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Abstract
Saccadic Eye Movements in Non-visual Cognition: Data Acquisition, Relationsthip wi
Memory, and Sensitivity to Physical Presence of an Interlocutor
by
Dragana Micic
Advisor: Howard Ehrlichman
This study was designed to collect evidence that a subset of the humalicsacca
eye movement repertoire may be intrinsic to internal cognitive procemsihg
independent from social or perceptual aspects of ongoing cognitive activityef&éor
saccades that accompany processing of internal information as non-vesunabegyments
(NVEMSs) and variations in saccadic activity during different cogeitasks as non-
visual gaze patterns (NVGPs). Because cognitive tasks are typicdtiynped with eyes
open, it is of paramount importance for the validity of NVGP research to esttiadis
NVEMs are in fact non-visual. This was the primary goal of Experiment 1 ichvaata
were collected with eyes closed and open using video recordings and electn@amtulog
(EOG). EOG power which integrates frequency and amplitude of EMs was conpared t
eye-movement rate (EMR) obtained by counting visible EMs from a video record.
NVGPs were found with eyes open and closed and EOG power was found to be highly
correlated with EMR. Experiment also 1 tested the proposition that NVGe&s ref
memory functions, specifically that search through LTM triggers BEMsnaaintenance
of information in WM triggers fixation. While significant effects of LTdé¢arch were

found both when eyes were open and closed, the effect of maintenance was in@nclusi



A significant effect of LTM search was found using both verbal and non-veshal ta
Experiment 2 examined the possibility that high EMR is elicited by search f
information in LTM. Consistent with this idea, EMR was found to be sigmnifiga

higher in free recall than in repetition and recognition. EMR was alsoiegdnm the
presence of social factors. Presence or absence of the experimdnterdigect on the
known pattern of NVEMSs. In addition, significantly more EMs occurred in high than in
low retrieval tasks even when participants were instructed to keep theiibgakzen the
experimenter. Although gaze fixation significantly reduced EMR, spontanaccasdes
occurred more often in high than in low-retrieval tasks. Collected evidencelgtrong
attests to the possibility that NVEMs are related to memory as suddmstenple

indications of neuroanatomical linkage between oculomotor and memory systems.
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Specific Aims

This study was designed to collect evidence that a subset of human saceadic ey
movement repertoire may be intrinsic to internal cognitive processingndedendent
from social or perceptual aspects of ongoing cognitive activity. Résaotr
laboratory has reliably related frequency of ocular motility to redtiesquirements of
non-visual cognitive tasks. Spontaneous saccades occur at a significantiyr duigle
high retrieval tasks (e.g., episodic memory) than in low retrieval tasksderginuous
performance). Spontaneous saccades in such tasks tend to occur in bursts separated by
periods of ocular quiescence. In high retrieval tasks, periods of saccadity acavi
separated by periods of gaze fixation, while in low-retrieval tasks periodsilaf oc
quiescence tend to be separated by occasional saccades. Patterns obacitivation
with processing of information are referred to as non-visual gaze pdttbr@s). Itis
proposed that saccadic eye movements occur in relation to search throughrnong-te
memory (LTM) and that gaze fixations reflect maintenance of infoomai the
temporary memory store, mainly the episodic buffer (EB) of working meiaky).
According to this proposal, the difference in eye-movement rate (EMR) in high and low
retrieval tasks is carried by eye movements that occur during periodscim pdaple
seem to be searching for relevant information in LTM. Although such a proposatsappea
to best explain the existing empirical findings, alternative explanaticiaslofrelated
difference in EMR and the role of external factors in ocular motility toestonsidered.

With two experiments, the present research attempted to accomplish thénipllow
goals:

1. To seek firm evidence that NVGPs are not a result of external visual factors



2. To test the feasibility of EOG power analysis as a means of asseS$aRsNoth in
eyes open and eyes closed conditions;.
3. To test the LTM-WM hypothesis which states that the rate of eye moveraietss
the degree to which processing of cognitive tasks requires searching thiddgmid
maintenance in WM.
4. To examine whether the LTM-WM hypothesis generalizes to non-verbal ahateri
5. To explore whether NVGPs found in settings with minimal visual and social istimul
also occur in face-to-face interactions;
6. To examine whether NVGPs can be related to LTM in general or to aspeaihory
functions such as searching through LTM during recall
Introduction

In accord with their role as gatherers of information from the visual world,
saccades are predominantly “exogenous” in nature (i.e., driven by visual stimuli),
determined by the visual context and modulated by perceptual goals (Mon&gnini
Chelazzi, 2005). Whether involuntary (i.e., stimulus driven) or voluntary (i.e., driven by
a perceptual goal), they swiftly channel the gaze toward relevant sotinc&smation
and in this way enable constant input of visual information (Ross & Ma-Wayatt, 2003).
Nevertheless, although the majority of saccades function in the serviceoof tisth
empirical and anecdotal evidence recognize the existence of sacgadioeements that
are not related to external stimuli. These endogenous saccades seematedh¢orel
cognitive (e.g., Antrobus, 1973) and not emotional (Singer & Antrobus, 1965) or sensory
(Ehrlichman & Barret, 1983) stimuli. These spontaneous, visual-stimulus-independent

eye movements are often psychologically silent in the sense that theot aomsciously



monitored, yet are persistent companions of non-visual cognitive processesinwvol
thinking and memory (e.g., Glenberg, 1997). This thought-related ocular activity does
not occur only in experimental or clinical settings but is an easily observedriggoila
human gazing behavior that involves only eye movements of the saccadic type.
Saccadic Eye Movements

Saccades are rapid, conjugate eye movements that swiftly shifzénamang
points distributed at the same viewing distance in the visual field (Cumming, 1978).
Their high velocity, ballistic nature, and absence of continuous control during moyement
make saccades efficient gatherers of information for the fast-gingessual system.
Saccades are the only type of eye movements that bring new information omteetie f
all other eye movements (smooth pursuit, vergence and vestibular) serve to stabilize
image already on the fovea. They are controlled by cortical oculomat@rede.g.,
frontal eye field; parietal eye field) and generated in the brain @emoz, 2002;
Pierrot-Deseilligny, Ploner, Muri, Gaymard, & Rivaud-Pechoux, 2002). Their
physiological profile (angular displacement, velocity, and accéelat a product of the
mechanisms used by pretectal structures to control mechanical pointing ofgl{e.gye
inhibition), and of the morphology of the oculomotor muscles that move the eyes.

Saccadic eye movements are accomplished by a set of six extraoculasmuscl
that work in pairs to control angular direction of the eyeball. Each extrinsic ocular
muscle has a tonal part that acts like a low frequency mechanical filteraridhepart
that can respond at extremely high frequencies. These muscles are not progego fa
(acceleration is directly proportional to the net muscular force of the movefhiem &

Brockhurst, 1951). Neural signals for saccadic movement are created itupnebased



on retinal error signals (Cumming, 1978). Saccades can take as short as 100 ms (i.e
express saccades) to initiate in response to a visual stimulus and depending on their
magnitude can last between 30and 120ms (Young & Sheena, 1975). However, two
consecutive saccades cannot occur in less than 200 ms (Young & Stark, 1963). Saccades
are among the fastest movements performed by human muscles with a pe&kthelbc
can be as high as 600°/second (Young & Sheena, 1975). However, the relationship
between maximum velocity and amplitude of saccades is nonlinear and the maximum
velocity levels of at 600°/second with EMs of 30 degrees (Zuber, Semmlow, & Stark,
1968).

New saccades are triggered in response to peripheral (e.g., extrastmeal)
(Rayner, 1998). In order to be registered, a visual stimulus must last fastdtdea
msec. The percept of the stimulus persists for 250ms which is equivalent to the averag
duration of fixation during reading (Yang & McConkie, 2001). Because each eye
movement brings new foveal stimulation, this fixation time is necessanstae that a
stimulus is completely processed and that successive retinal images dasedher
previous ones (Antrobus, 1973). The new stimuli are brought onto the fovea by ether
major or minor saccades. The major saccades are associated with thezjleemdy
tonal response of the oculomotor muscles. They include large saccades (heeab.2
degrees) and small saccades (1.2-6.2 degrees). The minor saccades arechgsibciat
twitch muscles and include minisaccades (amplitude of .033-1.2 degrees; duration 10-20
ms) and microsaccades (0.01 degrees in amplitude; duration less than 10 ms). The minor
saccades are essential for the perception and interpretation of visuahindorm

microsaccades contribute to object or character group scanning while cadisashift



the line of sight to other features of the same object or to a hew charactemgroup i
reading. Large saccades typically occur within a 3-20 second range, oftigmatih
changes in head and body orientation (Cumming, 1978; Zuber, Semmlow, & Stark,
1968). While the minor saccades can only be registered with specialized equipment,
major saccades are readily observable and easily studied when eyesammoged,
closed and in the dark.
Non-visual Saccades

The systematic study of saccades in cognitive processing was piongered b
Yarbus (1967), who studied their role in visual perception and proposed that saccades
enable selection of relevant information from visual scenes. However, before Yarbus
(1967) demonstrated the role of saccadic eye movements in visual processaghers
like Ladd, Moore, and Totten observed that saccadic eye movements do not always
pertain to visual processing (as cited in Antrobus, 1973). Adding to initial evidence of
the existence of non-visual ocular motility, Day (1964) reported that Saazl
movements tend to occur immediately after a person is asked questions requigng som
reflection but not after simple factual questions, and that people have a tendendy towa
making either leftward or rightward eye movements while answeringcte® questions.
Day named ocular movement along the horizontal axis following reflective@apuethe
“lateral eye movement” (LEM) phenomenon, and suggested that a systestaionship
exists between attentional processes and the lateral direction of horizental e
movements.

Following the initial reports of eye movements that did not seem to be involved in

acquisition of visual information from the environment, scientific interest in nguavi



ocular motility grew around two main ideas: one, that the phenomenon reflects an
interaction of endogenous cognitive activity and visual processing, and the oth#re that
phenomenon directly reflects the nature of ongoing cognitive activity. Throughout
decades of empirical endeavor in delineating this intriguing phenomenon, these two
research themes each branched out into several fields of inquiry and for the most par
developed in parallel, “scanning” the phenomenon from different perspectives (for
detailed description see Micic and Ehrlichman, in press). The interactiveaappr
examined eye movements in the social context focusing on their role in conversdtion a
gaze aversion. In this view, saccadic activity is driven by the interptayebe the need
to attend to internal thought processes and the need to minimize the potentially
distracting effects of the visual presence of another person. Within the cogmetine,
empirical studies followed three different paths of exploration. The quasitvis
approach examined saccadic activity as it pertains to visual aspectsiocogither in
terms of visual perception or visual imagery. The activation approach considered
saccadic activity a manifestation of either general motoric adivati asymmetrical
hemispheric activation. The cognitive processing approach studied ocular actasat
reflection of specific processing requirements of cognitive tasks. Althooigceptually
different, all three cognitive approaches considered ways in which control of eye
movements can be modulated by cognition suggesting that ocular motility may be
affected by neural activation responsible for ongoing cognitive processing

The findings of various approaches to the phenomenon converge to show that
people make multiple eye movements when responding to cognitive tasks that do not

seem to involve visual perception (e.g., Antrobus, 1973; Weiner & Ehrlichman, 1976)



and to suggest that the frequency with which saccadic eye movements occur in those
tasks is closely connected to their processing demands (e.g., Antrobus, Antrobus, &
Singer, 1964; Bergstrom & Hiscock, 1988; Ehrlichman & Barret, 1983). While some
tasks produce high rates of saccadic activity other tasks produce low ratesadicaye
movements. For example, eyes are almost immobile while a person is engaged in
continuous performance task (Ehrlichman, Micic, Sousa & Zhu, 2007, Experiment 1) but
tend to move rapidly when that person attempts to recall information from LTM
(Ehrlichman et al., 2007, Experiment 3) both recently learned and long-stored imtisema
memory (Micic et al., Experiment 2).

Ocular maotility in non-visual tasks involves a wide range of combinations of
motionless and moving gaze: single saccades, groups of two or three eye maqvamients
bursts of saccadic eye movements all of which appear randomly and are separated b
time periods of various length in which gaze is stationary. As two mutuallysexe
states of ocular activity, eye movement and gaze fixation combine to pedteis of
ocular activity that coordinate with requirements of tasks. The task-depe&hdagies in
ocular dynamics are referred to as non-visual gaze patterns (NMGRSc et al., in
press).

Because saccades that occur when people are engaged in cognitive hativsty t
not primarily visual do not appear to be activated in the service of visual perctyy
are referred to as non-visual eye movements” (NVEMSs). This labsksto
differentiate saccadic eye movements relevant to the present resear¢hdse that

occur in the service of vision. It should not be taken to imply either that no visual



processing is occurring during such eye movements or that visual prodessing
related to the presence of these eye movements (Micic & Ehrlichman, in press).

Indisputably, saccadic activation without a need for visual processing is
paradoxical. That is one of the reasons that the phenomenon of NVEMs is still
underexplored, relatively poorly understood, and often confused with related phenomena
such as gaze aversion (Glenberg, 1997). Therefore, before any furtherd¢hkoreti
accounts of NVEMSs can be considered, it is of paramount importance to empirically
validate the phenomenon as a non-visual occurrence. To show that NVEMs are indeed
non-visual, it is important to demonstrate that they occur when the eyessed.clThis
requirement is directly related to the need to design a measure that caaldhe uskd to
assess EMs when eyes are closed and in darkness. Such a measure must be
electrophysiological, must correlate highly with visually obtained oreador trials
performed with the eyes open, and be sensitive to the well known effects of @adks
strong empirical evidence that NVEMs are indeed non-visual would justifyefurt
explorations of their relationship with internal and external factors.

In the present study, NVEMs are hypothesized to be related to both memory
processes of search through LTM and maintenance in WM (Micic et al., in.press
Originally it was proposed that only LTM search played an active role ivetiegions in
frequency of NVEMs seen across tasks, but the wide range of ocular aativati
particularly the presence of long stares in particular, suggested thdtTidtsearch and
maintenance in WM may be actively involved in regulating NVGPs. However, the

proposal that NVGPs may be a function of dual memory processes is a newtidea tha



needs to be thoroughly investigated. In addition, alternative routes through which
memory can affect frequency of NVEMs must be considered.

For example, it is possible that NVEMs occur at high rates in high rettaesks
not because of searching for information in LTM but because informatiocheedior is
in LTM. This possibility could be examined by comparing frequency of NVEMSg
recall and recognition. If NVEMs were a function of the search procegsstibald
occur significantly more during recall than recognition. Another possikslityat
NVGPS may reflect not memory processes but requirements for linguistiessing
since existent evidence comes only from tasks involving verbal informatiomefdies
the notion that NVGPs reflect memory processes independent of verbalgas&ments
can be asserted only if the same patterns of activation found in verbalreasksodound
in non-verbal versions of those tasks. Additionally, the claim that NVEMs may b
intrinsic to memory processes must be based on evidence that NVGPs typichlardhig
low retrieval tasks are not sensitive to visuo-social stimuli and motor coht®lpresent
study attempted to address all these unresolved issues, and thus, delineapaitiie co
profile of the phenomenon of NVEMs.

Methods of Registering Eye Movements

Typically, ocular motility in non-visual tasks is assessed in two wayg. On
involves video recording of participants while they engage in various cognitiveatagks
subsequent data collection from the video record by counting the number of visible eye
movements. Another is an electrophysiological record of eye movements that occur
during tasks. Both techniques provide reliable assessment of EM frequency basthe m

detailed information about EMs is obtained with eye trackers. Eye trackingmestts
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provide information on frequency, direction and magnitude of EMs but that wealth of
information is more useful in research areas in which it is important to know doéi@hr
of EMs and the position of each EM than for NVEM research which is interesteg solel
in EMR. To our knowledge, eye tracking has not been used in NVEM studies but it is
used in the studies of a related phenomenon of memory-guided EMs which direct the
gaze toward the location of previously presented items that are no longer tiere (e.
Richardson & Spivey, 2000).
Video Recordings

Most NVEM research involves analyses of data collected from video recerding
(e.q., Ehrlichman & Barret, 1983; Glenberg, 1997; Bergstrom & Hiscock, 1988¢areat
by the means of analog or digital video cameras. For the purpose of NVEMhesear
participants are usually recorded while performing non-visual tasks in a yibaalén
setting and under minimal auditory distractions. Participants are comfostdild in a
chair and asked to be relatively still or lean their head on a chin-rest theing
experiment so that their face is always visible on the screen. The cameséigned at
various distances either directly in front of participants, (e.g., Ehrlichnd&41,),labove
their line of sight (Ehrlichman et al., 2007, Experiment 3) or entirely out of vigw (e
Glenberg, Schroeder, & Robertson, 1998). The reason for placing a camera outside the
line of direct sight is the possibility that it could be distracting or couldeeaituation
in which participants feel that they have to look at the camera.

Video recordings as a technique for data collection have a number of bmstati
First, they require that the participant’s head be held steady so that therages re

visible. Sometimes this is achieved by using a chin-rest and sometimpagibipants’
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conscious effort to not move their head while answering quest®esondthey cannot
be used to assess NVGPs in the dark. Assessing ocular activity in non-aksahta
darkness is important for testing the role of external visual informationkinndgbeted eye
movementsThird, they may not allow for reliable collection of data in research in which
eye movements are studied under closed lids. Assessing EMR from a video recording of
tasks performed with closed eyes is difficult due to ocular tremor which occuns whe
eyes are kept closed voluntary (Singer & Antrobus, 1965). It is also difficult to
discriminate between eye movements and blinks or to detect small eye moveiments.
their Experiment 3, Ehrlichman et al. (2007), detected significantly feveemeyements
under closed lids (the mean EMR across all items was 0.38 with a standard deviation of
0.14 and range from 0.17 to 0.66) then when eyes were open (the mean EMR across all
items was 0.93 with a standard deviation of 0.35 and range from 0.31 to 1.68). Inter-
judge reliability of that experiment based on the scores of two individual judges wa
poor: the inter-judge correlations for 15 participants ranged from .13 to .79 witma mea
= .47. Despite an overall decrease in the number of detected EMs, and poortyeliabili
Ehrlichman et al. found a significant task effect. Because ocular getnater closed
lids eliminates possible external influences on NVGPs, it would be important tonconfi
this finding using a more reliable scoring systdfourth, assessing eye movements from
video recordings does not take into account the size of eye shifts.
Electrooculography (EOG)

Some of the limitations of data collection using video recordings can be owercom
by using electrophysiological recordings of ocular activity. With edettysiological

recordings, information on ocular activity can be obtained irrespective ofvieofe
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illumination and whether the eyes are open or closed or the head is in motion. The EOG
recording is possible because the eye functions as a dipole and as such has a standing
electrical potential (sometimes referred to as corneo-fundal potenbanBMarmor,
Zrenner, Brigell, & Bach, 2006). The main source of this potential is the retinagpigm
epithelium which is electrically negative compared to the front of theBrgev( et al.,

2006). The electrical potential that forms between the retina and the cornetspgmje

the skin and those projections can be picked up by electrodes. To obtain an EOG, five
electrodes are attached to the participant’s face, two at the outer cahthieges for

lateral movements and two above and below one eye for vertical movement. The fifth
electrode is fixed at the forehead and serves as the ground. When eyels are stil
electrodes register the resting potential of the retina. When eyes aw@an,electrodes
register changes in the corneo-fundal potential that occur with each eymemyveOn

the assumption of an unchanging corneo-fundal potential, the recorded potential
corresponds to the size of the eye movement, and indicates the eye position.

The EOG record provides information on the frequency, size (amplitude of the
change in potential), and direction of eye movements. However, at this point, NVEM
research is only interested in the frequency of eye movements in variousveognit
activities. Frequency of eye movements can be determined by measurit@Ghe E
amplitude manually, marking the inclusion criterion of the study on the EOG record, and
then simply counting eye movements that meet that criterion. Most studies hade bas
their analyses on eye movements of at least three or four degrees of arsgléaecient
(e.g., Antrobus et al., 1964). However, counting eye movements from an EOG record

may not be the most efficient way of assessing EMR since it is someiifreestdo
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discriminate between EMs and blinks or to determine the degree to which some EMs ma
be meeting the criterion because of their temporal overlap with blinks. Furtlieermor
counting EMs from an EOG record is a long and tedious process that introduces error due
to fatigue during scoring.
Eye Movement Rate (EMR)

Studies of NVEMSs report ocular motility either in terms of frequency tsooin
the number of eye movements divided by the time period within which they were
observed (referred to as the eye movement rate or EMR). In our lab, EMR iedbtai
from video recordings by using software developed by John Zhu which allows the
original video mpeg files to be modified in terms of the speed and size of the image. |
the process of scoring, the end of the question and answer periods for each item ar
marked and then each eye movement is entered manually on the time continuum of each
marked segment. To allow for precise registration of individual eye movements, the
video is played at half the original speed and the image is increased to 16Ggoritd or
size. For between-subject comparisons, the size of the image of participeatsay be
adjusted in order to achieve an equivalent pupil diameter for all participants. Whenever
an eye movement is detected, the observer presses a key and the eye movemed is mar
in a visual display saved in a log file that provides a record of the session. Tdre scor
marks only unambiguous saccadic eye movements; that is, if the scorer israt sye
movement has occurred, it is not counted. This approach to scoring has consistently
produced highly reliable judgments of eye movements as small as 3 degreesaf angul
displacement. Reliability has been assessed in a number of previous studiehithevhi

complete video record from several randomly selected participants was sgonexidy
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three independent judges. EMR was computed for each trial by dividing the number of
eye movements by the number of seconds in the answer period of the trial. Gogelat
were computed over the total set of trials for each participant resultangat of
correlations between pairs of observers. Interjudge reliability in thedies was found
to be very high, mostly over .90. Attempts to reliably measure eye movements under
closed eyelids have been much less successful, with average interjueétggioos
around .40 (e.g., Ehrlichman et al., 2007).

EMR is obtained from an EOG record manually. The process involves marking
the beginning and the ending of a trial, identifying the criterion and counting Ever
that is equal to or larger than the criterion irrespective of their directiorEOigrecord
can be used to validate EMR obtained from video records but manual scoring may lack
precision and EOG is prone to blinking artifacts. Since EOG can be used in the fall rang
of eye and lighting conditions and in both clinical and non-clinical settings, findiraya
to clear the EOG of blinking artifacts and to produce an automatic, computer based
measure of ocular activity is important.

In an EOG, ocular activity is represented in two planes. Upward and downward
EMs are captured by the vertical channel which is also very sensitive tanglinki
Leftward and rightward Ems, as well as oblique EMs, are captured by thertaliz
channel which is less sensitive to blinks. Since the majority of NVEMs occur in the
horizontal plane or have a very strong horizontal component registered by the horizontal
channel, one way of reducing blinking artifacts from an EOG is to base datztioal

only on the horizontal channel. Hence, it is essential to establish whethesrnegist
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horizontal eye movements can provide a sufficient record of ocular activity, dne tha
comparable to EMR based on the full range of EMs observed from a video record.
EOG Power

Electrophysiological data in this study was analyzed using softwateminy
John Zhu that utilizes EOG power as a tool of assessing ocular motility. Thigdhaoét
assessing ocular activity is mostly used to remove EOG artifaats fro
electroencephalographic recordings (e.g., Gasser, Jennen-Steinvetdeder, 1987),
and in sleep research (e.g., Darchia, Campbell, & Feinberg, 2003). To my knowledge,
EOG power has never been used to study NVEM patterns. Direct compariddiRRof E
obtained using video scoring and EOG power is an important step in validating the
methodology which may be particularly applicable to assessment of ocuNély actthe
dark and in eyes closed conditions. In previous research, we attempted to assess NVG
with eyes closed by observing EMs under the eyelids. Although we found a significant
task effect, inter-judge reliability was poor. EOG power might provideabtelway of
testing whether NVGPs occur with eyes closed as well as with eyes open.

In NVGP research, assessing EMR involves counting EMs that satisfyifiesbec
amplitude criterion. Consequently, amplitude of EMs is only considered in redgenc
the inclusion criterion, and the absolute size of EMs does not influence EMR. Each EM
above the criterion is counted and gets equal weight regardless of its magmtEdté; a
of 3 degree is “worth” as much as one of 70 degrees. Therefore, EMR is a measure of
saccadic frequency rather than a measure of ocular activity in a more insleissee

Because the electrical potential generated during an EM is a measardar

displacement, average electrical potential (i.e., power) of a taaiusction of both
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frequency and amplitude of EMs that occurred in that trial. Currently, there is no
information on how much each of the parameters contributes to EOG power and we do
not know how EOG power relates to the EMR acquired by methods in which discrete
EMs are counted independent of amplitude. As a result, we do not know whether EOG
power will show the same NVGPs that we find in existing EMR research or beelyl
EOG power will match results found with visual scoring of EM frequency. To teatex
that EOG power reflects frequency of EMs rather than amplitude of EMs|atans
between the two methods should be high and power should show the same task-related
patterns as visually assessed EMR. This relationship should not be affected due to
elimination of the vertical channel because the horizontal channel registensly

leftward and rightward EMs but also the horizontal component of obligue EMs. On the
other hand, if amplitude plays a larger role in EOG power, then correlations beheee
two methods would be attenuated. It is not clear what the task-related efietdsbe in

this case since we do not know whether amplitude is related to tasks or not.

The algorithm for this program involves a series of steps designed to follow the
distribution of EMs around the point of primary position (Cook, Stark, & Zuber, 1966).
Preliminary analysis of data collected with a series of calibrati@is tncluding trials
with no EMs and trials with 5, 10 and 15-degree EMSs, provided strong evidence that
EOG power can be used to assess frequency of EMs. Because the net pow®d of an E
a sum of two independent powers, the power of baseline and the power of EM and the
assumption is that baseline power should be relatively stable for an individual and not
vary significantly between trials, once the raw power of eye movement isecetydhe

baseline power, the relationship between the frequency of EMs and their power $ecome
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evident. For example, the power of ten 15-degree EMs (348) is two times hengdiné

power of five 15-degree EMs (173). This relationship can be mathematicalbssgdras

P10 = 2 x P5. The practical implication of this relationship is that the power can be use to
indicate the frequency of EMs in a trial.

The initial analysis using raw power of 5, 10, and 15-degree EMs indicated that
by being sensitive to the number of the same-size EMs, the net power of a yriz¢ ma
promising novel measure of saccadic frequency. Because empiricaembhsed on
the total power of EMs include the ever-present noise in the signal, the relgtionshi
between EOG power and EMR may be less than perfect. In computations of EOG
power, amplitude becomes a concern with large and sweeping EMs that cross the midline
but which are not typical constituents of NVGPs. Since they are infrequerdrbutc
lot of power, they can distort the average power emitted by the majority of NVEMSs.
Because the objective in using EOG power is to provide information on EM activity
comparable to that obtained by visual scoring, the effect of large EMs on totl Ipasv
to be minimized.

In the absence of empirical evidence of the relationship between EOG power and
size of Ems, the criterion for clipping in this study had to be based on the power values of
calibration trials and on the fact that NVEMs are mostly small and rareg visual
midline (Ehrlichman et al., 2007). Based on the available information it appeared that
clipping the power of individual trials at 500 ns¥ould clear the record of the effect of
large amplitudes without compromising contribution of EM frequency to the measure.
Because it is currently not known what portion of EOG power comes from EM

frequency, and because of the exploratory nature of this inquiry, power wabpgsd c
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at 1000 mV and 4000 mV which carry less risk for reducing the frequency component of
EOG power. Multiple clipping levels allowed for the preliminary assessafe¢hé best
method of reducing the amplitude, but not the frequency component, of EOG power
through comparison of the average of sets of EMR-EOG correlations usiogsvar
corrections. Consequently, task effects on NVEMs could be assessed using the EOG
power measure that best corresponds to EMR.
NVEMsand Memory

While considering various possible sources of NVEMs (e.g., arousal, mental
imagery, interference) several researchers including Antrobus (197 3ghaah and
Barrett (1983), and Bergstrom and Hiscock (1988) noticed that frequency of NVEMs
may be related to memory. To explore this possibility, Ehrlichman et al. (2007)
compared a variety of tasks that differed in their requirements forvadtaéinformation
from LTM. Low retrieval tasks included vigilance tasks, tasks requiringmetaory
(e.g., reciting the alphabet), and tasks requiring maintenance (e.g., detaged w
repetition) and manipulation (e.g., reporting the number of vowels in three words) of
information in temporary memory while high-retrieval tasks involved episedadir
(e.q., recalling a list of words), semantic fluency (e.g., reporting yieenyms of a
given word) and autobiographical memory (e.g., recalling a past persongl event

Ehrlichman et al. (2007) considered the memory hypothesis alongside the
alternative explanations that NVGPs are a function of difficultly, memagery
(Experiment 1), arousal (Experiment 2) and visual interference (Exper8neln all
three experiments, the mean EMR of high-retrieval tasks was signijitagiier than

the mean EMR of the low-retrieval tasks and effect sizes measuteetassquared
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were very large ranging from 0.74 to 0.96. There was no evidence that difficulty or
imagery had an effect on EMR in low and high retrieval tasks. The question of the role
of difficulty is important to NVEM research because there is evidenté tan affect

EMR (Lorens & Darrow, 1962) and rate of gaze aversion (Glenberg eta |., 1998) and
consequently, it was addressed in all three experiments. However, alhequsri

reported that between- tasks differences in EMR could be attributed ¢évaétri
requirements, not to difficulty.

The Ehrlichman et al. (2007) study provided strong evidence that ocularyactivit
in non-visual cognitive tasks may be best understood in terms of the degree to which
tasks require retrieval from LTM. The only factor consistently influentie rate of eye
movements was LTM retrieval; neither visual imagery, nor difficulty, equirements
for overt verbal responding were related to between-task differences in ENe#RallO
the EMR of relatively high-retrieval tasks (mean = 1.08) was twice thtaedEMR of
relatively low-retrieval tasks (mean = 0.52) with very large effecsqizeard = 2.21;
meany”= .89). In addition, the EMR of a baseline, no-task condition fell midway
between the EMR for high and low retrieval tasks. Importantly, differentoversif
tasks that evoked high or low amounts of visual imagery (as indicated by participants’
ratings) revealed no effect of imagery on EMR, thus replicating the §adihBergstrom
and Hiscock (1988). These findings support the idea that gaze patterns in non-visual
tasks with various requirements for retrieval of information may be relat@emory
operations activated in order to perform those tasks. According to the memory
hypothesis, the difference in saccadic frequency is a direct consequenaeltihgea

through LTM in high retrieval tasks which is absent in low retrieval tasks.
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The claim that changes in the gaze patterns found in tasks that do not involve
external or memory-based visual information may reflect processes pedforthin the
milieu of memory functions was further tested in three experiments condychéidib
et al (in press). Their study examined whether or not spontaneous saccadic eye
movements are related to LTM retrieval (Experiment 1), addressed thieilggtbat
saccadic frequency reflects the degree of accessibility of itemezisn LTM
(Experiment 2), and assessed whether or not saccadic eye movements haveraffuncti
role in retrieval from LTM (Experiment 3).

By using structurally comparable tasks with different retrieval deisia
Experiment 1 of Micic et al. (in press) provided substantial support for the LTM
hypothesis. Tasks which shared basic task structure but differed in requiré@ments
LTM search were found to differ dramatically in EMR, while tasks that eiffen basic
task structure but required LTM search produced virtually identical EMRS wWids an
important finding because in the studies that provided initial evidence of the involvement
of memory related functions in NVGPs (Bergstrom & Hiscock, 1988; Ehrlichman et al
2007), low- and high-retrieval tasks also differed in other respects. For exantpke, i
Ehrlichman et al. (2007) study, all of the high retrieval tasks required parttsito
answer questions concerning general knowledge or autobiographical informatipn (e.g
naming modes of transportation; recalling number of movies seen in the lasteks) we
In contrast, the low retrieval tasks included a variety of continuous performance and
working memory tasks, some of which involved presentation of external auditonyi stim
and required motor responses (e.g., clicking when a specified pattereavedsrha list

of spoken letters). Therefore, in order to uphold the LTM hypothesis, it was nedessary
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rule out the possibility that task-related changes in EMR may not balaakeetrieval
requirements but an artifact of extraneous factors. While Experiment 1 foang str
support that EMR increases in tasks requiring LTM search, Experiment 2 found no
evidence that accessibility of items in LTM had an effect on the paifesaccadic

activity in these tasks. That any type of LTM tasks other than rote owvesteeetrieval
elicits high EMR was further confirmed in Experiment 3 which found no evidence that
high EMR of high-retrieval tasks affects performance.

Micic et al. (in press) confirmed that NVGPs accompany retrieval and
maintenance of internal information in a reliable and predictable way: &gksyron
retrieval of information from LTM consistently and independently of voluntary
oculomotor control are associated with significantly more saccades thathaiste not
require access to LTM. The study demonstrated that the tendency to produiske mult
saccades in high retrieval tasks is very strong and neith&r eascompletely
suppressed by voluntary gaze fixation but is absent in low retrieval tasksrdig to
the LTM model of NVGPs (Ehrlichman et al., 2007), the strong tendency toward
generation of saccades is triggered by search through distributed netwbiid afhile
the tendency to suppress saccadic activity occurs when information neededéor furt
processing is readily available in the episodic buffer, the interface &retWd& and
LTM (Baddeley, 2000). In the lack of evidence that high EMR of high-retrieval imsks
functionally significant, this study concluded that NVGPs may be an epiphapnamé
activated memory functions of search and maintenance.

In contrast to studies of NVGPs, evidence that eye movements may play a

functional role in memory comes from the study of phenomena such as gazanavers
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(e.g., Glenberg et al., 1998) and memory-guided saccades (Richardson & Spivey, 2000).
Research on gaze aversion provides ample evidence that while answeringj diffic
guestions both adults and children tend to shift their gaze away from visual displays
(Glenberg et al., 1998), and from the questioner both in face-to face (Doherty-Sneddon,
Bruce, Bonner, Longbotham, & Doyle, 2002; Glenberg, 1997) and in live video link
situations (Doherty-Sneddon & Phelps, 2005), and that repositioning of the gaze
improves performance (e.g., Doherty-Sneddon, Riby, Calderwood, & Ainsworth, 2009).

According to the ‘looking at nothing’ phenomenon (Ferreira, Apel, & Henderson,
2008), spontaneous saccadic eye movements that occur in recall are related to memory
(e.g., Richardson, Altmann, Spivey, & Hoover, 2009) and indicate auditory, visual and
spatial features of a previously experienced stimulus (Richardson & Kirkham, 2004;
Richardson & Spivey, 2000). Evidence shows that eye movements to empty spatial
locations accompany recall of visual informat(taeng & Teodorescu, 2002),
processing of relevant spoken information (Altmann, 2004; Altmann & Kamide, 2004),
and recall of spoken semantic information (Richardson & Kirkham, 2004; Richardson &
Spivey, 2000) However,whether or not “looking at “objects that are no longer there”
(Richardson & Spivey, 2000) is functionally significant for retrieval istgée
determined (e.g., Ferreira et al., 2008; Hoover, & Richardson, 2008).

The relationship between eye movements and memory and the potential
functionality of saccadic activity in retrieval of information is also sugggeby
researchers interested in the effect of bilateral horizontal eye moveonegpssodic
retrieval (e.g., Christman & Propper, 2001). Several studies report facyliegdtects of

voluntary bilateral saccades on episodic recognition and retrieval (e.gtn@dm|
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Garvey, Propper, & Phaneuf, 2003; Parker, Relph, & Dagnall, 2008). This effect is
specific to saccadic eye movements and does not occur after smooth pursatian.fix
Saccades elicited in these studies are large (27°), and typically crosslithe.rtt is
proposed that eye movements improve retrieval from episodic memory by ingreasi
interhemispheric activation (Christman et al., 2003).

Eye movements detected in NVEM research are generally smahethtiha
voluntary saccades elicited in the bilateral eye movement studies (< 15t are
voluntary and do not seem to improve performance on tasks involving retrieval of
episodic and semantic information (Ehrlichman et al., 2007).. Most of the time people
are not aware that they start moving their eyes at some point while tryiecgib
information from LTM. These eye movements occur spontaneously and occur at a
variable rate and in random directions during a task. While there is no doubt that the
direction of eye movements may be related to spatial aspects of the ‘episodiot
information (Altmann, 2004; Altmann & Kamide, 2007), research on NVEMSs presents
compelling evidence that ocular behavior may also be related to cognitivesa®test
do not reference contextual (e.g., spatial, temporal, sensory modality) adpects
information. While lateral eye movement (LEM) research did not find consistent
evidence linking the direction of eye movements to type of information being/estria
growing body of evidence collected within the cognitive approach to NVEMs d8gges
that the frequency with which NVEMs occur may indicate the type of meraocyion
activated: when information is retrieved from LTM, saccadic frequenouiwdfto be
high and when information is to be maintained or manipulated in WM, saccadic

frequency is low (e.g., Micic et al., in press).
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Maintenancein Working Memory

The abilities to maintain and manipulate information relevant for the subsequent
behavior but no longer available in the environment are essential for successful
processing within WM. The ability to maintain information is studied with expental
paradigms designed to isolate component processes of WM by introducing a delay
between stimulus presentation and response production (e.g., delayed matopko-sa
tasks). In this paradigm, subjects are presented with a cue stimulus, aslegotémm
information about that stimulus during a brief delay in which stimulus is removed from
the environment, and finallyp respond to a probe stimulus so that it can be determined
whether information about the cue stimulus was successfully retained. Although the
delay between presentation and testing serves as the means of examiningythe abil
retain information over brief periods of time, multiple processes are alttrugy the
delay. Alongside efforts to maintain information (e.g., rehearsal), $slyjexyy engage in
suppression of distraction, mental timing, expectancy, preparation of motor spons
monitoring of internal and external states, and preservation of alertnegsil@yaz
Rissman, & D’Esposito, 2004).

Dual Task. Although co-occurrence of multiple processes may not be entirely
avoided in experimentation, the uncertainty about processes activated alongside
maintenance during a delay in which there is no task to be performed may be
significantly reduced by introducing maintenance as a secondary task intastual
paradigm. Typically, in a dual task paradigm, subjects are required to perfortiasks
simultaneously and performance on those tasks is compared to single-task cotaditions

examine whether or not processes required by two tasks draw on the same pool of
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processing resources. For example, having to say ‘the” selectifetysgberformance

on a verbal but not on a visuo-spatial task (Baddeley & Hitch, 1974), while performing a
spatial tacking task affects performance on a visual imagery but on a tastbal

(Baddeley, Grant, Wight, & Thomson, 1973).

For cognitive processes that can be conducted in parallel, a secondary process
may serve as the means of controlling the occurrence of various internasaooften
activated during thinking. On the assumption that there is a strong tendency to monitor
our output and especially when undergoing a test, it can be expected that maintenance of
a specified aspect of an answer should not interfere with the ability to pehferm
primary task. In this scenario, if subjects are asked to report the number né¢essta
which a specific type of item occurred, the set of accompanying processint) lveoul
highly predictable: subjects would have to monitor items for the specified queldygt s
those that satisfy the requirement and maintain the mental tally ofstaiyénen the
distribution of items is completely random, no expectancies should form, and because of
the demands of a dual tasks situation, the need to reduce internal distraction or to
preserve alertness should be minimal if not completely absent.

In accord with the proposition that WM involves contributions of multiple
subcomponent processes (Baddeley, 2000) multiple brain regions associated with basic
operations of WM have been detected, some of them in the prefrontal cortex (PFC).
Event-related functional magnetic resonance imaging of human brain durirad spat
memory task associated selection with activation of Brodmann aread@#f)the dorso-
lateral prefrontal cortex (DLPFC)and maintenance with activation o8 BAd the

intraparietal cortex (Rowe, Toni, Josephs, Frackowiak, & Passingham, 2000). édpwev
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neurophysiological experiments with monkeys indicate that WM maintenance is a
process supported by a widely distributed network whose functional connectibtg®na
integration of information processed by the PFC, the parietal cortex, andgoste
unimodal association areas. There is evidence that the neural network meuhdimeg
maintenance of faces includes DLPFC and ventro-lateral PFC (VLPPFQ@jethetor
cortex, the intraparietal sulcus, the caudate nucleus, the thalamus, the hippocampus, and
occipitotemporal regions (Gazzaley, et al., 2004).
Retrieval from Long-term Memory

Memories stored in LTM can be accessed through semantic and episoei@tetri
(Tulving, 1986). Semantic retrieval involves retrieval of information that corestitut
general knowledge of the world such as vocabulary, public events and personatities, a
personal facts (Tulving, 1994; Tulving, 2002). Information stored in semantic memory is
devoid of temporal and spatial context in which it was acquired which is contrary to the
way information is stored in episodic memory (Tulving, 1983). Episodic memory
encodes, stores, and makes available for retrieval memories of persxpalhenced
events (Tulving, 1983). Retrieval of such memories involves content of an event,
individual perspective of the person recalling an event, and information about temporal
and spatial parameters of the event is more complex than retrieval of senm&antdes
(Tulving, 1983). The ability to retrieve information from episodic and semantic nyemor
can be assessed using direct tests of memory such as recall and atogniti

FreeRecall. Inrecall, an attempt is made to access events or information stored
in LTM and to bring them to conscious awareness. This can take a form of filge reca

cued recall, and serial recall. Free recall, as a basic experimeiidigparinvolves a
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list of items, a study session with a specified number of trials, and adsestrsef

specified duration. After the study session, participants are prompted tcasenahy

items from the list as possible and in any order. Items used in free redafiditionally
words, randomly selected from a larger set, although any type of mateticéhthae

named or reproduced is appropriate. At study, items are presented one at tinel time a
presentation rate varies between 20 ms (McDermott & Watson, 2001) and five seconds
(Johnston & Jenkins, 1971; McDermott & Watson, 2001). Recall sessions can start
immediately after the last trial as is the case in immediate fcad,rer after a delay

which is often filled with distracter tasks, as in delayed free recallalRem last from

30 seconds to few minutes and involve either spoken or written presentation ofdetrieve
information.

Performance on free recall can be measured by the number of words recalled
which can depend on factors such as familiarity, frequency and length of wordsgthe typ
of material, the list length, and the task used to process the materialetgiom). In
the multi-trial version of free recall performance is measured by a mwhbels
needed to learn a specified proportion of items. Because there are no instructions on how
to retrieve information, free recall is a fruitful paradigm for the studyiatiples of
memory organization such as the serial position effect (Murdock, 1962) in which
probability of recall is much greater for initial and terminal items (pcyvand recency
effect, respectfully) than items located in the middle of the list, the tepdiemeport
terminal items from the study list first during free recall (Hogan, 19@§)recency
effects which is the tendency to report neighboring items from the study ligtdassion

(Kahana, 1996), and subjective organization of the list in which on multiple redall tria
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words recalled successively in initial recall trials tend to be recadlthe same manner
in later recall trials (Tulving, 1968).

Verbal Fluency. In addition to studying memory for test study items, retrieval
from LTM can be studied by testing recall of already stored informatidnasisemantic
knowledge. This is accomplished with verbal fluency tests which require rétifeva
words stored in the mental lexicon. Two commonly used versions of verbal retrieval
tasks are semantic fluency and phonemic fluency (Azuma, 2004). In semamiby flue
participants are asked to recall words from a specific semantiocai{egg., colors) and
in phonemic fluency, participants report words staring with a specific (ettgr words
beginning with letter ‘p’). Early reports of retrieval from semanteamory used
unconstrained free recall or a free emission paradigm in which an individual names ove
a period of several minutes as many members of a large category (e.g.spasnmal
possible. Commonly used versions of the phonemic fluency tasks are “FAS” and “CFL”
fluency (Lacy et al., 1996). The variant of the phonemic fluency that is used the most is
the controlled oral word association task (COWAT) (Loonstra, Tarlow, Se#601).

Word retrieval is typically timed at 60 seconds. Both tests of verbal flueaaysad as
standard methods of neuropsychological assessment (Harrison, Buxton, Hisaisg,& Wi
2000).

Performance on verbal fluency tasks is typically assessed with the totagmnain
words reported. Other performance measures include number and length of oluster
words from the same semantic or phonetic subcategory, number of switches between
categories (Troyer, Moscovitch, & Winocur, 1997), and number of repetitions. During

retrieval, items tend to be produced in bursts of either semantically or phdpeélkzed
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words (e.g., Troster et al., 1998). In semantic fluency, typical category exsrap
reported more than less typical ones, earlier in the list and with higher frgqeemnc

Kail, & Nippod, 1984). The rate of production of new items declines hyperbolically over
the duration of the task (e.g., Gruenwald, & Lockhead, 1980). These charastaristic
consistent findings of research with adults and with children (Henley, 1969; Kail, &
Nippod, 1984). Performance on semantic fluency tasks tends to be better than on
phonemic fluency tasks (Gladsjo et al., 1999; Harrison et al., 2000) possibly due to
activation of the semantic system of knowledge about an object in semantig fluenc
which does not occur in phonological fluency. In contrast to retrieval guided by a
semantic category, letter-guided retrieval requires forming of a exmasgtically
associated category, and generation of words that belong to that categorg isffortful
(Martin, Wiggs, Lalonde, & Mack, 1994). According to neuropsychological evidence,
verbal fluency tasks activate frontal and temporal lobe but frontal activatoores
prominent in phonemic fluency and temporal activation is higher in semantic fluency
tasks (Baldo, Schwartz, Wilkins, & Dronkers, 2006).

Recognition. Recognition allows us to correctly remember previously
encountered items by matching a given environmental content with a content stored in
memory. This type of retrieval is considered to involve two components: recollection
(i.e., remembering) and familiarity (i.e., knowing) (Yonelinas, 1994). Fanmtylis
context-independent since it only requires knowledge of the stimulus features, while
recollection requires that stimulus features are remembered toggttnéne context in

which the stimulus was previously experienced and is, as such, context-dependent.
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While recollection requires conscious effort, familiarity tends to be an urioossand
automatic process (Jacoby, 1991).

Recognition memory can be assessed with several methods. One of thet simples
forms of testing recognition is the old-new paradigm in which participants balexide
whether an item presented at testing was presented during study The respmnss a
‘yes” for old items and ‘no’ for new items. Another method of testing recognition is
forced choice recognition. Participants are presented with sevena| itsually 2-4, one
of which is a target and the rest act as distracters and has to decide which one is a
previously experienced item. Yet another approach to studying recognimads
measuring response time. The main idea of mental chronometry is that speed of the
response reflects complexity of an underlying physiological proces$ssloilv reaction
time occurring in complex and fast reaction time accompanying simplezgsiag.
Response time is typically measured in milliseconds and seconds. , Riecogjuities
cover a wide span of materials including words (e.g., Nobre, Allison, & Mc &@02)
sentences (e.g., Tulving et al., 1994) faces (e.g., Haxby et al., 1996) objectdq=get
al., 2007; Schacter, et al., 1997) actions (e.g., Decety et al., 1997) and visua(escenes
Montaldi et al., 1998). Both visual (e.g., Montaldi et al., 1998) and auditory (e.qg.,
Tulving et al., 1994) materials are used.

Gaze and Language

Looking behavior is never random. During social interaction more eye
movements occur while speaking than while listening (Argyle & Cook, 1976;
Ehrlichman, 1981, Exline, Jones, & Maciorowski, 1977). Eye movement studies of

language production indicate that even in the visual world, once speaking begins, the
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timing and sequence of fixations is controlled by the utterance and not by thetypearce
properties of the visual stimulus (Bock, Irwin, Davidson & Levelt, 2003). Evidence of
the anatomical overlap of language and memory functions in the left prefronéa cor

(e.g., Desmond et al., 1995) and posterior parietal cortex (e.g., Gurd et al, 2002), and of
the fundamentally linguistic nature of memory processes such as concepptuad) pri
semantic analysis, and episodic memory (Gabrieli, Poldrack & Desmond, 1998) opens a
possibility that oculomotor control and planning could be modulated by language related
processing.

Functional MRI shows that language and saccades share a cortigaltaea
posterior parietal lobule (Simon, Mangin, Cohen, Le Bihan, & Dehaene, 2002), thus
offering one possible answer to the question of a possible relationship between eye
movements and language. In line with the general role of the parietal lobe in
sensorimotor conversion operations, the inferior parietal lobule is the auditasy-mot
interface of language processing that connects temporal area of phori@pgexh
analysis and frontal area of articulatory speech production (Hickok & Poeppel, 2000)
The area around and near the left posterior segment of the inferior pari@atal ($85)
beneath the left angular gyrus shows activation in response to three ditiskent t
involving either saccades directed to visual stimuli, phonological encoding (i.e., phoneme
detection), or calculation (i.e., subtraction). This activation may have beesutice sf
the high EMR found in tasks involving hard mental multiplication problems (Amadeo &
Shagass, 1963; Lorens & Darrow, 1962) and tasks involving mental solving of anagrams

(Andreassi, 1973).
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Although this functional overlap is to a degree a product of inter-subject
averaging and smoothing of inter-individual variability, the existence of furati
overlap between language-related and saccade-related cortical @&adens with
language functions being left lateralized and saccadic function causiregdlilat
activation. Single-subject analysis reveal that the pattern of overlap wathesthe full
range across subjects from no overlap, to marginal and complete overlap between
language, calculation and saccade-related posterior parietal Sireas €t al., 2002)
providing biological bases for understanding of individual differences typicallydf in
studies of NVEMs. Over various fluency tasks used in Ehrlichman et al. (2007) study,
individuals’ mean EMR ranged from 0.01 to 2.97 in Experiment 1; from 0.12 to 2.04, in
Experiment 2, and from 0.02 to 2.39 in the free eye conditions and 0.00 ia fixatl
gaze condition for all 66 participants in Experiment 3. We do not know if the same area
of the IPS is activated with spontaneous non-visual saccades, but the varratikty
overlap of cortical areas related to saccades, language and calculatierpian the
consistent finding that correspondence between eye movements and thought is optional
not obligatory (Kaplan & Schoenfeld, 1966) as well as our finding that performance on
phonemic fluency tasks is not dependent on concurrent saccadic activity.

The anatomical overlap found by Simon et al. (2002) does not imply functional
relevance of saccades in phonological detection and mathematical operations but i
reduces the likelihood of saccadic activation being a physiological epiphenomaedn ba
on the increase in general arousal (Antrobus, 1973) or the spread of activation (Amadeo
& Shagass, 1963) within motor and premotor cortices activated during programnaing of

verbal response. That the difference in saccadic frequency is indeed an dffect of
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guestion and not an artifact of differences in response requirements is well demiment
literature. Whether the answer involves complex syntax or just listing of fodiswor
(Ehrlichman & Barrett, 1983), a full overt answer or just a one word acknowledgment
(‘okay’) that the answer had been formed covertly (Hiscock & Bergstt@8il) does not
factor into the difference in EMR found between verbal and imagery tasks. eenagnt
with the behavioral evidence, the finding of anatomically overlapping sacmadlic
phonological areas indicates that if there is a relationship between sagmaeliation
and language, it is based not on speech production but on the more fundamental
operations necessary for thought (e.g., answer) formation such as retniéval
phonological decoding of memorial (e.g., semantic) traces. That eye moversents a
more related to memory processes such as LTM search than languagetsdnolcthe
findings of studies in which subjects were required to retrieve a memory dbdynaad
just hum a portion of it. Humming of melodies from LTM was found to produce high
EMR, comparable to that of verbal-linguistic tasks (Bergstrom & Hiscock, 1988;
Ehrlichman, Weiner & Baker, 1974).
Rationale for the Current Studies

Study 1. Saccadic Frequency and Memory Functions: EMR and EOG Measures

The first aim of Experiment 1 was to examine whether EOG power candbasise
a measure of oculomotor activity that is equivalent to measures of oculatyactivi
collected from a video record. To our knowledge, EOG power has never been used to
study eye movement patterns. This experiment directly compared resultsebiane
video scoring and EOG power in order to validate the use of the new methodology for

data collection in eyes closed conditions.
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The second aim of this experiment was to determine whether spontaneous
saccadic activation and gaze fixation can be related to memory functionsobiirsgar
through LTM and maintenance of information in WM memory as proposed by the LTM-
WM hypothesis. The LTM-WM hypothesis is that search through LTM trigeyss
movements (EMs) but maintenance of information in WM triggers fixation. To the
extent that a task requires LTM search, the task will produce high EMRs. &xtéme
that a task requires maintenance of information in WM, the task will produce lovs EMR
Four predictions followed from these two premises:

1. EMRs are lown tasks in which all of the information necessary to complete the task
can be maintained in WM without further accessing of LTM have. For example, in a
two-back task, all information is held in WM while participants are responding to a
particular pattern of stimuli.

2. EMRs are low to moderaite tasks where the information from LTM is highly
structured. (e.g., describing one’s kitchen) or involves over-learned sequenbess(suc
the alphabet) and which do not require maintenance of information in WM (e.gngeciti
the months of the year).

3. EMRs are moderate to hightasks that require some access of information from
LTM but also require maintenance of information in WM depending on how often LTM
search is activated. For example, in monitored retrieval tasks, participastt&eep

track of features of retrieved material (e.g., the number of words in a fltesicthat

contain a longe sound).
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4. EMRs are high in tasks which require extensive and repeated LTM search but do not
require maintenance of information in WM (e.g., recalling information fremastic
memory).

The third aim of this experiment was to examine whether NVGPs occur with non-
verbal material. Previous research did not address the possibility that Niv&yRze
specifically related to language; tasks used in previous researcimastlg verbal and
required a spoken answer: verbal-linguistic tasks such as interpretation aobpr@eg.,
Weiner & Ehrlichman, 1976), reporting of factual information (e.g., Meskin & Singer,
1974), phonological encoding of numbers and letters (e.g., Ehrlichman et al., 2007),
semantic fluency (e.g., Ehrlichman et al., 2007) etc. Non-verbal tasks sucisiasl
guestions requiring humming were seldom used to asses EMR (Ehrlichman et al., 1974,
Experimentl, Bergstrom & Hiscock, 1988, Experimentl) and LEMs (Kocel, Galin, &
Ornstein, 1972).

The existing evidence suggests that it is not speech but active accessing of
linguistic information that may act as a factor in ocular motilitys@eck & Bergstrom,

1981, Experiment 3) but cannot separate contributions of language and memory to EMR.
To examine whether NVEMs occur due to searching for information stored in LTM or
due to the nature of information being accessed (verbal-linguistic, non-yénimbtudy

will include non-verbal LTM and WM tasks comparable to the verbal variants of such
tasks typically used in NVEM research. The prediction is that, like in theotasebal
material, the EMR will respond to the nature of memory processes and not to the nature
of information. | expected the EMR to be significantly higher in high than in low

retrieval non-verbal tasks.
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Study 2: Saccadic Frequency and Social Factors

The primary purpose of Experiment 2 is to examine the effect of the physical
presence of another person on the known pattern of NVGPs. This experiment will
attempt to answer the question of whether NVGPs observed during tasks vatyieg i
degree of retrieval requirements are evident despite the gaze tendeatcragyht be
expected to occur when another person is physically present. The effect ofestara
on NVGPs has not been addressed in previous research on NVEMSs but there is a wealth
of data on gaze tendencies in social dyads and while answering questionss @tudie
ocular behavior in social situations report that people tend to look at the interlacutor i
conversation and suggest that this tendency may reflect the need for feedbatk, speec
synchronization and maintenance of affiliative balance (Argyle, Lalfig@ook, 1968).

Gaze aversion studies report that people look away from another person’s faceraad fr
visually engaging stimulus while performing difficult verbal tasks (B&xg et al., 1998)
and propose that people avert their gaze to prevent visual interference and cognitive
overload (Doherty-Sneddon & Phelps, 2005; Glenberg et al., 1998).

In contrast to social and gaze aversion explanations of ocular behavior in
dialogues and non-visual cognitive tasks, the memory hypothesis proposes that NVGPs
involve changes in ocular activity more related to the cognitive processegextby
tasks than to social context and sensory load. This proposal is supported by the fact that
NVGPs found in non-visual cognitive tasks performed with open eyes also occur when
such tasks are performed with closed eyes (Ehrlichman et al., 2007) and inteomple
darkness (Ehrlichman & Barrett, 1983). Itis probable that performing tasks i

presence of an experimenter may reduce EMR observed when such tasks aregerfor
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in non-social setting (i.e., participant alone) due to tendencies to look atyframa
interlocutor. However, if NVEMSs reflect some aspect of cognitive taskshighly

likely that patterns of saccadic activation observed in tasks with differeigval
requirements in various non-social settings will not be affected by thenpeestanother
person. The number of eye movements should remain higher in tasks requiring search
through LTM than in tasks requiring maintenance of information in WM irrespedtive o
the presence or absence of the experimenter.

This prediction was based on existing evidence that physical presence of anothe
person does not affect ocular activity typically observed in non-visual tasks. For
example, Ehrlichman, Weiner and Baker (1974) used a face-to-face conditiom in the
study of the effects of verbal and spatial questions on initial gaze shifts te émesur
gaze was centered at the end of the question and found no effect of a face or @camera
gaze patterns: there were significantly more stares in spatiahtivanbial questions
whether participants were facing an experimenter or a camera. Studaeadversion
also report that the face of an experimenter does not affect gaze averamntiffthan
a complex visual display (e.g., Doherty-Sneddon et al., 2002; Doherty-Sneddon &
Phelps, 2005; Glenberg et al., 1998). Evidence collected through various approaches to
studying ocular activation in non-visual tasks converge to suggest that althMsgin
general may be modulated by external factors, those that occur in connetttioonw
visual cognitive tasks seem to be essentially related to ongoing cognitixrgyact

Additionally supporting the proposal that NVEMs may be yoked to cognitive
processing was the finding that maintaining fixation of a simple visuattargy be

quite effortful while performing tasks which typically tend to be accompanigdhigh
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EMR such as high retrieval tasks (Micic et al, under review). Although adpiteus
finding of Micic et al., this is a very important finding since it suggeststiigabond
between EMs and cognitive processes may be automatic and prepotent and as such
resistant to alteration. In order to examine the extent to which NVEMsrasi\seto
social factors such as the physical presence of another person or taedstardrol of
gaze, this experiment will attempt to replicate the finding of Micid.etral extend it to
fixation of a human face in a face-to-face experimental situation. Xpeceed that the
tendency for frequent EMs in high-retrieval tasks will not be eliminated byagt®ns to
fixate a target. It is expected that more EMs will occur in high retrtasks than in
low-retrieval tasks in both gaze conditions (fixed gaze, free gaze),aldspinstructions
to keep the gaze on the target, and irrespective of the fixation target (experisiface
or a gray oval).

The existing evidence that NVGPs are associated with specific iwegaisks is
currently best explained by the memory hypothesis according to which Nv&BR®e
used as a motor index of active memory functions, searching for informatiotMroL. T
maintenance of information in temporary buffers of WM. However, using NVG&s as
index of memory functions may be premature as existing research has ntgateds
alternative sources of saccadic facilitation within the domain of memory. fiSpkygi
the possibility that NVEMs may reflect a type of memory and not memory dunschias
not been examined. The memory hypothesis holds that NVGPs are process-specifi
relating them to processes of searching through LTM and of maintenancerofatibn
in WM. According to this view, high EMR reflects the search function and low EMR

reflects the maintenance function. In contrast, domain specificity would tmeaaNIs
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reflect the source of information operated on - LTM or WM. Consequently, accooding t
the domain specificity view, high EMR would be related to LTM and low EMR to WM.
The attempt to parse out the contribution of memory function and type of memory
to spontaneous saccadic activity was the secondary aim of this experimMaie.
previous research (Ehrlichman et al., 2007) and Experiment 1 address the differentia
contribution of search and maintenance to NVGPs, this experiment examined the
possibility that NVGPs may be domain specific. If NVGPs are domairnfispéaey
should not be sensitive to processes performed within the domain. In the domain of
LTM, two processes can be directly compared as information stored in it candsgece
in two ways, through recognition and recall. If ocular activity is domainfgpeges
should move at a similar rate while recalling and recognizing verbal infiormalf
EMR increases because the tasks require retrieval of information frMndaccades
should occur at a high rate when attempting to retrieve information using botharetall
recognition. However, if saccadic frequency reflects the memory functieeaafh and
maintenance, EMR should be different in recall than in recognition. Becausge recal
involves searching for information in LTM and recognition requires matching of
information in LTM with a stimulus, EMR should be higher in recall than in retiogni
To summarize, the predictions of this experiment were that: 1, EMR is higher in
high retrieval tasks than in low retrieval tasks irrespective of the sacidlton 2, EMR
is higher in high retrieval tasks than in low retrieval tasks irrespectiviee@faze
condition and, 3, eyes move more frequently during recall than during recognition of
verbal information.In toto, this set of findings would suggest that the phenomenon of

spontaneous saccadic activation in non-visual task is 1, a cognitively based phenomenon
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2, robust under social and non-social situations and gaze instructions and 3, related to
memory functions recruited by tasks.

Study 1: Saccadic Frequency and Memory Functions. EMR and EOG Measures
Method

General procedure. The procedures common to both experiments are outlined
here and procedures specific to each individual experiment are presented iththe me
section of each experiment. Participants were run in the study individually. They
reported to the lab at the scheduled time, the nature of their participationpeinek,
and written informed consent was obtained. To account for the use of video recording,
the study was described as an investigation of facial expressions oceurangeople
are engaged in various cognitive tasks. This deception was necessary bdemause t
strong evidence that when people are aware that their eye movements astuukéal
they cease to be entirely spontaneous. Therefore, in order to prevent contamiyation, e
movements were not mentioned. Head movements were not restrained but participants
were asked to sit as still as possible during the experiment so that theirdwddd w
always be in the camera’s view.
The experiment was conducted in a mostly bare room (180 cm x 300 cm) with the

walls painted white to minimize visual distraction and provide high levels eftefice.
To further minimize visual distraction, the video camera was be placed 27 cm from the
ceiling so that it was not in participants’ direct line of sight. The view wieca-related
equipment (e.g. tripod) was blocked with a plastic white sheet hung at the elista&d
cm from the chair in which participants were seated. The distance betweemérna ca

lens and participants’ eyes was approximately 195 cm. To prevent loss of data,
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participants were instructed not to look at the camera or to lean forward and look at the
floor.

Participants were familiarized with tasks before trials begin. Teskuctions
(read by the experimenter) and prerecorded tasks (n-back) were presenigd g
audio system. Response period for each task lasted 30 seconds following p&sticipa
statement of readiness. The camcorder transmitted the image cppats’ faces to a
computer in the adjacent control room. Eye movements were also recorded for two
waiting periods: one before and one after the tasks trials. Eye movementscoed
visually offline using software specifically developed for EMR redearalibration
checks were performed to indicate that eye movements of 3 degrees and Hid¥eer wi
readily detected. Debriefing was included in the video record.

Participants and recruitment.

Twenty-one Queens College students (10 men and 11 women) participated in this
study either in partial fulfilment of the research requirement of an Inttoduc
Psychology course or as paid volunteers. Seven students were reimbursed for their
participation and 14 received research credit. Information about the sasdyvailable
to students registered for Psychology 101on the research website and to paid wolunteer
on a flier distributed around the college campus. Data from five partisipamné not
included in the main analyses. The final sample of 16 participants consisted oheight
and eight women. Ages ranged from 18 — 35, with a mean of 20.9.

Materials.

Verbal tasks. Four categories of tasks differing in their requirements for LTM

search and maintenance of information in WM were used to test WM-LTM Model.
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Combining high or low retrieval requirements with high or low maintenance
requirements resulted in the following categories of tasks: lovevatrhigh maintenance
(LRHM), low retrieval-low maintenance (LRLM), high retrieval-high mtanance
(HRHM) and high retrieval-low maintenance (HRLM). Each category wassepted
with four tasks lasting thirty seconds each.

The LRHM category consisted of four 2-back tasks. In these tasksjpzarts
needed to respond by clicking with a hand-held clicker whenever they heard a stimulus
that repeated the item right before the immediately preceding stimulyx)x,Four lists
of 25 letters each were prerecorded in a male voice. The inter-stimulvsilifi€l) was
1.2 seconds. In one version of the task, targets were letters with a long “e” sguna) (e
and in another, targets were letters with a short ‘e’ sound (e.g., “m”) in theme Wee
10 targets and 15 filler items in each list. Letters that occur in conseotdiein the
alphabet never occurred in sequence in any of the lists. In order to credte a hig
maintenance requirement in this task, in addition to responding to targetsppat§ci
had to keep mental count of the number of times they made an overt response.
Participants were instructed to count all their responses reganfil@ssuracy and to
report that number immediately after the list stopped playing.

The LRLM category included four 0-back tasks. In these tasks, participants
needed to respond by clicking as soon as they heard a stimulus with a specific phonemic
quality. Two tasks required participants to click every time they heard avidtiea
long “e” and two tasks required clicking to letters with a short ‘e’ sound. FtsIofi5

letters each were prerecorded in a male voice. The inter-stimulus int&tyalgs 1.2
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seconds. Each task included 10 targets and 15 filler items. These tasks did m®t requi
mental counting.

The HRHM category of tasks involved four monitored retrieval tasks.
Participants were asked to report as many members of a specifiedisaa@giory as
possible in the given amount of time. In addition to reporting items from a given
category, they had to mentally count the words they reported that skdidinguistic
criterion — a specified number of syllables Semantic categories usesentasks
included colors, fruits and vegetables, domestic animals, and musical instruments.
Participants were to keep mental count of either one-syllable or thedigpvords.
Recalling colors and musical instruments was associated with countirgyliaile
words, while recalling fruits and vegetables and domestic animals wasaésgagith
counting one-syllable words.

The HRLM category involved four semantic fluency tasks. In these tasks,
participants simply had to report words from a specified category. Tlsraavmental
counting requirement in these tasks. Semantic categories for thesac¢asiksd
occupations, sports, academic disciplines, and modes of transportation. In both versions
of the HS tasks, participants reported their answers at a self-aedde., as soon as
they come up with a word).

Non-verbal tasks. There were two types of non-verbal tasks. They could be
classified as tasks with low- or high retrieval requirements. Thedtweval tasks were
2-back tasks. In this task, a sequence of 25 high and low pitched tones was played on the
desktop computer. The lists were prerecorded and tones were generated usingpitiDI

from a keyboard played in time with a metronome. The ISl was 1.2 s. Like in its verbal
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analog of this task, participants were required to respond by clicking to a tbhadha
the same pitch as a tone that was heard immediately before the precediing tdmgh,
low, high). There were two versions of this task. Each version lasted 30 s and required
10 responses. The third version was used to train participants on the task. The two
versions of the tasks used for the experimental session were performed edengrand
one following the retrieval task. Each trial lasted 30 seconds. The high ratoava
verbal task required participants to retrieve tunes from LTM. There meerestrictions
in terms of the type of melodies to be retrieved - jingles from advedissisongs with
and without lyrics, movie music, or any other source of melodies could be retrieved.
Participants were to hum a brief, two-to-three second long section frornodynaed
then try to hum another tune. In the instructions, participants were encouraged to hum as
many melodies as possible. This task lasted 60 seconds.

Design. This experiment employed a within subject blocked design (see Figure
1). Two sets of matched tasks were performed, one with eyes open and one with eyes
closed. One half of the participants first performed tasks with their eyasaopeone
half first performed tasks with their eyes closed.

The order of tasks within each block was determined with a Latin square. The
order of tasks was different in the two blocks within each eye condition and tasks from
the same category were never performed in sequence. The order of blocks afidasks

tasks within blocks was constant in the two eye-conditions.
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Table 1

Example of the order of matched pairs of tasks in Experiment 1

Eyes open Eyes closed

Block 1 Block 3

2-back (long ‘e’) 2-back (long ‘e’)

0-back (short ‘e*) 0-back (short ‘e”)

Musical instruments/2-syllable words Colors/2-syllable words
Academic disciplines Modes of transportation
Block 2 Block 4

0-back (long ‘e’) 0-back (long ‘e’)

Sports Occupations

2-back (short ‘e’) 2-back (short ‘e’)

Fruits and vegetables/1-syllable words Animals/1-syllable words

Apparatusand procedure. Prior to the experiment, the experimenter explained
the experimental setup, the rules and requirements that need to be observed by both the
experimenter and the participant in order to run the experiment, and application of
electrodes. Procedure involving application of electrodes was explained both on the
research website and again before obtaining the signed consent form. The skin was
cleaned of oils with a disposable alcohol swab and small amount of skin preparation gel
(Nuprep) was applied to reduce skin impedance at area of contact. Pre-gelled
silver/silver chloride disposable electrodes (Unitrace, manufactured bgdUvedical

Supply Corp.) were used; two were applied to temporal canthal region of eacideye a
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one to the center of the forehead to serve as a ground electrode. Electradalfsogn
electrodes were transmitted to the computer using one channel of a bioamplifie
(Coulbourn Instruments) with the following set of parameters: gain set at 10,000, hig
band cut off at 40 Hz and low band cut off at 1 Hz, percent of gain of 35, and coupling at
1 Hz. Impedance of applied electrodes was kept as low as possible, prefd@bly®e
kOhms. Recordings were obtained with a time constant of 10. A set of six cetiipg la
and two floor lamps were used to create a uniformly lighted field of vision. E@G da
acquisition involved software designed for this study. EOG and video recording were
synchronized and monitored on the same computer. Prerecorded n-back tasks were
presented from a separate computer. The experimenter was located in argontrol
during testing and communicated with participants via an audiovisual system.

Data Analysis. Data were collected from video recordings according to the
standard procedure described in the Introduction. The analysis was based on data from
16 participants. Data from two participants were lost for technical reasatasfrom two
participants could not be used due their eyes not being fully visible during all tagks, a
data from one participant could not be used because the participant did not follow task
instructions. For the remaining 16 participants, analysis was based on 21 ti@s. Tr
included two baselines, 16 trials using verbal material, and three trials usingnhah-
material. Starting and ending time for each task were determined framaéoerecord
and statistical analyses were based on ocular activity registered withen@s for

each trial. An example of order of tasks and trial time stems can be found in Table 1.
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Table 2

Example of Task/Eye-Condition Configuration and Time Record

Trial # Task Eyes Start Stop Time
1 baseline 1 o] 0:16 0:47 31
2 maintain 1 (instruments - 2s) C 3:53 4.26 33
3 retrieve 1 (academic disciplines) C 4.59 5:32 33
4 n-back maintain 1 (L) C 6:14 6.46 32
5 n-back 1 (L) C 7:38 8:09 32
6 maintain 2 (animals - 1s) C 8:46 9:18 33
7 retrieve 2 (modes of transportation) ¢ 9:56 10:26 30
8 n-back maintain 2 (S) C 11:04 11:36 32
9 n-back 2 (S) c 12:28 13:00 32

10 maintain 3 (colors- 2s) 0] 13:41 14:12 31

11 retrieve 3 (occupations) 0 14:37 15:09 32

12 n-back maintain 3 (L) o] 15:43 16:14 31

13 n-back 3 (L) 0 16:57 17:28 31

14 maintain 4 (fruits & vegetables - 1s) o 17.59 18:31 32

15 retrieve 4 (sports) o] 19:.01 19:33 32

16 n-back maintain 4 (S) o] 20:06 20:37 31

17 n-back 4 (S) 0 21:16 21:47 31

18 baseline 2 o] 22:20 22:50 30

19 tones o] 24:51 25:22 31

20 humming o] 26:49 27:50 31

21 tones o] 28:22 28:53 31

Note 1:1-s: one-syllable words; 2-s: - two-syllable words; (L) - long ‘e’ so(&ji:
short ‘e’ sound, o - eyes open, c: -eyes closed; 1-4: block number .
Note 2:Trial start and end times are in minutes and seconds. Time is in seconds.

Video and EOG recordings were synchronized by starting EOG recordimg w
5-second delay and activating video recording at the zero point. Synchronization of the
starting time for the EOG and video record ensured that temporal discrepamsyail
and EOG data points due to differences in signal conduction times from the araplifier
the camera would be negligible. This allowed us to base the analysis of both the EMR

and EOG data on the starting times of individual trials determined from the viaded.rec
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EOG data were collected only from the horizontal channel. This approach relakeiced t
time needed for application of electrodes.

The electrical signal was communicated to the bioamplifier via a nwtdeng 3-
lead Bio Amp cable and lead wires. The cable has a yoke with three sockieés|éarct
wires. The lead wires click into place in the cable yoke, and have snap conattiers
other end to connect to typical EKG electrodes. The average impedance was 8.9 kOhms.
Signal form the amplifier was conducted through a three-foot long cable cahtetie
desktop computer.

Data analysis of EOG power involved two measurement units. At acquidiigon, t
EOG was measured in mV. That data was entered in the calculation of EOG pbwer. T
power for a given set of N measurements was calculated according tddienigl
formula: P = (M2+ V2+ ... + @) / N (Vidis the square of'imeasurement, P is power, N
is the number of measurements). Because power is the mean of the squared
measurements, its unit of measurement is a square mV. The results of this fearal
very large numbers, so to simplify further calculations they were divigd@®@o0.

Therefore, EOG power of, for example 295, really meant 295,000 mV2. These
calculations were done on the full range of the raw EOG'data.

Saccadic activity was analyzed for eyes open and eyes closedauwnditithe
eyes open condition, EMs were assessed using the video and EOG records. da the ey
closed condition, EMs were assessed from the EOG record only. Effects ofrhah-ve
tasks were assessed only with eyes open. EMR and EOG data were anadlyzed wi
repeated measures analysis of variance (ANOVA) using SPSS-12.0 GL&tiprec

The multivariate approach was used. All F values were based on Pillagsvitaceffect
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size expressed as partidlAverage correlations between EMR and EOG were based on
eight trials performed with eyes open and computed using Pearséii’statistical
analyses were performed at the alpha level of .05.

Results

Correlational analysis. The first order of business in this experiment was to
establish whether EOG power can be used as a measure comparable to EMR®uored f
video recordings. For this purpose, we assessed EOG-EMR correlationsadlargss-
open trials for each subject. To compute within-subject correlations, each ajiith8ai
sec trials was divided in half, resulting in 16 paired EMR-EOG data pointsdior ea
participant. The average correlations between EMR and each of the EOGan&enar

then calculated for each participant.

Table 3

Profile of the Sets of Correlations of EMR and Variants of EOG Power

EOG Raw EOG Raw SQRT Raw EOG (500) EOG (1000)

Pearson’s r Spearman rho r$emss r Pearson’s r Pearson’s r
Average r .76 .80 .82 .86 .84
Lowest r 37 .36 .38 37 37
Highest r .90 .96 .97 .98 .95
Percent p.9 31 44 .50 .62 .50
Percent p.8 31 .25 .25 .19 37
Percent p.7 12 .06 .06 .06 X
Percent p.6 .06 12 X .06 X
Percent k.5 12 .06 .06 X .06
Percent p.4 .06 .06 .06 X X
Percent p.3 .06 .06 .06 .06 .06

Note: P- power; SQRT - square root transformation of EOG data



50

We compared EMR with raw EOG power using Pearsqréaad Spearman’s rho,
with EOG power after square root transformation and with raw EOG power clipped a
500 mV and at 1000m\%. As can be seen in row 1 of Table 2 all five comparisons
yielded high average correlations ranging from .76 to .86. Of the five methods of
determining EOG power, the method that clipped power at 500mV appears to have the
strongest relationship to EMR, with 93 % of individual correlations greater tha0.

To compensate for underestimation of the average of a set of correlations, we
submitted the correlations with EOG (500) P to Fishettansformation. Although the
resulting average ofto-z’ transformation is an overestimate of the population valazge of
which is opposite to the underestimation that occurs because the sampling distribution of
the correlation coefficient is skewed, there is evidence that the positivef laiesrage
back-transformed tois less than the negative bias of the averaa&d the use of z
transformation is recommended when averaging correlation coefficiesnsatifsamples
(Silver, & Dunlap, 1987).Z-transformation improved the average correlation for EMR
and EOG (500) power from .86 to .91.

It is important to note that these average correlations are computed agkess ta
within subjects. The fact that EOG power closely tracks EMR in a withirestsbj
analysis does not imply that it does so in a between-subjects analysis. Indeedbas
seen in Table 3, the relationship between EOG power and EMR from subject to subject i
highly variable. This result is not unexpected and reflects the fact that indsvatitiat
in the size of their eye movements across all tasks, and while EOG powectisdalfe
the size of eye movements, EMR is not. For the purposes of assessing taskmeffects

saccadic activity in within-subjects analyses, these convergent vabdiglations are
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impressively high and provide a clear rationale for utilizing EOG power inestadi

NVGPs when video recording is not feasible.

Table 4

Participants’ minimal and maximal EMR and EOG (not clipped)

Participant  Minimal EMR Maximal EMR Minimal EOG Maximal EOG
2 0.13 1.33 10 295
3 0 2.07 8 889
4 0 1.47 2 302
5 0 1.67 2 177
6 0 0.53 7 500
8 0 0.60 1 136
9 0 2.73 1 204

10 0 1.33 2 70

11 0 0.33 3 15

13 0.2 2.53 29 422

14 0 2.53 2 829

15 0 2.33 4 210

17 0 0.53 3 27

18 0 1.07 7 222

20 0 1.13 3 219

Task Effects.

Video record analysis of verbal tasks.

Retrieval:Consistent with the existing body of evidenites main effect of
retrieval requirement was significafti(1, 15) = 31.33p < .01, #°= 0.68. The mean
EMR of tasks with high retrieval requiremenk$ £ 1.02,SE= 0.16) was significantly
greater than in tasks with low retrieval requiremekts=(0.19,SE= 0.06).

Maintenanceit was expected that maintenance manipulation would affect EMR

in such a way that increased maintenance requirement would reduce EMR. Although the
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means for high and low maintenance tasks were in the predicted direction (0.57 for high
maintenance, 0.64 for low maintenance), these differences were not sigrifieahiO).

The interaction between retrieval and maintenance was also not significaat().

Table 5

Mean EMR for Verbal Tasks Performed with Eyes Open

Tasks EMR SD
Low retrieval, high maintenance 0.15 0.19
Low retrieval, low maintenance 0.24 0.32
High retrieval, high maintenance 0.99 0.70
High retrieval, low maintenance 1.05 0.65
Baseline 0.72 0.42

Video record analysis of non-verbal tasks. Two non-verbal tasks differed in their
retrieval requirement: a humming task was considered a high retrigkalrid a task
requiring responding to a series of tones was considered a low retrievahtask
predicted, the mean EMR of Humming € 1.11,SD= 0.69) was significantly higher
than the mean EMR of Tondsgl & 0.21,SD= 0.25).

EOG Power Analysis. Because EOG (500) had the highest average correlations
with EMR, EOG (500) power was used to analyze NVGPs. EOG (500) power was
assessed separately for trials performed with eyes open and wittlasgxs Results of

the analyses of verbal tasks are presented in Tables 5 and 6.
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Table 6

Mean Raw EOG (500) Power for Verbal Tasks Performed with Eyes Open

Tasks Power SD
Low retrieval, high maintenance 12.78 11.62
Low retrieval, low maintenance 14.53 17.65
High retrieval, high maintenance 43.91 32.84
High retrieval, low maintenance 47.84 27.57
Table 7

Mean Raw EOG Power for Verbal Tasks Performed with Eyes Closed

Tasks Power SD

Low retrieval, high maintenance 16.40 11.31
Low retrieval, low maintenance 14.25 18.17
High retrieval, high maintenance 26.43 18.72
High retrieval, low maintenance 28.09 14.46

Retrieval:As in the video record analysis, a significant main effect of retrieval
requirement was found. This effect was found both in the eyes Bg&ni5) = 14.35p
<.001,7°= 0.66 and eyes closed conditioRg1, 15) = 13.99p = .002,;°= 0.48. The
mean power of tasks with high retrieval requiremelteyes operr 45.88,SE= 7.31,

M eyes closed 27.26,SE= 3.92) was significantly greater than in tasks with low
retrieval requirementdV eyes operr 13.66,SE= 3.51,M eyes closed 15.33,SE=
3.18).

MaintenanceConsistent with the video record analysis, the means for high and

low maintenance were in the predicted direction in the eyes open condition; howsver, thi

pattern was not found in the eyes closed condition. In neither condition were the means
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statistically significant, nor was there a significant interactiowéen retrieval and

maintenance.

Experiment 2: Effects of Social Factors
Method

Participants and recruitment. Participants in this experiment were 21 women
(average age of 21.8) taking the Introductory Psychology course at (Lialéage.
Participation was limited to women because the experiment was run by an\aacha
previous research showed effects of gender on the pattern of looking behaviotto: face
face situations (Argyle, Lalljee, & Cook, 1968). Information about the study was
available on the Psychology 101 research website.

Materials. The effect of recognition on EMR was tested with two lists of 14
abstract nouns. At the learning phase, participants heard the following advits,
blessing, concept, insight, denial, feeling, opinion, passion, respect, wisdom,apirtt, t
honor, effect. At test, participants heard the following words: content, dentaklatt
belief, opinion, patience, respect, spirit, theory, insight, honesty, wisdom, feelon, eff
The words were read at a rate of two words per second for the total task time of 30
seconds.

The effect of retrieval on EMR was tested with a set of high retriasks and a
set of low retrieval tasksHigh retrieval tasks (i.e., high search — low maintenance)
required participants to report as many members as possible of the follovaggros:
musical instruments, modes of transportation, occupations, college majors, fruits and

vegetables, colors, sports, and domestic animals. The low retrieval taskswiseatch
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— high maintenance) involved eight series of 25 letters. The lists wereqsd with

an ISl of 1.2 seconds. In one half of the tasks, targets were letters with a 'skmuht
and in the other two, targets were letters with a long ‘e’ sound. High and lowaktriev
tasks were timed at 30 seconds.

Design. This experiment used a 2 (experimenter presence) x 2 (gaze conditions)
within-subjects design. To examine whether NVGPs are sensitive to smtakfsuch
as the physical presence of another person, two matching sets of tasks {t6ttsids)
were created, one to be performed with experimenter present and one witmeRrje
absent. Category fluency tasks were grouped in the following way: mustaiments,
sports, colors, fruits and vegetables and modes of transportation, occupations, college
majors, farm and pet animals. N-back tasks were grouped in four pairs eachsedmpri
of one short ‘e’ and one long ‘e’ sound as targets. The order of sessions (experimenter
absent or present) was counterbalanced across subjects.

Each category of task was represented with four pairs of tasks. Eachgair wa
performed under different gaze condition, and matching pairs were performei@iardif
sessions (social conditions). The order of tasks within each block (gaze and social
condition) was determined by Latin square. Within each session, one set of tasks was
performed with free gaze, and one was performed with the fixed gaze, naehyatze
condition always preceded the fixed gaze condition. The order of gaze blocks and the
order of tasks within each block were constant for the two sessions.

The list of abstract nouns used for the recognition test was always pdesethte
beginning of the experimenter-absent condition ostensibly as a means of tessogrid

system. Participants were asked to repeat each word to ensure that baffapaaid
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the experimenter can hear and understand each other. Recognition test wadegiven af
the last task of the experimenter-absent condition and was followed by fribe Bexth
tests were performed with free gaze.

Procedure. The experimental manipulation was presented as a need to ensure
that the experiment can be run equally well using a desktop and a laptop computer so that
future studies may be conducted outside the laboratory. For one half of the shbjects t
experiment begun with the experimenter present session and for the otherhmlf of t
subjects, the experiment will begin with the experimenter absent session. In the
experimenter absent session, tasks were presented using a desktop compiger. |
experimenter present condition, tasks were presented using a laptop computein Whe
the same room, the experimenter was seated about 3 feet away from thegoadicd
did not maintain eye contact with the participant. This was necessary betaossible
confounding of the effect of physical presence of another person with the effget of e
contact. Participants were told that experimenter has to look at the compgartecre
read instructions and ensure that the video record is satisfactory.

In the experimenter absent condition, a grey oval the size of the experismenter’
head was affixed to the curtain blocking the view of the camera at the satenpbs!
experimenter’'s head was at in the experimenter present condition. faatsavere in
the experimental room while the experimenter made changes needed footite sec
session: to connect or disconnect video camera, speakers and the laptop, and to attach or
remove the grey oval. The experimenter’s chair remained in the exp&lmmsom

during both conditions. In the experimenter absent condition, the laptop was placed
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behind the curtain so that participants cannot see it. The experimenter's appeaa
informal (a black outfit, hair held in a ponytail and minimal makeup).

In gaze fixation blocks, participants fixated their gaze on a gray oval the in
experimenter-absent condition and on the experimenter’s nose in the experimenter
present condition. Using a nose as a fixation point seemed appropriate because nose is
the most prominent facial feature when the head and the eyes of an experareenter
turned slightly downward in an effort to avoid eye contact. The nose was used as a
fixation point in studies interested in functionality of gaze aversion (Glenbatg e
1998). In the experimenter—present condition, the experimenter sat as stillible poss
and tried not to move her head at all while participants were fixating on hresr moals
in which either the experimenter’'s head was moving or participants faileddw foll
instructions were repeated.

Before they are asked to perform recognition test, participants widinhbeded of
the list of words they were introduced to at the beginning of the study. They will be
given the instructions to say “yes” whenever they hear a word they exeagovas on
the original list, “no” whenever they hear a word they were certain wamrtbe
original list, and to repeat the words for which they were not sure if they hercthéme
first reading. Free recall was performed about one minute after reoagni

Data analysis. Data were collected from video recordings according to the
standard procedure described in the Introduction. The analysis was based on data from
17 participants. Data from one patrticipant could not be used because the eyes were not
fully visible during all tasks and the participant did not maintain fixation. For the

remaining 17 participants, analysis was based on 16 trials involving semantoyfared
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n-back task (trials 3 — 10 and 15 — 22) and on trials involving repetition, recognition and

recall. An example of the protocol can be found in Table 7. Multivariate testsredami

the main effects and interactions of the following factors: task (n-baektl), gaze

(fixed/free), and experimenter (present/absent). Separate analysesowaucted for the

effects of repetition, recognition and free recall on EMR. All stasistests were

performed at the alpha level of .05.
Table 8

Example of the Protocol for Experiment 2

Trial Task
Condition

Session 1: Experimenter absent
1 Repetition
2 Baseline 1
3 2-back with maintenance L
4 Semantic fluency (musical instruments)
5 Semantic fluency (sports)
6 2-back with maintenance S
7 Semantic fluency (fruits and vegetables)
8 Semantic fluency (colors)
9 2-back with maintenance L

10 2-back with maintenance L

11 Baseline 2

12 Recognition

13 Recall

Session 2: Experimenter present

14 Baseline 3

15 2-back with maintenance L

16 Semantic fluency (modes of transportation)
17 Semantic fluency (occupations)
18 2-back with maintenance S

19 Semantic fluency (animals)

20 Semantic fluency (college majors)
21 2-back with maintenance L

22 2-back with maintenance L

23 Baseline 4

free
free
free
free
free
free
fixed
fixed
fixed
fixed
free
free
free

free
free
free
free
free
fixed
fixed
fixed
fixed
free

Note:L - long; S - short
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Results
Tasks There was a significant effect of tasks on ENFR1, 16) = 32.69p < .01,
n°=.67. EMR was higher in fluency tasks than in n-back tasks.
Gaze The effect of gaze on EMR was signific&n¢l, 16) = 21.78p < .01,5°=
.58. As expected, more EMs occurred when gaze was free than when gaze was fixed.
Task x GazeThere was an interaction of gaze and t&skk, 16) = 11.94p
=.003,7°= .43. Although fixation reduced EMR of both tasks, that reduction was greater
for fluency than for n-back tasks. The difference in EMR between high and logvattri
tasks was greater when gaze was free than when it was fixed.
Table 9

Mean EMR for all tasks and conditions

Conditions Tasks EMR SD

Experimenter absent/Gaze free n-back 0.26 0.52
Experimenter absent/Gaze free fluency 0.94 0.67
Experimenter absent/Gaze fixed n-back 0.04 0.09
Experimenter absent/Gaze fixed fluency 0.28 0.19
Experimenter present/Gaze free n-back 0.40 0.50
Experimenter present/Gaze free fluency 0.94 0.63
Experimenter present /Gaze fixed n-back 0.07 0.16
Experimenter present/Gaze fixed fluency 0.33 0.24

ExperimenterThere was no overall main effect of the experimenter. Presence or

absence of the experimenter had no effect on the rate at which EMs occurred in tasks
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This factor did not interact either with tasks or with gaze and there wapleo tr
interaction among tasks, gaze and experimenter.
Repetition, recognition, and recall.

Tasks:Repetition, recognition, and recall were performed in the absence of the
experimenter and with free gaze only. As expected, a significant effextksfwas
found: F (2, 16) = 7.98p = .004,,°=.52. Although existing research does not offer any
information on EMR for recognition in non-visual tasks, based on the evidence of lower
EMR in repetition (Micic et al., in press, ExperimenML3= .76) and higher EMR in
episodic recall (Ehrlichman et al. 2007, Experimer¥l3; 1.41), we expected the EMR
of episodic recall to be higher than the EMR of both repetition and recognition because
those two tasks should not require as much searching through LTM.
Table 10

Mean EMR of Repetition, Recognition and Recall

Task EMR SD

Repetition 0.51 0.40
Recognition 0.66 0.53
Recall 0.94 0.47

Pairwise comparisons revealed that the average EMR of rgtall94,SD=
47) was significantly higher than the average EMR of repetibbr (51,SD= .40) and
the average EMR of recognitioM(= .66,SD= .53). The average EMR of repetition and

recognition were not significantly differe(a = .21).
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Performance. Fluency tasks involved reporting members of a semantic category
in a given amount of time, thus performance on those tasks was assessed with a total
number of words reported excluding repetitions. There were no intrusions. The total
number of words reported was not significantly affected by the presenbserrca of
experimenter or by the gaze condition, and there was no evidence of an oneracti
between the two factor(apsent-free= 11.5,SD = 2.9;M apsent-fixes= 11.1,SD = 3.44;M
presentfree= 12.5,SD = 3.07;M present-fixes= 11.4,SD= 2.71).

The n-back trial involved dual-task situations and as such required two responses.
One was to detect a target (i.e., click) according to the 2-back rule aotthénavas to
mentally count the number of clicks irrespective of whether or not they weeetcand
report that number. Performance was measured on both responses. Performance on the
detection task was assessed with number of correct detections (hits) péomissions
(miss), and of commission (false alarms). Because the number of &alss alas
negligible, analysis was performed on the number of total hits. The total nunibes of
did not show independent effects of gaze and experimenter but there wasi@asignif
interactionF (1, 17) = 5.59p =.030,7°=.25. Performance was best when experimenter
was absent and gaze was fixed on the gray ®¥adnt-free= 16.28,SD= 3.27;M zpsent-
fixed = 17.28,SD= 3.03;M present-free= 16.0,SD = 3.66;M present-fixed= 15.94,SD = 3.24).

The absolute difference between the actual and reported number of lcbakexds
a very similar patternM apsent-free= 1.72, SD = 1.93M apsent-fixea= 0.67, SD = 1.08/1
present-free= 1.39, SD = 1.5 present-fixes= 1.56, SD = 1.29). It did not change significantly
due to the presence or absence of the experimenter or the gaze conditiencowis a

marginally significant interaction between experimenter and §d2e17) = 3.84p
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=.064,7°=.18. The reported count of clicks was most accurate when gaze was fixed on a
gray oval.

In the recognition task, participants were required to detect words that were
presented to them at study. Study session was an instance of incidental kagning
involved a list of 14 words. To ensure that each word was adequately processed,
participants repeated each word after it was read to them. Therefooenaarte at
study was 100 %. For the recognition task, participants heard a list of 14 wordspkeve
words, chosen from the middle of the original list, and seven new words. Perferatanc
recognition was measured using correct acceptance (old word), corretibnefeew
word) and instances when a decision could not be made. Individual performance based on
correct acceptances and rejections ranged from 7 — 13 words (50 — 92.8 % correct). On
average, participants made 10 correct decisions in recognition (71.85 % correct).
Decisions were incorrect 22.27 % of the time, and could not be made only in 5.88 % of
the cases.

Performance at recall was assessed with the total number of wordisd &cah
the study list. It ranged from 2 — 6 words (14 — 43 %). On average, participzailsde
4.11 words (29 %) processed at study. Average recall also included 1.59 words (11 %)
heard during recognition (i.e., new words). Out of the total number of words dedélle
% was from the study list. There were only three intrusions.

Discussion
Experiment 1
The primary goal of Experiment 1 was to examine the possibility of finding a

measure of ocular activity that could be used to assess NVGPs as ratiabth the
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EMR but in a wider range of conditions. Specifically, the experiment wasdgeavard
finding a measure that would correspond to a measure of saccadic frequency and could be
used when EMR could not be reliably assessed from a video record, such as in darkness
and with eyes closed. Finding such a measure is important because the identity of
NVGPs as a non-visual, cognitively grounded phenomenon is still under scrutiny and the
phenomenon is in need of clear differentiation from related phenomena which are more
dependent on external stimuli, mainly looking at nothing phenomenon and gaze aversion.
For this purpose, EMR and EOG power were assessed simultaneously while pdsticipa
engaged in tasks with empirically well established NVGPs. This allowedasstpare
EMR and EOG power on a trial by trial basis through correlational anabysielbas to
assess whether the two indicators provided comparable evidence of task &ffec
addition, by recording EOG power with eyes closed, we were able to see whether
previous evidence of NVGPs using video records would also be found using EOG power
measurements.

Before discussing the results of the analysis it is important to note ttrernei
EMR nor EOG power are completely reliable methods for quantitative meastrem
EM activity. EMR is based on observable behavioral data, and is a somewhat\gibjecti
measure because it depends on the ability of the scorer to detect EMs froml aegisrd
(Ehrlichman et al., 2007). Although this method has excellent reliability (in the .90
range) with eyes open, it is only marginally reliable with eyes closdtd .40 range).
In contrast, EOG power is an objective measure based on electrophysialegicdl of
ocular activity but it is susceptible to effects of various sources of varyabitdr

example, the EOG signal can change when there is no EM, it can be affectet by d
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adaptation, metabolic changes in the eye, the state of the contact betweettrbeesle
and the skin, the velocity of an EM, and it is known to be prone to drift and generation of
spurious signals (Carpenter, 1988).

In the present experiment, EOG power was computed according to thehahgorit
explained earlier in the text and was treated in several different wayseintorfind the
variant that is best correlated with EMR. Overall, correlational andtysmnl a very
strong relationship between EMR and EOG power measures including raw EOG power,
Square Root of EOG power, and power clipped at 500 and 1000mV. As previously
explained, EOG power was clipped in an attempt to reduce the impact of veryNésge E
on EOG measurements. The best EMR-EOG relationship was found when EOG power
was clipped at 500 mV. This adjustment to EOG power yielded an average validity
correlation of .91 (using Fisher’s z transformation). This is a very high atior|
possibly as high as could be expected given the inherent lack of reliablibghof
measures. According to the high correlations found in the present study, EMR and EOG
measures are closely related even though EMR measures only frequeiMy whie
EOG power integrates both frequency and amplitude of EMs.

That EOG power may be very closely related to EM frequency is also reported |
a sleep study of eye movement density (EMD) in normal elderly (Darcampkell, &
Feinberg, 2003). The incidence of EMs in this study was assessed from E@( reco
using computer software (PASS PLUS) and with visual scoring. EM incideace w
determined by counting the number of half waves for each 20-second epoch of visually
defined artifact-free stage REM and also by determining the rate of EM®¢nwihalf

waves per 20 seconds). Amplitude of EMs was determined by summing up peak-trough
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distances in the average half wave (curve length) and also by dividirgleagth by the
number of half waves. Period-amplitude analysis, which can distinguish betvece
effects of incidence and amplitude on EOG power, demonstrated that reduced EOG
power in elderly was almost entirely due to reduced frequency of EOG patential
Computer measures were cross validated with visual scoring. Visualgd4eMD was
found to be highly correlated with computer measures (r = .96).

Findings of Darchia et al. (2003) provide strong evidence that EOG poweymainl
reflects frequency of EMs. This is an important finding because if EOG wasumat fo
be related to incidence of EM potentials, changes in its value would not be easily
explainable since they could come from the reduction of EM velocity, from deigradat
of the corneo-retinal difference, or both (Tursky, & O’Connell, 1966). Findirighka
incidence of EM potentials is reduced in the elderly and that this charefledead in
reduction of EOG power and in visually determined EMD, suggests that EOG power can
be used to identify frequency of EMs. It seems that EOG measures can betlused w
confidence to assess saccadic activity in conditions involving closed eyes armgpege
in complete darkness in which EMR does not seem to be a sufficiently accurateaneas
Data from these conditions are important as they may be indispensable intihgjithesa
NVGPs phenomenon, in determining its practical applications, and in furthagtesti
the WM-LTM hypothesis.

The LTM-WM hypothesis was partially supported in the present expetinide
distribution of the mean EMR found for the four combinations of two levels of retrieval
and two levels of maintenance was consistent with that proposed in the hypothesis:

average EMR was lowest in low retrieval — high maintenance tasks (2-back wit
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maintenance), higher in low retrieval —low maintenance task (0-back, no mategna
increased further in high retrieval-high maintenance tasks (semlaeticy with
maintenance) and was highest in high retrieval-low maintenance tasks {sdlanty
without maintenance). As evident from Table 4, average EMRs of task groups were
within the expected ranges: low for LRHM taské £ 0.15), low to moderate for LRLM
tasks M = 0.24), moderate to high for HRHM tasks £ 0.99), and high for HRLM
tasks M = 1.05). Although the distribution of means is in the predicted direction, we
cannot conclude that such a distribution is a function of both LTM search and
maintenance, since the effect of maintenance was not found to be significant.

Findings of this experiment indicate that patterns of ocular activatiorbemay
related to memory functions. Consistent with previous literature (e.g.clithdn et al.,
2007), this experiment found that the number of spontaneous saccades significantly
increases with activation of the search function. That maintenance of inforroah
reduce the number of spontaneous EMs cannot be concluded based on available
evidence. Maintenance reduced EMR when eyes were open but not significantlg. EMR
of both high and low retrieval tasks were reduced when those tasks were perfotimed wi
what was considered high maintenance requirement. However, that reduction was
minimal where it was expected to be highest, in HRHM tasks. There are sevsiialegpos
reasons why maintenance did not reduce EMR.

The high maintenance requirement was always secondary to the retrieval
requirement. That means that participants were instructed to performeeltigd or low
retrieval task, and do the best they can on the secondary task. One possibilitthes tha

high maintenance requirement was not high enough to cause a significant change in gaze
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pattern. For example, having to count the number of responses made in the continuous
performance task clearly requires maintenance of information asstheutaber has to
be remembered in order to continue counting. However, this maintenance involved
simply counting up to 10. In high retrieval tasks, counting of two-syllable wortls tha
were generated in semantic fluency may have not been much different than tiegcount
of one-syllable words. There were also instances in which none of the generated words
satisfied the syllable requirement and therefore, there was no count to bemedinta
Furthermore, some participants may have not been fully engaged in this agpect of
tasks because they could not perform it. This is more likely to be the case misema
fluency in which words had to be analyzed for the number of syllables. Partscipenat
trained on this task but because we did not ask them to report the words that satisfied the
criterion, it was not possible to assess what the reported numbers reathgdefle
Although it is not clear to what extent the maintenance component of tasks was
successfully performed, it is evident that participants did attempt to perfand that
attempt was reflected in saccadic frequency. The fact that maintenanoenssrndid
change EMR in the expected direction even under these circumstances is eng@sag
it suggest that with better designed maintenance tasks, the effect of atetenay be
as robust as the effect of retrieval requirements on EMR and thus, should be examined
further.

The finding that both requirements for retrieval and maintenance of informat
can affect the rate at which eyes move in non-visual tasks is an important atiofirm
that spontaneous saccadic activation and gaze fixation can be related to memory

functions of searching through LTM and maintenance of information in WM memory.
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This is an important improvement in the ability of the memory hypothesis to suggport it
proposed explanation of the relationship between NVGPs and memory with empirical
evidence. Ehrlichman et al. (2007) proposed that spontaneous gaze changegar® relat
memory and suggested that high EMR reflects searching through LTM. They
substantiated this proposal with anatomical evidence of neural connectionsrbletaiae
structures and areas involved in oculomotor control and memory. Their integoretati
the interplay between activation and inhibition of saccadic EMs was based onltgy ana
of memory functions of search and maintenance with functional differentiatioedretw
saccadic and fixation portions of the superior colliculus, respectively. The prépatsal
gaze fixation reflects maintenance of information, and that saccadicefliélst Isearch
for information was explicitly stated in the WM —LTM hypothesis

In order to test the possibility that NVGPs may reflect searchingeftal/
information stored in LTM and not just the search function as proposed by the memory
hypothesis, this experiment explored the patterns of EM activity in non-vasial with
low and high retrieval requirements. Non-verbal tasks were created talbga@us to
verbal tasks typically used in NVGP research in terms of task structureftsgsgponse,
and retrieval requirements. The low retrieval task (Tones) was a continutarsnaace
task of a 2-back type using a series of high and low tones instead of letters butgequir
the same type of a response. The high retrieval task (Humming) involved humming of a
portion of melodies from LTM. This information is retrieved by accessing its
acoustically coded memory trace. Although acoustic information may beveetiaéong

with the corresponding verbal information, this may not be a rule. It thereforagppea
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that we can conclude that our findings support the proposition that saccadicatctivati
seen in NVGPs is related to activation of the LTM search function.

Existing literature reports moderately high EMR in tasks requiring hagofi
familiar tunes (Bergstrom & Hiscock, 1988, Experiment 1). We note that mean EMR of
the present humming taskl = 1.11) is almost two times greater than the mean EMR of
the humming task from the Bergstrom and Hiscock stitly 0.69) but similar to the
mean EMR of the verbal high retrieval — low maintenance task from the prashni\é
=1.05). Although the humming task of the present study and that employed in
Bergstrom and Hiscock study both asked for retrieval of acoustic informatiea $i
LTM, their EMRs are very different. This observation may be explained bydhthé
in the present study, participants had to search for tunes to hum while in theddergst
and Hiscock experiment, participants were instructed on what tune to hum. Thetefore
is possible that two tasks differ in their search requirement and that thér@ergad
Hiscock’s humming task may have required much less of a search since padicipee
told what tune to recall. This explanation is further supported by the facttti@igi
geared toward accessing different types of information (verbal and a}phbsth verbal
and non-verbal tasks in the present study required searching for informatixhist
LTM. This comparison of verbal and non-verbal task effects seems to suggedihat E
of high retrieval tasks reflects activation of the LTM search function antheaype of
information being retrieved. However, because it is possible that tunedretbal
information was accessed together with non-verbal information, this is not aidefinit
conclusion and the impact of non-verbal tasks on E MR should be further examined using

tasks that could reduce or control contribution of language to processes of retrieval
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Experiment 2

This experiment tested the claim that NVGPs are essentially aigetyniiased
phenomenon independent from sensory and social influences. For this purpose, ocular
activity was observed while participants engaged in tasks that typicatlyqe either
high or low EMR in the presence or the absence of the experimenter. In agregment
the hypothesis, the data indicated that the presence of another person does nat influenc
the rate at which saccadic eye movements occur in these two types of taskiser\dhet
not the experimenter was physically present, eye movements occurred at adiaghe
high retrieval tasks than in low retrieval tasks. Similar findings are exportthe
literature on gaze aversion where gaze patterns are found not to be diffgrafiéeted
by the human face and a complex visual stimulus (e.g., Doherty-Sneddo2@92j.,
Doherty-Sneddon & Phelps, 2005; Glenberg et al., 1998).

Additionally, this experiment like Experiment 3 of Micic et al (in press)ntb
evidence that the tendency toward specific patterns of saccadic actinatiomvisual
tasks is very strong. The known pattern of NVGPs was found both when tasks were
performed in the presence or in the absence of the interlocutor and both in fixegleand fr
gaze conditions. Although participants were able to reduce eye movements under
fixation instructions, EMR was never reduced to zero, and in the high retrieval yasks e
movements continued to occur at a higher rate than in the low retrieval tasks. Under
instructions to maintain fixation of a target, the average EMR of lovevedriasks was
extremely low and in high retrieval tasks it was reduoe@ 30, which is very close to
average EMR of low retrieval tasks under free gaze condifibr. Q.33). This is very

strong evidence that NVGPs are inherent to non-visual cognitive activity preseat
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prepotent motor activity that is not easily modified by voluntary control, eslyastzen
tasks require retrieval from LTM. According to the performance, thaga retrieval
tasks can be performed equally well when gaze is fixed or free, and in seagqeer
absence of another person. For tasks with low retrieval but high maintenance
requirement, voluntary control of gaze seems more feasible and can affeanpeade.

The aspect of non-visual cognitive activity thought to be responsible for NVGPs
is activation of the LTM search function (Ehrlichman et al., 2007) and there is ampl
evidence that this may as well be the case. NVGP studies consistenthhigp&MR
in tasks with high retrieval requirements and low EMR in tasks with low vatrie
requirements (Bergstrom & Hiscock, 1988; Ehrlichman et al., 2007; Micic, Ehdichm
& Chen, in press). However, in order to be able to relate NVGPs to seareltrelat
process the possibility that spontaneous EMs occur because cognitive aajuitgs
using information from LTM or WM must be considerethis previously unexplored
possibility was examined in this experiment by comparing EMR during dratee
repetition, delayed recognition and free recall of a list of abstract words.

To assess whether changes in ocular motility depend on the source of information
or on the process performed on that information, we manipulated both utilization of
memory stores and processing requirements of tasks. We compared EMR inianepetit
task which required simple repetition of information that entered temporaeycstavM,
in recognition task which requires comparison of information stored in LTM against
information in WM memory, and in free recall which requires retrievahftd M.
Performance data indicated that participants performed the recognitiom¢asksfully

categorizing 71% of the words. In free recall, 75% of the words retrievedfieen the
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study list. Having to recall information from LTM was accompanied by an BMRwas
significantly higher 1 = 0.94) than the EMR of both recognitidvi € 0.66) and

repetition M = 0.51). These findings are consistent with findings of NVGP studies
which utilize high retrieval tasks requiring recall and as such, provide impstpport

for the suggestion that high rate of EMs in those tasks is the function of searching for
information in LTM. Since both recognition and recall involve information stored in
LTM, the difference in EMR in these two tasks cannot be related to memoryrsiore f
which information is being used.

Pairwise comparisons revealed that EMR of recognition and repetition were not
significantly different. The EMR of these tasks is comparable to EMR of sasksas
number-letter sequencing (M = 0.67), chain retrieval (M= 0.53), and mental alphabet (M
= 0.68) (Ehrlichman et al., 2007, experiments 1, 2, and 3, respectively). It is about twice
as high as the EMR of the n-back task performed with free gaze in this stud(.038).
While this difference may indicate that having to produce a spoken answer mayeto som
degree influence the rate of EMs, it is well documented that overt verbalyadtes not
explain the difference in EMRs of various tasks (Ehrlichman & Barret, 1988¢eths
that the difference in EMR of these tasks can be better understood in termsitiwveog
processing than in terms of speech production. What this set of task effetstcee
suggest is that EMR in tasks that do not require pure recall of information from LTM
reflects processing within different buffers thought to exist in WM. Becaasgmnition,
repetition, number-letter sequencing, chain retrieval and mental al@ibioeblve
contacting information in LTM, it seems that EMR of these tasks refiect®sses

performed within the episodic buffer of WM. In contrast, n-back tasks do not tap into
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LTM and EMR in those tasks may reflect operations performed in the phonologreal st
of WM (Baddeley 1986, 1992). WM processes possibly reflected in NVGPs will be
considered in detail in the general discussion.

We note that the EMR of free recall remained high although the recognition task
always preceded recall and thus, participants heard half of the original tis¢ feecond
time shortly before (one minute) having to recall the words. It seemsithaigth
memory traces of items to be recalled were activated in the precedingdegipants
had to search through LTM in order to perform free recall. This finding is consistent
with the finding of Micic et al. (in press), who report in their Experiment 2 that
accessibility of items in LTM does not influence the rate at which eyes othaing free
recall. Therefore, it seems that the significant increase in EMR seecall trials as
compared to recognition trials can be attributed to activation of LTM sé&anchon.

Since the EMR of episodic recall is somewhat lower than the EMR reported for
episodic tasks in other studies (e.g., Ehrlichman et al., 2007, Experinivnt B.41;

Micic et al., in presdyl = 1.13), we briefly consider possible methodological and
theoretical sources of that difference. It is possible that ITI betvesexgmition and

retrieval was too short, so that a portion of information might have stayed within the WM
buffers and was, therefore, more readily available for retrieval whickl cedlice EMR.
Perhaps if two retrieval trials were separated by a larger intemeaE MR of recall

would be greater. It is also possible that EMR of free recall may have beemosome
affected by the 50% increase in the number of words in recognition. These passibilit

could be addressed in future research by introducing two recall trials, one to be
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performed before and one after the recognition task, and by increasingiagdTill
with distracter tasks.

Because recognition involves a feeling of familiarity which is unconscious and
context independent and remembering, which is conscious and context dependent, EMR
may be affected by the inconsistencies that occur in live audio presenfebi@msure
that the EMR in recognition does not change due to factors other than recognition of
words per se, the list of words should be prerecorded making sure that they are
pronounced evenly and without enunciation of either new or old items. From a more
theoretical perspective, a question that might be relevant here is the one ofréeetoeg
which LTM search function might be activated during recognition and counteracted b
processes involved in matching with an external stimulus. One way of assessing
activation of the search function could involve testing whether EMR is sensitive to the
proportion of new items in the probe list. If the search function plays a major role in
recognition, we could expect the EMR to increase with the increase in the nurolgkr of
items. Further inquiry into the relationship between spontaneous EMs and recognition
may be important since there is evidence that a brief session of bilamraties
improves performance on both episodic recall and recognition (Christman, G&arvey,
Propper, 2003).

Taken together, the findings of Experiment 2 attest to the robustness of the NVGP
phenomenon and provide strong evidence that the phenomenon is rooted in cognitive
activity. The finding that NVGPs remains unchanged in the presence of apetben is
important because it helps in delineating the phenomenon and defining its place in the

world of related phenomena such as gaze aversion (Glenberg, 1997) and looking at
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nothing (Richardson, Altmann, Spivey, & Hoover, 2009). By examining saccadic
behavior in non-visual tasks in the presence of various visual stimuli (e.g., chair, laptop
and an interlocutor), this experiment complements the finding that examined the
phenomenon in a visually impoverished environment (Ehrlichman et al., 2007) in
complete darkness (Ehrlichman & Barret, 1983) and with eyes closed (Ehriictrak,
2007, experiment 3) thus allowing us to conclude that NVGPs may be a purely
cognitively based phenomenon that is independent from external (visual or social)
influences. The fact that the tendencies toward task-specific activaéionet be
entirely eliminated by voluntary control further attests to the robustnéle effect of
cognitive processes on EMR. Being fully in line with the existing empieigialence,
our findings that people spontaneously move their significantly more while ehgage
recall than in recognition, strongly support the idea that NVGPs reflect méomatyons
needed to gain access to information in LTM and operate on information in WM.
General Discussion and Theoretical Significance

The findings in this research that saccadic patterns that occur when people
retrieve information from LTM through recognition and when people perform noalvis
tasks in the presence of another person are consistent with the existing bodgiodevi
relating changes in gaze patterns to memory functions activated by variousuman-
tasks. With the evidence on the rate of saccadic activation in recognition, a more
complete pattern of task-dependent changes in ocular activation begins ¢ge eser
EMR consistently shows dependence on the retrieval requirements of tasksct Thatfa

both across and within studies, similar EMRs occur in specific groups of taskss alt
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to consider the ways in which cognitive functions can be reflected in oculomotor
functions.

In general, when eye movements are scored from a video record and the minimum
eye movement detectable is three degrees of angular displacement, dlge ayes-open
EMR for groups of participants spans a very large range (.10-1.41) that can be roughly
divided in three zones: low (0.10-.50), moderate (0.51 - 0.90) and high (0.91 -1.40).

Low EMR typically occurs in tasks with minimal or no retrieval requiresisaoth as

auditory vigilance tasks and tasks requiring participants to mentally go thtioig

alphabet and count letters according to a specific visual or phonological ettribut
(Ehrlichman et al., 2007). In auditory vigilance with shadowing the average EMBSis
(Ehrlichman et al., 2007, Experiment 2). EMR in mental alphabet tasks range&4@®m

to 0.46 when letters are counted based on acoustic or visual attributes (Ehrlichman et al.,
2007, Experiments 1 and 2). Saccadic frequency of all n-back tasks used in the present
study also falls within the low EMR zone. Average EMR was lowest in 2-bakk tn

which participant took mental count of their respon#&s fack with counting= 0.15) and
somewhat higher in n-back tasks that did not involve counihgufcx= 0.24,

Experiment 1M ,.pack= 0.33, Experiment 2). What is common to all tasks linked with

low saccadic frequency is that they require continuous attention to a serigeof ei
externally presented or internally generated stimuli.

In a striking contrast to low EMR tasks, the average EMR of high retrigsid t
(e.g., fluency) is 2.5- 3 times greater than the average EMR of the lowaktasks
(e.g., n-back) (Micic et al., in press). High EMR typically occurs ikstéisat rely on

accessing information stored in LTM such as verbal fluency, remote dssoeiad
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episodic recall. In these tasks, average EMR is very high (Micic et aless, pr
Experiment 1M remote associates 1.38,M verbai fluency= 1.41, Experiment M episodic recai™
1.12). Average EMRs of well over one eye movement per second in tasks requiring
retrieval of information from LTM are consistently reported in NVGé&earch (e.g.,
Bergstrom & Hiscock, 1988; Ehrlichman et al., 2007; the present study). Because
processing requirements of high-retrieval tasks vary greatlyrmstef the content to be
retrieved, it seems that the only commonality among the tasks involves the neactho s
through LTM in order to provide the answer irrespective whether it involves words,
events or non-verbal content.

Moderate EMR occurs in tasks such as delayed repetition (Ehrlichman et al.,
2007, Experiment3yl = 0.89; Micic et al., in press, ExperimentM = 0.76), number-
letter sequencing (Ehrlichman et al., 2007, Experimeht £,0.67), and chain retrieval
and phrase-letter counting (Ehrlichman et al., 2007, Experimé&ht3).7,M = 0.79,
respectively). According to the present study, EMR of recognikiba (0.66) also
belongs to this category. Because of the likely involvement of informatiam IfiTM,
cognitive operations performed in these tasks are most likely to takermpthecEB of
WM. Although we originally considered that the main operation of that short-term
memory store would be maintenance of information, evidence gathered in the present and
other studies suggests that although maintenance may play a role in WM ppo#ssin
operations might also be involved and perhaps be even more important for successful
performancé.

Some clues as to the type of processes that may occur within the EB come from

the only exception to the alignment between the EMR zones and the level of retrieval
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inherent to tasks, and that is the retrieval of overlearned sequences. Although
information retrieved in such tasks has undoubtedly been stored in LTM, their EMR is
more akin to the EMR of WM tasks than to the EMR of tasks probing LTM (Ehrlichman
et al., 2007). Moderate EMR in these tasks suggests that the likelihood of activating the
search function might be low in retrieval of over-practiced informationetiieval
requirements of tasks are contingent on the degree of activation of the searcmfuncti
then overlearned sequences may be classified as a moderate retrkedespaie the fact
that overlearned information is stored in LTM. There are two reasons that thigatha
be the case. First, retrieval of overlearned sequences may not triggerchedwaaion
as much as less-practiced information stored in LTM since each word magserve
very strong cue for the next word, thereby making it more readily avaitatile
episodic buffer. Second, due to the highly associative and ordered relations of over-
practiced sequences, reporting it in a proper temporal order may activatabeth g
fixation and eye movements. One possibility is that fixation occurs due to low level of
activation of the search function. If so, this would not qualify as activatireyfgaaion
— it would just mean that the saccadic function n@tsactivated while eye movements
occur in relation to the retrieval of information that is lost due to failure of nmainoe
(i.e., as people lose track of their current position in the sequence, Ehrlichman et al.,
2007).

Nevertheless, while there is no evidence of a direct relationship between the
number of EMs and task performance, this study suggests that under some aireesnsta
fixation may be beneficial for performance and especially for low retriagks.

Experiment 2 found that performance is significantly better when gdized on a gray
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oval than when gaze is fixed on experimenter’'s nose or is free to move in the @@senc
an oval or the experimenter. This improvement in performance compared imnfixiat
experimenter’'s nose cannot be explained by proposing distracting effaetfate since
there is no difference in performance while looking at the nose and without gaze
restriction. A possible explanation is that fixating on the oval wasdssscting that
fixating the nose because the oval was the size of the head but lacking a spetifin loc
to be fixated. Therefore, such fixation may have been easier to accomplish thus
improving performance. Another possibility is that oval did not have any details on it
that may have been distracting. It is also possible that while gray oval iestiger
stationary, the experimenter’s head was not to the same degree. Thsaisiéitpssshould
be examined in future research.

The actual mechanisms behind gaze patterns of overlearned sequences and other
tasks from the moderate EMR cluster are subject to further investigationevelgw
uncovering mechanisms of gaze patterns associated with the moderate ENRstzs
may be instrumental for description and explanation of the systematiomstap
between EMR and task requirements since they suggest that operations performed on
information (e.g., search, maintenance) may be more important than the source of
information (e.g., LTM) for formation of patterns of saccadic activations $ihggestion
is supported by our findings that the difference in EMR of recognition and reealben
better understood in terms of processes than the source of information (memgry store
While EMR in recall may predominantly reflect activation of the LTMreledunction,

EMR of recognition may involve a combination of search and output planning

mechanism. The proposed distinction between EMR associated with the episodic buffer



80

and the phonological store may also be more adequately defined in terms of processes
performed on information than the stper se Consider that while the main actions of
the EB reflected in moderate EMRs may be sequence production and coordination of
operations of LTM search and output planning, processes reflected in low EMRs may
involve a combination of perceptual processing and output planning. Exploring key
elements of WM (phonological store, EB) from a process-oriented approach and not as
functionally distinct storage entities (Jones, Macken, & Nicholls, 2004) and cangider
search through LTM a function of WM might provide a fertile ground for explaining the
link between spontaneous gaze shifts and various memory functions suggested by
NVGPs, memory-guided EMs of the looking at nothing phenomenon and, by evidence
that saccadic EMs can improve retrieval from LTM.

To explain the effect of retrieval requirements on NVEMSs, Ehrlichman et al
(2007) proposed the existence of an isomorphism between processes involved in visual
perception and memory (i.e., search and maintenance). According to this view, as
visually guided saccades reflect searching for information in the \fisldhbnd fixations
reflect maintenance of information in a temporary store of visual WM, nonkvisua
saccades reflect accessing information in LTM and fixations teflamtenance of
information in a temporary memory store such as the episodic buffer (Bad2@l€)y.

Ehrlichman et al. (2007) proposed that the link between memory functions and
spontaneous saccadic eye movements developed in evolutionary history in which the
existing neural milieu of an older system was functionally adapted and modified t
accommodate development of a new system. Findings of the present studyntioay me

functions of search and maintenance can modulate ocular motility independamtly fr
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visual and social influences provide compelling empirical bases for specukabiouts
neuroanatomy of linkage between oculomotor and memory systems. The
neuroanatomical model of NVGPs first proposed by Ehrlichman et al. (2007) and further
developed by Micic (in preparation) is outlined in the Appendix.

Future Directions: Theoretical Implications and Practical Applications

If memory and oculomotor systems are indeed linked in the way suggested by the
LTM-WM model, the shifts of gaze people make when they search their memoyies ma
provide clues to how this (possibly unique) human ability emerged from earlier
perceptual systems (cf. Jonides, Lacey, & Nee, 2005). Therefore, one us&BENV
would be to provide valuable insight into evolutionary development of the human brain
and of cognitive functions. Yet more importantly, due to its cognitive underpinnings and
large individual differences, this easily accessible epiphenomenon of ongoingarognit
may have an explanatory and diagnostic potential superior to that of functional b&havior
which seldom have more than a single purpose. The profound effect of non-visual
cognitive tasks on the rate of eye movements raises the possibility of geeetedal
applications.

For example, NVGPs may be relevant to the inquiry of the causes of driving
accidents. Studies of driving attribute impaired visual scanning of the environment
(Recarte & Nunes, 2000) and decreased processing capacity (Recarte & Nuneas 2003)
the major causes of accidents to spatial gaze concentration (i.e., [drap&xand
reduced inspection frequency of mirrors and speedometer (Recarte & Nunesha000) t
occur when drivers engage in spatial-imagery, generation of words (&R&ddunes,

2000) and casual conversations (McCarley, Vais, Pringle, Kramer, Irwin, &
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Strayer,2001). However, as suggested by Micic et al (in press, Experiment 8), whil
talking, people experience difficulties maintaining fixation and tend to make numerous
unintentional eye movements they are not aware of.

Studies of NVEMSs suggest that being actively engaged in verbal thinking may be
hazardous simply because seemingly random saccades, which tend to occur in large
numbers while speaking, may direct the gaze toward various points in the vilslLtdddte
may not be relevant to driving. Although this repositioning of the gaze maybiesem
saccadic activity typical of scene evaluation, it may not provide for adefguatgion
and efficient visual processing of the circumstantially captured stimgk & is not
exogenously driven. There is strong evidence that vision can be affected both when there
is endogenous saccadic activity (e.g., Wallis & Bulthoff, 2000) and when eyes are
predominantly still (e.g., Craver-Lemley, & Reeves, 1992). Therefore fiem t
perspective of a modern, fast-paced lifestyle in which a great deal ohthiakd
communication occurs while driving, study of NVGPs offers a fertile groundhéor t
inquiry and development of safe driving practices.

Perhaps a little more speculative at this time is a proposal that NVGPsvean ha
some role in the medical field where, in conjunction with other clinical meashegs, t
could be used to identify the presence of cognitive function that cannot be comntunicate
The current methods of assessing the level and content of consciousness lead to
erroneous evaluations, misdiagnosis, and mistreatment of 40% of patients \uth alte
states of consciousness (e.g., Andrews, Murphy, Munday, & Littlewood, 1996; Childs &
Mercer, 1996). Therefore, improving assessment of cognitive function and thus

prognosis and treatment of patients with severe brain damage is of paramount
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importance. The systematic relationship between NVGPs and mental asuiyggsts a
possibility that electrooculographic evidence of saccadic eye movements loseelr ¢
lids in response to either external or endogenous stimuli could be an important, easily
obtainable, objective sign of cognitive function. Accordingly, further inquiry oGRY
in both clinical and non-clinical settings may be instrumental to obtaining a, valid|
reliable, and affordable indicator of cognitive function in altered statesnsiciousness.
Future inquiry of NVGPs should examine individual differences, hemisphericity
and functional significance of both eye movements and gaze fixation. The question of
functionality remains important since there is no simple explanation as tonlngy i
course of evolution a non-functional behavior (NVEMs) would intermittently bengiv
precedence over functional behavior (visual eye movements) despite possibigtair
effects of such an arrangement on sensory processing and the apparent lack ofithe bene
for cognitive processing. One possibility is that the cost of shared pathwayatha
negligent at the point in history in which coupling between oculomotor and memory
related areas developed could be efficiently reduced by the means of a cantrolli
mechanism (e.g., attention). A yet unexplored alternative is that the linkdvetwe
systems does not reflect phylogenic development in which sharing of th#rgiozcurs
due to isomorphism of processes used by two systems (memory search and vidual sear
respectively) but due to actual functional significance of the processesadiéhesystem
(visual processing) for the processes of the younger system (e.dargrstatrage and
retrieval of memory traces) in which case, future explorations of NVGH# nmgover
additional ways in which eye movements could reveal the inner workings and

organization of the mind.
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Footnotes

! EOG data were also analyzed using Root Mean Square (RMS); however, the
results from RMS were identical to those for power and, therefore, are not further
discussed.

2 EOG power clipped at 4000mV did not differ from EOG power clipped at
1000mV and was therefore, not used in statistical analysis.

¥No-tasks baselines also fall in the moderate EMR range. However, because in
the baseline condition some eye movements are clearly visual (i.e., patscpe
looking around the room), the rate of eye movements that can be considered NVEMSs is

probably closer to the low range.
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Appendix
Neuroanatomy of NVGP: TheWM-LTM Model

Ehrlichman et al. (2007) proposed that oculomotor and memory systems
communicate through a neuroanatomical link formed in the course of evolution of neural
circuits that support active memory search. Their anatomical model of dl$i@&Rvs
how the saccadic portion of the oculomotor system and LTM system can intaract vi
striatal pathways and transmodal thalamic nuclei. At the center of theit imtloe
superior colliculus, a mesencephalic convergence center which in itsediatenlayer
harbors tonic fixation neurons and saccadic burst neurons (Munoz & Everling, 2004), and
which relates information about where and when saccades should occur (Munoz, 2002) to
the brain-stem gaze circuitry (Sparks, 2002). Frontal, parietal and temparadry-
related cortices can affect temporal distribution and frequency of sageadication via
direct and indirect neural connections with the superior colliculus.

Essential to the LTM claim of NVGPs is the evidence that cortical regions
involved in retrieval from LTM, mainly the medial temporal lobe (Schacteragkiér,
1999), may affect saccadic frequency through direct and indirect (via transmodal
thalamic nuclei) connections with the portions of the prefrontal cortex involved in
oculomotor control such as the dorso-lateral prefrontal cortex (Cabeza, Détabsam,
& Nyberg, 2002; Kapur Craik, Tulving, Wilson, Houle, & Brown, 1994; Moscovitch &
Winocur, 2002). Indication that brain regions involved in memory can communicate
with the superior colliculus together with functional specialization within uipersor
colliculus substantiated the idea that activation of the collicular sacoawkcand the

resultant high saccadic frequency may be related to searching for intrimabugh
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LTM, and that activation of the collicular fixation zone and the resultant logadax
frequency may be related to maintenance of information in WM.

The neuroanatomical model of Ehrlichman et al. (2007) provided a biological
anchor for the behavioral evidence that some saccadic eye movements may late¢dbe re
to processing of visual information but to processing of information within the memory
system. However, this model did not present mechanisms through which brain regions of
LTM could influence the superior colliculus to create combinations of saccaglic ey
movements and intervals of ocular quiescence (i.e., NVGPSs) typical of WM and LTM
tasks. To explain how retrieval requirements of tasks may result in eithadsaege
movements or in gaze fixation, and to account for the variability in gaze patteoss a
tasks, we propose that memory functions occur within a dynamic equilibrium in which a
change in activation of one memory function (e.g., maintenance) is accompahiaah wi
opposite change in activation of a complementary function (e.g., search). The
hypothesized principle of functional interaction within the memory system and the
evidence of linkage between the memory and the oculomotor system seem to converge
on a plausible neural mechanism behind task-specific NVGPs.

The LTM-WM model introduced here proposes that in a single-task situation
levels of activation of the neural circuitry supporting complementary mefaocjions
are integrated into a single motor command to either initiate a saccadmwoegment or
render the eyes immobile. According to this idea, the intervals of ganerfixand of
saccadic eye movements found within NVGPs represent fluctuations in tisedéve
activation of memory functions recruited while performing a task. Although NVGPs

comprise both saccadic eye movements and gaze fixations, one of these oculardehavior



87

will tend to dominate the gaze pattern indicating greater activation ofehemng

function intrinsic to the task. For example, eye movements dominate the NVGBissof ta
which require searching through long-term storage of information (e.g., flt@sidy

while gaze is mostly stationary in WM tasks (e.g., n-back task) in which aramaber

of eye movements is likely to be a sign of updating the temporary memory store.

The fact that NVGPs involve successive periods of saccadic activity and gaze
fixation, and dramatically differ in WM and LTM tasks, strongly suggéststhe key
link between the oculomotor and memory systems may be a neural system capable of
communicating activation of assorted memory functions to the neural cengrzeof
control. The only neural system with the capacity to connect WM and LTM sysiéms
the common saccadic effector system in the upper and lower brain stem, and tegive ris
to both eye movements and gaze fixations, is the basal ganglia. Basal gatmit can
modify saccadic frequency bidirectionally by inhibiting and disinhibiting ticeasdic
portion of the superior colliculi via one of the three known parallel pathways of control:
the direct pathways from caudate nucleus to substantia nigra pars retithdandirect
pathway connecting caudate nucleus and substantia nigra pars reticulévdusa g
pallidus pars externa and/or the subthalamic nucleus, and the hyper-direct fabimvay
the subthalamic nucleus to substantia nigra pars reticulata (Hicosaka, 2007).

That NVGPs as a motor outcome of the basal ganglia output to the superior
colliculus may be a sign of memory functions such as search through LTM and
maintenance in the episodic buffer becomes plausible with the anatomical ewiaignc
neural projections from cortical regions implicated in both WM and LTM converge on

the striatum (nucleus caudatus and globus pallidus (Figure 2). The striativesec
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direct projections from areas implicated in WM such as the dorso-latefi@mnied cortex
and ventro-lateral prefrontal cortex (Finch, 1996; Postuma & Dagher, 2006) and areas
involved in LTM retrieval including entorhinal cortex, perirhinal cortex and
parahippocampal cortex (Finch, 1996; Postuma & Dagher, 2006; Suzuki, 1996).
Additionally, cortical regions involved in WM and LTM seem well interconnected
(Takahashi, Ohki, & Kim, 2007). Both direct (e.g., Goldman-Rakic, Selemon, &
Schwartz, 1984) and indirect (e.g., Fernandez & Tendolkar, 2001) connections exist
between dorso-lateral prefrontal cortex and parahippocampal cortex wittocatipr
connections between the two running through the caudate nucleus (Poldrack, & Packard,
2003) and thalamic nuclei (Suzuki, 1996). Furthermore, reciprocal connections run
between the parahippocampal cortex and the posterior parietal cortex (Mdséovit
Winocur, 2002) which projects directly to the superior colliculus (Goldman & Nauta,
1976; Pierrot-Deseilligny, Muri, Ploner, Gaymard, & Rivaud-Pechoux, 2003; Gdymar
Ploner, Rivaud, Vermersch, & Pierrot-Deseilligny, 1998) and together with tee-dor
lateral prefrontal cortex and the inferior frontal cortex is currentlyidensd the neural
substrate of the episodic buffer (Naghavi & Nyberg, 2005).

Consistent with the anatomical support of the idea that neural output of the LTM
and WM circuitry can be translated into gaze patterns comprised of sacaadic ey
movements and fixations, physiological evidence indicates that saccayles nedated
to mnemonic processes (e.g., Sobotka, Zuo, & Ringo, 2000) and that the relationship
between portions of the medial temporal lobe and the striatum may be compeigiye (
Moody, Bookheimer, Vanek, & Knowlton, 2004). In the rat brain, stimulation of the

entorhinal neurons (Finch, Gigg, Tan, & Kosoyan, 1995) has an inhibitory effect on the
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striatum while striatal activation leads to hippocampal inhibition and vice v@etaigli,
Brewer, & Poldrack, 1998; Poldrack, & Packard, 2003). The competitive connection
between LTM brain regions and the basal ganglia substantiates the idezatichtand
maintenance of information are complementary functions and that the dominant gaze
pattern may be indicative of the degree of task-induced activation of the searamfunct
neurally expressed by the extent of the medial temporal lobe activation.

The competitive relationship between brain regions of LTM and the striatum
provides for a simple explanation of the NVGPs occurring in LTM and WM task$1 Hig
EMR occurs during high retrieval tasks because activation of the medial sdrgber
for the purpose of searching through LTM leads to inhibition of the striatum and the
resultant disinhibition of the saccadic neurons in the superior colliculus. Ocular
qguiescence in WM tasks occurs because inactivity of the medial temporal lobesin thos
tasks leads to activation of the striatal inhibition of the saccadic neurons fosupe
colliculus. In the system in which saccadic generation depends on the ngbgxkcita
signal from the memory related brain regions, it is essential that amivdtthe cortices
involved in the search functions are coordinated with activation of the brain regions
involved in functions other than searching through LTM. Implicit to this observation is
the idea that the basal ganglia may perform a sequence of operations whdengghe
oculomotor outcome: 1) coordination of activation of relevant brain regions through
competitive (medial temporal lobe) and non-competitive (prefrontal cortex) cioms
2) integration of feedback from the memory related brain regions and 3) transmission of

the net effect of feedback integration to the intermediate layer of theaugsliculi.
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Anatomical, physiological and morphological evidence converge to show that the
basal ganglia is equipped with neural circuitry capable of coordinatindyvdidéributed
cortical areas, integrating multiple neural inputs and modulating the oculomotor output.
Basal ganglia harbors memory-guided saccadic neurons, neurons relateutteecog
functions (Hikosaka, Takikawa, & Kawagoe, 2000; Merker, 2007), and neurons sensitive
to reinforcement and reward (Nakamura & Hikosaka, 2006). Electrical stiomulat
studies suggest that in the monkey brain, substantia nigra pars reticuletarpraify
influences memory-guided (i.e., non-visually guided) saccades (Basso & Liu, 26007).
accord with the behavioral findings of saccadic facilitation in tasks requéetrigval of
information from LTM, physiological evidence indicates that sacdadititation
appears to be based on the memory effect on the saccadic system similasfto that
positive reinforcement and natural reward (Nakamura & Hikosaka, 2006). Wdéabte t
the involvement of motivational circuitry in accessing information in long-terin a
short-term memory is intuitively appealing since successful retriewabeaoth
endogenously rewarding and reinforced by the successful performance (eegt, cor
answer or fluent conversation).

The proposition that based on its pattern of connectivity and its morphological
diversity the basal ganglia may have a key role in coordinating saccédit &ith
ongoing cognitive activities is further supported with evidence of significauctional
coupling and co-activation of the striatum with dorso-lateral prefrontabxcarte the
rostral anterior cingulate cortex, cortical areas implicatedecwive function (e.g.,
Yeterian & Pandya, 1991). The convergence of afferents from almostaortie®

(Postuma & Dagher, 2006) including cortical and subcortical afferents friem t
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circuitries of memory and motivation (Lawrence, Sahakian, & Robbins, 1998) ¢ogeth
with the fact that striatum co-activates with executive prefroatabns (Postuma &
Dagher, 2006), regulates access to WM storage (McNab & Klingberg, 2008), and
mediates oculomotor responses (Hikosaka et al., 2000), strongly suggests thsdlthe ba
ganglia may be synchronizing memory functions of search and maintenahce wit
saccadic facilitation and inhibition in a manner of the “central executiveld@eay &

Hitch, 1974).

By taking into accourthat both exogenous cognitive tasks and internally
generated thoughts require processes such as encoding, retrieval, maintetiance a
manipulation of information, and response selection, planning and execution, the LTM-
WM model of NVGPs outlined here offers a framework within which cognitive and
motor functions can be related to each other both phenomenally and neurally. In this
model, the pattern of functional coupling among cortical regions and subcortical
structures implicated in various memory functions within each system suatesittie
claim that spontaneous patterns of ocular activation reflect cognitive operetievant
to memory. Accordingly, the model provides a framework within which specific
mechanisms through which eye movements might be involved in performance on non-

visual tasks may be examined.



Figure 1

VLPFC -« :AMTL

Note:ImSC — intermediate layer of the superior colliculus; BG — basajliga Th —
thalamus; MTL — medial temporal lobe; VLPFC — ventrolateraefrpntal cortex; DLPFC —
dorsolateral prefrontal cortex; PPC — posterior parietal coméixirfe — noncompetitive

connection; broken line — competitive connection
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