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ABSTRACT

BEHAVIORAL AND NEURAL
INVESTIGATION ON THE EFFECT OF
SPATIAL ATTENTION ON SURROUND

SUPPRESSION

Merve Kınıklıoğlu

Ph.D. in Neuroscience

Advisor: Hüseyin Boyacı

September 2023

When a visual stimulus is presented together with other stimuli surrounding it,

behavioral sensitivity and neural responses may change, often reduce, compared

to when the same stimulus is presented alone. This is commonly referred to as

center-surround interaction or surround suppression, and it is one of the most

fundamental mechanisms in biological vision. It is well documented that in mo-

tion perception, center-surround interaction is affected by the size and contrast of

the stimulus. As the size of a drifting grating increases, motion direction discrim-

ination performance, as well as neural activity in one of the main cortical motion

processing areas, medial temporal complex (MT+), decreases if the grating has

high contrast (surround suppression). Whereas, when the size increases within

certain limits, both the discrimination performance and the neural activity in

MT+ may increase if the grating has low contrast (surround facilitation). On the

other hand, spatial attention is known to modulate surround suppression both

in humans and non-human animals with static stimuli. No previous study, how-

ever, has directly and systematically investigated the effect of the spatial extent

of attention on surround suppression in human motion perception. The studies

presented in this dissertation aim to investigate the effect of the extent of spatial

attention on center-surround interaction in visual motion processing. In our ex-

periments, we used two attention conditions and a novel stimulus design, where

a ‘center’ and a ‘surround’ drifting grating were presented to the participants.

Under one of the attention conditions, which we call the ‘narrow-attention’ con-

dition, participants performed a task that limited their attention to the central

part of the stimulus. Under the other attention condition, which we call the ‘wide-

attention’ condition, participants performed tasks that required them to extend

their attention to both the center and surround gratings. Using this experimental

paradigm, we measured motion direction discrimination thresholds behaviorally
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and cortical activity with fMRI. Behaviorally, we found increased thresholds, that

is, stronger surround suppression, under the wide attention condition. In the hu-

man homolog of MT+ (hMT+), we found that increasing the spatial extent of

attention leads to reduced cortical responses, that is, to stronger neural suppres-

sion. This was not the case for the activity in the primary visual cortex (V1).

Finally, we show that a parsimonious computational model that incorporates spa-

tial attention and response normalization can successfully predict the response

patterns in hMT+ and V1. Furthermore, the model could provide a link between

cortical responses and behavioral thresholds. Overall, our findings and analyses

showed that the behavioral effect can be successfully predicted by hMT+ activity.

These results reveal the critical role of spatial attention on surround suppression,

namely that surround suppression in motion perception becomes stronger with a

wider attention field, and reveal possible cortical mechanisms underpinning the

effect.

Keywords: attention, center-surround interaction, surround suppression, motion

perception, normalization, fMRI.
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UZAMSAL DİKKATİN Ç̧EVRESEL BASKILAMAYA
ETKİSİNİN DAVRANIŞSAL VE NÖRAL İNCELENMESİ

Merve Kınıklıoğlu

Nörobilim, Doktora

Tez Danışmanı: Hüseyin Boyacı

Eylül 2023

Bir görsel uyaran, onu çevreleyen diğer uyaranlarla birlikte sunulduğunda,

davranışsal duyarlılık ve nöral tepkiler, aynı uyaranın tek başına sunulduğu du-

ruma kıyasla değişebilir ve sıklıkla azalabilir. Bu genellikle merkez-çevre etk-

ileşimi veya çevresel baskılama olarak adlandırılır ve biyolojik görüşteki en temel

mekanizmalardan biridir. Hareket algısında merkez-çevre etkileşiminin uyaranın

boyutundan ve kontrastından etkilendiği iyi bilinmektedir. Sürüklenen bir

ızgaranın boyutu arttıkça, ızgara yüksek kontrasta sahipse ana kortikal hareket

işleme alanlarından biri olan medial temporal kompleksteki (MT+) nöral ak-

tivitenin yanı sıra hareket yönü ayırma performansı da azalır (çevresel baskılama).

Öte yandan, boyut belirli sınırlar dahilinde arttığında, ızgara düşük kontrasta

sahipse MT+’ da hem ayrım performansı hem de nöral aktivite artabilir (çevresel

kolaylaştırma). Buna ek olarak, uzamsal dikkatin hem insanlarda hem de in-

san olmayan hayvanlarda çevresel baskılamayı statik uyaranlarla modüle ettiği

bilinmektedir. Ancak daha önce yapılan hiçbir çalışma, dikkatin uzamsal kap-

samının insan hareket algısında çevresel baskılama üzerindeki etkisini doğrudan

ve sistematik olarak incelememiştir. Bu tezde sunulan çalışmalar, görsel hareket

işlemede uzamsal dikkatin kapsamının merkez-çevre etkileşimi üzerindeki etk-

isini araştırmayı amaçlamaktadır. Deneylerimizde, katılımcılara bir ‘merkez’ ve

bir ‘çevreleyen’ sürüklenen ızgaranın sunulduğu iki dikkat koşulu ve yeni bir

uyaran tasarımı kullandık. ‘Dar dikkat’ koşulu olarak adlandırdığımız dikkat

koşullarından birinde katılımcılar, dikkatlerini uyaranın orta kısmına sınırlayan

bir görev gerçekleştirdiler. ‘Geniş dikkat’ koşulu olarak adlandırdığımız diğer

dikkat koşulunda katılımcılar, dikkatlerini hem merkezdeki hem de çevredeki

ızgaralara genişletmelerini gerektiren görevler gerçekleştirdiler. Bu deneysel

paradigmayı kullanarak, hareket yönü ayrım eşiklerini davranışsal yötemler kul-

lanarak ve kortikal aktiviteyi (işlevsel magnetik rezonans görüntüleme (iMRG)

ile ölçtük. Davranışsal olarak, geniş dikkat koşullarında ayrım eşiklerinin
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yükseldiğini, yani daha güçlü bir çevresel baskılama gözlemlendiğini bulduk.

MT+’ nın insan homologunda (hMT+), dikkatin uzamsal kapsamını arttırmanın

kortikal tepkilerin azalmasına, yani daha güçlü nöral baskılamaya yol açtığını bul-

duk. Ancak, birincil görsel korteksteki (V1) aktivite için bu durum söz konusu

değildir. Son olarak, mekansal dikkat ve yanıt normalizasyonunu birleştiren basit

bir hesaplamalı modelin, hMT+ ve V1’ deki yanıt örüntülerini başarılı bir şekilde

tahmin edebildiğini gösterdik. Ayrıca model, kortikal tepkiler ile davranışsal

eşikler arasında bir bağlantı sağlayabilmektedir. Genel olarak bulgularımız ve

analizlerimiz, davranışsal etkinin hMT+ aktivitesiyle başarılı bir şekilde tahmin

edilebildiğini göstermiştir. Bu sonuçlar, mekansal dikkatin çevresel baskılama

üzerindeki kritik rolünü, yani hareket algısındaki çevresel baskılamanın daha geniş

bir dikkat alanıyla daha güçlü hale geldiğini ve etkiyi destekleyen olası kortikal

mekanizmaları ortaya koymaktadır.

Anahtar sözcükler : dikkat, merkez-çevre etkileşimi, çevresel baskılama, hareket

algısı, normalizasyon, iMRG.
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Chapter 1

Introduction

This thesis focuses on investigating the effect of spatial attention on surround

suppression in motion perception. To achieve this goal, it is necessary to consider

the underlying mechanisms that give rise to surround suppression and motion

perception. The following sections focus on the retinal and neural circuitry that

play a crucial role in these phenomena. Specifically, I will explore how visual

signals from the retina are transmitted to the brain and how they are processed

in the striate and extrastriate cortex via specialized neurons along distinct neu-

ral pathways. Furthermore, this chapter will examine the current literature on

spatial attention and surround suppression. I will review different theories and

models proposed to explain the neural mechanisms underlying these phenomena.

Moreover, I will discuss the role of surround suppression in motion perception

and how it is affected by attentional mechanisms. By thoroughly examining

these topics, I aim to shed light on the complex interplay between spatial atten-

tion and surround suppression in motion perception. Finally, I will describe the

scope and motivation of the present study. Then, in the following chapters, I will

provide empirical evidence for the effect of spatial attention on surround sup-

pression in human motion perception and discuss the implications and potential

applications of these findings for our understanding of attentional mechanisms in

surround suppression.
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1.1 Human Visual System

Vision is the most complex and frequently studied sensory modality across all

sensory systems [5]. It is partly because we rely on vision more than other senses

while interacting with the world [6]. Furthermore, a large amount of neural

circuitry is dedicated to processing visual information [7], and more than 50% of

the mammalian cerebral cortex contributes to it [8, 9].

Visual information processing begins at the retina when light reflected from

objects enters the eye. The retina, a layer at the back of the eye, contains various

cell types specialized for visual information processing, such as photoreceptors

(rods and cones), bipolar, amacrine, horizontal, and ganglion cells [10]. Light is

transduced into neural activity by photoreceptors located in the inner parts of

the retina. Specifically, when light enters the retina, photoreceptors undergo a

cascade of events that leads to hyperpolarization of the cell, through which light

energy is converted into chemical energy [11, 12].

There are two types of photoreceptors: rods and cones. Cones are color selec-

tive and responsible for highly detailed, sharp vision at the fovea, whereas rods

are sensitive to dim light and responsible for less detailed night vision at the

periphery.

The photoreceptor density varies greatly for different parts of the retina. The

cones are densely located at the fovea, a part of the retina where visual acuity

is highest. There is less convergent circuitry in the fovea as most photoreceptors

have a one-to-one relationship with ganglion cells which leads to sharp vision. The

rod photoreceptor density is very high in the periphery, whereas only a few cones

are located there. Periphery has a highly convergent circuity where a ganglion

cell receives input from more than one photoreceptor, which leads highly sensitive

peripheral vision [13].

Electrical signals from the photoreceptors are relayed to the optic nerve

through interneurons such as bipolar cells, horizontal cells, and amacrine cells
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Figure 1.1: Simplified illustration of the connections, cell types, and layers in the
retina. Electrical signals from the photoreceptors (rods and cones) are relayed
to the optic nerve through interneurons such as bipolar cells, horizontal cells,
and amacrine cells. Then, axons of the ganglion cells form the optic nerve, leave
the retina, and convey neural information to the LGN and the visual cortex.
Reprinted, with permission, from ref. [1]. See Appendix.
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[10]. Specifically, horizontal cells integrate the information from the photorecep-

tors and convey it to bipolar cells. Bipolar cells are divided into two types based

on their responses to light: ON- and OFF-bipolar cells. ON-bipolar cells depo-

larize in response to light, whereas OFF-bipolar cells hyperpolarize. Bipolar and

amacrine cells transmit information from photoreceptors to retinal ganglion cells

(RGC).

The receptive field (RF) of a neuron is a part of the visual field where the

presentation of stimuli elicits a change in the response of that neuron [14]. RGCs

typically have center-surround receptive field organization and also show on- and

off-response patterns to light depending on the input from different types of bipo-

lar cells [15]. Specifically, the center and surround regions of receptive fields

respond oppositely to light. For example, the firing rate of the on-center, off-

surround ganglion cell (ON-cell) increases when light is presented only to the

center of the RF, whereas it decreases when the light is presented in the RF sur-

round. In a similar sense, the firing rate of the off-center on-surround ganglion

cell (OFF-cell) increases when the RF surround is illuminated, and its response

decreases when the light is presented in the RF center. Related to that, response

of a neuron to a stimulus is suppressed by the excitation of a neighboring neuron,

which is called lateral inhibition [16]. Lateral inhibition is important for refining

sensory information as it increases sensitivity to spatially variant stimuli [17, 18].

Finally, axons of the retinal ganglion cells form the optic nerve, leave the retina,

and convey neural information to the lateral geniculate nucleus (LGN) and the

visual cortex. Retinal ganglion cells are also categorized into two main groups

based on their morphology, response profile, and pathways they construct: M-

parasol cells and P-midget cells. P cells (also known as midget cells) have smaller

cell bodies and fewer/shorter dendrites compared to M cells. They constitute

95% of the retinal ganglion cells. P cells have smaller receptive fields and have a

more sustained response profile to a prolonged visual stimulus. They are highly

sensitive to color and spatial frequency and mainly contribute to shape and color

perception. P cells dominantly project to the parvocellular (dorsal) layer of the

LGN and later construct the parvocellular pathway. M cells have more dendrites
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and larger receptive fields, and they are less sensitive to color while highly sen-

sitive to low-contrast stimuli. They have a more transient response profile and

faster conduction to a prolonged visual stimulus. M cells dominantly project to

the magnocellular (lateral) layer of LGN and, later on, construct the magnocel-

lular pathway. They are mainly involved in motion and depth perception. There

are also cells projecting to the koniocellular layer of LGN, which is located be-

tween the parvocellular and magnocellular layers, and they are involved in color

perception.

At the optic chiasm, nerve fibers that come from the nasal retina cross over to

the other side of the brain and connect with axons that come from the temporal

retina of the other eye. Together, these contralateral and ipsilateral axons give

rise to the optic tract, which propagates to LGN in the thalamus. LGN is the

main relay station for visual information, as it converges the afferent sensory

signals coming from retinal ganglion cells and transmits them to the primary

visual cortex (V1). However, more than being a simple feedforward relay station

in the visual pathway, LGN has a more intricate role in visual processing as it also

receives cortical feedback projections. Therefore, the activity of the LGN is not

solely determined by bottom-up sensory input, as top-down cognitive processes

such as attention also influence its activity [19, 20].

LGN consists of six layers. The top four LGN layers constitute the parvocellu-

lar pathway (P pathway), which mainly receives inputs from the P-midget cells,

whereas the bottom two LGN layers form the magnocellular pathway (M path-

way), which mainly receives input from M-parasol cells. The M and P pathways

complement each other, and these segregated projections later form the dorsal

and ventral pathways that go beyond V1. Similar to ganglion cells, LGN also has

center-surround receptive field organization.

Axons from the LGN give rise to the optic radiations, which project to the

primary visual cortex (V1). Due to tissue characteristics, the primary visual

cortex is also called the striate cortex. The primary visual cortex maintains

the segregated organization through projections from the LGN (e.g., M and P

pathways) [21]. Similar to the structure of LGN, V1 also has a layered structure.
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Magnocellular layers of LGN project signals to 4Cα and 4B layers of V1, whereas

parvocellular layers send signals to the 4Cβ layer of V1.

V1 neurons are highly sensitive to certain stimulus features like orientation,

motion direction, color, and binocular disparities [22, 23, 24, 25, 26]. Besides, V1

has columnar organization. For example, there are location columns perpendicu-

lar to the surface, in which neurons that have their RF at about the same location

cluster together. Within a location column, there are also orientation columns

in which neurons that tune to a specific orientation cluster together [23, 27].

There are also ocular dominance columns, where neurons receiving input from

the same eye are grouped together. Finally, neurons that are selective to color

and low-frequency information are located in color blobs (CO) of V1 [28].

V1 transmits visual information to higher visual areas through two major

pathways: the dorsal and ventral pathways, which mainly process different as-

pects of visual information [29]. In the dorsal (parietal) pathway, also called

magnocellular-dominated or where/how pathway, V1 neurons mainly receive in-

formation from magnocellular neurons and project along to the parietal lobe,

including thick stripes of V2, dorsal V3 (V3d), V3 A/B, V5 (MT; medial tempo-

ral area), and MST (medial superior temporal) It mainly processes direction and

speed of motion and is tuned for binocular disparity. The dorsal pathway plays a

critical role in motion and depth perception. It also contributes to visually guided

actions by processing the visuospatial properties of the object and transforming

them into suitable motor actions [30].

MT is the central processing stage along the dorsal pathway and has a crucial

role in motion perception, which is the topic of the current thesis. Indeed, lesion

and stimulation studies showed that disrupting MT activity leads to deterioration

in motion perception [31, 32, 33]. MT neurons show selectivity for direction

and speed of motion as well as binocular disparity [34, 35, 36, 37]. Similar to

orientation columns in V1, MT neurons tuned to specific motion directions are

grouped together on the surface of MT. There is also evidence for a clustered

organization of speed tuning within MT [38]. MT neurons have (approximately

ten times) larger receptive fields compared to V1 neurons, which enables them
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Figure 1.2: Illustration of the Parvo-dominated ventral pathway and Magno-
dominated dorsal pathway, starting from the retina to higher-visual areas.
Reprinted, with permission, from ref.[2]. See Appendix.
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to have motion integration [39, 40, 41]. Specifically, MT neurons integrate local

motion signals coming from V1 neurons into global motion to determine the

overall direction of the stimuli [42].

MST, located anterior to the MT region, also plays a role in motion processing.

MST neurons have even larger receptive fields to encode more complex motion

signals such as expansion and contraction [43]. They are highly selective for

binocular disparity and optic flow [44, 45]. MST neurons are also involved in the

integration of visual and vestibular information during the movement of the ob-

server [46]. MT and MST are collectively called MT+, as both mainly contribute

to motion perception [47, 48].

On the other hand, in the ventral (temporal) pathway, which is also called

the parvocellular-dominated or the ‘what pathway,’ V1 neurons mostly get infor-

mation from parvocellular neurons and send out projections along the temporal

cortex, including thin and pale stripes of V2, ventral V3, V4, and IT (inferior tem-

poral cortex). It mainly processes color and shape information and contributes

to object and face recognition [18].

Note that even though well-characterized hierarchical information flow is ob-

served in the visual system, there are also feedback connections coming from

higher-level areas. Interestingly, there are much more feedback connections than

feedforward inputs in visual processing [19], which suggests that these connec-

tions play an important role in visual perception. One of the primary functions

of feedback connections in visual processing is attentional and contextual mod-

ulation [49]. For example, there is evidence of both excitatory and inhibitory

feedback projections from higher visual areas to the earlier visual areas, which

contributes to contextual modulation of neural responses in the visual cortex, the

integration of information, shaping receptive field properties, and the refinement

of visual representations [50, 51, 52].

Importantly, there is also neural evidence suggesting that cortico-cortical

feedback circuits transmit top-down attention signals to lower visual areas

[53, 54, 55, 56, 57]. For example, feedback connections from the middle temporal
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area (MT), frontal eye fields (FEF), and intraparietal sulcus (IPS) enhance the

responses of neurons in lower visual areas, including V1 and V2, and contribute

to the selective processing of attended visual stimuli [58, 59, 60]. These feedback

connections play a crucial role in top-down control, biasing sensory processing

in favor of attended stimuli and integrating cognitive and sensory signals for se-

lective attention. Although the attentional modulation of the visual responses is

well-documented [19], there are still unanswered questions regarding the specific

functional contributions of the top-down attention signals to visual processing.

1.2 Surround Suppression

Due to the antagonistic center-surround organization of the receptive field, a

neuron’s responses to a stimulus presented at the center of its receptive field are

suppressed by stimuli presented in its surround [61, 62]. Such an effect is called

surround suppression, and it is observed when the stimuli are presented in the

neuron’s extra-classical receptive field (eCRF) [50, 63], which is a part of the

visual field where the stimuli cannot evoke a firing response but can modulate

the response to a stimulus in the classical receptive field (CRF) which is a part of

the visual field where the presentation of stimuli elicits a change in the response

of that neuron [14]. While surround suppression is first examined at the single-

unit level, its effects are more extensively manifested in the activity of population

of neurons [64, 65]. This is particularly important because the processing and

perception of sensory information typically involve the coordinated activity of

neuronal populations rather than isolated units [66, 67].

Surround suppression is observed in many species, such as cats, humans, mon-

keys, and mice; and in sensory systems, including auditory [68, 69], somatosensory

[70, 71], and olfactory systems [72]. Importantly, surround suppression is partic-

ularly well characterized in the vision as it is observed at many levels of the visual

system [65], including the retina [73, 74], superior colliculus [75, 76], lateral genic-

ulate nucleus (LGN) [77, 78, 79, 80, 81], striate or primary visual cortex (V1),

[82, 61, 83, 84, 85, 86, 87] and extrastriate cortex [88, 89, 90].
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Surround suppression mainly contributes to edge detection, figure-ground seg-

regation, contour integration, perceptual grouping, and motion detection [65].

Furthermore, the efficient coding theory suggests that natural images have tem-

poral and spatial correlations that contain redundant information [91, 92], and

surround suppression may also play a role in suppressing redundant signals to

emphasize more informative regions like edges and enhance the sparseness of the

response. Experimental evidence suggests that surround suppression is indeed in-

volved in redundancy reduction and refinement of sensory information [93, 94, 95].

Surround suppression is typically investigated with full sinusoidal gratings pre-

sented in different size levels (mostly in population level [96, 97, 98, 99, 64, 100,

101, 102], see Figure 1.3) or center grating that covers RF and annular grating

varying in size (mostly in single-unit level [82, 50, 61, 65, 103, 104, 105], see

Figure 1.4). Early studies showed that surround suppression is highly affected

by stimulus parameters and contextual factors [65]. For example, surround sup-

pression is spatially extensive. Although the strength of surround suppression in

V1 decreased with increasing distance from the center of the receptive field, it is

still observed up to 12.5 degrees away from the RF center [61, 65]. Besides, the

magnitude of suppression increases when the center and surround have the same

orientation, spatial frequency, drift direction, and speed. Furthermore, surround

suppression is strongest for iso-oriented stimuli, regardless of the orientation pref-

erence of neurons [65].

There are many studies in the literature that aim to characterize the classical

and extraclassical RF sizes in the visual cortex to understand the dynamics of sur-

round modulation. These studies often use a combination of neurophysiological

recordings and visual stimuli to map the receptive field properties of individual

neurons [50]. Researchers typically use high-contrast gratings with varying sizes

to find the extent of the area over which responses summate, which is CRF, and

the extent of the classical receptive field surround. The typical CRF size in V1

is around 1 degree +/- 0.01 at 2 to 8 degrees of eccentricity, and its surround

size is around 5.1 degree +/- 0.06, ranging up to 28 degrees [50, 106, 107, 108].

MT neurons have approximately ten times larger receptive fields compared to V1

neurons, and the receptive fields of MT neurons span from a few degrees to over
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20 degree depending on the specific location within MT and the distance from

the fovea [39].

The size and contrast of the stimuli also affect surround suppression. As the

stimulus size increases, the strength of surround suppression also increases for

high contrast [61, 109, 110, 111, 112]. However, when the stimuli are presented in

low contrast, increasing the stimulus size results in weaker suppression [61, 105,

113, 114] or sometimes surround facilitation [103, 112]. Surround facilitation is

characterized as an increase in neural response when the stimulus is presented at

the extra-classical RF [62, 103, 115].

In this thesis, we will focus on surround suppression in the V1 and MT areas

that are involved in motion perception. As stated previously, surround sup-

pression is well documented both in V1 and MT [65]. For example, single-unit

recording studies in animal models showed that the spike rate of a neuron in V1

decreases when a stimulus is presented both within and outside of its classical

receptive field, compared to when a stimulus falls only within its classical recep-

tive field [82, 61, 103, 104, 109, 116]. Similar effects of surround suppression were

also observed for MT neurons at the single-unit level in animal models. When

a drifting stimulus is presented simultaneously in both the center and surround

parts of the receptive field, the neuron’s firing rate is reduced or suppressed [117].

Neurophysiology studies suggest that visual perception is mediated by a pop-

ulation of neurons rather than by single neurons [66, 67]. Therefore, even though

surround suppression is initially studied at the single unit level, the effect at

the population level also needs to be characterized to fully understand this phe-

nomenon. To do so, researchers used various methods, including functional

magnetic resonance imaging (fMRI), electroencephalogram (EEG), transcranial

magnetic stimulation (TMS), and magnetoencephalography (MEG), to examine

surround suppression at the population level in humans as well as non-human

animals.

At population-level, however, as it is hard to talk about the RF center and

surround, instead the frequently used stimulus usually consists of a central part,
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Figure 1.3: Example stimulus set that is frequently used in human surround sup-
pression research. The size of the stimulus changes from small (1.5°) to medium
(4°) and large (8°) from left to right. The contrast of the stimulus changes from
high contrast (98%) to medium (50%) and low contrast (5%) from top to bottom.

12



Figure 1.4: Example stimulus set that is frequently used in surround suppression
animal research. The red circle represents the receptive field (RF) of the neuron.
The first row illustrates the center grating that covers RF and annular gratings
varying in size from small to medium and large surrounds, which are located at
various distances from the center grating. The second row illustrates the center
grating that covers RF and annular grating, varying in size from small to medium
and large surround.

which is also called the target stimulus [118, 119, 120], presented with a surround

part, which is also called the neighboring stimulus [121] or flanking stimulus [122,

123] even called mask in certain studies [118, 119, 120]. These stimuli enable us to

investigate the modulatory effect of surrounding stimuli on the central stimulus.

Findings of studies that used such stimuli to investigate surround suppression

at the population level revealed an analogous suppression effect. For example,

neural responses in humans measured by functional magnetic resonance imaging

show a pattern of results similar to those at the single-unit level: BOLD responses

in V1 decrease when a central stimulus is presented with a surround compared

to when it is presented alone [124, 125, 126, 127]. Likewise, presenting a central

stimulus with a surrounding stimulus, led to reduced activity in early visual areas,

including V1, V2, and V3 [128]. Moreover, the studies investigating surround

suppression in the cat [129, 130], and macaque visual cortex [131] using fMRI

found that presenting a center stimulus together with a surrounding stimulus

resulted in decreased activity in V1 and higher visual areas. They also observed

that the suppressive effects were more pronounced when the center and surround
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stimuli had similar orientations.

Similar effects of surround suppression were also observed for MT neurons in

human fMRI studies. Specifically, fMRI response to a center stimulus was reduced

when presented with a surrounding annular stimulus, indicating the presence of

surround suppression in the MT area. Besides, stronger suppression effects were

observed in human MT when the surround stimuli were larger and presented in

high contrast compared to low contrast [96, 97, 98].

On the other hand, EEG studies that investigate surround suppression in the

visual cortex often show that early visual evoked potentials, such as the P1 and

N1 components, are reduced in response to a center stimulus when it is sur-

rounded by a high-contrast annular stimulus [132]. Besides, higher contrast and

spatially contiguous surrounds were found to induce stronger suppression effects

[133, 121, 134]. Similarly, MEG responses in the visual cortex decreased in re-

sponse to presenting a center stimulus along with a surround stimulus. This

reduction indicates the presence of surround suppression in the MEG signals.

Besides, this suppression was stronger for higher contrast iso-oriented surrounds

[135, 136]. Moreover, TMS-induced disruption of the visual cortex also affects

surround suppression. For example, disrupting hMT activity with TMS resulted

in decreased surround suppression for high-contrast stimuli [101].

Similar to the neural effect of surround suppression, there is a well-documented

perceptual effect in human motion perception: as the size of a drifting grating

increases, discriminating the motion direction of the grating becomes harder.

This means that for high contrast, motion direction discrimination thresholds,

which are the minimum amount of time needed to correctly decide the direction

of motion, increase. On the contrary, as the size of a drifting grating increases,

motion direction discrimination thresholds decrease for low contrast stimuli [64]

(see Figure 1.6). These findings have been consistently observed in numerous

studies [96, 97, 98, 99, 64, 101, 137, 138, 139] which makes it a well-known visual

paradigm to study surround suppression in human motion perception. Further-

more, many studies in the literature used the Suppression Index (SI) to quantify

the strength of the surround suppression. SI is typically calculated with the
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Figure 1.5: Example stimuli with different spatial frequencies (left to right: 1
cycle per degree (cpd), 2 cpd, and 4 cpd).

following equation:

SI =
Tlarge − Tsmall

Tsmall

(1.1)

where T. is the discrimination threshold for a given size. Higher positive SI values

indicate stronger surround suppression, whereas negative SI values mean surround

facilitation. An SI of 0 means no suppression or facilitation.

Such perceptual effects have been explained by the surround suppression mech-

anism arising from antagonistic center-surround interactions of the neural popu-

lations in the middle temporal cortex (MT) [64]. Indeed, this MT hypothesis is

supported by previous studies showing that there is a high correspondence be-

tween behavioral thresholds and MT activity. To be more specific, MT activity

decreases with stimulus size at high contrast, parallel to a decrease in performance

in the direction discrimination task, whereas it increases with stimulus size at low

contrast, parallel to increases in performance [96, 97, 99]. Furthermore, disrupt-

ing hMT+ activity with TMS resulted in decreased surround suppression for

high-contrast stimuli [101]. Although these findings support the MT hypothesis,

similar effects of surround suppression were also observed for V1 neurons both in

the single unit recording studies in animal models [82, 61, 103, 104, 109, 116], and

in human fMRI studies [124, 126, 140, 141], which suggest that such an effect in

MT might be inherited from V1. However, a recent fMRI study showed that cor-

tical activity in V1 shows a different pattern of surround modulation compared

to hMT+, and the activity of MT but not V1 neurons agrees with the perceptual

effect [99]. Furthermore, although some studies found surround suppression in

V1, several other studies reported both suppression and facilitation depending on
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Figure 1.6: Typical effect of size-contrast interaction in motion perception. Left:
Motion direction discrimination thresholds. As the size of a drifting grating
increases, motion direction discrimination thresholds increase for high-contrast
stimuli and decrease for low-contrast stimuli. Right: Suppression Index (SI)
values. The suppression index quantifies the strength of the surround suppression.
Higher positive SI values for high contrast indicate surround suppression, whereas
negative SI values for low contrast indicate surround facilitation.
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the presentation and attention conditions [123, 125]. Taken together, these find-

ings support the idea that the perceptual consequences of surround suppression

in human motion perception might arise from the MT area.

Surround suppression has different temporal characteristics. The fast early

component is not selective for orientation, whereas the delayed late component

is sharply tuned to orientation and elicits stronger suppression compared to the

early component [65]. Different circuits and mechanisms may underlie different

patterns of suppression. For example, in non-human primates, feedforward con-

nections from LGN to Layer 4C yield spatially restricted and weaker surround

suppression that is poorly tuned for orientation. On the other hand, horizon-

tal connections in V1 and feedback connections from higher cortical areas (V2,

V3/VLP, V5/MT) yield stronger surround suppression, spatially more extensive,

and tuned for orientation. In line with this, Schallmo and colleagues [132] found

two distinct neural mechanisms underlying the surround suppression in humans

by examining the time course of the surround suppression using EEG. They

found that the earliest visual component, C1, was suppressed by the surround

gratings irrespective of orientation, which indicates the presence of a low-level

mechanism that is not orientation-selective. They also found an N1 component

observed later than C1, which was more strongly suppressed when the center and

surround gratings were iso-oriented. Their results show that both the low-level

mechanism that is untuned to orientation and appears early in time and the high-

level mechanism that is orientation-selective and delayed in time contribute to

the surround suppression.

More than being a low-level visual phenomenon, surround suppression is also

frequently used to investigate multiple clinical conditions, including schizophrenia

[100], major depressive disorder [142], autism spectrum disorder [102, 143, 144],

Alzheimer’s disease [145], migraine [146], and epilepsy [147]. For example, ab-

normally weak surround suppression is observed in schizophrenia [100], major

depressive disorder [142], and autism spectrum disorder (ASD) [98, 102, 143].

Importantly, weaker surround suppression was also observed with normal aging

[148]. Although the reason underlying this abnormal surround suppression mech-

anism is still debated, the GABAergic system might provide an explanation for
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this effect [100]. GABA is known to critically modulate lateral inhibitory inter-

actions in the visual cortex, and GABAergic deficits have been reported in old

age, schizophrenia, and depression [149, 150, 151]. It is hypothesized that an

abnormal decrease in GABA concentration in the visual cortex might lead to de-

creased cortical inhibition, which, in turn, leads to weaker surround suppression.

However, this hypothesis was not supported by more recent MR spectroscopy

studies [97].

Other individual factors like gender and IQ have a significant effect on sur-

round suppression. Previous studies revealed that there is a positive correlation

between surround suppression and IQ [152]. There is also a gender difference

in surround suppression such that males have shorter duration thresholds and

weaker surround suppression compared to females [153].

1.3 Spatial Attention

We are constantly bombarded by numerous amounts of visual information coming

from the environment, but for a given moment, only a tiny fraction of it can be

processed effectively [154, 155]. Since we have limited processing capacity, a

selection process must be made to allocate the limited computational resources

to relevant visual input. Visual attention is one way to select the relevant signal

and filter out others during visual processing.

Attention itself is a very elusive concept, as there are various forms of it [156].

For example, selective attention can be divided into top-down and bottom-up at-

tention. While top-down attention is based on endogenous signals driven volun-

tarily, bottom-up attention is driven by exogenous signals like stimulus saliency.

Another dichotomous form of attention is covert vs. overt attention. In overt

attention, the visual selection process occurs with eye movements and motor be-

havior, whereas covert attention refers to attending to a certain stimulus and/or

feature without moving the eyes. Finally, there is also object- and feature-based

attention. Object-based attention refers to attending to a certain object that is
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part of perceptual organization, and only features of that object benefit from the

enhancing effects of attention. On the other hand, feature-based attention refers

to selectively attending to a specific feature of objects throghout the visual field

where only that feature benefits from the enhancing effects of attention. Impor-

tantly, these different forms of attention are not mutually exclusive, such that

attention can operate endogenously without moving eyes (e.g., top-down covert

attention).

The current thesis focuses on visual spatial attention, which is a form of visual

attention characterized by directing attention toward a specific location in the

visual field. In early studies, different metaphors were used to conceptualize

spatial attention. For example, the “spotlight” attention metaphor emphasizes

that any stimuli that fall within the attentional spotlight are selectively processed

while the region outside the spotlight is processed less thoroughly or ignored

[157]. A “zoom lens” metaphor, on the other hand, emphasizes variability in the

size of the attentional field, the area that we selectively attend to for thorough

processing [158]. To be more specific, attention acts as a zoom lens such that

the focus of attention can be narrow and lead to more focused processing or can

be wide and distributed in a larger area. Critically, due to limited processing

capacity, processing efficacy decreases as the size of the attention field increases.

However, these metaphors cannot fully characterize attentional processing, as

growing evidence suggests that visual attention rather has gradient effects on

sensory processing, such that enhanced visual processing at the attended location

gradually decreases as the distance from the focus of attention increases [159,

160, 161]. In contrast, findings of other studies suggest that sensory processing

around the focus of attention may be more complex than a simple gradient [162,

163, 164, 165, 166]. Specifically, a center-surround profile of attentional focus is

observed in various experimental paradigms, including target detection, target

discrimination, and item-matching tasks, where facilitated performance at the

center of attentional focus (target location) gives its way to perceptual suppression

in the vicinity of the target. In addition, the performance was better at the

distractor locations far from the target than locations closer to the target [162,

163, 164, 167, 168]. These findings were later supported by human fMRI [169,
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170, 171] as well as MEG studies [170, 172, 173, 174] where neural suppression is

observed in the regions surrounding attended locations.

1.3.1 Spatial Attention and Changes in Visual Responses

Spatial attention shapes the response of neurons in the visual cortex. For exam-

ple, when attention is directed to a single stimulus presented in the RF, faster,

stronger, and less variable neural activation is observed compared to attention

being directed away from the stimulus [175]. This effect of attention often re-

sembles the overall change in the gain of neural response. However, this gain

change seems rather multiplicative, such that the change in neural response is

proportional to the initial response of the neuron. Importantly, when multiple

stimuli are presented in or near RF, attention elicits more complex neural pat-

terns, which cannot be explained by simple response gain. For example, when

a neuron’s preferred and nonpreferred stimulus were presented simultaneously in

the RF, directing attention to the nonpreferred stimulus elicited a decreased re-

sponse, whereas attending to the preferred stimulus elicited an increased response

[176, 177, 178, 179, 180, 181, 182]. On the other hand, if one of the preferred

stimuli is presented in the RF center, and the other is presented in the RF sur-

round, attending to the stimulus in the RF surround results in decreased neural

activity [183].

Many theories and models have been proposed to explain these complex ef-

fects of attention. For example, Desimone and Duncan [156] proposed biased

competition theory, which suggests that a group of neurons that encode multi-

ple stimulus components compete, and attention biases this competition in favor

of neurons that represent an attended stimulus or feature. Thus, attention in-

troduces a top-down bias mainly driven by feedback signals arising from higher

cortical areas, which lead to increased activation for the neurons that encode at-

tended stimuli and suppressed activation for the unattended or irrelevant stimuli

[156, 184]. Indeed, biased competition theory is supported by the findings of the

single unit recordings in early visual areas [177, 178] as well as extrastriate areas
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[176, 177, 185]. For example, as reported in the previous paragraph, attending

to the nonpreferred stimulus presented simultaneously with the preferred stim-

ulus in the RF elicits a decreased response, whereas attending to the preferred

stimulus elicits an increased response, as neural competition is biased in favor of

preferred stimuli [176].

Some of the previous findings show that the effects of attention on responses

of neurons in the visual cortex resemble increasing contrast of the stimulus

[178, 186, 187, 188]. Consistent with these neurophysiological findings, results of

the psychophysics studies showed that attention indeed increased the perceived

contrast of the stimulus [189, 190, 191, 192]. In line with this, the contrast gain

hypothesis suggests that attention affects neural response in a way similar to

multiplying the contrast of the unattended stimulus with a fixed value [156]. The

contrast gain predicts that attention increases the firing rate of the neurons at in-

termediate contrast levels. On the other hand, since neural responses saturate at

high contrast, attention has a small or no effect on the firing rate. Contrast gain is

typically characterized as a leftward shift of the contrast-response function [3, 4]

(see Figure 1.7). The neurophysiological and behavioral results suggest that at-

tention indeed has larger effects on the stimuli presented at intermediate contrast

compared to high contrast [187, 193]. The model also predicts that attending

to a nonpreferred stimulus will increase its effective contrast, thereby making it

more suppressive, which explains the finding that when nonpreferred and pre-

ferred stimuli are presented simultaneously in the RF, attending to the preferred

stimulus results in an increased response, whereas attending to the nonpreferred

stimulus leads to a decreased response [176].

On the contrary, as stated before, findings of the other studies suggest that

attention modulates neural responses by multiplicatively scaling them with a

response gain factor, with the largest effect of attention for the high contrast

stimuli [179, 194]. Response gain is typically characterized as an upward shift

of the contrast-response function [3, 4] (see Figure 1.7). In line with this, some

single-unit recording studies showed that attention changes the overall gain of

neural response in a multiplicative manner without altering the shape of neural

tuning curves [185, 195]. Finally, there is evidence for the additive effect of
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Figure 1.7: Illustration of contrast response functions for a stimulated neuron for
response gain and contrast gain. Response gain is typically characterized as an
upward shift of the contrast-response function, whereas contrast gain is typically
characterized as a leftward shift of the contrast-response function [3, 4]

.

attention or changes between response gain and contrast gain [194].

Another influential framework to characterize visual attention is the feature-

similarity gain principle, in which the level of attention-related gain modulation

is based on the neuron’s selectivity for the attended feature [195, 196]. Specifi-

cally, the feature similarity gain model predicts that feature-based attention and

spatial attention interact while determining an overall change in the gain of the

neurons. The model can account for the observation that when a single stimulus

is presented inside the RF or opposite hemifield with varied features such as ori-

entation [185, 197], attending to either a preferred or a nonpreferred stimulus in

the RF increases the neural activity by approximately the same factor.

Importantly, each of these various models and their predictions are combined

into a single framework called the normalization model of attention (NMA), which

incorporates spatial attention into the response normalization of the cortical neu-

rons [4]. In other words, NMA can resolve previously discrepant results in the

literature, predict all these different forms of attentional modulation and account

for alternative theories of attention.
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1.3.2 Normalization Model of Attention

1.3.2.1 Divisive Normalization Model

Normalization is often viewed as canonical computation in sensory systems, and it

refers to the ratio between the response of a neuron and the summed activity of a

pool of neighboring neurons [198, 199]. The neural summation in the visual cortex

is not simply linear because of the antagonistic RF characteristics of the neurons.

Therefore, divisive normalization is a more realistic framework to characterize

the summation of the neural activity in the visual cortex.

Divisive normalization in sensory systems is characterized by the stimulus

drive, which represents the excitatory response of neurons, and it is divided by

the suppressive drive, which represents the summed activity of a pool of neurons.

In the model, the inhibitory drive is spatially broader than the excitatory drive

because it is pooled over a larger number of neurons. Excitatory and inhibitory

drives together determine the overall firing rate of that neuron.

The model can be summarized by the following equation:

R(x, θ, c) =
E(x, θ, c)

S(x, θ, c) + σ
, (1.2)

where R is the predicted population response as a function of spatial position

(x), direction of motion (θ), and contrast (c). E and S are the excitatory and

suppressive drives, respectively, and σ is the semi-saturation constant, which

prevents R from being undefined when S equals zero.

Recent studies suggest that the normalization model can explain many observa-

tions in the visual system [199], including neural summation, contrast saturation

[200], cross-orientation suppression [201], and surround suppression [61]. Specifi-

cally, previous studies showed that using parameters derived from MT neurons in

the normalization model can successfully predict surround suppression in motion

perception both at the behavioral [97, 98] and neuronal levels [3, 97, 99, 202].
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Figure 1.8: A schematic representation of the normalization model. The Ex-
citatory Drive is normalized by the Suppressive Drive to determine population
response (see Equation 1.2).

1.3.2.2 Normalization Model of Attention

Reynolds and Heeger [4] developed the normalization model of attention by incor-

porating the spatial extent of attention and response normalization. The model

suggests that attention scales the excitatory and inhibitory drives received by a

neuron, which together determine the overall firing rate of that neuron. There-

fore, not only stimulus size but also the spatial and featural extent of the attention

field contribute to response normalization in the visual cortex.

The model simulates the response of a population of neurons tuned to spatial

position (spatial attention) and motion direction (feature-based attention). The

model has three components:

1. Stimulus Drive, which represents the excitatory input a neuron receives;

2. Suppressive Drive, which represents the summed activity of a pool of neu-

rons;

3. Attention Field, which modulates attentional gain for each neuron in the

population according to spatial position and direction tuning (see Figure

1.9).
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To determine the population response, the stimulus drive is multiplied by the

attention field and then divided by the suppressive drive. The model can be

summarized by the following equation:

R(x, θ, c) =
E(x, θ, c)×M

(
x, θ,Mg

)
S(x, θ, c) + σ

, (1.3)

where R is the predicted population response as a function of spatial position (x),

direction (θ), and contrast (c). E and S are the excitatory and suppressive drives,

respectively. M represents the attention field, which reflects how spatial atten-

tion modulates the stimulus processing by scaling E, and Mg is the attentional

gain factor that sets the spatial extent of the attention field M . σ is the semi-

saturation constant, which prevents R from being undefined when S equals zero.

The operator “×” represents element-wise multiplication (Hadamard product).

Excitatory drive, E, is computed by

E(x, θ, c) = e
(
xe, θe

)
∗ N(x, θ, c), (1.4)

where e is a two-dimensional (2-D) Gaussian function with the spatial position

(xe) and the direction (θe) that determines spatial and direction tuning, respec-

tively, for the excitatory drive (E), ∗ denotes convolution and N is the neural

representation of the stimulus, which is also a 2-dimensional Gaussian function

with the stimulus position (x), and the direction (θ), and scaled by the contrast

(c).

Suppressive drive, S, is computed by

S(x, θ, c) = s
(
xs, θs

)
∗
(
E(x, θ, c)×M

(
x, θ,Mg

))
(1.5)

where s is another 2-D Gaussian function as e, but shows broader tuning in spatial

position (xe) and direction (θs). M represents the attention field, which reflects

how spatial attention modulates the stimulus processing by scaling E. M is a

2-D Gaussian function whose spatial extent is set by the attentional gain factor

Mg.

As it is stated earlier, while some results in the literature support the response

gain [185, 195], other findings show a response pattern similar to contrast gain
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Figure 1.9: A schematic representation of the normalization model of attention.
Stimulus Drive is multiplied by the attention field, then normalized by the Sup-
pressive Drive to determine population response (see Equation 1.3).

[187, 193, 203]; or in between response and contrast gain [194], and the nor-

malization model of attention can explain this complex pattern of results. The

model suggests that attention scales the excitatory and inhibitory drives received

by a neuron. Accordingly, the spatial spread of the attention field affects the

contrast-response functions of neurons and, consequently, behavioral sensitivity.

Specifically, the model suggests that attending to an area larger than the stimulus

size results in contrast gain, whereas attending to an area smaller than the stimu-

lus size results in response gain [4]. Although no single-unit-level study examined

the plausibility of this prediction, results of human psychophysics experiments

show that expected shifts in contrast-response function similar to contrast and

response gain are observed depending on the spatial extent of attention [3, 204].

Therefore, attention does not always affect neural response in a manner similar

to pure contrast gain or pure response gain. Rather, neurons can show both

contrast gain and response gain, depending on the stimulus configuration and

experimental design.

26



Furthermore, the normalization model can explain why shifting attention be-

tween preferred and nonpreferred stimuli, both presented in the RF, changes

neural response drastically as it predicts an increase in effective contrast of the

attended stimulus through the contrast gain mechanism [4, 205, 206, 207]. Im-

portantly, the normalization model can also explain the simple response gain

observed by attending to a single stimulus presented in RF [175]. NMA can also

account for biased competition theory, as normalization is used in the early forms

of theory to describe neural competition [178]. Besides, the model can explain

feature-based attention as the featural extent of the attention field (i.e., the range

of orientations attended) is also described in the model. Likewise, the model cap-

tures the predictions of the feature similarity model since neurons in the model

are not only tuned to spatial position (spatial attention) but also to stimulus

features (feature-based attention). To be more specific, the Mg parameter, at-

tentional gain factor, modulates the gain of neurons based on attended location

and/or feature [4, 205, 206, 207].

Importantly, NMA can also explain the interactions between attention and

surround suppression [61, 104]. For example, the model predicts that a narrower

attention field causes weaker suppression because it primarily increases the effect

of the excitatory drive. Conversely, a wider attention field leads to stronger sup-

pression because it increases both the effects of excitatory and inhibitory drives.

The model also predicts that attending to the center of a stimulus should result

in weaker neuronal suppression as the neural activity will be dominated by the

center stimulus. On the other hand, directing attention to the surround stimulus

should result in stronger suppression, as the neural activity will be dominated

by the surround stimulus. Indeed, in non-human animals, directing attention to

the center of a static stimulus results in weaker neuronal suppression compared

to directing attention to the surround [131, 183, 186, 208].
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1.4 Spatial Attention and Surround Suppres-

sion

Spatial attention has been known to modulate surround suppression both in hu-

mans [3, 123, 209, 122], and non-human animals [131, 175, 183, 186]. Specifically,

in non-human animals, the effect of spatial attention on surround suppression is

frequently demonstrated with single-unit recording studies using static stimuli.

For example, Motter [210] presented multiple static stimuli in the visual field, one

in the RF and others in the RF surround, and measured the single-unit activity

of V1, V2, and V4 neurons in the macaque visual cortex. He found that when

attention is directed to a stimulus presented in the RF center, neural activity

increases, whereas when it is directed to stimuli in the RF surround, the neural

response decreases. Similarly, Sundberg and colleagues [183] also showed that

attention modulates center-surround interactions of the neurons in V4. To be

more specific, they recorded the single unit activity while monkeys performed

an attention-demanding multiple-object tracking task in which two static stimuli

were presented together, one within the RF and the other in the RF surround.

Consistent with the results of preceding studies, they found that attending to a

stimulus in the RF reduces the suppressive effect of the stimuli presented in the

RF surround. In other words, surround suppression was stronger when attention

was directed to the surround than to the center. These results can be explained

by the normalization model of attention as they are in line with the predictions

of the model [4, 183, 186].

The effect of spatial attention using static stimuli, both behaviorally and neu-

ronally, is documented in humans, as well [3, 123, 209, 122]. For example, Freeman

and colleagues [209] measured contrast detection thresholds while participants

viewed the central target grating surrounded by flanker gratings. Specifically,

they manipulated attention to the flankers and found that ignoring irrelevant

pairs of flankers, similar to removing the flankers from the display, prevents the

suppressive effect of flankers. Flevaris and Murray [122] provided more direct

evidence that attention modulates center-surround interactions in humans. They
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presented a central target along with two flanking gratings that have the same

orientation and spatial frequency as the target or differ in one or both of these

dimensions. They measured the contrast thresholds and found that a feature that

was matched between the center and the flanker gratings makes the surrounding

flankers more suppressive, thereby resulting in stronger suppression. Their results

show that attention modulates surround suppression by facilitating the effect of

the attended feature dimension. In line with this, in an fMRI study, Flevaris and

Murray [123] also showed that a larger neural response in V1 is observed when

attention is directed to the center grating compared to surround flanker gratings.

Dynamic stimuli, on the other hand, are used in only a few non-human animal

studies to assess the effect of attention on surround suppression [211, 212]. Anton-

Erxleben and colleagues [211], for example, demonstrated that spatial attention

modulates center-surround interactions by changing the RF profile of the MT

neurons in the macaque visual cortex. To be more specific, their results showed

that attention shifts the RF center towards the attended location, such that

attending to a moving stimulus presented inside the RF shrinks the RF, whereas

shifting attention to the moving stimuli in the RF surround expands it. Their

results also showed that the strength of the surround suppression increased for

the attended location compared to the unattended location by increasing the

influence of the attended stimulus on the neuron’s firing rate.

However, so far, there has been no direct study on humans to systematically

examine the effect of the spatial extent of attention on surround suppression

using motion stimuli. Because it is very challenging to examine the effect of

endogenous attention on surround suppression with a visual paradigm that is

based on prototypical visual stimulus. Indirectly, however, there is evidence that

attention may modulate surround suppression with motion stimuli in humans.

Using drifting gratings, autism spectrum disorder (ASD), patients have been

found to exhibit weaker surround suppression compared to a neurotypical group

[98]. The authors have argued that the weak suppression can be explained by

a narrow spatial attention field and supported their argument with computer

simulations using the divisive normalization model of attention [4].
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On the other hand, the effect of the spatial extent of attention on neural activ-

ity in the visual cortex has been addressed in recent studies [204, 213]. Liu and

colleagues [213] investigated how narrow vs. wide attention field modulates pop-

ulation receptive field (PRF) characteristics of neurons in the early visual cortex.

They found that attending a narrower area in the focused attention condition

leads to a smaller PRF with a higher amplitude compared to the distributed

attention condition in V1. In addition, their results showed that attentional

modulation was larger in the higher level area (i.e., V3) than in the lower areas

(i.e., V1 and V2), which reflects the nature of the top-down feedback process of

spatial attention. Moreover, Itthipuripat and colleagues [204] manipulated spa-

tial scope of attention by varying possible locations of a small target disk (1.22°
radius) and measured related activity using steady-state visual evoked potentials

(SSVEP) in an EEG experiment. Specifically, in the focused attention condition,

the target appeared within a 2.04° area, whereas in the distributed attention con-

dition, it appeared in a 6.64° area. They found that signal-to-noise ratio (SNR)

values were significantly higher in the focused attention condition compared to

the distributed attention condition.

1.5 Current Study

Surround suppression is a very fundamental and common mechanism in biological

vision since it is observed at many levels of the visual system [82, 61, 65, 73, 74,

75, 77, 83, 88, 89, 90] as well as other sensory modalities [68, 69, 70, 72], and it

is a well-characterized phenomenon because it is based on a basic property of the

neuron, namely antagonistic RF organization. Moreover, it contributes to many

visual phenomena and functions such as figure-ground segregation [214, 215, 216],

perceptual grouping [121, 134], perceptual inference [217], and efficient coding of

information [218]. Therefore, it is an important tool for understanding visual

information processing in humans.

Although surround suppression is initially considered a low-level mechanism
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that arises from feedforward projections from the retina and horizontal connec-

tions within V1, there is also evidence that feedback projections from higher-level

visual areas also contribute to this phenomenon [65]. The specific functional con-

tributions of these feedback connections, however, remains unclear. Some studies

have explored the effect of spatial attention on surround suppression with static

stimuli [3, 123, 204, 209, 122], and a few non-human animal studies have used

dynamic stimuli [211, 212]. Yet, no human study has systematically examined

the effect of spatial extent of attention on surround suppression using motion

stimuli. It is important to understand this effect as we are living in a dynamic

environment, and using motion stimuli helps to better understand the nature of

surround suppression in dynamic visual processes in the brain.

Critically, there is mounting evidence indicating that abnormal surround sup-

pression is observed in many clinical disorders [98, 100, 102, 142, 143]. Therefore,

it can also be used as a tool to understand the neural basis of abnormal vi-

sual processing and might shed light on the dynamics and shared origins of the

clinical conditions, which may pave the way for developing new diagnosis and

treatment methods. Moreover, investigating the effect of spatial attention on

surround suppression can provide insights into the neural mechanisms underlying

these processes and may have important implications for understanding the role

of attention mechanisms in visual processing in both neurotypical and clinical

populations.

Importantly, the effect of attention should be defined in neurotypicals first to

be able to make comparisons with clinical populations and better understand the

role of spatial attention in abnormal vision. However, as stated before, there

has been no direct study to systematically examine the effect of the spatial ex-

tent of attention on surround suppression in human motion perception. In the

current thesis, we sought to fill this gap in the literature and examine how the

extent of spatial attention affects surround suppression in visual motion pro-

cessing using psychophysics, functional magnetic resonance imaging (fMRI), and

computational modeling.

For this purpose, we used a motion direction discrimination task to utilize a
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well-studied effect in motion perception: as the size of a drifting grating increases,

the observer’s ability to discriminate the motion direction of the grating increases

if the stimulus is presented in low contrast and decreases if it is presented in high

contrast. Further, we used a novel stimulus configuration that allows us to in-

vestigate the effect of endogenous attention with sinusoidal gratings, a frequently

used prototypical visual stimulus, to examine surround suppression. Our stimu-

lus consisted of a center grating surrounded by an annular grating. Center and

surround gratings either drift in the same direction or in the opposite direction.

Critically, we manipulated the spatial extent of attention in two attention condi-

tions: narrow attention and wide attention. Participants were instructed to limit

their attention to the central part of the stimulus under the narrow attention

condition and to both the central and surround parts under the wide attention

condition. This stimulus configuration and attentional manipulation allowed us

to understand the role of spatial attention in center-surround interactions by

using a simple but informative visual paradigm.

First, we conducted a behavioral experiment to investigate how perceptual cor-

relates of surround suppression are modulated by the spatial extent of attention.

To do so, we measured motion direction discrimination thresholds in humans us-

ing drifting gratings presented in different sizes and contrast levels. We expected

to see higher duration thresholds for the wide attention condition compared to

the narrow attention condition, indicating stronger surround suppression. The

method and results of the behavioral experiment are introduced in Chapter 2.

Next, to understand the cortical mechanism that underlies the attentional

modulation of surround suppression, we investigated how the BOLD fMRI re-

sponse associated with surround suppression in hMT+ and V1 changes depend-

ing on the spatial extent of attention. For this purpose, we measured BOLD

activity in hMT+ and V1, two possible regions where suppression is thought to

arise, while the observers viewed drifting gratings and performed motion direc-

tion discrimination tasks, as in the behavioral experiment. We compared the

magnitudes of BOLD responses between narrow attention and wide attention

conditions within regions that correspond to the location and size of the center
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grating. We expected to see a smaller BOLD response for the wide attention con-

dition compared to the narrow attention condition, indicating stronger surround

suppression. The method and results of the fMRI experiment are introduced in

Chapter 3.

Next, we performed computer simulations using the divisive normalization

model and incorporating the spatial extent of attention (i.e. normalization model

of attention (NMA)[4]) to establish a link between the behavioral results and

neuronal response characteristics. Finally, we simulated cortical responses in

hMT+ and V1 to test the predictions of the model. In other words, we assessed

whether the effect of attention on surround suppression described in this study

could be explained by the NMA, as it has previously been done in the literature

[3, 183, 186]. The method and results of the computational model are introduced

in Chapter 4. In Chapter 5, we discuss the interpretations, implications, and

potential applications of our results obtained from the psychophysics and fMRI

experiments and model simulations.
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Chapter 2

Behavioral Experiment

This chapter is based on the publication by Kiniklioglu, M., Boyaci, H. (2022). In-

creasing spatial extent of attention strengthens surround suppression. Vision Re-

search, 199, 108074. https://doi.org/10.1016/j.visres.2022.108074. Reproduced

(or reproduced in part) based on the author rights provided by Elsevier Publica-

tions.

Also, the studies and results presented in this chapter are pre-

sented in a preprint by Kiniklioglu, M., Boyaci, H. (2022). Increas-

ing spatial extent of attention strengthens surround suppression, bioRxiv

https://doi.org/10.1101/2021.11.26.470072

2.1 Introduction

This chapter is dedicated to the behavioral experiment of my thesis project,

which aims to investigate how size-contrast interaction in motion perception is

modulated by the spatial extent of attention at a perceptual level. Size-contrast

interaction is well characterized both at a perceptual level and neuronal level.

As the size of a drifting grating increases, direction discrimination thresholds

increase for high contrast and decrease for low contrast stimuli [64]. In line
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with the behavioral results, a neuron’s responses to a stimulus presented at the

center of its receptive field are suppressed by iso-oriented stimuli presented in its

surround [61, 62]. Single-unit recording studies in animal models showed that the

spike rate of a neuron in V1 decreases when a stimulus is presented both within

and outside of its classical receptive field, compared to when a stimulus falls only

within its classical receptive field [61, 104, 82, 103, 116, 109]. Likewise, neural

responses in humans measured by fMRI show a similar pattern of results: BOLD

responses in V1 decrease when a central stimulus is presented with a surround

compared to when it is presented alone [124, 125, 126].

Surround suppression is known to be critically affected by spatial attention

[175]. For example, in non-human animals directing attention to the center of

a static stimulus results in weaker neuronal suppression compared to directing

attention to the surround [131, 183, 186, 208]. The effect of spatial attention using

static stimuli, both behaviorally and neuronally, is documented in humans, as well

[3, 123, 209, 122]. Dynamic stimuli, on the other hand, are used in only a few non-

human animal studies to assess the effect of attention on surround suppression

[211, 212]. No previous study on humans, to the best of our knowledge, has

systematically examined the effect of attention on surround suppression using

motion stimuli.

Here, we investigated the effect of the spatial extent of attention on surround

suppression in humans using motion stimuli. We conducted a behavioral ex-

periment with two attention conditions: narrow attention condition, in which

participants were instructed to limit their attention to the center of the stimulus,

and wide attention condition, in which they were instructed to attend to both

the center and surround. If attention had an effect, based on the results in pre-

vious literature we would expect stronger suppression under the wide attention

condition compared to the narrow attention condition.
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2.2 Methods

2.2.1 Participants

Ten female volunteers (mean age= 26.7 years) participated in the experiment. All

participants reported normal or corrected-to-normal vision and had no history of

neurological or visual disorders. Participants gave their written informed consent

before the experiment. The experimental protocols were approved by the Human

Ethics Committee of Bilkent University.

2.2.2 Apparatus

Stimuli were generated using the Psychtoolbox (Brainard, 1997) with MATLAB

2018a (MathWorks, Natick, MA) and presented on a CRT monitor (HP P1230,

22 inches, 1280 x 1024 resolution, refresh rate 120 Hz). Participants were seated

in a dark room with their heads stabilized using a chin rest at a distance of

75 cm from the monitor. A gray-scale look-up table was prepared through direct

measurements of the luminance values (SpectroCAL, Cambridge Research Sys-

tems Ltd., UK) and used to ensure the presentation of correct luminance values.

Responses were collected via a standard computer keyboard.

2.2.3 Stimuli and Design

Stimuli were vertically oriented drifting sinusoidal gratings (spatial frequency: 1

cycle per degree) weighted by two-dimensional raised cosine envelopes [102], the

radius of which defined the stimulus size. Specifically, the stimulus consisted

of a center grating surrounded by an annular grating (except the center-only

configuration under the narrow attention condition, see below), which drifted

within the stationary raised cosine envelopes (starting phase randomized) at a

rate of 4°/s either leftward or rightward (Figure 2.1). The stimuli were generated
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Figure 2.1: Center-only, small-surround, and large-surround configurations for
high (98%) contrast stimuli.

using built-in functions of Psychtoolbox and presented foveally on a mid-gray

background (16.09 cd/m2).

In the narrow attention condition, a center sinusoidal grating is either pre-

sented alone or surrounded by a surround grating. Trials in which the center

stimulus is presented alone (center-only) were used as a baseline to calculate the

suppressive effect of the surround on the center. In the wide attention condition

the center grating is always presented with a surround grating. The diameter of

the center grating was 1.5°. The surround gratings were presented in two differ-

ent sizes. In the small-surround configuration, the inner diameter of the surround

was 2.8°, and its outer diameter was 5.3°. In the large-surround configuration,

the inner diameter of the surround was 2.8°, and its outer diameter was 12°. The
area between (1.5° to 2.8°) remained unstimulated to separate the center grating

from the surround grating (Figure 2.1).

The motion directions of the center and surround gratings were randomly

determined for each trial and were equally probable in either direction. In half of

the trials, the center and surround gratings moved in the same direction, in the

other half in opposite directions.
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There were two contrast conditions in the experiment. The Michelson con-

trast of both center and surround gratings was 3% in the low contrast condition,

and 98% in the high contrast condition. Two conditions of attention (narrow

attention and wide attention), and two contrast levels (3% and 98%) were tested

in separate sessions (4 experimental sessions in total) whereas two size levels

(small-surround and large-surround) and two motion directions (same-direction

and opposite-direction) were tested in the same session in randomized order on

a trial-by-trial basis. The order of the sessions was counterbalanced for each

participant and scheduled on different days.

For each trial, participants viewed foveally presented drifting gratings and

performed a task about the perceived direction of motion via a key press. In the

narrow attention condition, participants were asked to attend the center grating

and report its motion direction. In the wide attention condition, participants were

instructed to attend both the center and surround gratings: they first reported

the drift direction of the center grating, then reported whether the center and

surround gratings drifted in the same direction. This was done solely to encourage

the participants to widen their attention fields. Hence, any difference in motion

direction discrimination thresholds between narrow and wide attention conditions

must reflect the effect of the spatial extent of attention as the stimulus presented

in those conditions were identical (Figure 2.2).

In each trial duration of the presentation, defined as 2 standard deviations (SD)

of a temporal Gaussian envelope [64, 219], was adjusted following an adaptive

procedure (two interleaved 1-up 3-down staircases), based on the participants’

judgments of the center grating drift direction in previous trials. Importantly,

participants’ judgments about the motion direction of the surround are not used

for adaptively changing the stimulus duration; this second task is only used to

encourage them to extend their attention field. There were two independently

progressing staircases for each condition. One staircase started from a very short

duration (25 ms), which made the task relatively harder, and the other started

from a long duration (158 ms), which made the task relatively easier. There

were 120 trials in each staircase. Each subject completed 1200 trials for narrow

attention and 960 trials for wide attention conditions for each contrast. Each

38



Figure 2.2: Experimental design for the narrow and wide attention conditions.
Participants were asked to keep their eyes on a fixation point throughout the
trial. Each trial began with a fixation point followed by the presentation of
the stimulus, whose duration was adjusted with two interleaved 1-up 3-down
staircases. In the narrow attention condition, participants reported the motion
direction of the center grating. In the wide attention condition, participants first
reported the drift direction of the central grating, then reported whether the
central and annular gratings drifted in the same direction.

session took approximately 45 minutes. Brief break periods were given during

the experiment.

2.2.4 Data Analysis

Duration thresholds (79% success rate) were calculated by fitting the responses

with a Weibull function using the Palamedes toolbox [220] in MATLAB 2019a

(MathWorks, Natick, MA) for each participant and condition. Next, using the

threshold values, we calculated Suppression Indexes (SI) to quantify the strength

of the surround suppression

SIx =
Tx − T1.5°

T1.5°
, x = 5.3°, 12°, (2.1)

where T. is the discrimination threshold for a given size. Higher positive values

of SI indicate stronger surround suppression, whereas negative SI values mean

surround facilitation. An SI of 0 means no suppression or facilitation.
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We compared the SI values to “0” by applying a one-sample, two-tailed Stu-

dent’s t-test with correction for multiple tests using SPSS Version 25 (SPSS Inc.,

Chicago, IL) to observe the expected effect of suppression. Next, we performed

three-way repeated measures ANOVA on same-direction trials with three factors:

attention (narrow- and wide-attention), size (small- and large-surround), and

contrast (high- and low-contrast) to explore how the size-contrast interaction is

affected by the spatial extent of the attention.

Then, we conducted pre-planned t-tests to test our research questions. Firstly,

is the surround suppression stronger in the wide attention condition compared to

the narrow attention condition? To find an answer to this question, we tested

whether the mean SI under the wide attention condition is significantly larger

than that under the narrow attention condition. Secondly, does surround sup-

pression increase with the size of the surround stimulus more strongly in the wide

attention condition compared to the narrow attention condition? To find an an-

swer to this question, we tested whether the slope of the rise in SI with size is

steeper under the wide attention condition compared to the narrow attention

condition by using a two-tailed paired-samples t-test. Finally, if there are these

effects, are they purely because attention is allocated to a wider region, or is it

because attention modulates surround suppression? To answer this question and

make sure that the observed effect is not a task-demand artifact, we performed

two-tailed paired-samples Student’s t-test to test whether the effects of atten-

tion are stronger under the same-direction condition than the opposite-direction

condition.

2.3 Results

Figure 2.3 shows motion direction discrimination thresholds averaged across all

ten participants, and Figure 2.4 shows suppression indexes (SI, Methods) derived

from the threshold values. Results of same direction trials (Figs. 2.3-2.4, A&B)

exhibit a pattern that is consistent with literature [64], especially for the high

contrast condition. Firstly, under both attention conditions, SI values increase
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Table 2.1: Results of one-sample t-test for same-direction trials (H0 : SI = 0).
Numbers in degrees are the surround diameters.

Mean Difference df t p

Same Direction
Narrow Low 5.3° 0.03 9 0.50 0.63
Narrow Low 12° 0.44 9 5.76 < 0.001∗

Narrow High 5.3° 0.37 9 5.94 < 0.001∗

Narrow High 12° 0.51 9 7.17 < 0.001∗

Wide Low 5.3° 0.33 9 3.41 0.008
Wide Low 12° 1.15 9 5.94 < 0.001∗

Wide High 5.3° 0.94 9 5.39 < 0.001∗

Wide High 12° 1.13 9 6.16 < 0.001∗

df = Degrees of Freedom, ∗ indicates significance at αcorr = 0.00625.

with size. Secondly, SI values are significantly larger than zero for all conditions

except the low-contrast small-surround trials under both the narrow and wide

attention conditions, which shows that for a low-contrast stimulus increase in

size up to a value may lead to surround facilitation [97, 99, 64]. Table 2.1 shows

one-sample t-test results for same direction trials.

More importantly, in all conditions, we visually observe stronger surround

suppression under the wide compared to narrow attention condition (Figs. 2.3,

2.4). The robustness of this observation is supported by three-way repeated

measures ANOVA results on same direction trials (Table 2.2), which showed

significant main effects of attention and size, as well as size-contrast, attention-

size, and attention-size-contrast interactions.

Next, we focus on our pre-planned comparisons. Our first comparison suggests

that increasing the spatial extent of attention evokes stronger suppression: SI

was significantly larger in the wide compared to the narrow attention condition

(main effect of attention; F(1,9) = 35.97, p < 0.001, η2 = 0.80), and for all

individual conditions, SI values were significantly higher in the wide attention

condition compared to narrow attention condition (ps < 0.002, αcorr=0.0125).

Further, SI increased with the size of the surround more strongly in the wide

compared to the narrow attention condition (t(9) = 3.64, p = 0.005). These
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Figure 2.3: Behavioral results. Motion direction discrimination thresholds aver-
aged across participants. A and B for same direction trials, C and D for opposite
direction trials. Error bars represent SEM.
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Figure 2.4: Supression Indices (SI). A and B, same direction trials, C and D,
opposite direction trials. Higher values of SI indicate stronger surround suppres-
sion, and negative SI values indicate surround facilitation. Symbols represent
individual participants, and the red and blue lines show averages for narrow and
wide attention conditions, respectively. Error bars represent SEM.
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Table 2.2: Results of three-way ANOVA for same direction trials.

Source SS F (1, 9) p η2

Same Direction
Attention 6 35.97 <0.001 0.80
Contrast 1.25 4.75 0.057 0.35
Size 2.98 50.76 <0.001 0.85
Attention × Contrast 0.04 0.49 0.50 0.05
Attention × Size 0.26 13.22 0.005 0.60
Contrast × Size 1 31.32 <0.001 0.78
Attention × Contrast × Size 0.17 8.13 0.019 0.48

SS = Sum of Squares

provide answers to our first two research questions. Namely, they show that

surround suppression is stronger in the wide attention condition compared to the

narrow attention condition, and surround suppression increases with the size of

the surround stimulus more strongly in the wide attention condition compared

to the narrow attention condition.

It could be, however, argued that the results we found are just due to the

demand of the second task (i.e., a task-demand artifact), and they do not reflect

the effects of surround suppression mechanisms per se. To control for this possi-

ble confound, we compared the results of same-direction and opposite-direction

trials. We did this because it is well known that at the single-unit level sur-

round suppression is reduced or eliminated when surround and center move in

opposite directions [39, 104, 221, 222, 223]. Thus we reasoned that if our results

reflect a true effect of attention on surround suppression, then the difference in

SI between wide and narrow attention conditions should be smaller in the op-

posite direction trials compared to those in the same direction trials. Table 2.3

shows one-sample t-test results for opposite-direction trials. The patterns shown

in Figure 2.4C and D for opposite-direction trials are clearly different than those

in the same-direction trials shown in Figure 2.4A and B. To confirm, we applied

two-tailed paired-samples Student’s t-test to see whether the difference in SI val-

ues between the narrow and wide attention condition was significantly larger in

the same-direction trials compared to opposite-direction trials. Results showed
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Table 2.3: Results of one-sample t-test for opposite-direction trials (H0 : SI = 0).
Numbers in degrees are the surround diameters.

Mean Difference df t p

Opposite Direction
Narrow Low 5.3° 0.56 9 4.74 < 0.001∗

Narrow Low 12° 0.40 9 6.49 < 0.001∗

Narrow High 5.3° 0.29 9 2.58 0.03
Narrow High 12° 0.004 9 0.09 0.93
Wide Low 5.3° 0.92 9 5.62 < 0.001∗

Wide Low 12° 0.84 9 5.92 < 0.001∗

Wide High 5.3° 0.61 9 3.97 0.003∗

Wide High 12° 0.43 9 3.20 0.011

df = Degrees of Freedom, ∗ indicates significance at αcorr = 0.00625.

that the effect of attention (as quantified by the SI difference between narrow

and wide attention conditions) was significantly stronger in the same-direction

compared to the opposite-direction trials (t(9) = 3.11, p = 0.013). These results

suggest that attention had a weaker effect on the thresholds when the center and

surround gratings drifted in opposite directions. This answers our third research

question, namely that the effect found in same-direction trials is not an artifact

of task demand. It reflects a genuine interaction between attention field and

surround suppression.

Table 2.4 shows three-way repeated measures ANOVA results on opposite di-

rection trials, which showed significant main effects of attention, size, as well as

contrast.

Finally, we performed a post-hoc test on same direction trials to further explore

whether attention interacts with size differently depending on the contrast of the

stimulus in same-direction trials. For low contrast, the difference in SI values

between narrow and wide attention conditions in small-surround configuration

is significantly smaller than that in large-surround configuration (t(9) = 3.53, p

= 0.006; acorr = 0.025). However, for high contrast, the effect of attention was

identical in different size conditions (t(9) = 0.96, p = 0.36). This shows that the

magnitude of the attention effect increases with the surround size in low contrast
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Table 2.4: Results of three-way ANOVA for oopposite direction trials.

Source SS F (1, 9) p η2

Opposite Direction
Attention 2.95 10.24 0.011 0.53
Contrast 2.40 16.96 0.003 0.65
Size 0.62 10.57 0.010 0.54
Attention × Contrast 0.003 0.04 0.85 0.004
Attention × Size 0.04 0.87 0.38 0.09
Contrast × Size 0.07 2.40 0.16 0.21
Attention × Contrast × Size 0.001 0.05 0.83 0.005

SS = Sum of Squares

condition but does not change in high contrast condition.

2.4 Discussion

Here we investigated how the extent of spatial attention affects perceptual cor-

relates of center-surround interaction in visual motion processing. Our results

provide evidence that the spatial extent of attention affects size-contrast interac-

tion in human motion perception. We found that increasing the spatial extent

of attention evokes stronger suppression at a perceptual level. The magnitude

of the attention effect increased with the size of the surround when the stimulus

had low contrast but did not change when it had high contrast. Our results also

showed that attention had a weaker effect when the center and surround gratings

drifted in opposite directions.

Wider spatial attention leads to stronger surround suppression

We found that surround suppression was significantly stronger under the wide-

attention condition compared to the narrow-attention condition. This is consis-

tent with the findings of the single-unit studies in the literature. For example,

Motter [210] presented multiple static stimuli in the visual field, one in the RF and
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others in the RF surround, and found that when attention is directed to a stim-

ulus presented in the RF center, neural activity in early visual cortex increases,

whereas when it is directed to stimuli in the RF surround, the neural response de-

creases. Likewise, consistent with the preceding studies, Sundberg and colleagues

[183] also found a similar effect of attention on center-surround interactions of

the neurons in V4. They found that attending to a stimulus in the RF reduces

the suppressive effect of the stimuli presented in the RF surround. These results

indicate that surround suppression was weaker when attention was directed to the

center than to the surround, paralleling our finding of lower thresholds (smaller

suppression) in the narrow attention condition compared to the wide attention

condition.

Critically, in previous studies, the modulatory effect of attention on surround

suppression has been commonly demonstrated using a paradigm in which ob-

servers are asked to attend versus ignore a static stimulus [3, 123, 224, 225].

However, unlike in previous studies, here we investigated the effect of the spatial

extent of attention rather than the mere presence or absence of spatial attention.

Hence, to the best of our knowledge, our results are the first to systematically

demonstrate that surround suppression in motion perception becomes stronger

with a wider attention field.

Our results are partly in line with the studies that demonstrate the perceptual

effect of attention on surround suppression [3, 209, 122]. For example, Flevaris

and Murray [122] presented a central target along with two flanking gratings

that have the same orientation and spatial frequency as the target or differ in

one or both of these dimensions. They measured the contrast thresholds and

found that attending to a feature that was matched between the center and the

flanker gratings makes the surrounding flankers more suppressive, thereby result-

ing in stronger suppression. Their results show that attention modulates surround

suppression by facilitating the effect of the attended feature dimension. Our be-

havioral findings showed that when the center and surround move in the same

direction, attending to both center and surround results in a stronger suppression

effect, parallel to their finding of increased suppression when the attended feature

was matched between the central and flanking gratings.
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Note that, even though there was a difference in the strength of surround sup-

pression between the wide and narrow attention conditions for small-surround

low-contrast stimuli, suppression indexes (SI) for those conditions did not reach

significance (p = 0.008, marginally significant for wide attention condition at

αcorrected = 0.00625). This is not surprising, and it is consistent with previ-

ous studies reporting surround facilitation with low-contrast and relatively small

stimuli [97, 99, 64]. Moreover, the pattern of our results, that is, the existence of

surround suppression in high but not low contrast small stimuli, is also consistent

with the response characteristics of neurons when a stimulus is presented in their

non-classical receptive fields (RF) [82, 50].

Spatial attention interacts with size and contrast of the stimulus

We found that SI, on average, increases with size more strongly under the

wide compared to the narrow attention condition. Assessing this effect further, we

found that the difference in SIs between the narrow and wide attention conditions

increases with size for low-contrast stimuli but does not change for high-contrast

stimuli. This pattern of results may be partly related to the non-classical RF

characteristics discussed in the previous paragraph.

It has been known that spatial attention affects contrast-response function and

surround suppression at the perceptual level, but how it interacts with other con-

textual factors, such as size and contrast of the stimulus, was not systematically

studied before in human motion perception. Our results here provide further

knowledge to close this gap in the literature.

Spatial attention has a weaker effect when center and surround move

in the opposite direction

We found that the attention effect (the difference in SIs under the wide and

narrow attention conditions) was smaller when the center and surround drifted

in opposite directions compared to when they drifted in the same direction.

This shows that the effect of attention on surround suppression under the same-

direction condition is not an artifact of the task demand. We reason as follows.
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At the single-unit level, surround suppression is reduced or eliminated when sur-

round and center move in opposite directions [39, 104, 221, 222, 223]. Thus, if

the attention effect we find in the same direction trials is truly related to the

surround suppression mechanisms, then it should be larger than that under the

opposite direction condition. If the effect ensues as a result of the higher de-

mand of the second task in the wide attention condition, however, then we would

observe no difference between the same- and opposite-direction conditions. Our

results show that the effect is stronger under the same-direction condition com-

pared to different direction condition, and addresses this possible task-demand

artifact confound.

There is limited information in the literature on the behavioral effects of

surround suppression when center and surround move in opposite directions

[138, 139, 226, 227, 228]. For example, Paffen and colleagues [228] found that

large, high-contrast surround facilitated opposite-direction motion perception in

the center, but this effect was not present for small- or low-contrast surrounds.

This is partly consistent with our findings. Namely, we also found that for

opposite-direction trials, suppression is more prominent in low-contrast trials,

and it is reduced for high-contrast trials, especially for large-surround conditions.

Tadin and colleagues [138] also reported facilitation from surround that moves

in the opposite direction in a motion segregation task. Neurophysiological stud-

ies, on the other hand, have shown that attention affects the contrast-response

functions when two different motion stimuli, one moving in the preferred one

in the opposite direction, are presented simultaneously within the RF of a neu-

ron [179, 193, 202]. To the best of our knowledge, however, our study is the

first to demonstrate how attention affects surround suppression when center and

surround drift in opposite directions.

Limitations

Under the limiting conditions of the pandemic, we were able to acquire data

from only female participants in Chapter 2. [153] showed that males have lower

motion discrimination thresholds than females. Yet, the pattern of results (e.g.,

increase in thresholds as the size of the high-contrast drifting grating increased)

49



did not change across the two sex groups. Therefore, we believe that all subjects

being female does not affect the main aim of this study, which is to investigate how

the spatial extent of attention modulates the motion discrimination thresholds

with respect to size and contrast rather than the thresholds themselves.

Our results for the same direction trials in high contrast condition (Figure

2.3A) show a pattern that is consistent with literature [64]. But we did not find

the often observed facilitation effect in the low contrast condition (Figure 2.3B).

This might be due to the sizes and the spatial profile of our stimuli. The size of

our center stimulus is larger than the ‘small’ patches commonly used in literature

where facilitation is found. Further, we used raised cosine envelopes [102] rather

than Gaussian envelopes used in many previous studies [64, 137]. A raised co-

sine envelope produces higher average contrast and a sharper edge profile than

a Gaussian envelope. Indeed, careful scrutiny reveals that with sharper profiles

and similar size of stimuli tested as in the current study, surround suppression is

observed for low contrast patches in previous studies, as well [97, 98, 153]. Hence,

the spatial profile and the size of the stimulus might affect the precise pattern

of results in terms of suppression and facilitation observed in the current study.

Nevertheless, this does not change the main conclusion of our findings, namely

that the extent of spatial attention affects surround suppression. It would, how-

ever, certainly be very interesting to investigate in a future study how attention

modulates surround facilitation by using a smaller center-only stimulus and/or a

Gaussian spatial envelope.
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Chapter 3

fMRI Experiment

3.1 Introduction

This chapter is dedicated to the fMRI experiment of my thesis project, which

aims to investigate the neural correlates of the effect of spatial attention on

surround suppression. As discussed in the earlier chapters, discriminating the

motion direction of the drifting central grating becomes harder when presented

with iso-oriented high contrast surround [96, 97, 99, 64, 229]. This perceptual

effect has been explained by the surround suppression mechanism arising from

antagonistic center-surround interactions of the neural populations in MT [64].

Indeed, previous psychophysics findings [64, 137] showed that larger motion du-

ration thresholds were observed for conditions that evoked smaller MT activity

[96, 97, 99, 101]. For example, firing rates of the MT neurons decrease for larger

stimuli presented at high contrast [117]. Likewise, BOLD responses in MT de-

crease with increasing size for high contrast stimuli [96, 97]. Furthermore, dis-

rupting hMT+ activity with TMS resulted in decreased surround suppression for

high-contrast stimuli [101]. Although similar effects of surround suppression were

also observed for V1 neurons both in the single unit recording studies in animal

models [82, 61, 103, 104, 109, 116], and in human fMRI studies [124, 126, 140, 141];

a recent fMRI study showed that neural activity of hMT+ but not V1 neurons

51



agrees with the behavioral effect [99]. Taken together, these results suggest that

the activity patterns of neurons in MT area is likely to be responsible for the

perceptual effects of surround suppression in human motion perception.

Spatial attention has been known to modulate surround suppression both in

humans [3, 123, 209, 122] and non-human animals [131, 175, 183, 186]. In line

with this, as discussed in Chapter 2, we examined the effect of the spatial extent

of attention on surround suppression in human motion perception using drifting

gratings presented in different size and contrast levels in a psychophysics study

[229]. We found that increasing spatial extent of attention causes stronger sur-

round suppression, an observation that was also supported by predictions of the

divisive normalization model [4]. Moreover, we showed that such an effect of

attention is observed for both high and low contrast stimuli, and magnitude of

this effect increases with the surround size in low contrast but does not change in

high contrast [229]. However, so far, there has been no direct human neuroimag-

ing study to examine the effect of the spatial extent of attention on surround

suppression.

In the current study, we sought to investigate how the spatial extent of atten-

tion modulates surround suppression in V1 and hMT+ using fMRI. To address

this, we first conducted a behavioral experiment to replicate our previous find-

ings presented in Chapter 2 [229]. Then, we investigated how the BOLD fMRI

response associated with surround suppression in hMT+ and V1 changes depend-

ing on the spatial extent of attention. For this purpose, we measured motion di-

rection discrimination thresholds and associated neural activity in humans using

high contrast drifting central gratings presented with large annular gratings in

two attention conditions: a narrow attention condition in which participants were

instructed to attend only to the center grating, and a wide attention condition in

which they were asked to attend to both the center and surround. We hypoth-

esized that if attention had an effect, we would observe smaller BOLD response

(stronger surround suppression) under the wide attention condition compared to

the narrow attention condition.

Critically, as the results of the behavioral experiment in Chapter 2 showed that
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spatial attention affects both contrast levels similarly in large-surround trials, we

decided to use only high contrast large-surround trials to reduce the number of

conditions. This way, we were able to increase the number of trials per condition

and get a better signal-to-noise ratio, which is limited in event-related fMRI

experiment designs.

3.2 Methods

3.2.1 Participants

Ten volunteers (mean age = 25.7 years, eight female) participated in the exper-

iment. All the volunteers who participated in the behavioral session also par-

ticipated in the fMRI session. All participants reported normal or corrected-to-

normal vision and had no history of neurological or visual disorders. Participants

gave their written informed consent before the experiment. The experimental

protocols were approved by the Human Ethics Committee of Bilkent University.

3.2.2 Psychophysics

3.2.2.1 Apparatus

The visual stimuli were presented on a mid-gray background (16.09 cd/m2) using

a CRT monitor (HP P1230, 22 inches, 1280 x 1024 resolution, 120 Hz refresh rate)

in a dark room. Participants viewed the stimuli at a distance of 75 cm, with the

head stabilized by a chin rest. Stimuli were programmed with the Psychophysics

Toolbox (Brainard, 1997) on MATLAB 2018b (MathWorks, Natick, MA). A gray-

scale look-up table was prepared through direct measurements of the luminance

values (SpectroCAL, Cambridge Research Systems Ltd., UK) and used to ensure

the presentation of correct luminance values.
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Figure 3.1: Center-only, and center+surround configurations.

3.2.2.2 Stimuli and Design

We used the same stimuli that were used in the behavioral experiment, described

in Chapter 2. Briefly, we used drifting gratings (1 cycle/degree, 4°/s, starting
phase randomized) weighted by two-dimensional raised cosine envelopes, the ra-

dius of which defined the stimulus size. The stimulus consisted of a center grating

surrounded by an annular grating (except for the center-only configuration un-

der the narrow attention condition, see below). The Michelson contrast of both

center and surround gratings was 98%. The diameter of the center grating was

1.5°. The inner diameter of the surround grating was 2.8°, and its outer diameter

was 12°. The area between (1.5° to 2.8°) remained unstimulated.

In the narrow attention condition, a center sinusoidal grating is either

presented alone (center-only) or surrounded by a surround grating (cen-

ter+surround). We used center-only trials as a baseline to calculate the sup-

pressive effect of the surround on the center. In the wide attention condition, the
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Figure 3.2: Trial sequence for the narrow and wide attention conditions in the
behavioral tests conducted before fMRI scans. Participants were asked to fixate
on the center of the display throughout the trial. Each trial began with a fixation
point followed by the presentation of the stimulus, whose duration was adjusted
with two interleaved 1-up, 3-down staircases. In the narrow attention condition,
participants reported the motion direction of the center grating. In the wide
attention condition, participants first reported the drift direction of the central
grating, then reported whether the central and annular gratings drifted in the
same direction.

center grating is always presented with a surround grating. The diameter of the

center grating was 1.5°. The inner and the outer diameter of the surround were

2.8° and 12°, respectively. The area between (1.5° to 2.8°) remained unstimulated

to separate the center grating from the surround grating (Figure 3.1).

The center and surround gratings either drifted in the same direction or in

the opposite direction. For each trial, the motion directions of the center and

surround gratings were determined randomly. In half of the trials, the center and

surround gratings moved in the same direction; in the other half, they moved in

opposite directions.

Two conditions of attention (narrow- and wide-attention) were tested in sep-

arate blocks, whereas two conditions of direction (same- and opposite-direction)

were tested in the same block in a randomized order. The order of the blocks was

counterbalanced for each participant and administered on the same day.
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Throughout the experiment, participants viewed foveally presented drifting

gratings and performed motion direction discrimination tasks via a standard key-

board press. In the narrow attention condition, participants were instructed to

attend only to the center grating and report its motion direction. In the wide

attention condition, participants were asked to attend both the center and sur-

round gratings. They first reported the drift direction of the center grating, then

reported whether the center and surround gratings drifted in the same direction

(Figure 3.2). This second question was solely used to encourage the participants

to extend their attention fields.

In each trial, the duration of the presentation, defined as two standard de-

viations (SD) of a temporal Gaussian envelope [64, 219], was adjusted with two

interleaved 1-up, 3-down adaptive staircases, based on the participants’ responses

about the drift direction of the center grating in previous trials. There were two

independently progressing staircases for each condition. One staircase started

with a very short duration (33 ms) which made the task relatively harder, and

the other started with a long duration (158 ms), which made the task relatively

easier. There were 100 trials in each staircase. Each subject completed 600 trials

for narrow attention and 400 trials for wide attention conditions. The experi-

mental session took approximately 45 minutes. Brief break periods were given

during the experiment.

3.2.2.3 Data Analysis

Duration thresholds (79% success rate) were estimated by fitting the responses

with a Weibull function using the Palamedes toolbox [220] in MATLAB 2019a

(MathWorks, Natick, MA) for each participant and condition. Next, using the

threshold values, we calculated Suppression Indexes (SI) to quantify the strength

of the surround suppression:

SI =
TC+S − TC

TC

; C = center, C + S = center + surround, (3.1)

where T. is the discrimination threshold for a given stimulus condition. Higher

positive values of SI indicate stronger surround suppression, whereas negative SI
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values mean surround facilitation. An SI of 0 means no suppression or facilitation.

We compared the SI values to “0” by applying a one-sample, two-tailed Stu-

dent’s t-test with correction for multiple tests using SPSS Version 25 (SPSS Inc.,

Chicago, IL) to asses the expected effect of suppression. Next, we performed a

two-way repeated measures ANOVA with factors: attention (narrow- and wide-

attention) and direction (same- and opposite-direction). Then, we conducted

post-hoc tests to further explore how the spatial extent of attention affects sur-

round suppression in different direction conditions.

3.2.3 fMRI

3.2.3.1 Image acquisition

fMRI data were collected on a 3 Tesla Siemens Trio MR scanner (Magnetom Trio,

Siemens AG, Erlangen, Germany) with a 32-channel head coil in the National

Magnetic Resonance Research Center (UMRAM), Bilkent University. Anatomical

data were acquired using a T1-weighted 3-D anatomical scan (TR: 2600 ms,

spatial resolution: 1 mm isotropic). Functional images were acquired with a T2*-

weighted echo-planar imaging (EPI) sequence (TR: 2000 ms, TE: 35 ms, spatial

resolution: 3x3x3 mm3). The stimuli were presented on a 32-inch (1360x768,

60 Hz) MR-compatible LED monitor (T-32, Troyka Med A.S., Ankara, Turkey).

The monitor was placed near the rear end of the scanner bore and viewed by the

participants from a distance of 156 cm via a mirror attached to the head coil.

The stimuli were generated and presented using Matlab and Psychtoolbox. The

session started with an anatomical scan, followed by three localizer runs and six

functional runs, and took approximately 1 hour in total. During the scan, the

participant’s response to the stimulus was collected via an MR-compatible fiber

optic response box (Current Designs).
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Figure 3.3: Schematic depiction of mixed blocked/event-related design of the
fMRI experiment. In the paradigm, task blocks were alternated with rest blocks.
The order of two block types (NA: narrow attention; WA: wide attention) was
randomly determined. The narrow attention block consisted of center-only, same-
and opposite-direction trials. Wide attention blocks consisted of same- and
opposite-direction trials. Within each task block, trials were jittered with ITIs
ranging from 4 to 8 s.

3.2.3.2 Stimuli and Design

The stimuli were drifting sinusoidal gratings as in the behavioral experiment (Fig-

ure 3.1). We used a mixed design in which narrow attention blocks were alternated

with wide attention blocks. The experimental design is depicted in Figure 3.3.

Two conditions of attention (narrow- and wide-attention) were tested in separate

blocks, whereas two conditions of direction (same- and opposite-direction) were

tested in the same block in a randomized order. Each run started with a 24 s

fixation block (12 MR volumes; rest block) followed by a 168-s narrow attention

block (task block; 84 MR volumes) or a 124-s wide attention block (task block;

62 MR volumes) followed by 12 s of fixation (6 MR volumes; rest block), a 168-s

narrow attention block (task block; 84 MR volumes) or a 124-s wide attention

block (task block; 62 MR volumes), and 12 s of fixation (6 MR volumes; rest

block). The order of the blocks was randomized in a run. Within the task blocks,

the intertrial interval (ITI) was jittered between 4 s and 8 s. Within a task block,

each condition (three conditions for narrow attention and two conditions for wide

attention) was presented six times. The total duration of a functional run was

around 5 minutes. There were six experimental runs in the session.

Stimuli were presented for 150 ms on a mid-gray background. As in the be-

havioral experiment, the participants viewed foveally presented drifting gratings
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Figure 3.4: Trial sequence of the narrow- and wide-attention blocks in the func-
tional run. Participants were asked to fixate on the center of the display through-
out the trial. At the beginning of the each block, instruction for the task was
written on the instruction screen in detail. In the narrow attention block, the
participants were instructed to attend only to the center grating and report its
motion direction. In the wide attention block, the participants were instructed
to attend both center and surround gratings and report whether the central and
annular gratings drifted in the same direction. Each trial began with a fixation
point, followed by the presentation of the stimulus for 150 ms. In the real exper-
iment, the possible answers were not written on response screen.

and reported the perceived direction of motion via an MR-compatible response

box. In the narrow attention condition, participants were asked to attend to

the center grating and report its motion direction. In the wide attention condi-

tion, the participants were instructed to attend both to the center and surround

gratings. However, they only reported whether the center and surround gratings

drifted in the same direction (see Figure 3.4). Critically, unlike the behavioral

experiment, we only ask one question to identify the neural activity associated

with the smaller vs. larger spatial attention width since asking two consecutive

questions would elicit different neural activity.
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Figure 3.5: Analysis pipeline.
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3.2.3.3 hMT+ and V1 Identification

We identified the hMT+ area using standard methods in the literature [230].

Specifically, we used a field of moving and static dots (Figure 3.5). The dot

field consisted of 100 randomly positioned white dots presented foveally within

a 12-degree diameter circular aperture on a black background. The dots moved

in three different trajectories: cardinal (left-right; up-down), angular (clockwise-

counterclockwise), and radial (expanding - contracting). The direction of motion

is altered every 2 s to prevent adaptation. The localizer runs started with a 24

s blank period, followed by 12 s blocks of a field of static dots alternating with

12 s blocks of a field of dynamic dots. There were six blocks of dynamic and

static field presentations in a run. Throughout the entire run, the participant

was required to maintain central fixation and perform a demanding fixation task

in which they were asked to detect changes in the color of the fixation point.

We performed GLM to differentiate the BOLD responses during the presentation

of dynamic and static stimuli. Voxels that respond more strongly to dynamic

compared to static stimuli at the ascending tip of the inferior temporal sulcus

were identified as hMT+.

We identified each participant’s V1 in a separate run. Similar to estab-

lished retinotopic mapping methods in the literature [231, 232], we used flickering

checkerboard-patterned wedges (Figure 3.5). However, as we only interested in

V1/V2 boundry, instead of rotating and expanding wedges, we used alternating

horizontal and vertical wedge stimuli in this localizer [233, 234]. Nonetheless,

this protocol and standard retinotopic mapping method used in literature are

both based on same idea that vertical meridian give us V1/V2 boundry. During

this localizer run, 16-s horizontal checkerboard stimuli were alternated with 16 s

vertical checkerboard stimuli. This cycle repeated eight times in a run. Through-

out the entire run, the participant was required to maintain central fixation and

perform a demanding fixation task in which they were asked to detect changes

in the color of the fixation point. We used a general linear model (GLM) to

differentiate the BOLD responses during the presentation of horizontal and ver-

tical wedge stimuli. Voxels that respond more strongly to horizontal compared
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to vertical wedge stimuli provide us with the V1-V2 boundary. The voxels that

fell in or around the calcarine sulcus and between the dorsal and ventral V1-V2

boundaries were identified as V1.

3.2.3.4 hMT+ and V1 sub-ROI Localization

We identified sub-ROI within hMT+ and V1 using an independent localizer run

(Figure 3.5). In this localizer, we sought to localize the hMT+ and V1 voxels

corresponding to the spatial location and size of the center grating while the

participants were viewing drifting high contrast (98%) gratings whose size and

location were exactly the same as in the behavioral experiment and the functional

runs (see Figure 3.1). Specifically, center-only gratings and annular gratings were

presented in different blocks. This localizer run consisted of 12 s of active blocks

alternated with 12 s rest blocks, and this cycle was repeated six times in the

run. Throughout the entire run, the participant was required to maintain central

fixation and perform a demanding fixation task in which they were asked to detect

changes in the color of the fixation point. We applied GLM to differentiate the

BOLD responses during the presentation of center and annular gratings. V1 and

hMT+ voxels that respond more strongly to the center grating compared to the

annular grating were identified as the V1 and hMT+ sub-ROI, respectively. All

subsequent analyses were performed using the data extracted from these sub-

ROIs.

3.2.4 Data Analysis

3.2.4.1 Preprocessing

The high-resolution anatomical images are skull stripped, segmented to white

and gray matter, normalized for intensity, smoothed, and surface reconstructed

by using FreeSurfer’s recon-all command [235, 236].
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Figure 3.6: Location of the representative hMT+ and V1 ROIs on the inflated
surface.

The localizer and functional runs were preprocessed using the FMRIB Software

Library (FSL) package (www.fmrib.ox.ac.uk/fsl) and FEAT version 6.0. and

included motion correction with MCFLIRT, high-pass temporal filtering (100 s),

and skull stripping of structural images with BET and registration with. FMRI

data were registered to the subject’s high-resolution anatomical images and the

standard Montreal Neurological Institute (MNI) 2-mm brain using FLIRT.

3.2.4.2 Region of interest construction

The hMT+ area was identified by applying GLM using FSL’s FEAT program. For

removing the temporal autocorrelations, FILM prewhitening was applied [237].

For thresholding data, the P = 0.05 (corrected) threshold was set as the cut point.

Voxels that respond more strongly to dynamic compared to static stimuli were

identified using GLM. Next, we registered these FSL’s FEAT results to Freesurfer

and overlaid the statistical map on the surface using tksurfer command. Then we

loaded the MT label from FreeSurfer’s anatomical delineation for guidance. Vox-

els at the ascending tip of the inferior temporal sulcus were identified as hMT+

for the participant and used it as a mask for the hMT+ sub-ROI localization (see

Figure 3.5).
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The V1 area was identified by applying GLM using FSL’s FMRI Expert Anal-

ysis Tool (FEAT). For removing the temporal autocorrelations, FILM prewhiten-

ing was applied [237]. Voxels that respond more strongly to horizontal compared

to vertical wedge stimuli provided us with the V1-V2 boundaries. Next, we reg-

istered these FSL’s FEAT results to Freesurfer and overlaid the statistical map

on the surface using the tksurfer program. Then, we loaded the V1 label from

FreeSurfer’s anatomical delineation for guidance and drew V1-V2 boundaries.

The voxels that fell in or around the calcarine sulcus were identified as V1 for the

participant and used as a mask for the V1 sub-ROI localization (Figure 3.6).

To find V1 and hMT+ sub-ROIs, we analyzed the independent localizer run

by applying GLM using FSL’s FEAT. We identified voxels that respond more

strongly to the center compared to the annular grating. For removing the tempo-

ral autocorrelations, FILM prewhitening was applied [237]. The V1 and hMT+

labels mentioned above were used as a pre-threshold mask, such that only the

voxels that stayed within the masks were included in the analysis. The activated

regions were used as hMT+ and V1 masks, respectively, for the analysis of the

functional runs.

3.2.4.3 Activation within regions of interests

Functional data were analyzed using FSL [238, 239]. As a first-level, we con-

ducted event-related voxelwise analyses and modeled the BOLD response elicited

by each trial by convolving each condition’s regressors with a double-gamma

hemodynamic response function (HRF). Nuisance regressors for linear motion

(derived from MCFLIRT) were also included in the model. For removing the

temporal autocorrelations, FILM prewhitening was applied [237]. Contrasts were

calculated, focusing on the main effect of each condition. The second level of

the functional analysis involved a fixed-effects combination of all six runs for

each participant, providing a participant-by-participant average of the first level

contrasts.
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Then, to estimate the magnitude of activation within the sub-ROIs, we ex-

tracted parameter estimates for each condition using the Featquery tool (FMRIB,

Oxford). Specifically, we used V1 and hMT+ sub-ROI masks that were created

for each participant (see Region of Interest Construction) to extract beta values

for each trial type across all voxels within each of the predefined ROIs (see Figure

3.5).

Next, to quantify the changes in fMRI response evoked by increasing surround

size and also to draw a link between behavioral and fMRI results, we calculated

a Suppression Index (SI) defined as

SI = BC −BC+S; C = center, C + S = center + surround, (3.2)

where B is the beta value for the given condition. A negative SI means increased

response with surround (surround facilitation), and a positive SI means decreased

response with surround (surround suppression). An SI of 0 represents no sup-

pression.

First, we compared the SI values to “0” by applying a one-sample, two-tailed

Student’s t-test with correction for multiple tests using SPSS Version 25 (SPSS

Inc., Chicago, IL) to observe the expected effect of suppression. Next, we per-

formed a two-way ANOVA on the SIs with two factors: attention (narrow atten-

tion and wide attention) and direction (same-direction and opposite-direction)

for each ROI. Then, we conduct a post-hoc test to further explore how attention

affects surround suppression for different direction conditions (see Figure 3.5).

3.3 Results

3.3.1 Behavioral Results

Figure 3.7 shows motion direction discrimination thresholds averaged across all

ten participants and suppression indexes (SI) derived from the threshold values.

Firstly, under both attention conditions, thresholds increase with size for the
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same-direction trials. Secondly, SI values are significantly larger than zero for

both attention conditions in same direction trials (ps < 0.001), but not in opposite

direction trials (ps > 0.05).

More importantly, in the same direction trials, we visually observe stronger

surround suppression under the wide compared to narrow attention condition

(Figure 3.7). The robustness of this observation is supported by two-way re-

peated measures ANOVA results, which showed significant main effects of atten-

tion (F(1,9)= 232.78, p < 0.001) and direction (F(1,9)= 226.76, p < 0.001), as

well as attention-direction interaction (F(1,9)= 251.30, p < 0.001).

Next, we focused on the post-hoc tests to further examine how the effect of

attention on surround suppression changes depending on the motion direction.

Paired-sample t-test results showed that SI values are significantly larger in the

wide attention condition compared to the narrow attention condition only in

same-direction trials (t(9) = -2.75, p = 0.022; acorr = 0.025), not in opposite

direction trials (t(9) = -0.24, p > 0.05). Hence, these results successfully repli-

cate our previous behavioral results [229] such that surround suppression was

significantly stronger under the wide attention condition for the same direction

trials.

3.3.2 fMRI Results

3.3.2.1 hMT+

Figure 3.8 shows fMRI BOLD responses extracted from hMT+ sub-ROI aver-

aged across all ten participants and suppression indexes (SI) derived from them.

Firstly, we note that under both attention conditions, the BOLD response de-

creases with size for the same direction trials. Secondly, SI values are signifi-

cantly larger than zero for both attention conditions in same-direction trials (ps

< 0.0125), not in opposite-direction trials (ps > 0.05).

66



Figure 3.7: Behavioral results. Left: Motion direction discrimination thresholds
averaged across participants. Right: Suppression Indices (SI). Higher values of SI
indicate stronger surround suppression and negative SI values indicate surround
facilitation. Symbols represent individual participants, and the red and blue lines
show averages for narrow and wide attention conditions, respectively. * indicates
significance at p < 0.05. Error bars represent SEM.

More importantly, in the same direction trials, we visually and statistically ob-

serve stronger surround suppression under the wide compared to narrow attention

condition (Figure 3.8). Furthermore, two-way repeated measures ANOVA results

revealed that there was no main effect of attention (F(1,9)= 1.05, p > 0.05, η2

= 0.10), but there was a significant main effect of direction (F(1,9)= 19.89, p

< 0.05, η2 = 0.69), as well as an interaction between attention and direction

(F(1,9)= 32.81, p < 0.001, η2 = 0.79).

Finally, we performed a post-hoc test to further explore how attention affects

surround suppression under different direction conditions. Paired-sample test

results showed that SI values significantly larger in the wide attention condition

compared to the narrow attention condition only in same-direction trials (t(9) =

2.90, p = 0.018; acorr = 0.025). For the opposite direction of motion, there was

no significant difference in activity between narrow and wide attention conditions

(t(9) = -1.18, p > 0.05). In line with behavioral results, these results suggest

that increasing the spatial extent of attention causes stronger neural suppression

in hMT+ in the same direction trials.
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Figure 3.8: hMT+ results. Left: Beta values extracted from averaged across
participants. Right: Suppression Indices (SI) derived from beta values. Red and
blue lines indicate narrow and wide attention conditions, respectively. * indicates
significance at p < 0.05. Error bars represent SEM.

3.3.2.2 V1

Figure 3.9 shows fMRI BOLD responses extracted from the V1 sub-ROIs aver-

aged across all ten participants and the suppression indexes (SI) derived from

them. Firstly, we note that under the wide attention condition, the BOLD re-

sponse decreased with size for same-direction trials. Increasing the size of the

stimuli, however, resulted in no change in the BOLD response for the narrow

attention condition. In line with that, SI values are significantly larger than zero

only for wide attention same-direction trials (p < 0.01; acorr = 0.0125). For the

opposite direction trials and same-direction narrow attention trials, SI values do

not significantly differ from zero (ps > 0.05).

More importantly, two-way repeated-measures ANOVA results showed a

marginally significant effect of direction (F(1,9)= 4.92, p < 0.054, η2 = 0.35).

However, neither the main effect of attention nor the attention-direction interac-

tion reached significance (ps > 0.05).

Finally, although neural suppression in V1 for same-direction trials increased

as the spatial extent of attention increased, it was only marginally significant. The
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Figure 3.9: V1 results. Left: Beta values extracted from averaged across par-
ticipants. Right: Suppression Indices (SI) derived from beta values. Red and
blue lines indicate narrow and wide attention conditions, respectively. Error bars
represent SEM.

paired-sample test results showed that SI values marginally larger in the wide

attention condition compared to the narrow attention condition only in same-

direction trials (t(9) = 2.34, p = 0.044; acorr = 0.025). However, for the opposite

direction of motion, there was no significant difference in activity between narrow

and wide attention conditions (t(9) = 0.88, p > 0.05).

3.3.3 Comparing Behavioral and fMRI Results

To draw a link between the behavioral and fMRI results, we calculated a sensitiv-

ity index for the behavioral results. To do so, we first assume a linear relationship

between the BOLD response and neuronal activity [128]. We also assume that the

amount of neuronal responses should be proportional to a monotonically increas-

ing function of sensitivity (1/duration threshold). Comparing BOLD responses

(Figures 3.8 and 3.9) and the sensitivity index values (Figure 3.10), it is observed

that the hMT+ activity better captures the behavioral results. The V1 activity,

on the other hand, is not fully consistent with the behavioral results, as we could

not observe a significant neural suppression in the narrow attention condition.
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Figure 3.10: Sensitivity values (1/duration threshold). Red and blue lines show
averages for narrow and wide attention conditions, respectively. Error bars rep-
resent SEM.

Moreover, we tested whether effect of attention as quantified by the difference

in SI values between narrow and wide attention conditions (i.e., Attention Index;

AI) observed in fMRI results is correlated with the behavioral ones. Since behav-

ioral and hMT+ AIs are normally distributed (Shapiro-Wilk test, ps > 0.05) we

performed Pearson’s correlation analysis and found that the effect of attention in

hMT+ is significantly correlated with the attention effect observed in behavioral

AI (r = .78, p < 0.05) in same direction trials (Figure 3.11). Since one data

point violated normality assumption for V1 AI, we excluded it and then per-

formed Pearson’s correlation and found that it was not significantly correlated

with behavioral AI for same and opposite direction trials (ps > 0.05) (Figure

3.12).

Considering that asking a second question in the wide attention condition (i.e.,

whether the center and surround move in the same direction or not) may give rise

to the attention effect, we also examined the correlation between the accuracy

rate for the second question and the effect of attention as quantifed by Attention

Index. The accuracy rate for the second question was 70.34 % for same direction

trials and 74.4 % for opposite direction trials; however, the accuracy rate of the

second question is not significantly correlated with the AI values (ps > 0.05).
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Figure 3.11: Relationship between the effect of attention, defined as the difference
in SIs between narrow and wide attention conditions (i.e. Attention Index; AI),
observed in fMRI hMT+ and behavioral experiment.

Figure 3.12: Relationship between the effect of attention, defined as the difference
in SIs between narrow and wide attention conditions (i.e. Attention Index; AI),
observed in fMRI V1 and behavioral experiment.
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3.4 Discussion

Here, we examined how the extent of spatial attention affects neural correlates of

surround suppression in visual motion processing. First, in a behavioral experi-

ment, we measured motion direction discrimination thresholds while participants

were viewing the drifting gratings. In line with our previous behavioral results

in Chapter 2, we found that thresholds increased as the spatial extent of atten-

tion increased for the same-direction trials. Next, we measured BOLD activity

in hMT+ and V1 while participants performed motion direction discrimination

tasks as in the behavioral experiment. Our results showed that increasing the

spatial extent of attention leads to stronger neural suppression in hMT+, re-

flecting the perceptual effect. However, although neural suppression in V1 for

same-direction trials increased as the spatial extent of attention increased, it did

not reach the signigicance. Further, no effects of either suppression or attention

were observed in the opposite-direction trials.

Wider spatial attention leads to stronger surround suppression in

hMT+

We show that increasing the spatial extent of attention leads to stronger neural

suppression in hMT+. Importantly, this result is consistent with our previous

[229] as well as current behavioral results, where we found larger duration thresh-

olds (stronger suppression) under the wide attention condition compared to the

narrow attention condition. Besides, it is also in line with previous studies in the

literature that show attentional modulation of visual motion processing in MT

[240, 241, 211]. For example, Anton-Erxleben and colleagues [211] demonstrated

that spatial attention modulates center-surround interactions by changing the RF

profile of the MT neurons in the macaque visual cortex. Their results also showed

that the strength of the surround suppression increased for the attended location

compared to the unattended location by increasing the influence of the attended

stimulus on the neuron’s firing rate. These results are in line with our finding

of increased surround suppression in hMT+ when participants attend both cen-

ter and surround gratings, thereby increasing the suppressive influence of the
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attended surround on the center. To the best of our knowledge, these results

provide the first neural evidence for the effect of the spatial extent of attention

on surround suppression.

The general effect of the spatial extent of attention on neural activity in the

visual cortex, however, was previously demonstrated in the literature [204, 213].

For example, Itthipuripat and colleagues [204] utilized steady-state visual evoked

potentials (SSVEP) to study how varying the spatial scope of attention affected

neural activity. They found higher signal-to-noise ratios in focused versus dis-

tributed attention conditions, aligning with our observation of higher neural ac-

tivity (smaller suppression) in narrow versus wide attention conditions in hMT+.

While there was a trend towards increased neural suppression in V1 for same-

direction trials as the spatial extent of attention increased, it was not statistically

significant. There might be a few possible explanations why the significant effect

of attention on suppression is evident in MT, not in V1. First, it might be re-

lated to the origins of suppression. If surround suppression in motion perception

originates from MT neurons as the MT hypothesis proposes [64], then attention

might predominantly affect these neurons, with minimal effect on V1 neurons.

Further, recent research [213] supports this idea, revealing that a narrower at-

tentional focus led to a smaller PRF with higher amplitude in the visual cortex,

whereas wider attention showed inverse effects. Notably, these attention-driven

effects were more pronounced in higher-level visual areas like V3 than in V1 and

V2. This aligns with our results, where we found significant attentional modula-

tion in MT but not in V1. It has been known that there are extensive feedback

connections from the MT area to V1 [106, 242, 243]. Therefore, current results

might reflect the nature of the top-down feedback process of spatial attention.

Finally, we used a mixed fMRI design in the current study, which inherently has

a lower signal-to-noise ratio compared to block designs. It is possible that the

signal is not strong enough to show the effect of attention in V1. A more precise

effect might be observed with more data and/or a stronger signal.

Activity of hMT+ neurons better captures perceptual effect
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In hMT+, a significant surround suppression effect is observed for both atten-

tion conditions, consistent with the behavioral results. Specifically, perceptual

sensitivity, as well as cortical responses decreased with size in both attention

conditions in same-direction trials. For V1, however, cortical responses signifi-

cantly decreased with size only in the wide attention condition. These results

show that hMT+ activity better captures the perceptual effect. Although ex-

istent evidence in the literature also demonstrates decreased MT response with

increasing size (i.e., surround suppression) [96, 97, 99, 101], some studies argue

this effect could be inherited from V1 [65, 124, 140, 141]. However, in line with

our results, a recent fMRI study showed that cortical activity in V1 shows a

different pattern of surround modulation compared to hMT+, and the activity

of MT but not V1 neurons agrees with the perceptual effect [99]. Furthermore,

although some studies found surround suppression in V1, several other studies

reported both suppression and facilitation depending on presentation and atten-

tion conditions [125, 123]. Taken together, these results suggest hMT+ can be

origin of these effects found in current study.

However, it is not possible to rule out the possibility of involvement of V1 area.

One possible reason for the absence of surround suppression under the narrow

attention condition in V1 is that participants were required to strictly limit their

spatial attention to the 1.5° center grating in the narrow attention condition. As

we expected, attending to a very small area might reduce the suppressive effect

of surround [4] up to a point where surround suppression might have become

vanishingly small. Besides, the current results might be due to the technical

limitations of the fMRI. Our voxel size is 3x3x3 mm3, which might be too large

to distinguish our V1 sub-ROI activity in response to a small center grating,

leading to reduced signal specificity.

Absence of attention and suppression effects when center and sur-

round moved in the opposite direction

Both our behavioral and fMRI results showed that attention has no effect when

center and surround gratings drift in opposite directions. This might be related

to the absence of surround suppression is observed in opposite direction trials.
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On the other hand, the absence of surround suppression in the opposite direc-

tion trials is consistent with the literature. For example, both single-unit neural

recording studies [39, 104, 221, 222, 223] as well as behavioral studies ([227, 228]

showed that surround suppression is reduced or eliminated when surround and

center move in opposite directions. Although there are also human fMRI stud-

ies reporting that the opposite direction of surround motion facilitates cortical

activity for the center [226, 244], they investigated the effect of motion direc-

tion using motion aftereffect (MAE) and induced motion paradigms, whereas we

used surround suppression phenomena, which might explain the difference in the

results.
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Chapter 4

Computational Modeling

This chapter is partially based on the publication by Kiniklioglu, M., Boyaci, H.

(2022). Increasing spatial extent of attention strengthens surround suppression.

Vision Research, 199, 108074. https://doi.org/10.1016/j.visres.2022.108074. Re-

produced (or reproduced in part) based on the author rights provided by Elsevier

Publications.

Also, a part of the studies and results presented in this chapter are

presented in a preprint by Kiniklioglu, M., Boyaci, H. (2022). Increas-

ing spatial extent of attention strengthens surround suppression, bioRxiv

https://doi.org/10.1101/2021.11.26.470072

4.1 Introduction

Growing evidence in the literature indicates that the normalization model of at-

tention [4], which incorporates spatial attention into the response normalization

of the cortical neurons, can successfully predict the effects of attention on neural

and behavioral responses [3, 4, 131, 175, 183, 186, 205, 206, 207, 208, 210]. The

model suggests that attention scales the excitatory and inhibitory drives received

by a neuron. In the model, the inhibitory drive is spatially broader than the
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excitatory drive because it is pooled over a larger number of neurons. Excitatory

and inhibitory drives together determine the overall firing rate of that neuron.

Accordingly, the spatial spread of attention field affects the contrast-response

functions of neurons and, consequently, behavioral sensitivity. Specifically, the

model predicts that a narrower attention field causes weaker suppression because

it primarily increases the effect of the excitatory drive. Conversely, a wider at-

tention field leads to stronger suppression because it increases both the effects

of excitatory and inhibitory drives. Indeed, several single-unit recording studies

have been suggested to be consistent with the predictions of the normalization

model [183, 186, 210]. For instance, surround suppression was stronger when

attention was directed to the RF surround than to the RF center. Likewise,

several behavioral results can be explained within the normalization framework

[3, 98, 204].

The success of the normalization model in explaining the effect of spatial at-

tention on surround suppression has led us to use the model to establish a link

between our behavioral results in Chapter 2 and the response characteristics of

visual neurons. To do so, we performed computer simulations using parameters

derived from the MT area of the cortex. Furthermore, we simulated cortical re-

sponses in hMT+ and V1 to test if the model accounts for our empirical findings

in Chapter 3.

4.2 Methods

The model simulates the response of a population of neurons that are tuned to

spatial position (spatial attention) and motion direction (feature-based atten-

tion). The model has three components:

1. Stimulus Drive, which represents the excitatory input a neuron receives;

2. Suppressive Drive, which represents the summed activity of a pool of neu-

rons;
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3. Attention Field, which modulates attentional gain for each neuron in the

population according to spatial position and direction tuning (see Figure

4.1).

To determine the population response, the stimulus drive is multiplied by the

attention field and then divided by the suppressive drive. The model can be

summarized by the following equation:

R(x, θ, c) =
E(x, θ, c)×M

(
x, θ,Mg

)
S(x, θ, c) + σ

, (4.1)

where R is the predicted population response as a function of spatial position

(x), direction (θ), and contrast (c). E and S are the excitatory and suppressive

drives respectively, and σ is the semi-saturation constant, which prevents R from

being undefined when S equals zero. Excitatory drive, E, is computed by the

following equation:

E(x, θ, c) = e
(
xe, θe

)
∗N(x, θ, c), (4.2)

where e is a two-dimensional (2-D) Gaussian function with the spatial position

(xe) and the direction (θe) that determines spatial and direction tuning, respec-

tively, for the excitatory drive (E), ∗ denotes convolution and N is the neural

representation of the stimulus, which is also a 2-dimensional Gaussian function

with the stimulus position (x), and the direction (θ), and scaled by the contrast

(c).

Suppressive drive, S, is computed by the following equation:

S(x, θ, c) = s
(
xs, θs

)
∗
(
E(x, θ, c)×M

(
x, θ,Mg

))
(4.3)

where s is another 2-D Gaussian function as e, but shows broader tuning in spatial

position (xe) and direction (θs). M represents the attention field, which reflects

how spatial attention modulates the stimulus processing by scaling E. M is a 2-D

Gaussian function whose spatial extent is set by the attentional gain factor Mg.

The operator “×” represents element-wise multiplication (Hadamard product).

We computed predicted motion discrimination thresholds from model re-

sponses as

T =
C

Rpeak

, (4.4)

78



Figure 4.1: A schematic representation of the normalization model of attention.
Stimulus Drive is multiplied by the attention field, then normalized by the Sup-
pressive Drive to determine population response. We simulated model responses
using a narrow attention field for the narrow attention condition (red dashed
squares) and a wider attention field for the wide attention condition (blue dashed
squares) (Eqs. 4.1- 4.3).

where Rpeak is the maximum of the predicted model response R [99, 98, winner-

take-all approach, see] and C is a constant linking the thresholds and neuronal

responses [98].

Since our stimulus consisted of a center grating surrounded by an annular grat-

ing, the neural representation of this stimulus, N , is obtained by the summation

of the two 2-D Gaussian functions corresponding to the neural representation of

the center grating and the annular grating. Specifically, the annular grating was

modeled by subtracting a full 2-D Gaussian whose size corresponds to the outer

diameter of the small gap between the center and surround grating (2.8°) from

another full 2-D Gaussian whose size corresponds to the outer diameter of the

annular grating (5.3° or 12°).

To model the neural responses to the narrow and wide attention conditions, we

used a smaller (Mg, 3 arbitrary units) and larger (Mg, 9 arbitrary units) spatial

attention width, respectively (Figure 4.1). Moreover, the opposite direction trials

are modeled by using a surround stimulus direction that is 180° away from the
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direction of the center. To be more specific, the stimulus direction parameter

for the 2-D Gaussian function was -90° for the center and 90° for the surround

[4, 229].

To stimulate behavioral thresholds, we used parameters that characterize MT

neurons because previous literature suggests that the neuronal activity in the

(h)MT area can successfully explain the size-contrast interaction in motion dis-

crimination, both at the behavioral [97, 98] and neuronal levels [3, 97, 99, 202].To

stimulate fMRI responses in V1 and (h)MT, we used parameters that characterize

V1 and MT neurons, respectively, based on studies reporting results of single-unit

cell recordings from the monkey visual cortex.

Although feature-based attention was not the focus of the current study, the

same versus opposite direction of motion incidentally introduced feature-based

attention as a factor in our design. In the normalization model of attention, the

attention field is not only selective for a specific position (spatial attention) but

also for the direction of motion (feature-based attention). Hence, to address this

possible effect, we included a feature-based attention component in the model

(Figure 4.1).

Table 4.1 reports the parameters used in simulations for behavioral experi-

ment that were chosen based on the receptive field properties of the MT neu-

rons reported in the literature [97, 98, 99]. Critically, we used parameters that

characterize MT neurons because previous literature suggests that the neuronal

activity in the (h)MT area can successfully explain the size-contrast interaction

in motion discrimination, both at the behavioral [97, 98] and neuronal levels

[3, 202, 97, 99]. Table 4.2 reports the parameters used in simulations for the fMRI

experiment that were chosen based on the receptive field properties of the V1 and

MT neurons [97, 98, 99]. Simulations were done on Matlab 2019b, separately for

same-direction and opposite-direction trials. The model was implemented using

custom MATLAB functions [98, 99].
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Table 4.1: Normalization model parameters for simulating behavioral results.

Symbol Description MT

c Stimulus contrast 0.03 or 0.98
xe Excitatory spatial pooling width 4 (a.u.)
xs Suppressive spatial pooling width 40 (a.u.)
θe Excitatory direction pooling width 25°
θs Suppressive direction pooling width 50°
σ Semi-saturation constant 0.0002 (a.u.)
Mg Spatial width of attention field 3 or 9 (a.u.)

Table 4.2: Normalization model parameters for simulating fMRI results.

Symbol Description MT V1

c Stimulus contrast 0.98 0.98
xe Excitatory spatial pooling width 4 (a.u.) 2 (a.u.)
xs Suppressive spatial pooling width 40 (a.u.) 6 (a.u.)
θe Excitatory direction pooling width 25° 5°
θs Suppressive direction pooling width 50° 10°
σ Semi-saturation constant 0.0002 (a.u.) 0.0002 (a.u.)
Mg Spatial width of attention field 3 or 9 (a.u.) 3 or 9 (a.u.)
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4.3 Results

4.3.1 Model Results for Behavioral Experiment

First, we performed simulations to test whether the model could predict the be-

havioral results presented in Chapter 2. Figure 4.2 shows the simulation results.

Simulation results based on MT parameters are qualitatively similar to the behav-

ioral findings shown in Figure 2.3, in Chapter 2. Specifically, simulated thresholds

are lower with a small attention field compared to those with a large attention

field, which is consistent with the weaker surround suppression under the nar-

row compared to the wide attention condition that we found in the behavioral

experiment.

Besides, our model predicts that thresholds increase as the attention field

increases, not only for the same-direction trials but also for the opposite-direction

trials. Furthermore, the model predicts that the increase in surround suppression

with a larger attention field is weaker in opposite-direction trials compared to

same-direction trials, which is also consistent with the behavioral data. On the

other hand, simulation results based on V1 parameters are not fully consistent

with behavioral data. These results show that the behavioral effect of attention

on surround suppression can be explained by a divisive normalization framework,

which is in line with the neuronal suppression observed in hMT.

4.3.2 Model Results for the fMRI Experiment

Next, we tested whether our fMRI results could be accounted for by the model

that incorporates the effect of spatial attention into the normalization model [4].

Here, we first tested whether the normalization model could explain our pre-fMRI

behavioral threshold measurements. To simulate the trials under the wide and

narrow attention conditions, we simply used a wider and a narrower attention

field, respectively (Figure 4.1).
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Figure 4.2: Model simulation results for behavioral experiment based on param-
eters from MT neurons. Predictions of the normalization model for the same-
direction trials (A and B) and opposite-direction trials (C and D).
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Figure 4.3: Model simulation results for the pre-fMRI behavioral experiment.
Predictions of the normalization model for the same- and opposite-direction trials,
based on parameters from MT neurons.

Simulation results are shown in Figure 4.3. The results of the model are qual-

itatively similar to our behavioral findings (see Figure 3.7) in Chapter 3. Specifi-

cally, we found that using a larger attentional gain factor within our model led to

larger motion discrimination thresholds that closely mirrored our observation of

stronger surround suppression in the wide attention condition. Furthermore, the

model also predicts a smaller, if any, effect of attention on surround suppression

in opposite-direction trials, which is also consistent with the behavioral data.

Then, we examined whether the normalization model could describe the effect

of spatial attention on neural suppression in hMT+ and V1. Simulation results

based on parameters that characterize MT and V1 neurons are shown in Figures

4.4 and 4.5, respectively. Again, simulation results are in good agreement with

our empirical data (Figures 3.8 and 3.9), especially for the same-direction trials.

These results suggest that the effect of attention on surround suppression can be

explained within a divisive normalization framework.
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Figure 4.4: Model results for the fMRI BOLD response based on parameters that
characterize MT neurons.

Figure 4.5: Model results for the fMRI BOLD response in V1 based on parameters
that characterize V1 neurons.
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4.4 Discussion

Here we performed computer simulations using the normalization model of atten-

tion with MT parameters to establish a link between our behavioral results and

possible neuronal mechanisms, as previously done in the literature [97, 99]. Our

simulations showed that using smaller versus larger multiplicative attentional gain

in the model can successfully predict the observed behavioral results both for the

same-direction and opposite-direction trials. These results suggest that neuronal

suppression in hMT+ might explain the perceptual effect of attention on surround

suppression. This supports the hypothesis that the behavioral manifestation of

surround suppression in motion perception originates in hMT [97, 64, 101, 245].

Furthermore, we simulated cortical responses in MT and V1 to test if the

model accounts for our empirical findings in Chapter 3. We found that the

normalization model of attention [4] can predict the effect of attention on BOLD

fMRI responses in hMT+ and V1. These findings, together with the results of

the behavioral and fMRI experiments discussed in Chapters 2 and 3, respectively,

revealed the critical role of spatial attention on surround suppression and showed

that the model provides a parsimonious account for the effect of spatial attention

within the context of surround modulation.

One limitation of the normalization model is that it doesn’t enable rigorous

model comparisons. While the model has proven useful in explaining various

phenomena such as surround suppression and attentional modulation [4] and

offers an intuitive framework for understanding complex neural and behavioral

interactions, it is difficult to validate its assumptions or directly compare it against

alternative models. Furthermore, the model allows for qualitative rather than

quantitative comparisons with empirical data, making it difficult to statistically

evaluate its precision.
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Chapter 5

General Discussion and Future

Directions

Behavioral and neural sensitivity to a visual stimulus often depends on the spatial

context in which the stimulus is seen. For example, spatial attention has well-

documented effects on center-surround interactions in visual processing [183, 186].

Specifically, spatial attention is known to modulate surround suppression both in

humans [3, 123, 209, 122] and non-human animals [131, 175, 183, 186]. However,

no previous study has directly and systematically investigated the effect of the

spatial extent of attention on surround suppression in human motion perception.

This dissertation aimed to unravel the effect of the extent of spatial attention on

center-surround interaction in visual motion processing. In Chapter 2, I present

my results on the duration thresholds for discriminating the motion direction

of foveally presented drifting gratings under wide and narrow spatial attention

conditions. First, we found that increasing the spatial extent of attention evoked

stronger surround suppression. Second, the magnitude of the effect increased

as the surround size increased for low-contrast stimuli but did not change for

high-contrast stimuli. Third, attention had a weaker effect when the center and

surround gratings drifted in opposite directions.
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In Chapter 3, to understand the cortical mechanism that underlies the at-

tentional modulation of surround suppression, we investigated how the BOLD

fMRI response associated with surround suppression in hMT+ and V1 changes

depending on the spatial extent of attention. First, we measured motion direction

discrimination thresholds in a pre-fMRI behavioral experiment while participants

were viewing the drifting gratings. In line with our previous behavioral results

in Chapter 2, we found that thresholds increased as the spatial extent of atten-

tion increased for the same-direction trials. Next, we measured BOLD activity

in hMT+ and V1 while participants were performing motion direction discrimi-

nation task as the behavioral experiment. We found that increasing the spatial

extent of attention leads to stronger neural suppression in hMT+ activity, reflect-

ing the perceptual effect. The pattern of V1 activity, on the other hand, was not

fully consistent with the behavioral effect. Further, neither attention nor sup-

pression effects were observed when the center and surround drifted in opposite

directions.

To establish a link between our behavioral results in Chapter 2 and the response

characteristics of of V1 and MT neurons, in Chapter 4, we performed computer

simulations using parameters derived in literature from MT area. Our simulations

showed the model can successfully predict the observed behavioral results both

for the same-direction and opposite-direction trials. Furthermore, we simulated

cortical responses in hMT+ and V1 and found that the model [4] can predict the

effect of attention on BOLD fMRI responses in hMT+ and V1. The following

sections discuss the interpretations, implications, and potential applications of

these findings within the theoretical framework.
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5.1 Wider spatial attention leads to stronger

surround suppression

The behavioral findings in Chapter 2 showed that surround suppression was sig-

nificantly stronger under the wide-attention condition compared to the narrow-

attention condition. This is consistent with previous studies in the literature

where the modulatory effect of attention on surround suppression has been com-

monly demonstrated using a paradigm in which observers are asked to attend

versus ignore a static stimulus [3, 123, 224, 225]. However, unlike in previous

studies, here we investigated the effect of the spatial extent of attention rather

than the mere presence or absence of spatial attention. Hence, to the best of our

knowledge, our results are the first to systematically demonstrate that surround

suppression in motion perception becomes stronger with a wider attention field.

It could also be argued that our results were observed because attention in-

creases the effective stimulus contrast [189, 190, 191, 246]. Given that surround

suppression depends on contrast, it is possible that under the wide attention con-

dition, the effective contrast of the surround increases, making it exert a more

suppressive effect on the center [247, 248]. Note that the normalization model

of attention would also predict an increase in effective contrast. Thus, in a way,

both effects, i.e., an increase in surround suppression and an increase in effective

contrast, may arise from the same neuronal mechanisms.

In Chapter 3, we show that increasing the spatial extent of attention leads to

stronger neural suppression in hMT+. Importantly, this result is consistent with

our previous [229] as well as current behavioral results, where we found larger

duration thresholds (stronger suppression) under the wide attention condition

compared to the narrow attention condition. To the best of our knowledge, these

results provide the first neural evidence for the effect of the spatial extent of

attention on surround suppression. Although there is limited information in the

literature on the effect of the spatial extent of attention on neural activity in

the visual cortex, our results are in line with the studies showing a higher neural

activity in the visual cortex during the focused attention condition compared to
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the distributed attention condition, mirroring our finding of smaller suppression

in the narrow attention condition compared to the wide attention condition in

hMT+ [204, 213].

Moreover, considering the extensive feedback connections from MT to V1 [106,

242, 243], the more pronounced attentional modulation found in hMT+ could be

indicative of the top-down feedback mechanisms of spatial attention. Consistent

with this idea, a recent research showed that effect of spatial extent of attention

were more pronounced in higher-level visual areas (V3) than lower ones (V1, V2)

[213], which aligns with our results. Consequently, current results might reflect

the nature of the top-down feedback process of spatial attention.

5.2 Activity of hMT+ neurons better captures

the perceptual effect

While perceptual sensitivity and cortical responses in hMT+ decrease with size

in both attention conditions, cortical responses in V1 decrease only in the wide

attention condition. Hence, neural activity in hMT+ is more consistent with

both surround suppression and attention effects observed in behavioral results,

which may suggest that activity in hMT+ may reflect the cortical mechanisms

underpinning these perceptual effects. This is consistent with prior fMRI studies

showing that hMT+ activity mirrors behavioral outcomes of surround suppression

[96, 97, 99]. Moreover, in Chapter 4, our model simulations using MT parameters

can successfully predict the observed behavioral results, which provide further

evidence that the perceptual consequences of surround suppression in motion

perception likely originate in hMT+ [64, 97, 101].

However, we cannot completely rule out the potential involvement of the V1

area. One possible reason for the absence of surround suppression under the

narrow attention condition in V1 is that participants were required to strictly

limit their spatial attention to the 1.5° center grating in the narrow attention
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condition. As we expected, attending to a very small area might reduce the

suppressive effect of surround [4] up to a point where surround suppression might

have become vanishingly small. Besides, the current results might be due to the

technical limitations of the fMRI. Our voxel size is 3x3x3 mm3, which might be

too large to distinguish our V1 sub-ROI activity in response to a small center

grating, leading to reduced signal specificity.

5.3 Spatial attention has a weaker effect when

center and surround move in the opposite

direction

Although there is limited information in the literature on the behavioral effects

of surround suppression when center and surround move in opposite directions

[138, 139, 226, 227, 228], our behavioral results from Chapter 2 are in line with

the studies showing that surround suppression is more pronounced in low contrast

but reduced for high contrast, especially in large surrounds [138, 228].

While our behavioral and fMRI results in Chapter 3 showed that spatial at-

tention has no effect when center and surround gratings move in opposite direc-

tions, this is not unexpected, considering the absence of surround suppression

in opposite-direction trials. In fact, it is consistent with both neural recording

and behavioral studies, which have often reported reduced or absent surround

suppression under such conditions [39, 104, 221, 222, 227]. Previous fMRI stud-

ies suggested that opposite-direction surround motion enhances cortical activity

[226, 244], but differences in experimental design, specifically in stimulus config-

uration and the use of different paradigms like MAE and induced motion, may

account for the discrepancy between our findings and those of earlier studies.
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5.4 Clinical populations, surround suppression,

and spatial attention

Weaker surround suppression has been observed in various clinical conditions such

as schizophrenia [100], major depressive disorder [142], and autism spectrum dis-

order (ASD) [98, 102, 143]. The underlying causes of this interesting phenomenon

are still debated. Previously, a weaker GABAergic system in the patients was

put forward to explain the findings [100]. GABA is known to critically modulate

lateral inhibitory interactions in the visual cortex, and GABAergic deficits have

been reported in old age, schizophrenia, and depression [149, 150, 151]. It is hy-

pothesized that an abnormal decrease in GABA concentration in the visual cortex

might lead to decreased cortical inhibition, which, in turn, leads to weaker sur-

round suppression. However, this hypothesis was not supported by more recent

MR spectroscopy studies [97].

On the other hand, it is well known that attention mechanisms are affected

under many clinical disorders [249, 250, 251, 252]. It is possible that abnormal

attention leads to abnormal surround suppression in these patients. In line with

this conjecture, in a recent study, Schallmo and colleagues [98] found weaker sup-

pression in ASD patients and suggested that this could be because of narrower

spatial attention. Moreover, an increased level of acetylcholine, a neuromodu-

lator thought to be critically involved in attentional processing by leading to

more focused voluntary spatial attention, is reported to result in weaker surround

suppression [253]. Thus, we contend that attention may provide an alternative

explanation for the abnormal surround suppression found in clinical populations.
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5.5 Normalization model of attention can ex-

plain the results

In Chapter 4, we used the normalization model of attention [4] to show that neu-

ronal suppression in hMT could account for the perceptual effect of attention on

surround suppression, supporting the MT hypothesis [97, 64, 101, 245]. We sup-

port this prediction with empirical evidence in Chapter 3, where we found stronger

surround suppression in hMT+ under the wide attention condition. Importantly,

our results show that a simple computational model can qualitatively predict the

behavioral effects of surround suppression for various factors like contrast, size,

motion direction, and attention, which paves the way for future studies.

Moreover, we simulated cortical responses in hMT+ and V1 and found that

neural correlates of attention on surround suppression could be explained by the

NMA, as previously done in the literature [3, 183, 186]. Taken together, the

normalization model, which is an important tool to establish a link between the

perceptual effect of surround suppression and the response characteristics of the

visual neurons, could account for behavioral and neural correlates of the effect of

spatial attention on surround suppression.

Here we found that a model incorporating multiplicative attention gain into

the normalization model can successfully explain the experimental data. Whereas

some previous studies that investigated the effect of attention on target-context

interactions argued that the attention gain could be additive [254, 255]. The

difference between our findings could be because of the differences in stimulus

configuration and experimental design. Most notably, in both studies, targets

and contextual elements were spread across a wide region in the visual field.

Further, the attention manipulations were different in these studies. In the study

of Poltoratski and colleagues [254], spatial cues were used to shift attention to

either one of the two closely spaced target locations in opposite hemifields. This

could have restricted the attention field on the target more severely than in our

design. In the study of Schallmo and colleagues [255], one of the comparisons

was between fMRI BOLD responses while attending targets and performing a
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demanding fixation task. In our study, on the other hand, a single target and

its surround were closely positioned, and attention was spread over either only

the target or the target and its surround. These factors could have led to the

differences between our study and those earlier studies [254, 255].

5.6 Limitations and Future Directions

When we compare the results of opposite-direction trials in the behavioral ex-

periment in Chapter 2 and the pre-fMRI behavioral experiment in Chapter 3, it

is clear that surround suppression disappears, and therefore the effect of spatial

attention disappears in the pre-fMRI behavioral experiment. The absence of the

effect could be attributed to individual differences among participants. Different

cohorts or variations in individual sensitivity in the same cohort could lead to

inconsistencies in results. Also, there is a clear trend in the results of behav-

ioral experiment that surround suppression decreases in high-contrast opposite-

direction trials as the size of the surround increases. This is actually in line with

the results of behavioral studies, which show that when the center and surround

move in the opposite direction, surround suppression is reduced or eliminated in

high-contrast trials for large-surround conditions [138, 139, 226, 227, 228].

Moreover, under the limiting conditions of the pandemic, some of the partici-

pants needed to participate in all the versions of the experiments for this study,

including the pilot, behavioral, and fMRI experiments. Therefore, they might

have gotten better at increasing their attention field width as they are more

trained compared to participants who only participated in the fMRI experiment,

which could cause variability in the data. To eliminate such confounds in future

studies, attentional training before the experiments must be provided to ensure

that all participants can widen their attention fields.

As stated previously, abnormal surround suppression is observed in many clin-

ical disorders [98, 100, 102, 142, 143]. Therefore, tests of surround suppression

can be used as a tool to understand the neural basis of abnormal visual processing
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and might shed light on the dynamics of clinical conditions. However, to compare

with the clinical populations and better understand the role of spatial attention

in abnormal vision, the effect of attention should be characterized in neurotypi-

cals first. Here, we characterized the effect of the spatial extent of attention on

human motion perception by utilizing the surround suppression phenomenon in

neurotypical participants. Hence, as a next step, our experimental design can

be used to investigate the role of attention mechanisms in visual processing in

clinical populations in future studies. Considering that attention mechanisms are

affected by many clinical disorders [249, 250, 251, 252], abnormal attention may

lead to abnormal surround suppression in the patients mentioned above. There-

fore, to test this hypothesis, how surround suppression is affected by the spatial

extent of attention should be investigated in clinical populations as well. If these

patients have, for example, smaller attention fields, we would not expect a signif-

icant difference in the strength of the surround suppression between narrow and

wide attention conditions, as patients already have difficulty enlarging them [98].

As stated earlier, while some results in the literature support the response

gain [185, 195], other findings show a response pattern similar to contrast gain

[187, 193, 203]; or in between response and contrast gain [194], and the nor-

malization model of attention can explain this complex pattern of results. The

model suggests attending to an area larger than the stimulus size results in con-

trast gain, whereas attending to an area smaller than the stimulus size results

in response gain [4]. The results of human psychophysics experiments show ex-

pected shifts in contrast-response function similar to contrast and response gain

depending on the spatial extent of attention [3, 204]. In the current study, our

experimental design is not adequate to draw conclusions about the plausibility

of the contrast gain vs. response gain mechanisms, as our main comparison is

based on attending to a smaller vs. larger area and not attending or ignoring

the stimulus. Moreover, only two contrast levels (3% and 98%) are used in the

current study, which makes it hard to discuss how contrast-response functions

change depending on spatial attention. To answer this question, we need more

contrast levels to calculate contrast-response functions to see if there is an upward

shift of the contrast-response function indicating response gain or a leftward shift
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of the contrast-response functions indicating contrast gain [3, 4]. Therefore, in

future studies, multiple contrast levels should be used to determine whether the

results are due to response gain, contrast gain, or both.

Our results demonstrated that hMT+ activity better captures the pattern

of the behavioral results, suggesting that hMT+ is a likely origin of the effect.

However, we cannot completely rule out the possibility of involvement of the V1

area. To directly test this idea, multivoxel pattern analysis (MVPA) could be

used to assess how accurately the direction of motion can be predicted based on

the patterns of neural activity in hMT+ and V1. Likewise, effective connectivity

analysis can be employed to understand how top-down effect of spatial attention

modulates V1 and hMT+ activity and whether such modulations differ across

two regions.

5.7 Conclusion

To conclude, in this study, we demonstrated that the extent of spatial attention

affects the perceptual and neural correlates of center-surround interaction in hu-

man motion processing. Our findings showed that increasing the spatial extent

of attention evokes stronger suppression at a perceptual level and also in hMT+

are of the cortex. However, this was not the case for the activity in V1. Then,

we showed that the normalization model of attention [4] can successfully predict

the response patterns in hMT+ and V1. Furthermore, the model could provide

a link between cortical responses and behavioral thresholds. Overall, our find-

ings and analyses showed that the behavioral effect can be successfully predicted

by hMT+ activity. These results reveal the critical role of spatial attention on

surround suppression, namely that surround suppression in motion perception

becomes stronger with a wider attention field, and reveal possible cortical mecha-

nisms underpinning the effect. Further, these results also suggest that the reduced

surround suppression found in certain clinical disorders (e.g., schizophrenia and

autism spectrum disorder) may be caused by abnormal attention mechanisms.
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Appendix A

Psychometric Function Fits in

Behavioral Experiments
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Figure A.1: Weibull function fits for a single participant (1) for center-only con-
dition.

Figure A.2: Weibull function fits for a single participant (1) for high-contrast
small-surround and large-surround conditions. First row: Weibull function fits for
narrow attention condition. Second row: Weibull function fits for wide attention
condition.
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Figure A.3: Weibull function fits for a single participant (1) for low-contrast
small-surround and large-surround conditions. First row: Weibull function fits for
narrow attention condition. Second row: Weibull function fits for wide attention
condition.

Figure A.4: Weibull function fits for a single participant (2) for center-only con-
dition.
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Figure A.5: Weibull function fits for a single participant (2) for high-contrast
small-surround and large-surround conditions. First row: Weibull function fits for
narrow attention condition. Second row: Weibull function fits for wide attention
condition.
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Figure A.6: Weibull function fits for a single participant (2) for low-contrast
small-surround and large-surround conditions. First row: Weibull function fits for
narrow attention condition. Second row: Weibull function fits for wide attention
condition.

Figure A.7: Weibull function fits for a single participant (3) for center-only con-
dition.
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Figure A.8: Weibull function fits for a single participant (3) for high-contrast
small-surround and large-surround conditions. First row: Weibull function fits for
narrow attention condition. Second row: Weibull function fits for wide attention
condition.
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Figure A.9: Weibull function fits for a single participant (3) for low-contrast
small-surround and large-surround conditions. First row: Weibull function fits for
narrow attention condition. Second row: Weibull function fits for wide attention
condition.

Figure A.10: Weibull function fits for a single participant (4) for center-only
condition.
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Figure A.11: Weibull function fits for a single participant (4) for high-contrast
small-surround and large-surround conditions. First row: Weibull function fits for
narrow attention condition. Second row: Weibull function fits for wide attention
condition.
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Figure A.12: Weibull function fits for a single participant (4) for low-contrast
small-surround and large-surround conditions. First row: Weibull function fits for
narrow attention condition. Second row: Weibull function fits for wide attention
condition.

Figure A.13: Weibull function fits for a single participant (5) for center-only
condition.
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Figure A.14: Weibull function fits for a single participant (5) for high-contrast
small-surround and large-surround conditions. First row: Weibull function fits for
narrow attention condition. Second row: Weibull function fits for wide attention
condition.
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Figure A.15: Weibull function fits for a single participant (5) for low-contrast
small-surround and large-surround conditions. First row: Weibull function fits for
narrow attention condition. Second row: Weibull function fits for wide attention
condition.

Figure A.16: Weibull function fits for a single participant (6) for center-only
condition.
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Figure A.17: Weibull function fits for a single participant (6) for high-contrast
small-surround and large-surround conditions. First row: Weibull function fits for
narrow attention condition. Second row: Weibull function fits for wide attention
condition.

108



Figure A.18: Weibull function fits for a single participant (6) for low-contrast
small-surround and large-surround conditions. First row: Weibull function fits for
narrow attention condition. Second row: Weibull function fits for wide attention
condition.

Figure A.19: Weibull function fits for a single participant (7) for center-only
condition.
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Figure A.20: Weibull function fits for a single participant (7) for high-contrast
small-surround and large-surround conditions. First row: Weibull function fits for
narrow attention condition. Second row: Weibull function fits for wide attention
condition.
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Figure A.21: Weibull function fits for a single participant (7) for low-contrast
small-surround and large-surround conditions. First row: Weibull function fits for
narrow attention condition. Second row: Weibull function fits for wide attention
condition.

Figure A.22: Weibull function fits for a single participant (8) for center-only
condition.
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Figure A.23: Weibull function fits for a single participant (8) for high-contrast
small-surround and large-surround conditions. First row: Weibull function fits for
narrow attention condition. Second row: Weibull function fits for wide attention
condition.
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Figure A.24: Weibull function fits for a single participant (8) for low-contrast
small-surround and large-surround conditions. First row: Weibull function fits for
narrow attention condition. Second row: Weibull function fits for wide attention
condition.

Figure A.25: Weibull function fits for a single participant (9) for center-only
condition.
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Figure A.26: Weibull function fits for a single participant (9) for high-contrast
small-surround and large-surround conditions. First row: Weibull function fits for
narrow attention condition. Second row: Weibull function fits for wide attention
condition.
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Figure A.27: Weibull function fits for a single participant (9) for low-contrast
small-surround and large-surround conditions. First row: Weibull function fits for
narrow attention condition. Second row: Weibull function fits for wide attention
condition.

Figure A.28: Weibull function fits for a single participant (10) for center-only
condition.
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Figure A.29: Weibull function fits for a single participant (10) for high-contrast
small-surround and large-surround conditions. First row: Weibull function fits for
narrow attention condition. Second row: Weibull function fits for wide attention
condition.
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Figure A.30: Weibull function fits for a single participant (10) for low-contrast
small-surround and large-surround conditions. First row: Weibull function fits for
narrow attention condition. Second row: Weibull function fits for wide attention
condition.
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Figure A.31: Weibull function fits for a single participant (1) for center-only,
same-direction and opposite-direction conditions. Left: Weibull function fits for
narrow attention condition. Right: Weibull function fits for wide attention con-
dition.
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Figure A.32: Weibull function fits for a single participant (2) for center-only,
same-direction and opposite-direction conditions. Left: Weibull function fits for
narrow attention condition. Right: Weibull function fits for wide attention con-
dition.
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Figure A.33: Weibull function fits for a single participant (3) for center-only,
same-direction and opposite-direction conditions. Left: Weibull function fits for
narrow attention condition. Right: Weibull function fits for wide attention con-
dition.
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Figure A.34: Weibull function fits for a single participant (4) for center-only,
same-direction and opposite-direction conditions. Left: Weibull function fits for
narrow attention condition. Right: Weibull function fits for wide attention con-
dition.
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Figure A.35: Weibull function fits for a single participant (5) for center-only,
same-direction and opposite-direction conditions. Left: Weibull function fits for
narrow attention condition. Right: Weibull function fits for wide attention con-
dition.
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Figure A.36: Weibull function fits for a single participant (6) for center-only,
same-direction and opposite-direction conditions. Left: Weibull function fits for
narrow attention condition. Right: Weibull function fits for wide attention con-
dition.
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Figure A.37: Weibull function fits for a single participant (7) for center-only,
same-direction and opposite-direction conditions. Left: Weibull function fits for
narrow attention condition. Right: Weibull function fits for wide attention con-
dition.
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Figure A.38: Weibull function fits for a single participant (8) for center-only,
same-direction and opposite-direction conditions. Left: Weibull function fits for
narrow attention condition. Right: Weibull function fits for wide attention con-
dition.

125



Figure A.39: Weibull function fits for a single participant (9) for center-only,
same-direction and opposite-direction conditions. Left: Weibull function fits for
narrow attention condition. Right: Weibull function fits for wide attention con-
dition.
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Figure A.40: Weibull function fits for a single participant (10) for center-only,
same-direction and opposite-direction conditions. Left: Weibull function fits for
narrow attention condition. Right: Weibull function fits for wide attention con-
dition.
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costs of any such audit. Any amount determined by such audit to have been underpaid by User shall immediately be paid to CCC by User, together with interest thereon at
the rate of 10% per annum from the date such amount was originally due. The provisions of this paragraph shall survive the termination of this License for any reason.

b) Digital Pay-Per-Uses of Academic Course Content and Materials (e-coursepacks, electronic reserves, learning management systems, academic institution intranets). For
uses in e-coursepacks, posts in electronic reserves, posts in learning management systems, or posts on academic institution intranets, the following additional terms apply:

i) The pay-per-uses subject to this Section 14(b) include:

A) Posting e-reserves, course management systems, e-coursepacks for text-based content, which grants authorizations to import requested material in electronic
format, and allows electronic access to this material to members of a designated college or university class, under the direction of an instructor designated by the
college or university, accessible only under appropriate electronic controls (e.g., password);

B) Posting e-reserves, course management systems, e-coursepacks for material consisting of photographs or other still images not embedded in text, which
grants not only the authorizations described in Section 14(b)(i)(A) above, but also the following authorization: to include the requested material in course materials for
use consistent with Section 14(b)(i)(A) above, including any necessary resizing, reformatting or modification of the resolution of such requested material (provided that
such modification does not alter the underlying editorial content or meaning of the requested material, and provided that the resulting modified content is used solely
within the scope of, and in a manner consistent with, the particular authorization described in the Order Confirmation and the Terms), but not including any other form
of manipulation, alteration or editing of the requested material;

C) Posting e-reserves, course management systems, e-coursepacks or other academic distribution for audiovisual content, which grants not only the authorizations
described in Section 14(b)(i)(A) above, but also the following authorizations: (i) to include the requested material in course materials for use consistent with Section 14(b)
(i)(A) above; (ii) to display and perform the requested material to such members of such class in the physical classroom or remotely by means of streaming media or
other video formats; and (iii) to "clip" or reformat the requested material for purposes of time or content management or ease of delivery, provided that such “clipping”
or reformatting does not alter the underlying editorial content or meaning of the requested material and that the resulting material is used solely within the scope of,
and in a manner consistent with, the particular authorization described in the Order Confirmation and the Terms. Unless expressly set forth in the relevant Order
Conformation, the License does not authorize any other form of manipulation, alteration or editing of the requested material.

ii) Unless expressly set forth in the relevant Order Confirmation, no License granted shall in any way: (i) include any right by User to create a substantively non-identical copy
of the Work or to edit or in any other way modify the Work (except by means of deleting material immediately preceding or following the entire portion of the Work copied
or, in the case of Works subject to Sections 14(b)(1)(B) or (C) above, as described in such Sections) (ii) permit "publishing ventures" where any particular course materials
would be systematically marketed at multiple institutions.

iii) Subject to any further limitations determined in the Rightsholder Terms (and notwithstanding any apparent contradiction in the Order Confirmation arising from data
provided by User), any use authorized under the electronic course content pay-per-use service is limited as follows:

A) any License granted shall apply to only one class (bearing a unique identifier as assigned by the institution, and thereby including all sections or other subparts of the
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class) at one institution;

B) use is limited to not more than 25% of the text of a book or of the items in a published collection of essays, poems or articles;

C) use is limited to not more than the greater of (a) 25% of the text of an issue of a journal or other periodical or (b) two articles from such an issue;

D) no User may sell or distribute any particular materials, whether photocopied or electronic, at more than one institution of learning;

E) electronic access to material which is the subject of an electronic-use permission must be limited by means of electronic password, student identification or other
control permitting access solely to students and instructors in the class;

F) User must ensure (through use of an electronic cover page or other appropriate means) that any person, upon gaining electronic access to the material, which is the
subject of a permission, shall see:

a proper copyright notice, identifying the Rightsholder in whose name CCC has granted permission,

a statement to the e!ect that such copy was made pursuant to permission,

a statement identifying the class to which the material applies and notifying the reader that the material has been made available electronically solely for use in the
class, and

a statement to the e!ect that the material may not be further distributed to any person outside the class, whether by copying or by transmission and whether
electronically or in paper form, and User must also ensure that such cover page or other means will print out in the event that the person accessing the material
chooses to print out the material or any part thereof.

G) any permission granted shall expire at the end of the class and, absent some other form of authorization, User is thereupon required to delete the applicable
material from any electronic storage or to block electronic access to the applicable material.

iv) Uses of separate portions of a Work, even if they are to be included in the same course material or the same university or college class, require separate permissions
under the electronic course content pay-per-use Service. Unless otherwise provided in the Order Confirmation, any grant of rights to User is limited to use completed no
later than the end of the academic term (or analogous period) as to which any particular permission is granted.

v) Books and Records; Right to Audit. As to each permission granted under the electronic course content Service, User shall maintain for at least four full calendar years
books and records su"cient for CCC to determine the numbers of copies made by User under such permission. CCC and any representatives it may designate shall have
the right to audit such books and records at any time during User's ordinary business hours, upon two days' prior notice. If any such audit shall determine that User shall
have underpaid for, or underreported, any electronic copies used by three percent (3%) or more, then User shall bear all the costs of any such audit; otherwise, CCC shall
bear the costs of any such audit. Any amount determined by such audit to have been underpaid by User shall immediately be paid to CCC by User, together with interest
thereon at the rate of 10% per annum from the date such amount was originally due. The provisions of this paragraph shall survive the termination of this license for any
reason.

c) Pay-Per-Use Permissions for Certain Reproductions (Academic photocopies for library reserves and interlibrary loan reporting) (Non-academic internal/external

business uses and commercial document delivery). The License expressly excludes the uses listed in Section (c)(i)-(v) below (which must be subject to separate license from
the applicable Rightsholder) for: academic photocopies for library reserves and interlibrary loan reporting; and non-academic internal/external business uses and commercial
document delivery.

i) electronic storage of any reproduction (whether in plain-text, PDF, or any other format) other than on a transitory basis;

ii) the input of Works or reproductions thereof into any computerized database;

iii) reproduction of an entire Work (cover-to-cover copying) except where the Work is a single article;

iv) reproduction for resale to anyone other than a specific customer of User;

v) republication in any di!erent form. Please obtain authorizations for these uses through other CCC services or directly from the rightsholder.

Any license granted is further limited as set forth in any restrictions included in the Order Confirmation and/or in these Terms.

d) Electronic Reproductions in Online Environments (Non-Academic-email, intranet, internet and extranet). For "electronic reproductions", which generally includes e-mail
use (including instant messaging or other electronic transmission to a defined group of recipients) or posting on an intranet, extranet or Intranet site (including any display or
performance incidental thereto), the following additional terms apply:

i) Unless otherwise set forth in the Order Confirmation, the License is limited to use completed within 30 days for any use on the Internet, 60 days for any use on an
intranet or extranet and one year for any other use, all as measured from the "republication date" as identified in the Order Confirmation, if any, and otherwise from the
date of the Order Confirmation.

ii) User may not make or permit any alterations to the Work, unless expressly set forth in the Order Confirmation (after request by User and approval by Rightsholder);
provided, however, that a Work consisting of photographs or other still images not embedded in text may, if necessary, be resized, reformatted or have its resolution
modified without additional express permission, and a Work consisting of audiovisual content may, if necessary, be "clipped" or reformatted for purposes of time or
content management or ease of delivery (provided that any such resizing, reformatting, resolution modification or “clipping” does not alter the underlying editorial content
or meaning of the Work used, and that the resulting material is used solely within the scope of, and in a manner consistent with, the particular License described in the
Order Confirmation and the Terms.

15) Miscellaneous.

a) User acknowledges that CCC may, from time to time, make changes or additions to the Service or to the Terms, and that Rightsholder may make changes or additions to the
Rightsholder Terms. Such updated Terms will replace the prior terms and conditions in the order workflow and shall be e!ective as to any subsequent Licenses but shall not
apply to Licenses already granted and paid for under a prior set of terms.

b) Use of User-related information collected through the Service is governed by CCC's privacy policy, available online at www.copyright.com/about/privacy-policy/.

c) The License is personal to User. Therefore, User may not assign or transfer to any other person (whether a natural person or an organization of any kind) the License or any
rights granted thereunder; provided, however, that, where applicable, User may assign such License in its entirety on written notice to CCC in the event of a transfer of all or
substantially all of User's rights in any new material which includes the Work(s) licensed under this Service.

d) No amendment or waiver of any Terms is binding unless set forth in writing and signed by the appropriate parties, including, where applicable, the Rightsholder. The
Rightsholder and CCC hereby object to any terms contained in any writing prepared by or on behalf of the User or its principals, employees, agents or a"liates and purporting
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to govern or otherwise relate to the License described in the Order Confirmation, which terms are in any way inconsistent with any Terms set forth in the Order Confirmation,
and/or in CCC's standard operating procedures, whether such writing is prepared prior to, simultaneously with or subsequent to the Order Confirmation, and whether such
writing appears on a copy of the Order Confirmation or in a separate instrument.

e) The License described in the Order Confirmation shall be governed by and construed under the law of the State of New York, USA, without regard to the principles thereof of
conflicts of law. Any case, controversy, suit, action, or proceeding arising out of, in connection with, or related to such License shall be brought, at CCC's sole discretion, in any
federal or state court located in the County of New York, State of New York, USA, or in any federal or state court whose geographical jurisdiction covers the location of the
Rightsholder set forth in the Order Confirmation. The parties expressly submit to the personal jurisdiction and venue of each such federal or state court.

Last updated October 2022
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Payment Information

Merve Kınıklıoğlu
mervekiniklioglu@gmail.com
Payment method: Invoice

Billing Address:

Merve Kınıklıoğlu
Bilkent University Aysel Sabuncu Brain Res
earch
Center
Ankara, 06800
Turkey

+90 (506)6389525
mervekiniklioglu@gmail.com

Customer Location:

Merve Kınıklıoğlu
Bilkent University Aysel Sabuncu Brain Res
earch
Center
Ankara, 06800
Turkey

Order Details

Total Items: 1 Subtotal: 0.00 USD

Order Total: 0.00 USD

Order Number: 1388681
Order Date: 22 Aug 2023

1. Principles of neural science Billing Status:

Open

0.00 USD
Republication Permission

LICENSED CONTENT

REQUEST DETAILS

NEW WORK DETAILS

ADDITIONAL DETAILS

REQUESTED CONTENT DETAILS

McGraw Hill LLC Terms and Conditions

It is the responsibility of the user to verify that the text, figures, images and other material that they wish to use are owned by McGraw Hill LLC. McGraw Hill LLC can only grant
permission for the material that they own. Please check the caption of any figures, images, charts, etc., as well as any credits pages at the front or back of the book. McGraw Hill
LLC may restrict the portion of the title that may be used.

Order License ID 1388681-1

Order detail status Completed

ISBN-13 9780071390118

Type of Use Republish in a thesis/dissertation

Publisher MCGRAW-HILL

Portion Chart/graph/table/figure

Publication Title Principles of neural science

Author/Editor KANDEL, ERIC R.

Date 01/01/2013

Language English

Rightsholder McGraw Hill LLC

Publication Type Book

Portion Type Chart/graph/table/figure

Number of Charts / Graphs / Tables /

Figures Requested

1

Format (select all that apply) Print, Electronic

Who Will Republish the Content? Academic institution

Duration of Use Life of current and all future editions

Lifetime Unit Quantity Up to 2,000,000

Rights Requested Main product

Distribution Worldwide

Translation Original language of publication

Copies for the Disabled? No

Minor Editing Privileges? No

Incidental Promotional Use? No

Currency USD

Title BEHAVIORAL AND NEURAL
INVESTIGATION ON THE EFFECT OF
SPATIAL ATTENTION ON SURROUND
SUPPRESSION

Instructor Name Merve Kınıklıoğlu

Institution Name Bilkent University

Expected Presentation Date 2023-09-22

The Requesting Person/Organization

to Appear on the License

Merve Kınıklıoğlu

Title, Description or Numeric

Reference of the Portion(s)

Figure 25–14 Parallel processing in
visual pathways.

Editor of Portion(s) Charles D. Gilbert

Volume / Edition 5th

Page or Page Range of Portion 571

Title of the Article/Chapter the Portion

Is From

The Constructive Nature of Visual
Processing

Author of Portion(s) KANDEL, ERIC R.

Publication Date of Portion 2013-01-01
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Marketplace Permissions General Terms and Conditions

The following terms and conditions (“General Terms”), together with any applicable Publisher Terms and Conditions, govern User’s use of Works pursuant to the Licenses granted
by Copyright Clearance Center, Inc. (“CCC”) on behalf of the applicable Rightsholders of such Works through CCC’s applicable Marketplace transactional licensing services (each, a
“Service”).

1) Definitions. For purposes of these General Terms, the following definitions apply:

“License” is the licensed use the User obtains via the Marketplace platform in a particular licensing transaction, as set forth in the Order Confirmation.

“Order Confirmation” is the confirmation CCC provides to the User at the conclusion of each Marketplace transaction. “Order Confirmation Terms” are additional terms set forth on
specific Order Confirmations not set forth in the General Terms that can include terms applicable to a particular CCC transactional licensing service and/or any Rightsholder-specific
terms.

“Rightsholder(s)” are the holders of copyright rights in the Works for which a User obtains licenses via the Marketplace platform, which are displayed on specific Order
Confirmations.

“Terms” means the terms and conditions set forth in these General Terms and any additional Order Confirmation Terms collectively.

“User” or “you” is the person or entity making the use granted under the relevant License. Where the person accepting the Terms on behalf of a User is a freelancer or other third
party who the User authorized to accept the General Terms on the User’s behalf, such person shall be deemed jointly a User for purposes of such Terms.

“Work(s)” are the copyright protected works described in relevant Order Confirmations.

2) Description of Service. CCC’s Marketplace enables Users to obtain Licenses to use one or more Works in accordance with all relevant Terms. CCC grants Licenses as an agent on
behalf of the copyright rightsholder identified in the relevant Order Confirmation.

3) Applicability of Terms. The Terms govern User’s use of Works in connection with the relevant License. In the event of any conflict between General Terms and Order
Confirmation Terms, the latter shall govern. User acknowledges that Rightsholders have complete discretion whether to grant any permission, and whether to place any limitations
on any grant, and that CCC has no right to supersede or to modify any such discretionary act by a Rightsholder.

4) Representations; Acceptance. By using the Service, User represents and warrants that User has been duly authorized by the User to accept, and hereby does accept, all Terms.

5) Scope of License; Limitations and Obligations. All Works and all rights therein, including copyright rights, remain the sole and exclusive property of the Rightsholder. The
License provides only those rights expressly set forth in the terms and conveys no other rights in any Works

6) General Payment Terms. User may pay at time of checkout by credit card or choose to be invoiced. If the User chooses to be invoiced, the User shall: (i) remit payments in the
manner identified on specific invoices, (ii) unless otherwise specifically stated in an Order Confirmation or separate written agreement, Users shall remit payments upon receipt of
the relevant invoice from CCC, either by delivery or notification of availability of the invoice via the Marketplace platform, and (iii) if the User does not pay the invoice within 30 days
of receipt, the User may incur a service charge of 1.5% per month or the maximum rate allowed by applicable law, whichever is less. While User may exercise the rights in the
License immediately upon receiving the Order Confirmation, the License is automatically revoked and is null and void, as if it had never been issued, if CCC does not receive
complete payment on a timely basis.

7) General Limits on Use. Unless otherwise provided in the Order Confirmation, any grant of rights to User (i) involves only the rights set forth in the Terms and does not include
subsequent or additional uses, (ii) is non-exclusive and non-transferable, and (iii) is subject to any and all limitations and restrictions (such as, but not limited to, limitations on
duration of use or circulation) included in the Terms. Upon completion of the licensed use as set forth in the Order Confirmation, User shall either secure a new permission for
further use of the Work(s) or immediately cease any new use of the Work(s) and shall render inaccessible (such as by deleting or by removing or severing links or other locators) any
further copies of the Work. User may only make alterations to the Work if and as expressly set forth in the Order Confirmation. No Work may be used in any way that is unlawful,
including without limitation if such use would violate applicable sanctions laws or regulations, would be defamatory, violate the rights of third parties (including such third parties'
rights of copyright, privacy, publicity, or other tangible or intangible property), or is otherwise illegal, sexually explicit, or obscene. In addition, User may not conjoin a Work with any
other material that may result in damage to the reputation of the Rightsholder. Any unlawful use will render any licenses hereunder null and void. User agrees to inform CCC if it
becomes aware of any infringement of any rights in a Work and to cooperate with any reasonable request of CCC or the Rightsholder in connection therewith.

8) Third Party Materials. In the event that the material for which a License is sought includes third party materials (such as photographs, illustrations, graphs, inserts and similar
materials) that are identified in such material as having been used by permission (or a similar indicator), User is responsible for identifying, and seeking separate licenses (under
this Service, if available, or otherwise) for any of such third party materials; without a separate license, User may not use such third party materials via the License.

9) Copyright Notice. Use of proper copyright notice for a Work is required as a condition of any License granted under the Service. Unless otherwise provided in the Order
Confirmation, a proper copyright notice will read substantially as follows: "Used with permission of [Rightsholder's name], from [Work's title, author, volume, edition number and
year of copyright]; permission conveyed through Copyright Clearance Center, Inc." Such notice must be provided in a reasonably legible font size and must be placed either on a
cover page or in another location that any person, upon gaining access to the material which is the subject of a permission, shall see, or in the case of republication Licenses,
immediately adjacent to the Work as used (for example, as part of a by-line or footnote) or in the place where substantially all other credits or notices for the new work containing
the republished Work are located. Failure to include the required notice results in loss to the Rightsholder and CCC, and the User shall be liable to pay liquidated damages for each
such failure equal to twice the use fee specified in the Order Confirmation, in addition to the use fee itself and any other fees and charges specified.

10) Indemnity. User hereby indemnifies and agrees to defend the Rightsholder and CCC, and their respective employees and directors, against all claims, liability, damages, costs,
and expenses, including legal fees and expenses, arising out of any use of a Work beyond the scope of the rights granted herein and in the Order Confirmation, or any use of a
Work which has been altered in any unauthorized way by User, including claims of defamation or infringement of rights of copyright, publicity, privacy, or other tangible or
intangible property.

11) Limitation of Liability. UNDER NO CIRCUMSTANCES WILL CCC OR THE RIGHTSHOLDER BE LIABLE FOR ANY DIRECT, INDIRECT, CONSEQUENTIAL, OR INCIDENTAL DAMAGES
(INCLUDING WITHOUT LIMITATION DAMAGES FOR LOSS OF BUSINESS PROFITS OR INFORMATION, OR FOR BUSINESS INTERRUPTION) ARISING OUT OF THE USE OR INABILITY TO
USE A WORK, EVEN IF ONE OR BOTH OF THEM HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. In any event, the total liability of the Rightsholder and CCC (including
their respective employees and directors) shall not exceed the total amount actually paid by User for the relevant License. User assumes full liability for the actions and omissions
of its principals, employees, agents, a!liates, successors, and assigns.

12) Limited Warranties. THE WORK(S) AND RIGHT(S) ARE PROVIDED "AS IS." CCC HAS THE RIGHT TO GRANT TO USER THE RIGHTS GRANTED IN THE ORDER CONFIRMATION
DOCUMENT. CCC AND THE RIGHTSHOLDER DISCLAIM ALL OTHER WARRANTIES RELATING TO THE WORK(S) AND RIGHT(S), EITHER EXPRESS OR IMPLIED, INCLUDING WITHOUT
LIMITATION IMPLIED WARRANTIES OF MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPOSE. ADDITIONAL RIGHTS MAY BE REQUIRED TO USE ILLUSTRATIONS, GRAPHS,
PHOTOGRAPHS, ABSTRACTS, INSERTS, OR OTHER PORTIONS OF THE WORK (AS OPPOSED TO THE ENTIRE WORK) IN A MANNER CONTEMPLATED BY USER; USER UNDERSTANDS
AND AGREES THAT NEITHER CCC NOR THE RIGHTSHOLDER MAY HAVE SUCH ADDITIONAL RIGHTS TO GRANT.
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13) E!ect of Breach. Any failure by User to pay any amount when due, or any use by User of a Work beyond the scope of the License set forth in the Order Confirmation and/or
the Terms, shall be a material breach of such License. Any breach not cured within 10 days of written notice thereof shall result in immediate termination of such License without
further notice. Any unauthorized (but licensable) use of a Work that is terminated immediately upon notice thereof may be liquidated by payment of the Rightsholder's ordinary
license price therefor; any unauthorized (and unlicensable) use that is not terminated immediately for any reason (including, for example, because materials containing the Work
cannot reasonably be recalled) will be subject to all remedies available at law or in equity, but in no event to a payment of less than three times the Rightsholder's ordinary license
price for the most closely analogous licensable use plus Rightsholder's and/or CCC's costs and expenses incurred in collecting such payment.

14) Additional Terms for Specific Products and Services. If a User is making one of the uses described in this Section 14, the additional terms and conditions apply:

a) Print Uses of Academic Course Content and Materials (photocopies for academic coursepacks or classroom handouts). For photocopies for academic coursepacks or
classroom handouts the following additional terms apply:

i) The copies and anthologies created under this License may be made and assembled by faculty members individually or at their request by on-campus bookstores or copy
centers, or by o"-campus copy shops and other similar entities.

ii) No License granted shall in any way: (i) include any right by User to create a substantively non-identical copy of the Work or to edit or in any other way modify the Work
(except by means of deleting material immediately preceding or following the entire portion of the Work copied) (ii) permit "publishing ventures" where any particular
anthology would be systematically marketed at multiple institutions.

iii) Subject to any Publisher Terms (and notwithstanding any apparent contradiction in the Order Confirmation arising from data provided by User), any use authorized
under the academic pay-per-use service is limited as follows:

A) any License granted shall apply to only one class (bearing a unique identifier as assigned by the institution, and thereby including all sections or other subparts of the
class) at one institution;

B) use is limited to not more than 25% of the text of a book or of the items in a published collection of essays, poems or articles;

C) use is limited to no more than the greater of (a) 25% of the text of an issue of a journal or other periodical or (b) two articles from such an issue;

D) no User may sell or distribute any particular anthology, whether photocopied or electronic, at more than one institution of learning;

E) in the case of a photocopy permission, no materials may be entered into electronic memory by User except in order to produce an identical copy of a Work before or
during the academic term (or analogous period) as to which any particular permission is granted. In the event that User shall choose to retain materials that are the
subject of a photocopy permission in electronic memory for purposes of producing identical copies more than one day after such retention (but still within the scope of
any permission granted), User must notify CCC of such fact in the applicable permission request and such retention shall constitute one copy actually sold for purposes
of calculating permission fees due; and

F) any permission granted shall expire at the end of the class. No permission granted shall in any way include any right by User to create a substantively non-identical
copy of the Work or to edit or in any other way modify the Work (except by means of deleting material immediately preceding or following the entire portion of the
Work copied).

iv) Books and Records; Right to Audit. As to each permission granted under the academic pay-per-use Service, User shall maintain for at least four full calendar years books
and records su!cient for CCC to determine the numbers of copies made by User under such permission. CCC and any representatives it may designate shall have the right
to audit such books and records at any time during User's ordinary business hours, upon two days' prior notice. If any such audit shall determine that User shall have
underpaid for, or underreported, any photocopies sold or by three percent (3%) or more, then User shall bear all the costs of any such audit; otherwise, CCC shall bear the
costs of any such audit. Any amount determined by such audit to have been underpaid by User shall immediately be paid to CCC by User, together with interest thereon at
the rate of 10% per annum from the date such amount was originally due. The provisions of this paragraph shall survive the termination of this License for any reason.

b) Digital Pay-Per-Uses of Academic Course Content and Materials (e-coursepacks, electronic reserves, learning management systems, academic institution intranets). For
uses in e-coursepacks, posts in electronic reserves, posts in learning management systems, or posts on academic institution intranets, the following additional terms apply:

i) The pay-per-uses subject to this Section 14(b) include:

A) Posting e-reserves, course management systems, e-coursepacks for text-based content, which grants authorizations to import requested material in electronic
format, and allows electronic access to this material to members of a designated college or university class, under the direction of an instructor designated by the
college or university, accessible only under appropriate electronic controls (e.g., password);

B) Posting e-reserves, course management systems, e-coursepacks for material consisting of photographs or other still images not embedded in text, which
grants not only the authorizations described in Section 14(b)(i)(A) above, but also the following authorization: to include the requested material in course materials for
use consistent with Section 14(b)(i)(A) above, including any necessary resizing, reformatting or modification of the resolution of such requested material (provided that
such modification does not alter the underlying editorial content or meaning of the requested material, and provided that the resulting modified content is used solely
within the scope of, and in a manner consistent with, the particular authorization described in the Order Confirmation and the Terms), but not including any other form
of manipulation, alteration or editing of the requested material;

C) Posting e-reserves, course management systems, e-coursepacks or other academic distribution for audiovisual content, which grants not only the authorizations
described in Section 14(b)(i)(A) above, but also the following authorizations: (i) to include the requested material in course materials for use consistent with Section 14(b)
(i)(A) above; (ii) to display and perform the requested material to such members of such class in the physical classroom or remotely by means of streaming media or
other video formats; and (iii) to "clip" or reformat the requested material for purposes of time or content management or ease of delivery, provided that such “clipping”
or reformatting does not alter the underlying editorial content or meaning of the requested material and that the resulting material is used solely within the scope of,
and in a manner consistent with, the particular authorization described in the Order Confirmation and the Terms. Unless expressly set forth in the relevant Order
Conformation, the License does not authorize any other form of manipulation, alteration or editing of the requested material.

ii) Unless expressly set forth in the relevant Order Confirmation, no License granted shall in any way: (i) include any right by User to create a substantively non-identical copy
of the Work or to edit or in any other way modify the Work (except by means of deleting material immediately preceding or following the entire portion of the Work copied
or, in the case of Works subject to Sections 14(b)(1)(B) or (C) above, as described in such Sections) (ii) permit "publishing ventures" where any particular course materials
would be systematically marketed at multiple institutions.

iii) Subject to any further limitations determined in the Rightsholder Terms (and notwithstanding any apparent contradiction in the Order Confirmation arising from data
provided by User), any use authorized under the electronic course content pay-per-use service is limited as follows:

A) any License granted shall apply to only one class (bearing a unique identifier as assigned by the institution, and thereby including all sections or other subparts of the
class) at one institution;

B) use is limited to not more than 25% of the text of a book or of the items in a published collection of essays, poems or articles;

C) use is limited to not more than the greater of (a) 25% of the text of an issue of a journal or other periodical or (b) two articles from such an issue;
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D) no User may sell or distribute any particular materials, whether photocopied or electronic, at more than one institution of learning;

E) electronic access to material which is the subject of an electronic-use permission must be limited by means of electronic password, student identification or other
control permitting access solely to students and instructors in the class;

F) User must ensure (through use of an electronic cover page or other appropriate means) that any person, upon gaining electronic access to the material, which is the
subject of a permission, shall see:

a proper copyright notice, identifying the Rightsholder in whose name CCC has granted permission,

a statement to the e"ect that such copy was made pursuant to permission,

a statement identifying the class to which the material applies and notifying the reader that the material has been made available electronically solely for use in the
class, and

a statement to the e"ect that the material may not be further distributed to any person outside the class, whether by copying or by transmission and whether
electronically or in paper form, and User must also ensure that such cover page or other means will print out in the event that the person accessing the material
chooses to print out the material or any part thereof.

G) any permission granted shall expire at the end of the class and, absent some other form of authorization, User is thereupon required to delete the applicable
material from any electronic storage or to block electronic access to the applicable material.

iv) Uses of separate portions of a Work, even if they are to be included in the same course material or the same university or college class, require separate permissions
under the electronic course content pay-per-use Service. Unless otherwise provided in the Order Confirmation, any grant of rights to User is limited to use completed no
later than the end of the academic term (or analogous period) as to which any particular permission is granted.

v) Books and Records; Right to Audit. As to each permission granted under the electronic course content Service, User shall maintain for at least four full calendar years
books and records su!cient for CCC to determine the numbers of copies made by User under such permission. CCC and any representatives it may designate shall have
the right to audit such books and records at any time during User's ordinary business hours, upon two days' prior notice. If any such audit shall determine that User shall
have underpaid for, or underreported, any electronic copies used by three percent (3%) or more, then User shall bear all the costs of any such audit; otherwise, CCC shall
bear the costs of any such audit. Any amount determined by such audit to have been underpaid by User shall immediately be paid to CCC by User, together with interest
thereon at the rate of 10% per annum from the date such amount was originally due. The provisions of this paragraph shall survive the termination of this license for any
reason.

c) Pay-Per-Use Permissions for Certain Reproductions (Academic photocopies for library reserves and interlibrary loan reporting) (Non-academic internal/external

business uses and commercial document delivery). The License expressly excludes the uses listed in Section (c)(i)-(v) below (which must be subject to separate license from
the applicable Rightsholder) for: academic photocopies for library reserves and interlibrary loan reporting; and non-academic internal/external business uses and commercial
document delivery.

i) electronic storage of any reproduction (whether in plain-text, PDF, or any other format) other than on a transitory basis;

ii) the input of Works or reproductions thereof into any computerized database;

iii) reproduction of an entire Work (cover-to-cover copying) except where the Work is a single article;

iv) reproduction for resale to anyone other than a specific customer of User;

v) republication in any di"erent form. Please obtain authorizations for these uses through other CCC services or directly from the rightsholder.

Any license granted is further limited as set forth in any restrictions included in the Order Confirmation and/or in these Terms.

d) Electronic Reproductions in Online Environments (Non-Academic-email, intranet, internet and extranet). For "electronic reproductions", which generally includes e-mail
use (including instant messaging or other electronic transmission to a defined group of recipients) or posting on an intranet, extranet or Intranet site (including any display or
performance incidental thereto), the following additional terms apply:

i) Unless otherwise set forth in the Order Confirmation, the License is limited to use completed within 30 days for any use on the Internet, 60 days for any use on an
intranet or extranet and one year for any other use, all as measured from the "republication date" as identified in the Order Confirmation, if any, and otherwise from the
date of the Order Confirmation.

ii) User may not make or permit any alterations to the Work, unless expressly set forth in the Order Confirmation (after request by User and approval by Rightsholder);
provided, however, that a Work consisting of photographs or other still images not embedded in text may, if necessary, be resized, reformatted or have its resolution
modified without additional express permission, and a Work consisting of audiovisual content may, if necessary, be "clipped" or reformatted for purposes of time or
content management or ease of delivery (provided that any such resizing, reformatting, resolution modification or “clipping” does not alter the underlying editorial content
or meaning of the Work used, and that the resulting material is used solely within the scope of, and in a manner consistent with, the particular License described in the
Order Confirmation and the Terms.

15) Miscellaneous.

a) User acknowledges that CCC may, from time to time, make changes or additions to the Service or to the Terms, and that Rightsholder may make changes or additions to the
Rightsholder Terms. Such updated Terms will replace the prior terms and conditions in the order workflow and shall be e"ective as to any subsequent Licenses but shall not
apply to Licenses already granted and paid for under a prior set of terms.

b) Use of User-related information collected through the Service is governed by CCC's privacy policy, available online at www.copyright.com/about/privacy-policy/.

c) The License is personal to User. Therefore, User may not assign or transfer to any other person (whether a natural person or an organization of any kind) the License or any
rights granted thereunder; provided, however, that, where applicable, User may assign such License in its entirety on written notice to CCC in the event of a transfer of all or
substantially all of User's rights in any new material which includes the Work(s) licensed under this Service.

d) No amendment or waiver of any Terms is binding unless set forth in writing and signed by the appropriate parties, including, where applicable, the Rightsholder. The
Rightsholder and CCC hereby object to any terms contained in any writing prepared by or on behalf of the User or its principals, employees, agents or a!liates and purporting
to govern or otherwise relate to the License described in the Order Confirmation, which terms are in any way inconsistent with any Terms set forth in the Order Confirmation,
and/or in CCC's standard operating procedures, whether such writing is prepared prior to, simultaneously with or subsequent to the Order Confirmation, and whether such
writing appears on a copy of the Order Confirmation or in a separate instrument.

e) The License described in the Order Confirmation shall be governed by and construed under the law of the State of New York, USA, without regard to the principles thereof of
conflicts of law. Any case, controversy, suit, action, or proceeding arising out of, in connection with, or related to such License shall be brought, at CCC's sole discretion, in any
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federal or state court located in the County of New York, State of New York, USA, or in any federal or state court whose geographical jurisdiction covers the location of the
Rightsholder set forth in the Order Confirmation. The parties expressly submit to the personal jurisdiction and venue of each such federal or state court.
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