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ABSTRACT

The current fMRI study investigated the neural substrates of saccadic inhibition in
humans using a delayed-match-to-sample (DMS) / delayed-non-match-to-sample (DNMS)
paradigm adapted from Hasegawa et al.’s (2004) study of single-cell activity in monkeys.
Fourteen normal subjects performed alternating blocks of DMS/DNMS tasks while fMRI data
was acquired and eye-movements were recorded. Imaging results revealed increased activation
associated with DMS in two areas of prefrontal cortex (BA 8 and BA 10) which may have
contributed to prospective memory and working memory of a planned motor act, respectively.
DNMS activation was observed in the circuitry known to support saccade generation including
the right medial frontal eye field (FEF), supplementary eye fields, and posterior parietal cortex.
The DNMS-related activity observed in the FEF may be the human analogue of the “don’t look”

signal described in the pre-FEF and FEF by Hasegawa et al. (2004).
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CHAPTER 1
INTRODUCTION

The inability to inhibit behaviors can compromise social norms and even survival. In
monkeys, the inability to avoid eye contact with a dominant male monkey can be seen as an act
of aggression (Mendelson et al., 1982; Van Hooff, 1972). In humans, the ability to suppress
inappropriate behavior is equally as important to social interaction. For example, in
conversation, one may be inclined to speak at an inappropriate time. Failing to inhibit an
unwanted verbal response, e.g. interrupting another speaker, can be interpreted as an act of
rudeness or disrespect.

The suppression of unwanted or inappropriate behaviors has been studied in both non-
human and human primates, and brain circuitries often involving the prefrontal cortex (PFC)
have been implicated in supporting inhibition (Hasegawa et al., 2004). Much of what is known
about the neural substrates of inhibition comes from lesion (lversen and Mishkin, 1970; Pierrot-
Deseilligny et al., 1991; Rivaud et al., 1994; Gaymard et al., 1999), single-electrode (Iwabuchi
and Kubota, 1998; Li and Kubota, 1998; Sakagami and Niki, 1994a, 1994b; Sakagami et al.,
2001; Watanabe, 1986; Sommer and Wurtz, 2001), and neuroimaging (Camchong et al., 2006;
Ford et al., 2004; Kawashima et al., 1996b; Kiefer et al., 1998; Konishi et al., 1999; McDowell et
al., 2002; Milea et al., 2005; Perlstein et al., 2003; Sawaguchi, 1996) studies using simple motor
tasks which can be manipulated to have an inhibitory component. Among these, ocular tasks
provide a solid foundation for investigating the neural substrates of inhibition because the neural

circuitry underlying saccadic eye movements is relatively well understood (Pierrot-Deseilligny et



al., 2003a; Schall et al., 2002b) and can be easily manipulated. In this way, changes in brain
activations in neuroimaging studies can be associated with alterations of experimental design
(Dyckman et al., 2007).

The basic suppression of saccadic eye movements requires two mechanisms - a fixation
signal and a movement cancellation signal (Hasegawa et al., 2004). Fixation neurons have been
identified in substantia nigra (Hikosaka and Wurtz, 1983), pons (Gandhi and Keller, 1999), and
superior colliculus (Munoz and Wurtz, 1993) as well as frontal cortical regions such as the
frontal eye field (FEF) (Bizzi, 1967; Segraves and Goldberg, 1987). These neurons, when
engaged in active fixation, may inhibit the generation of saccades (Hasegawa et al., 2004).
Studies in monkeys show that these neurons discharge tonically except in the interval around a
saccade and that increased thresholds of electrical stimulation are required to evoke saccades
from FEF (Goldberg et al., 1986) and superior colliculus (Schiller and Sandell, 1983) when a
monkey is actively fixating.

Another mechanism that suppresses saccadic eye movements is a cancellation signal.
Studies using a go/no-go (GNG) task, in which a visual cue instructs a subject either to reach or
look to a target (“go”) or to withhold a response (“no-go”), suggest that this cancellation signal
may be closely associated with prefrontal cortex. In monkeys, lesion studies suggest that
damage to the dorsolateral prefrontal cortex (DLPFC) impairs GNG task performance (Iversen
and Mishkin, 1970) and single-electrode studies report that neurons in this area respond
selectively to the instructional cue (go or no-go) during the manual version (lwabuchi and
Kubota, 1998; Li and Kubota, 1998; Sakagami and Niki, 1994a, 1994b; Sakagami et al., 2001,
Watanabe, 1986) as well as the oculomotor version (Sommer and Wurtz, 2001). In humans,

imaging studies also report activation of the PFC during the GNG task (Casey et al., 1997,



Kawashima et al., 1996a; Konishi et al., 1998; Tsujimoto et al., 1997). Hasegawa et al. (2004)
suggest that the fixation signal and the cancellation signal associated with the GNG task may be
part of a global suppression mechanism, i.e., the suppression of all movements rather than the
active suppression of a specific movement.

Other eye-movement tasks requiring saccadic inhibition also implicate frontal cortex
circuitry in supporting task performance. The antisaccade task requires the inhibition of a glance
to a newly appearing cue and the rapid redirection of gaze to the mirror image of that cue
(Hallett, 1978). Unlike a pro-saccade, where the eye movement is visually-guided (“Look to the
cue”), the anti-saccade is an intentional eye-movement and the target is signaled by the location
of the peripheral cue through stimulus—response association (Hasegawa et al., 2004); the target is
same in magnitude and opposite in direction.

The cortical circuitry supporting antisaccades is similar to that supporting prosaccades,
with increased activation in regions supporting inhibition. For instance, more activity has been
observed subcortically in striatum (Raemaekers et al., 2002, 2006a,b) and cortically in several
regions including PFC (e.g. DeSouza et al., 2003; Matsuda et al., 2004; McDowell et al., 2002;
Muri et al., 1998; Sweeney et al., 1996), FEF, supplementary eye field (SEF), and posterior
parietal cortex (PPC) (e.g. Raemaekers et al., 2006a,b; Ford et al., 2005; Curtis and D’Esposito,
2003; Luna et al., 2001; Doricchi et al., 1997; DeSouza et al., 2003). In the antisaccade
paradigm, the frontal lobe is thought to control inhibition of visually-guided saccades (Guitton et
al., 1985) and may depend more specifically on DLPFC, as supported by lesion (Pierrot-
Deseilligny et al., 1991), PET (Doricchi et al., 1997), and functional MRI studies (Sweeney et
al., 1996; Muri et al., 1998). Other studies, however, report no such increased activation in PFC

(e.g. O’Driscoll et al., 1995; Paus et al., 1993; Kimmig et al., 2001; Raemaekers et al., 2002,



2006a,b). When inhibition is effective, the triggering of correct intentional saccades may rely on
FEF since isolated lesions of this region increase the latency of correct antisaccades (Rivaud et
al., 1994; Gaymard et al., 1999). When inhibition is ineffective, errors in the antisaccade task, or
unwanted visually guided saccades, are triggered mainly by the parietal eye field (PEF) within
the PPC (Pierrot-Deseilligny et al., 2003a).

Pierrot-Deseilligny et al. (2003a) suggest that DLPFC may be the neural basis for
working memory in temporal and spatial domains. PFC plays a role in the temporal domain of
saccadic inhibition, specifically in the control of timing of predictive saccades (Pierrot-
Deseilligny et al., 2003a). When both the location of the target and the timing of its occurrence
are predictable, subjects, after only a few trials, normally begin to perform anticipatory, or
predictive, saccades to the target before they are cued to do so (Pierrot-Deseilligny et al., 2005).
In humans, lesions to the FEF and DLPFC lead to decreased percentage of anticipatory saccades
(contralateral and bilateral, respectively) (Pierrot-Deseilligny et al., 2005; Rivaud et al., 1994).
DLPFC is also involved in the maintenance of spatial information (Leung et al., 2002). Spatial
working memory is often studied using the memory-guided saccade (MGS) paradigm. The MGS
task requires the subject to remember the location of a target flashed in the peripheral visual field
while fixating a central point, and then, after a delay of several seconds or more, to make a
memory-guided saccade to the remembered position of the flash (Pierrot-Deseilligny et al.,
2005). Studies in humans show that DLPFC controls short-term spatial memory, probably up to
delays of 15-20 seconds, after which the medial temporal region could take over the control of
medium- and long-term spatial memory (Ploner et al., 1998, 2000).

As tasks requiring saccadic inhibition often require simultaneous spatial attentional

processes (e.g., antisaccade and memory-guided saccade tasks), the investigation of the neural



substrates supporting inhibition are confounded by those supporting visual-spatial attention. A
recent study by Hasegawa et al. (2004) solves this confound by using a paradigm that maintains
spatial attentional demands across tasks while varying inhibitory components. Using a delayed-
match-to-sample (DMS) / delayed-non-match-to-sample (DNMS) task, Hasegawa et al. (2004)
measured electrical activity of 310 single neurons in the FEF and pre-FEF of two rhesus
monkeys and reported that these prefrontal neurons are involved in coding the suppression of
specific saccades. The tasks required the monkeys to fixate on a central target while a
peripheral cue was briefly presented and to maintain the spatial location of that cue over a delay
period (2.5 sec). Upon extinction of the fixation target, the monkeys generated a saccade to one
of two peripheral targets: one at the location of the previously presented cue (DMS), or the other
at an unpredictable location (DNMS). As such, during DNMS, the monkeys had to inhibit a
response to the cue while preparing a response to a yet to be identified target. The results
described “look” and “don’t look” prefrontal neurons that carried signals selective for the
targeted or forbidden stimulus, respectively. The activity of these neurons correlated with the
monkeys’ success or failure on the task and suggest that the parallel representation of look and
don’t look prefrontal neurons must be important for the brain to plan appropriate movements
while simultaneously inhibiting inappropriate movement (Hasegawa et al., 2004).

The Hasegawa DMS/DNMS task implicates FEF and pre-FEF neurons in the mediation
of intended and unwanted behaviors in monkeys, but until now, the paradigm has not yet been
conducted in humans. In the current study, functional magnetic resonance imaging (fMRI) and
eye movement data were collected while fourteen human participants completed two runs of the

Hasegawa DMS/DNMS task.



While both DMS and DNMS require the initial inhibition of gaze to the sample cue,
DNMS requires a “don’t look” signal to be sustained over the delay period. We hypothesize that
this “don’t look™ signal will increase activation in cortical areas known to support inhibitory
tasks, such as the antisaccade task. These regions may include FEF, SEF, and precuneus (e.g.
Raemaekers et al., 2006a,b; Ford et al., 2005; Curtis & D’Esposito 2003; Luna et al., 2001,
Doricchi et al., 1997; DeSouza et al., 2003) as well as regions in PFC (e.g. DeSouza et al., 2003;
Matsuda et al., 2004; McDowell et al., 2002; Muri et al., 1998; Sweeney et al., 1996). Also, the
original study in monkeys showed no significant behavioral differences between DMS and
DNMS for either latency or percentage of correct trials. Thus, we hypothesize similar behavioral
results for humans in the current study, i.e., DMS will not significantly differ from DNMS in
either latency or rate of error.

The purpose of the current study is to determine if there is a human analog of the “look”
and “don’t look” signals found in FEF and pre-FEF in monkeys. Fourteen subjects will perform
two runs of the Hasegawa DMS/DNMS paradigm while fMRI and eye movement data are

collected.



CHAPTER 2
METHODS
Participants
Fourteen normal participants (mean age = 26.4 years, SD = 2.3; 100% right-handed, 7
female participants) were studied. Participants were recruited from a pool of graduate students
from the University of Georgia. All participants were free of serious physical health problems
and absent of known neurological hard signs. Exclusion criteria included loss of consciousness
or a history of severe head trauma or drug abuse. Participants were also screened for
contraindications for fMR imaging (e.g., metal in their bodies). All participants were recruited
from UGA student body and provided informed consent as per University of Georgia
Institutional Review Board approval.
Procedure
FMRI Session
Brain imaging was performed at the Athens Orthopedic Clinic MRI Center using a GE
Signa Horizon LX 1.5T MRI scanner (Milwaukee, Wisconsin). During imaging, the head was
stabilized with a cushioned positioning system and forehead restraints. Earplugs reduced
scanner noise by approximately 30 dB. Stimulus presentation was controlled using Presentation
software (Neurobehavioral Systems, Albany, California). An LCD Projector (NEC
Viewtechnology, Ltd., Tokyo, Japan) cast stimuli onto a rear projection screen that stood

approximately 174 cm from the participant’s nasion. A dual mirror box designed specifically to



make: 1) stimuli visible to the participant and 2) the participant’s eyes visible to an eye tracking
camera, was placed 16 cm above and in front of the participant’s eyes.

MRI Eye Tracking

Eye movements were recorded using MRI compatible equipment (MEyeTrack LR,
SensoMotoric Instruments, Inc., Berlin, Germany). The eye was illuminated via an infrared light
source placed above the eye and the image was relayed via a remote infrared camera with long-
range optics. Prior to the first task, a calibration trial was run. Based on the calibration, the X
and Y coordinates at the center of the participant’s pupil were recorded for each sample point.
The pupil coordinates were recorded in reference to the corneal reflection. After calibration, eye
movements were displayed on a computer monitor so performance could be monitored
continuously by the experimenter and data were recorded (sampling rate = 60 Hz) for later
analysis.

Scanning Parameters

Immediately prior to entering the scanner, participants viewed the practice stimuli and
reviewed task instructions. After positioning participants in the scanner, a three-dimensional T1-
weighted structural magnetic resonance imaging (MRI) scan with high resolution was collected
(spoiled gradient recall (SPGR) protocol, matrix 256 x 256, 24 cm field of view (resulting in an
in-plane resolution of .97 x .97), slice thickness of 1 mm, echo time [TE] 2.8 milliseconds,
repetition time [TR] 10.8 milliseconds, flip angle 20°, sagittal acquisition, 124 slices, scan time 5
minutes 41 seconds) for definition of anatomical structures within each brain. Following the
structural scan, T2*-weighted functional images were obtained with an axial prescription, using a
spoiled gradient pulse sequence with a spiral readout pattern in k-space (matrix 64 x 64, 24 cm

field of view (resulting in an in-plane resolution of 3.75 x 3.75), slice thickness of 4 mm, TE 40



milliseconds, TR 1.9 seconds with two interleaves, for an image acquisition time of 3.8 seconds;
flip angle 77°, 24 slices, scan time 6 minutes 54 seconds) (Glover and Lai, 1998). The volume of
brain coverage for functional scans was defined by placing the most superior scan plane tangent
to the highest point of the somatosensory cortex.
Stimuli

Each participant performed 2 runs of the modified Hasegawa DMS/DNMS task (Run #1
and Run #2). The block design runs were identical except that trials within blocks were
pseudorandomized. Each run consisted of 30.0-second blocks of DMS trials (n = 6 blocks; six
trials in each block) alternating with 30.0-second blocks of DNMS trials (n = 5 blocks; six trials
in each block). Each trial consisted of four distinct periods: fixation (1000 milliseconds), sample
(500 milliseconds), delay (2500 milliseconds), and test (1000 milliseconds). For each trial, the
fixation period consisted of a cross presented in the middle of the screen. During the sample
period, the fixation cross remained and a 1° white dot was presented at one of six
pseudorandomly selected peripheral locations (8° right, 8° left, 4° right and 4° up, 4° left and 4°
up, 4° left and 4° down, or 4° right and 4° down). During the delay period, the peripheral cue
was removed and only the fixation cross remained. During the test period, the fixation cross
disappeared and the subject was presented with two cues — one cue at the same peripheral
position as the dot presented during the sample period and the other cue at one of the five
remaining peripheral positions. The participants were instructed to fixate on the cross as long as
it was present, even while the peripheral cue was introduced. Then, upon extinction of the
fixation target and presentation of the two peripheral cues, participants were to move their eyes
as quickly as possible to the previously introduced peripheral cue (DMS) or the cue at the new

location (DNMS). DNMS trials were distinguished from DMS trials by the identity of the
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fixation cross; DNMS was denoted by a fixation cross surrounded by a diamond, and DMS was
denoted by a fixation cross surrounded by a box. Each trial lasted for 5000 milliseconds, and
each run lasted for approximately 5 minutes and 30 seconds (see Figure 2.1).

Analysis

Behavioral Analyses

Eye movements recorded during the fMRI scanning sessions were analyzed using
programs written in Excel (Microsoft, Redmond, Washington) for 1) the percentage of trials with
correct responses and incorrect responses (an initial saccade generated to the incorrect target
during the test period) and 2) the latency of memory saccades (time in milliseconds between
fixation offset and the start of the saccade [>90 milliseconds] (Fischer et al., 1993; Wenban-
Smith and Findlay 1991)).

FMRI Analyses

Analyses were conducted using Analysis of Functional Neurolmages (AFNI) (Cox,
1996). Three-dimensional datasets were created from individual image files. For each
participant, all volumes were registered to the middle volume to correct for minor head
movement over time. To control for differences in baseline intensity across participants,
functional data were normalized to the mean of each voxel across the run. A full width, half-
maximum (FWHM) Gaussian filter of 4 mm was applied to the data to account for individual
variations in anatomy. Deconvolution analyses were used to examine percent signal changes
between the baseline (DMS) and experimental (DNMS) tasks across time. The two separate runs
were then concatenated to increase signal to noise ratio. To evaluate task-related blood
oxygenation level-dependent (BOLD) signal change (i.e., “activation™), six factors were entered

into a regression model including the experimental and baseline conditions, one linear drift
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factor, and three motion parameters (i.e., roll, pitch, and yaw). Anatomical and functional
volumes were transformed into Talairach space (Talairach and Tournoux, 1988) and resampled
to 4 x 4 x 4 mm resolution.

To display task-related BOLD signal change, data were submitted to t tests on a voxel-
by-voxel basis. Results from within-group one-sample t tests show areas with significant signal
change between the DMS and the DNMS conditions. To protect against false positives, a
threshold/cluster method derived from Monte Carlo simulations (accounting for the 4 mm
FWHM Gaussian filter and with a connectivity radius of 5.7 mm) was applied to t maps (Ward,
2000). Based on these simulations, the familywise alpha of .05 was preserved with an a priori
voxelwise probability of .025 and three-dimensional clusters with a minimum volume of 704 uL
(11 or more voxels). The resulting averaged, clustered t maps were used to identify regional
BOLD signal changes associated with DNMS performance within each group (compared to
DMS performance).

The nature of the relationship in the brain regions with significant activity was examined
via a region of interest (ROI) analysis. ROIs were determined based on BOLD activations
observed in the present data. For each ROI, a sphere (radius 8mm) was positioned at the center
of mass of each region that showed a significant effect. Mean percent signal change for each run

was calculated for each ROI for each individual and group averages were obtained.
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Hasegawa DMS/DNMS Task

DMS Trial DNMS Trial

Fixation
(1000 msec)

Sample
(500 msec)

Delay
(2500 msec)

Test
(1000 msec)

Total run time: 5 min 30 secs

Figure 2.1 Stimuli Presented During DMS/DNMS Task

Participants performed 30-second blocks of DMS with 30-second blocks of DNMS. Green
arrows show correct eye position. DMS, delayed-match-to-sample; DNMS, delayed-non-match-
to-sample.
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CHAPTER 3
RESULTS

Eye Movement Data

Scorable behavioral data were available for 50% of participants during the first task run
and 65% of participants during the second task run. Data from one subject was dropped from
analysis for failure to complete the task. For all other cases, failure to score a participant’s data
was due to technical problems.

Analyses revealed no significant differences between DMS Run #1 (N=6) and DMS Run
#2 (N=8) in either percentage of correct trials (M; = 90.9%, SD; = 12.2; M, = 89.2%, SD, =
15.5) or average saccade latency (M; = 238ms, SD; = 42.0; M, = 246ms, SD, = 54.9). Similarly,
analyses revealed no significant differences between DNMS Run #1 (N=6) and DNMS Run #2
(N=8) in either percentage of correct trials (M; = 91.3%, SD; = 8.9; M, = 93.3%, SD, = 9.9) or
average saccade latency (M; = 301ms, SD; = 57.0; M, = 320ms, SD, = 62.6). Thus, task-
specific behavioral performance was statistically consistent across runs.

When the two runs were collapsed, analyses were conducted comparing performance of
DMS (N=14) with DNMS (N=14). Results showed that the percentage of correct trials for DMS
(M = 90.0%, SD = 13.7) did not differ significantly from DNMS (M = 92.5%, SD = 9.2).
Average reaction times between DMS (M = 243ms, SD = 48.1) and DNMS (M = 312ms, SD =
58.7), however, were significantly different (t(0.025,13) = -9.924; p = 0.001) with DNMS taking

longer.
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In an in-depth analysis of DNMS trials, results showed that the average saccade latency
for targets that lie greater than 8° degrees of visual angle from the forbidden location (M = 303,
SD = 53.0) was significantly faster than the average saccade latency for targets that lie less than
or equal to 8° degrees of visual angle from the forbidden location (M = 317, SD = 62.2);
(t(0.025,13) = 2.533; p = 0.025). Also, both of these latency values were significantly longer
than the average latency value for DMS (M = 243, SD = 48.1); t > g degrees(0.025,13) = 2.700, p =
0.018; t <5 degrees(0.025,13) = 3.114, p = 0.008.

Similar analyses were conducted for targets that, in respect to the forbidden stimulus, lie
in 1) the same or opposite visual hemisphere and 2) in an adjacent or non-adjacent position.
Neither of these analyses were significant.

FMRI Data

Results from the whole-brain analyses of both DMS/DNMS runs (concatenated to
increase BOLD signal power) are shown in Figure 3.1. One-sample t-tests revealed significant
differences in activity between DMS and DNMS trials in several regions (see Table 3.1). The
regions that showed greater activity in the DNMS task when compared to the DMS task were the
supplementary eye field (BA 6 in the superior frontal gyrus), the right medial frontal eye field
(BA 6 in the precentral gyrus), bilateral and medial precuneus (BA 7 of the superior parietal
lobule), and bilateral cuneus (BA 18/19 of the middle occipital gyrus) (see Figure 3.2). The
regions that showed greater activity in the DMS task when compared to the DNMS task were
medial regions around the cingulate gyrus (BA 24 and BA 31), a bilateral area near the
precentral gyrus (near BA 4 (left) and BA 13 (right)), and several distinct areas of the prefrontal
cortex (bilateral superior frontal gyrus (BA 8) and medial anterior prefrontal cortex (BA 10))

(see Figure 3.3). These fourteen areas comprised the regions of interest for the current study.
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See Figures 3.4 and 3.5 for percent signal change bar graphs associated with DMS and DNMS,
respectively.

Also, when comparing the two task runs, two regions revealed significantly greater
DNMS activity during the second run; putamen (left lentiform nucleus) and an area in the left
middle temporal gyrus. During the first run, activation of these regions was associated with

DMS, but during run two, activation was associated with DNMS.
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Figure 3.1 BOLD Activity Associated with DMS/DNMS Task

Axial slices (top left z = -6 through bottom right z = 70, spacing = 4mm) displaying significant
BOLD signal changes between DMS and DNMS, concatenated across two runs. Areas
associated with DNMS are shown in warm colors and areas associated with DMS are shown in
cool colors. The background anatomical image is a structural image averaged over 13
participants and is shown using radiological convention. BOLD, blood oxygenation level-
dependent; DMS, delayed-match-to-sample; DNMS, delayed-non-match-to-sample.



18

'SpJalJ aAs [e1u0l) ‘434 ‘eale uuewpolg ‘g spjall ks Areuswsalddns

‘43S ‘a)dwes-0)1-ydrew-uou-pake|ap ‘SINNQ :ajdwes-01-yarew-pakejep ‘SINQ ‘1uspuadap-jans] uoneusbAxo poojq ‘a104g ‘1se4a1ul Jo uoibal |10y

L+ 9G+ v+ (0T v4g) sniA9 eluoid Joliadng
0G+ 9e+ L- 1

8¢+ S+ ST+ b (8 vg) snuA9 |puoli4 Jouiadng
9+ G- ze+ o (£T vg) snIA9 enuadald JeaN
ov+ 8T- ee- 1 (¥ vg) snuko [enuadaid JesN
ge+ Sy T+ (Te va) sniko areinbuiy
9+ 0z- Z+ (2 wa) sniA9 sreinbuid
Z A X d/1 )Sel SINA 8yl burinp uoieande as1ealb yum sj0y
2 08- LE+ S| (61/8T Q) snuA9 [end1dd0 PPN
v+ 0L- ce- 1

0c+ 6.- Te+ o (6T/8T w4g) snIAB endidoo sjppiw ‘snaund
MMH mw wm+ m (2 wg) ango| [e1stted Jouadns ‘snaundaid
GG+ 9- 9¢+ d (9 wg) snJAB [enuadaid 1ybi ‘434 [eIPSA
TS+ 6+ Z- (9 vg) sniAB [euoly Joliadns ‘435
Z A X ISR 31 SINNG 3y} Burinp uoireande usjealb yim sjoy

"$420]q SINNQ pue $320]q SINQ a1 Usamiaq [eulils 10g Ul SaouaIaidip JUedIIUBIS pamoys 1ey) seale Jussaidal suolfiey

'S|OY 40} SSeIAl JO S181UdD) 91 JO S81eUIPJ00D) Ydediee] T a|qeLl



19

1T°0
¢co
€e0
1474V
G50
990
L,.°0
88°0
00T




20

Figure 3.2 BOLD Activity Associated with DNMS

Axial views displaying significant BOLD signal change associated with DNMS performance
from one-sample t-test results. Data from 13 participants, concatenated across two task runs, are
shown. Green arrows indicate: (a) right medial FEF, (b) SEF, (c) bilateral and medial precuneus,
(d) bilateral cuneus, and (e) middle occipital gyrus. Colors from pink to yellow indicate percent
signal change. The background is an anatomical image averaged over 13 participants and is
shown using radiological convention. BOLD, blood oxygenation level-dependent; DNMS,
delayed-non-match-to-sample; FEF, frontal eye fields; SEF, supplementary eye fields.
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Figure 3.3 BOLD Activity Associated with DMS

Axial views displaying BOLD signal change associated with DMS performance from one-
sample t-test results. Data from 13 participants, concatenated across two task runs, are shown.
Green arrows in indicate: (a) medial superior frontal gyrus (BA 10), (b) posterior ACC (BA 24),
(c) cingulate gyrus (BA 31), and (d) bilateral superior frontal gyrus (BA 8). Colors from blue to
white indicate percent signal change. The background is an anatomical image averaged over 13
participants and is shown using radiological convention. BOLD, blood oxygenation level-
dependent; DMS, delayed-match-to-sample; BA, Brodmann area; ACC, anterior cingulate
cortex.
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CHAPTER 4
DISCUSSION
The present study investigated the neural substrates underlying delayed-match- (DMS)
and delayed-non-match-to-sample (DNMS) saccades in humans using the modified Hasegawa
DMS/DNMS task (Hasegawa et al., 2004). In the original study, Hasegawa et al. (2004)
measured electrical activity of single neurons in the FEF and pre-FEF of two rhesus monkeys
performing a DMS/DNMS task and described “look” and “don’t look” prefrontal neurons that
carried signals selective for the targeted or forbidden stimulus, respectively. The activity of
these neurons correlated with the monkeys’ success or failure on the task (Hasegawa et al.,
2004). In the current study, the behavioral results showed DNMS latencies were significantly
longer than for DMS. An analysis of DNMS saccade latencies also revealed that saccades to
targets next to forbidden stimuli were slower than to those further away. Functional imaging
results revealed a) greater DNMS-related activity in right medial frontal eye field (FEF),
supplementary eye field (SEF), bilateral precuneus, and bilateral cuneus and b) greater DMS-
related activity in cingulate gyrus, precentral gyrus, and two areas of prefrontal cortex (PFC) -
BA 8 and BA 10.
Behavioral Measures
Task performance was consistent across runs. DMS saccade latencies and percentage of
correct trials did not differ significantly between Run #1 and Run #2, and the same was observed

for DNMS trials. When data were collapsed across the runs, analyses revealed that DMS and
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DNMS did not differ significantly in the percentage of error trials, but they did differ in average
saccade latencies — reaction times were significantly slower for DNMS than for DMS.

In the original study in monkeys, Hasegawa et al. (2004) found no significant differences
in performance error, saccade latency, or velocity between DMS and DNMS trials. That adult
humans in the current study showed greater saccade latencies for DNMS compared to DMS may
be attributable to the strategies used during these tasks (Elliot and Dolan, 1999). A discussion of
these strategies and task differences is discussed below in reference to functional imaging data.
FMRI Session

Neural Circuitry Differences Between DMS and DNMS

The imaging data suggest that the neural circuitry supporting DMS performance differs
from the neural circuitry supporting DNMS performance. Compared to the DMS baseline,
DNMS showed increased BOLD signal change in regions of the frontal and posterior parietal
cortices known to support volitional eye movements. These areas included right medial frontal
eye field (FEF), supplementary eye field (SEF), bilateral and medial precuneus (BA 7), and
bilateral cuneus (BA 18/19) (Brown et al., 2004; Luna et al., 2002; Sweeney et al., 2007) (see
Figure 3.2). DMS was associated with increased BOLD signal change in cortical areas including
precentral gyrus, two regions of the cingulate gyrus (BA 24 and BA 31), and two regions in
anterior prefrontal cortex (BA 10 and BA 8) (see Figure 3.3).

Interpreting the differences in brain activation suggested by functional imaging requires a
closer look at the cognitive demands of the Hasegawa DMS/DNMS ocular motor paradigm.
Successful performance on either task requires 1) the processing of rule-based behavior, 2)
spatial attention, 3) saccadic inhibition to a flashing stimulus, 4) the maintenance of spatial

location over a prescribed delay period, and 5) the generation of one saccade while
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simultaneously inhibiting another. While DMS and DNMS share common cognitive processes,
they are, however, inherently different on both behavioral and neural levels as suggested by the
current results and similar studies (Hasegawa et al., 2004; Elliot & Dolan, 1999).

One of the main components of the Hasegawa DMS/DNMS task is the processing and
implementation of rule-based behavior. Both DMS and DNMS require initial fixation on a
central target that holds behavioral relevance. In the current paradigm, a fixation cross
surrounded by a box denoted a DMS trial and a fixation cross surrounded by a diamond denoted
a DNMS trial. Previous studies suggest that the prefrontal cortex is a critical component of the
circuitry underlying rule-based behavior (Bunge et al., 2003), stimulus-response associations,
and the implementation of task context (Johnston and Everling, 2006). In non-human primates,
lesion studies have confirmed the importance of PFC for rule-guided behavior (Parker and
Gaffan, 1998; Passingham, 1993; Petrides, 1985) and electrophysiological studies have shown
that individual PFC neurons exhibit rule-sensitive activity (Asaad et al., 1998; White and Wise
1999).

In humans, neuroimaging studies indicate that activation in lateral PFC is associated with
the active maintenance of contextual knowledge used to guide subsequent behavior (Braver et
al., 2002; MacDonald et al., 2000; Sakai and Passingham, 2003), and studies of prefrontal
damage show that patients have difficulty implementing contextually appropriate rules (Comalli
et al., 1962; Luria, 1966; Milner, 1963). In the Hasegawa task, both DMS and DNMS require
the maintenance and implementation of two distinctly different rule-based behaviors, i.e., to
remember the location of the sample cue as a marker of where to look (DMS) or where not to
look (DNMS). There is evidence suggesting, however, that DNMS, for adult humans, may be

cognitively more complex than DMS. A previous study investigating DMS and DNMS suggests
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that, because of a natural tendency to respond to familiar stimuli, DNMS requires an additional
processing stage - the inhibition of response to a familiar stimulus (Elliot and Dolan, 1999) and
may be a more difficult task for adult humans. It should be noted, however, that in monkeys and
human infants, the instinctive preference is for novel stimuli, and DMS is the more difficult task
(Gaffan et al., 1984; Diamond, 1991) because it requires saccadic inhibition to the newly-
appearing test cue. While this proposed difference in difficulty was not reflected in the
behavioral results for the Hasegawa task in monkeys (Hasegawa et al., 2004), it is supported by
the current behavioral results for adult humans (See Results section). These differences may also
be reflected in the imaging data; the higher degree of complexity of DNMS may be reflected by
increased activation in medial FEF, SEF, and PPC associated with the DNMS task. Previous
studies report that these three areas, which are involved in saccade triggering (Pierrot-
Deseilligny et al., 1995, 2002; Leigh and Zee, 1999), show increased activation for saccade tasks
of higher complexity. For example, the cortical circuitry supporting antisaccades shows
increased activation in FEF, SEF, and PPC when compared to basic prosaccades (e.g.
Raemaekers et al., 2006a, b; Ford et al., 2005; Curtis and D’Esposito 2003; Luna et al., 2001,
Doricchi et al., 1997; DeSouza et al., 2003). Thus, it is possible that increased activation in FEF,
SEF, and PPC associated with DNMS may be associated with the higher degree of difficulty in
the cognitive processes supporting DNMS. It is also possible, however, that the increased
activation in each of these regions is attributable to the specific role of each region in the DNMS
task.

The posterior parietal cortex is known to support the control of eye-movements
(Camchong et al., 2006) and attention (Pierrot-Deseilligny et al., 2004). In DNMS, the greatest

positive change in BOLD signal was observed in bilateral and medial precuneus (BA 7) in the
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PPC. Activation in this region was widespread, extending bilaterally from medial superior
parietal lobule (SPL) to the boundary of the intraparietal sulcus (IPS). The precuneus, as part of
a network including the hippocampus, is implicated in the active maintenance of spatial
associative information and may represent an interface between working memory areas in the
PFC and the medial temporal lobe (Kobayashi and Amaral, 2003). The precuneus is also
implicated in the retrieval of spatial and temporal information, such as episodic memory retrieval
(Wagner et al., 2005). A previous neuroimaging study investigating the neural differences
underlying DMS and DNMS task differences (in a non-spatial, button-press version of the
paradigm) also reported that activation of the medial parietal cortex (precuneus, BA7) was
associated with DNMS (Elliot and Dolan, 1999). In the current study, bilateral activation of this
region associated with the non-match task may suggest that maintenance of spatial information
was more active in DNMS than DMS. This difference may be attributable to the timing of the
transformation from perception to action that distinguishes DMS and DNMS (Curtis et al.,
2004). In DMS, the participant knows a priori that the location of the sample cue will be the
target of the saccade, whereas, in DNMS, the target of the saccade is unpredictable. During the
delay period, the participant is able to plan a motor response for DMS while, for DNMS, they
can only store the location of the sample cue as a marker of where not to look. In this way, DMS
requires the maintenance of a prospective motor code, or motor intention, and DNMS requires
the maintenance of a retrospective memory code, or sustained spatial attention (Curtis et al.,
2004). That DNMS requires greater sustained spatial attention than DMS may account for the
increased activation of precuneus during DNMS performance.

The FEF in humans, located at the intersection between the precentral sulcus and the

superior frontal sulcus (Pierrot-Deseilligny et al., 2004), are involved in the preparation and
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triggering of all intentional saccades (e.g. Bruce and Goldberg, 1985; Rivaud et al., 1994;
Pierrot-Deseilligny et al., 1991) including intentional visually guided saccades (where the target
is present), memory-guided saccades (where the target is not present), and antisaccades (where
the target is in the opposite direction of a cue) (Pierrot-Deseilligny et al., 2003b). Neuroimaging
studies have consistently found greater activity in FEF for antisaccades than prosaccades (e.g.
Clementz et al., 2007; Curtis & D’Esposito 2003b, DeSouza et al., 2003; Doricchi et al., 1997;
Dyckman et al., 2007; Ford et al., 2005; Luna et al., 2001; Manoach et al., 2007; McDowell et
al., 2005; Raemaekers et al., 2006a, 2006b). This increased activation (anti- compared to pro-
saccade trials) has been observed specifically during the period prior to saccade generation
(Clementz et al., 2007; Connolly et al., 2002; DeSouza et al., 2003; Ford et al., 2005; Manoach et
al., 2007; McDowell et al., 2005), and has been interpreted as a heightened level of inhibitory
input to this region in preparation for an antisaccade (DeSouza et al., 2003; Manoach et al.,
2007).

For the current study, in which increased FEF activation was associated with DNMS,
there are two possible implications; 1) that DNMS required a stronger inhibitory signal than
DMS and 2) that the saccade generated during DNMS was more volitional in nature than the
saccade generated during DMS. Both of these implications are plausible considering the strategy
involved in the DMS/DNMS paradigm. As discussed previously, during the delay period, the
participant is able to plan a motor response for DMS while, for DNMS, they can only store the
location of the sample cue as a marker of where not to look. Increased FEF activation for
DNMS may be attributable to this sustained inhibitory intention. Also, that DNMS saccades
were intentionally generated may be related to the role of the FEF in the selection of competing

saccade goals (Schall, 2002; Curtis and D’Esposito, 2006). This is also the case in the current
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DNMS task where the subject must choose between two possible saccades, one of which is
known to be an incorrect response. In DMS, however, there is no such competition or selection
required; the saccade to the previously presented cue is planned over the delay period and the
newly presented cue can more or less be disregarded. Thus, activation of the right medial FEF in
DNMS is consistent with the role of the FEF in sustaining inhibitory intention, generating
intentional saccades, and selecting between competing saccade goals.

The SEF is also implicated in ocular motor control (Muri et al., 1998) and is associated
with DNMS. Located in the upper part of the paracentral sulcus (Grosbras et al., 1999), i.e.,
medially in the superior frontal gyrus (Pierrot-Deseilligny et al., 2003a), SEF is connected to
many of the same regions as FEF, such as DLPFC and PPC, although it is most densely
connected to FEF itself (Lynch & Tian, 2005). The role of SEF in saccade tasks may be in
cognitive control, specifically during generation of complex saccades (Parton et al., 2007;
Stuphorn et al., 2000), such as antisaccades. Numerous single-unit recording (e.g. Amador et al.,
2004; Schlag-Rey et al., 1997) and human neuroimaging studies (e.g. Clementz et al., 2007;
Curtis & D’Esposito 2003, DeSouza et al., 2003; Doricchi et al., 1997; Dyckman et al., 2007;
Ford et al., 2005; Luna et al., 2001; McDowell et al., 2005; O’Driscoll et al., 1995; Raemaekers
et al., 2006a, 2006b) have reported increased activation of SEF during antisaccades compared to
prosaccades.

The repeated implication of SEF in tasks of higher complexity may explain increased
activation of this region during DNMS. As discussed previously, DNMS is considered more
complex than DMS because of an additional processing stage (the inhibition of response to a
familiar stimulus) (Elliot and Dolan, 1999). This increased activation, however, may be better

explained by the role of SEF in controlling response selection when faced with competing
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saccade plans (Parton et al., 2007). For example, using a pro-/anti-saccade interleaved task,
Parton et al. observed that a patient with a focal SEF lesion performed worse (more prosaccades
errors, slower antisaccade latencies) than when prosaccades and antisaccades were presented
separately. In the current paradigm, DNMS also requires competing saccade goals — “Look
away from the forbidden stimulus and look at the newly presented cue”. DMS does not involve
such interfering saccade goals. Soon after the location of the sample cue is processed, the spatial
information may be transformed into a prospective motor code (Curtis et al., 2004) — “Look at
this location when the cross disappears” — that is not distracted by the newly appearing cue. The
current behavioral results support this strategy - DMS latencies were significantly faster than
DNMS latencies. Increased latencies in DNMS resulted from the extra time it took the
participant to choose the correct response between two competing targets. Then, the participant
had to inhibit one saccade and simultaneously generate another. These competing saccade goals
may account for increased activation of SEF during DNMS.

DNMS was also associated with greater activity in middle occipital gyrus (BA 18/19),
specifically bilateral cuneus. This region is associated with volitional saccade performance and
sensorimotor integration, specifically integrating information from the retina with the command
to make an eye movement (O’Driscoll et al., 2000; Shipp et al., 1998). Increased activation of
this area associated with DNMS may be attributable to a more effortful integration of spatial
information resulting from competing saccades. As discussed previously, DMS strategy may
involve transforming the location of the sample cue into a motor intention (a gaze). The
transformation at this stage is relatively simple as there is only one location to which a gaze may
be planned. In DNMS, however, the eye movement cannot be planned at this stage; the location

of the correct response is still unknown. It is only during the test period, when the sample cue
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(the incorrect response) and the new cue (the correct response) appear simultaneously, that a
correct response can be determined. These competing targets require that both locations be
integrated before the appropriate saccade can be commanded. Thus, increased activation of
cuneus in DNMS may be explained by having to integrate and choose between two spatial
locations while, in DMS, there is no such competition when planning the correct response.

Intentional and Reflexive Saccades in DNMS

Behavioral results show that, for DNMS, the average saccade latency for targets that lie
further from the forbidden location was significantly faster than the average saccade latency for
targets that lie closer to the forbidden location.

In an analysis that compared saccade latencies of correct targets in relation to their
distance from the forbidden (sample) location, three categories were investigated; 1) targets that
were in same or opposite hemisphere, 2) targets there were adjacent or non-adjacent, and 3)
targets that were less or greater than 8° from the forbidden location. For the first category,
analyses revealed that saccade latencies did not differ for targets in same hemisphere and targets
in the opposite hemisphere as the forbidden location. For targets that were adjacent to the
forbidden location, however, saccade latencies were slower than for targets that were non-
adjacent, though these results did not achieve significance. Finally, analyses revealed that for
targets that were less than or equal to 8° from the forbidden location, saccade latencies were
significantly slower than for targets that were greater than 8° from the forbidden location (see
Results, Chapter 3). These behavioral results suggest that DNMS may involve two different
mechanisms in generating saccades, depending on the location of the target to the forbidden

stimulus. A closer look at the current imaging results may support this dissociation.
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The current imaging results suggest that while DMS requires regions associated with the
generation of intentional saccades, DNMS requires regions associated with both intentional and
reflexive saccades.

The most widespread activation for DMS was observed in two regions of the cingulate
gyrus — BA 24 and BA 31, the former of which is associated with the control of intentional
saccades (see Figure 3.3). Activation of BA 24 is specific to the posterior portion of the anterior
cingulate cortex (ACC), a region known as the cingulate eye field (CEF) (Pierrot-Deseilligny et
al., 2004). Previous studies report that CEF may be specifically involved in the control of
intentional saccades but not reflexive saccades (Gaymard et al., 1998) and may play a role, via
an early motivational process, in preparing all frontal ocular motor areas involved in intentional
saccade control to act in the forthcoming motor behavior (Pierrot-Deseilligny et al., 2004). That
DMS involves a planned motor response (a volitionally-generated gaze) to the location of the
sample cue is supported by the implication of CEF in the control of intentional saccades
(Gaymard et al., 1998).

For DNMS, however, we observe activation in regions associated with generating
intentional saccades and regions associated with generating reflexive saccades. As discussed
previously, DNMS showed increased activation of FEF which is consistent with the role of the
FEF in sustaining inhibitory intention, generating intentional saccades, and selecting between
competing saccade goals. This activation, however, was specific to right medial FEF, a region
associated specifically with volitional, but not reflexive saccades (Gagnon et al., 2002; Simd et
al., 2005). During the same task, however, we also observe increased BOLD signal in a region
implicated in the generation of reflexive saccades — the parietal eye field (PEF). This region of

the posterior parietal cortex lie in the posterior portion of the intraparietal sulcus (Miri et al.,
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1996), adjacent laterally to the anterior part of the angular gyrus (BA 39) and adjacent medially
to the posterior part of the superior parietal lobule (BA 7) (Kawashima et al., 1996a; Buchel et
al., 1998; Simon et al., 2002; Culham and Kanwisher, 2001; Brotchie et al., 2003; Macaluso et
al., 2003). Previous studies report that the PEF is involved in visuo-spatial integration (Pierrot-
Deseilligny et al., 2004) and is crucial for the generation of reflexive, but not intentional,
saccades (Pierrot-Deseilligny et al., 1991).

This dissociation suggests that DNMS may involve reflexive saccades for some trials and
intentional saccades for others. It is possible that error trials (in which the participant is
reflexively guided towards the incorrect target) are responsible for increased activity in PEF, but
this is unlikely, since participants performed 92.5% (SD = 9.2) of all DNMS trials correctly.
Instead, DNMS performance may involve two separate mechanisms for generating a correct
response — a primary reflexive mechanism (fostered by PEF) and a secondary intentional
mechanism (fostered by the medial FEF).

The orientation of the target to the inhibited location may determine whether the gaze
generated is more reflexive or intentional in nature. Behavioral results show that, in DNMS,
when targets lie far away from the inhibited area (i.e., more than 8°), saccades were generated
with faster latencies than if the target lie close in proximity to the inhibited location (i.e., less
than 8° apart). Perhaps, as a primary mechanism, the PEF is primed to allow gazes to be
reflexively guided to targets far away from the forbidden location. If the target happens to be
close to the forbidden location, however, the saccade goals compete with one another, and a
correct (intentional) gaze must be chosen. This secondary mechanism is consistent with the role

of medial FEF in the generation of intentional saccades and selecting between competing
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saccade goals. The selection process, as a higher-order cognitive function, may account for the
increased latency associated with saccades closer to the forbidden stimulus.

Activation of Anterior Prefrontal Cortex in DMS

DMS revealed a significant increase in BOLD signal, compared to DNMS, in the anterior
prefrontal cortex. This frontal pole region, or Brodmann Area 10, has equivocal contributions to
cognition, ranging from the processing of internal states (Christoff and Gabrieli, 2000), memory
retrieval models (Tulving, 1983), prospective memory (Burgess et al., 2001), the branching and
reallocation of attention (Koechlin et al., 1999, 2000), and relational integration (Christoff et al.,
2001). The current results support the role of BA 10 in prospective memory, and perhaps, more
specifically, in prospective memory tasks involving motor acts.

According to Ramnani and Owen (2004), situations that require prospective memory
involve a period of delay, an intended act, an ongoing task during the delay period (typically
unrelated to the intended act), and a trigger to self initiate the planned activity. In the Hasegawa
paradigm, these attributes of prospective memory are shared by both DMS and DNMS - once the
location of the sample cue is processed, the subject plans an intended act, maintains this plan
over a delay period while fixating on central target, and finally initiates the act when triggered by
the extinction of the fixation target. The nature of the intended act - to generate a saccade to the
location of the cue (DMS) or to inhibit a saccade to the location of cue (DNMS) - however, is a
distinguishing difference between the two tasks, and may account for the increased BOLD signal
in DMS.

The current imaging results suggest that DNMS requires a lesser contribution from BA
10, but, more liberally, could also imply that DNMS does not require any contribution from BA

10. Previous studies investigating the role of BA 10 in prospective memory have only studied
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motor acts as the intended act — not as an inhibited one. For example, a PET study using
prospective memory tasks that required a button press as the intended act reported increased
regional blood flow in bilateral frontal pole (Burgess et al., 2001). Also, in a study with five
patients with frontal lobe lesions that included the anterior PFC, cognitive deficits included
failure to create and carry out intended acts (Burgess et al., 2000). Thus, the current results
support the role of the frontal pole, BA 10, in prospective memory, and imply that its
contribution may be specific to planned motor acts and not the planned inhibition of motor acts.

DMS was also associated with increased activation in superior frontal gyrus (SFG),
specifically BA 8. SFG is thought to contribute to higher-level cognitive functions and
particularly to working memory (du Boisgueheneuc et al., 2006). In the current study, it is
unlikely that increased SFG activation in DMS is associated with higher-level cognitive demands
when compared to DNMS; previous studies (Elliot and Dolan, 1999) and the behavioral results
indicate that DNMS is the more complex task (DNMS had significantly longer latencies).
Instead, it is more likely the increased activation is attributed to a stronger working memory
signal required by DMS. As discussed previously, DMS strategy may involve maintaining a
planned motor intention over the delay period while DNMS strategy may involve maintaining a
planned inhibition over the delay period. Thus, the current results may imply that working
memory associated with a motor intention requires more resources from SFG than does working
memory associated with inhibition intention.

DMS also shows significant activation in two areas of the precentral gryrus (BA 4 and
BA 13). This area corresponds to the primary motor cortex which governs the execution of
volitional movement. In DMS, the plan to execute a gaze to a specific location is generated upon

appearance of the sample cue and is maintained over the delay period. The temporal span of the
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maintenance of this motor code is large compared to that of DNMS, in which the gaze is
executed instantaneously after a correct response is chosen. Thus, activation of precentral gyrus
may increase with longer periods of motor code maintenance, as exemplified in the DMS task.
Conclusions

The behavioral and fMR imaging techniques used in the current study complemented
each other to yield information about the neural substrates supporting DMS and DNMS task
performance. DMS activity was observed in cingulate cortex, anterior prefrontal cortex, and
precentral gyrus. Activation of these areas may support the cognitive processes necessary for
maintaining prospective and working memory of an intended motor act and executing an
intentional saccade. DNMS activity was observed in regions known to support the generation of
saccades, particularly voluntary saccades, including medial FEF, SEF, precuneus, and cuneus.
Activation of this circuitry is consistent with its role in maintaining spatial information, and
deciding between competing saccade goals. Also, activation of right medial FEF, specifically,
may be the human analogue of the “don’t look” signal described in the pre-FEF and FEF by
Hasegawa et al. (2004). Behavioral results revealed that for DNMS trials, saccade latencies for
targets further from the forbidden stimulus were significantly faster than for targets closer to the
forbidden location. The imaging data suggest that this difference may be the result of separate
mechanisms involved in generating reflexive and intentional saccades — a primary reflexive

mechanism in PEF and a secondary intentional mechanism in medial FEF.
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