involving different sensory modalities and types of information by means of
just two subprocesses: an "articulatory loop" and a "visuospatial scratchpad", under
"executive" control of frontal cortex (2). Other researchers, however, have argued for
a more sophisticated view of working memory as an interacting network of relatively
independent subsystems which change with the nature of the task (3). From a neuro-
physiologkal viewpoint, since working memory can involve different sensory modali-
ties, motor programs and types of information, it is likely that a different constellation
of neural subsystems is invoked for each particular type of task. Further, it appears
that the prefrontal cortex is critically involved in setting up these constellations of sub-
systems, and possibly also in maintaining the mnemonic codes themselves (4). These
issues have been unresolved because of the lack of direct measurements of the neural
substrate of human working memory. Here we report the first measurements of
dynamic activity patterns of cortical networks associated with a working memory task
in humans. Rather than viewing working memory as a buffer that is filled and emptied,
our results suggest that working memory is a function of distributed neural systems by
which various types of sensory, motor and higher-order information are maintained for
brief periods of time until utilized in a cognitive operation or behavior.

An experimental paradigm was designed in which stimuli, finger movements, and eye
movements were equivalent for both control and experimental conditions, but where
working memory was utilized only in the experimental condition. Thus a strong infer-
ence could be made that differences in neuroelectric patterns in the experimental con-
dition would he i,!e u lyo LypX uf memory process (i.., Woiking meinoiy). file
control task involved the use of procedural motor memory to produce pressures with
the right index finger proportional to visual stimulus numbers from 1 to 9 (5). The
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working memory (WM) condition required the same type of finger pressure response,
but response magnitude was proportional to the stimulus number seen two trials (about
12 seconds) previously. In order to prevent response initiation before the current
stimulus number was processed, no response was required in a random 20% of trials
(called targets) when the current stimulus number was the same as the two-trials-back
number in the WM condition, and when the number "0" was presented in the control
condition (Figure 1). Each trial began with the disappearance of an "X" from the
center of the screen and the appearance of a fixation point, which remained on the
screen throughout the trial, followed 750 msec later by the stimulus number. Subjects
responded with a pressure proportional to the number on a linear scale from 1 to 9. A
two-digit feedback number indicating the exact force applied was presented one second
after peak response pressure. In addition to providing the subject with information
needed to calibrate his responses, this numeric feedback increased task difficulty in the
WM condition by causing interference with the numbers being remembered. Each trial
lasted about 6 seconds. Control and WM conditions were presented in randomized
blocks of 200 trials each.

During an initial training session, 5 right-handed, adult male subjects practiced each
condition until reaction times and accuracy reached asymptotic levels. On the next
day, the subjects performed 400 trials of each condition while their EEG was recorded
from 27 scalp electrodes, along with eye-movements and right-hand flexor digitorus
muscle activity (EMG) (6). The data were visually edited to remove artifacts, and tri-
als with inappropriate index finger muscle activity (e.g. tensing prior to the response,
prolonged tensing after response, or muscle tension on no-response trials) were also
deleted. Data sets for the WM and Control conditions were formed from the remain-
ing trials in which the response accuracy was equal to or above the mean accuracy.
The data sets were then balanced between Control and WM conditions by deleting
outlier trials based on response variables including magnitude, duration, and velocity.
The final data sets were thus composed of trials which did not differ ( p >.2) between
WM and Control in terms of stimulus, response or performance accuracy factors, and
differed only in the use of working memory.

Averaged evoked potentials (EPs) were computed and examined to identify the ampli-
tude and latencies of the major peaks and waves for each subject for each condition.
The EPs were then spatially sharpened using a least-squares estimate of the Laplacian
operator to reduce blurring of the potentials due to volume conduction through the
skull and other tissues (7). The resulting EPs were then averaged across subjects, and
lowpass or bandpass filters were applied to the "grand average" EPs to isolate and
enhance individual peaks and waves (see below) (8). Event-Related Covariances
(ERCs) were then computed between all pairwise combinations of the 18 non-edge
recording positions to characterize rapidly shifting, task-related cortical network activi-
ty patterns (9). This measure is based on the observation that when two areas of the
brain are functionally related, there is a consistent statistical relationship between their
macropotentials in terms of waveshape, amplitude and lag time (10). ERCs were com-
puted as the maximum covariance, and the lag time at which the maximum covariance
occurred, between segments of the filtered grand average EPs recorded from different
sites. Lag times were +/- 64 msec for the 188 msec wide intervals, and +/- 96 msec

eeg/paperh rtnory/mem.sci -2-
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for the 375 msec wide intervals (see below). Their significance level was determined
by statistically comparing each ERC magnitude with a distribution of "non-event-
related" covariances computed from Lhe same data but with data segments randomly
selected in time within the trials. ERCs were computed in each of four successive
split-second intervals whose location was determined from an EP peak or wave: 1)
Awaiting Stimulus (Contingent Negative Variation), 2) Stimulus Processing (P100-
N100 peaks), 3) Response Inhibition/Target Detection (P300 in no-response trials), and
4) Response Execution (Movement Potential). Similarity of ERC patterns between the
two conditions was measured with the Pearson correlation coefficient (Table 1 -- Pat-
tern Similarit!). Conppison of the sites with the largest overall covariance was as-
sessed with the Spearman correlation coefficient computed on the ranks of the sums of
significant covariance of each site with other sites (Table 1 -- "Hotspot Similarity").

Awaiting Stimulus: During the 750 msec epoch from disappearance of the X until ap-
pearance of the stimulus number, preparatory processes related to stimulus encoding
and response execution were expected to take place in both conditions. Processes dur-
ing the preparatory interval of the WM condition were expected to be more complex
for two reasons: the motor preparation was expected to be specific because the re-
quired response pressure was known prior to onset of the stimulus, and in addition, the
one-back stimulus number was being maintained by working memory. The pres-
timulus evoked potential wave (Contingent Negative Variation) was significantly larger
in the WM condition (Student's t -test: p < .05). After lowpass filtering with a comer
frequency of 7 Hz, ERCs were computed across an interval extending from 500 to 125
msec before the stimulus. The ERC pattern for WM had a relatively low correlation
with the Control pattern (0.37 by Pearson correlation, N=78), as did the similarity of
ERC "hotspots" (Spearman r = 0.37). The ERC pattern for the WM condition was
more widely distributed, and involved more left hemisphere sites, than the Control
condition (Figure 2). Left hemisphere antero-occipital, parietal, antero-parietal and
frontal sites were involved in WM but not in Control. Since it was necessary to
remember two numbers during the prestimulus interval of the WM condition, the rela-
tive left-sidedness of the ERC patterns may reflect the maintenance of active verbal
codings in working memory. The covariance between midline antero-central and cen-
tral electrodes was common to both conditions, as were bilateral antero-central, and
right hemisphere antero-parietal and antero-occipital covariances. Since the central and
antero-central electrodes overlay premotor and supplementary motor cortices, this pat-
tern may reflect a general preparatory motor set common to both conditions.

Stimulus Processing: The N133 evoked potential peak was maximal at the left midtem-
poral electrode, where it was larger in WM than in Control ( p < .05). ERCs were
computed across an interval extending from 39 to 227 msec post-stimulus (centered on
the N133 peak) after applying a 4-7 Hz bandpass filter to remove the low frequency
pre-response potential. ERC patterns for both WM and Control conditions were highly
correlated (Pearsou correlation = 0.76, N=105), and highly similar in rank order of
hotspots (Spearman r = 0.88). The ERC pattern for both conditions included bilateral
antero-occipital, midline and right parietal, midline central and left antero-central sites
(Figure 3). These sites respectively overlay visual association, parietal and motor areas
which would be expected to be involved in visually initiated, skilled right-handed
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finger movements, suggesting that cortical areas for visual stimulus encoding and
evaluation, and response planning and execution are functionally related well in ad-
vance of overt response initiation. In addition, covariances from the left antero-central
to midline frontal, and from midline frontal to bilateral antero-occipital sites suggest a
functional coordination of frontal cortex with the right-hand motor and visual associa-
tion areas. These patterns are consistent with the role of frontal cortex in modulating
the activity of these areas (4).

Response Inhibition/Target Detection: Target detection required different kinds of
memory operations in the WM and Control conditions. Working memory targets were
presumably maintained as active codings, while targets in the Control condition had to
be "retrieved" from a longer-term memory. The N200 evoked potential peak was 30
milliseconds earlier and the P300 peak 130 milliseconds earlier for WM targets. The
potential distribution of the P300 peak (referenced to computed linked mastiods) had
the typical Pz maximum of the parietal "P3b" in both conditions; neither of the peaks
had more frontal potential distribution of the "P3a" peak. ERCs were computed from
the averaged LD waveforms lowpass filtered at 7 Hz across intervals centered on the
P300 peak latency in each condition. These intervals extended from 203 to 578 msec
in WM and from 333 to 708 msec in Control. ERC patterns for WM and Control con-
ditions had a relatively low correlation (Pearson correlation = 0.26, N=153), as did the
rank order of hotspots (Spearman r = 0.38). Working memory ERCs had an anterior,
slightly left-lateralized distribution, while procedural memory ERCs were focused more
posteriorly (Figure 4). This suggests that the matching process in working memory re-
volved greater activity of prefrontal cortical areas. The earlier latencies of the N200
and P300 EP peaks in the WM condition could indicate that the memory match was
recognized more quickly, even though the WM task was more difficult and involved a
greater memory load than the single, constant target ("0") of the control condition (11).
A possible explanation is that the matching of the active codes maintained by working
memory with the current stimulus occurred faster than retrieval of the "0" in the con-
trol condition.

Response Execution: The Motor Potential (MP) EP peaks did not differ significantly in
amplitude between conditions. The corresponding ERCs were computed across inter-
vals from 26 msec pre-response to 162 msec post-response onset, centered on the peak
of the MP of the response-registered evoked potentials (bandpass-filtered with the
cutoff frequencies at 4-7 Hz). ERC patterns for WM and Control conditions were
highly correlated (Pearson correlation = 0.96, N=86), as was the rank order of their
hotspots (Spearman r = 0.91). The MP ERC pattern (Figure 5) was focused over left
and midline antero-central (motor) and left antero-parietal (somatosensory) sites, con-
sistent with initiation of an isometric response with the right index finger. This pattern
is similar to those measured in previous experiments during skilled right-hand index
finger contractions (12).

The differences in the ERC patterns between conditions, and the "paradoxical" shorten-
ing of P300 evoked potential peak latency indicate that two different memory func-
tions, rather than different "memory loads", were invoked by the tasks. In the two
types of memory functions involved, the information being remembered was embodied
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in rapidly changing, task-specific activity patterns which were distributed among the
neural systems specific to the particular task. There was an indication in the pres-
timulus and the target identification intervals supporting the role of frontal cortex in
working memnoy (13), which is not unexpected in view of the fact hat prefrontal le-
sions are known to affect procedural and working memory in a differential manner
(14). It is likely that Baddeley's two-subsystem model of working memory is a con-
struct of the paradigms used in psychological research, and that at the level of neural
networks, there are as many different types of functional networks for working
memory as there are types of tasks. All the various functions of prefrontal cortex,
such as temporal ordering, sequencing, polymodal integration, response inhibition and
delaying the activity of sensory, motor, and posterior association areas may be con-
sidered aspects of working memory. Further, prefrontal cortex may be an "active"
node in a functional network only during brief intervals when the schema or code it
maintains is being utilized by processes in other neural areas. This idea is supported
by the findings in the present study that the patterns of functional interrelationship for
stimulus registration and response execution do not differ between conditions, while
the posterior frontal areas do distinguish the working memory condition in the pres-
timulus interval, when responses are being prepared from information contained in
working memory, and in the target identification interval, when the current stimulus
registration is being matched with the code maintained by working memory. In addi-
tion, lesion and electrophysiological studies suggest that, with the possible exception of
schema for the sequc,icing of internal processes, the actual codes are not retained in
frontal cortex, but rather the frontal cortex directs the maintenance of such information
in other areas (15). Future studies will have to be performed in order to observe the
networks associated with working memory in tasks employing different sensory modal-
ities and modes of information, such as spatial, verbal and numeric (16).
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Table L Companson of Event-Related Covaace (ERC) patms between Wodang
Memory and Conuol conditions for each of four split-second intmrvals (rows). Column
one measures measures how similar the ammns are in appearnce. Column two meas-
ures the similanty of dhe song=st covaryug sims.

ERC Measure Overall

Pattern Similarity "Hotspot" Similarity
Interval (Pern 0 (Spearman r)

Awaiting Stimulus r = 0.37 r = 0.37
N=78 N=18

Stimulus Processing r = 0.76 r = 0.88
N = 105 N =18

Response Inhibition r = 0.26 r = 0.38
N=153 N=18

Response Execution r = 0.96 r = 0.91
N=86 N=18
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Frst Second Third Fourth Ffth Sixth
Trial Triai Trial Trial Trial Trial

Stimulus +
Presented 3 7 6 9 8

& I

I -

Subiect's +
Resconse N Non@ 3.5 7.1 None 8.8

Feedback
Presented OK OK 3.5 7.1 OK 8.0

Figtre L Typicm1 sequence of the B=sr mta~s of &. bkock of Working- Meniory (WMK
msis mals.. Om 80% oaf the =s. subjems responded to t smmins preseumd. by mak-
ing a. fingr pressure whose- ruamim d was prporon to the stmuns mamb
presented two mais prmvousy. If the stinns presentd was the: sam as rue- one two
tris back. they vere suppose&i to make. no response (rando 20% of =ais)- The fied-
back presented showed the response they mde, and was Trtifdfifned if the- response
was accmare
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Figure 2. Event-Related Covariance (ERC) patterns during the prestimulus interval of
the Control (Left) and Working Memory (Right) conditions recoroed from five subjects
while they stared at a dot on a computer screen awaiting the next stimulus number.
The Working Memory covariance pattern differed from the Control, particularly in co-
variances involving midline central and antero-central, and left-hemisphere frontal and
parietal sites. In all ERC figures, the thickness of a line connecting two sites is pro-
portional to the significance of the covariance of the evoked potential segments record-
ed from the sites. The color indicates the lag time in milliseconds at which the max-
imum covariance occurred, and the arrows point from leading to lagging site.
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Figure 3. The ERC patterns during the Stimulus Processing interval were very similar
in the Working Memory and Control conditions.
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Figure 4. The ERC patterns during the Response Inhibition interval of target trials
differed considerable between Working Memory and Control conditions. Working
memory ERCs had an anterior, slightly left-lateralized distribution, while control con-
dition ERCs were focused more posteriorly.

Figure 5. As in the Stimulus Processing interval, ERC patterns in the Response Execu-
tion interva! were again very similar between Working Memory and Control condi-
tions.
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