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UNIVERSITY OF SOUTHAMPTON 
 

ABSTRACT 

FACULTY OF ENVIRONMENTAL AND LIFE SCIENCES 

School of Psychology 

Thesis for the degree of Doctor of Philosophy 

Co-registration of Eye Movements and Brain Potentials to Investigate Processes 

Underlying Reading 

Federica Degno 
 

The present thesis reports three experiments conducted simultaneously recording eye 

movements (EMs) and fixation-related potentials (FRPs) to examine parafoveal and foveal 

processing during silent reading of sentences. Experiment 1 examined the influence of 

preview quality and target word frequency on reading. Experiment 2 investigated the 

influence that different types of parafoveal previews as well as target word frequency exert 

on processing. Experiment 3 explored the effects of parafoveal inter-word spacing and 

parafoveal preview when a word is currently fixated. Overall, all three experiments 

indicated that visual and orthographic properties of an upcoming word are pre-processed in 

the parafovea, and that this pre-processing influences processing during fixations on 

pretarget and target words. No evidence of lexical processing of a word in parafovea was 

obtained neither in Experiment 1 nor in Experiment 2. Experiment 2 and Experiment 3 also 

demonstrated the added value of the FRP data in showing qualitative differences in relation 

to effects that appear as quantitatively similar in EM measures. In addition, all three 

experiments indicated that neural correlates associated with processing during natural 

reading might be different to those associated with less natural reading conditions. The 

thesis also considers a number of methodological implementations and implications of co-

registration methodology for future experiments aiming to investigate reading. 
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fixation	on	the	word	 is	displayed	on	the	x-axis.	The	vertical	black	 lines	 indicate	

the	time	windows	considered	for	the	cluster-based	permutation	tests:	between	



	

	
xiii	

between	 0-70	 ms,	 70-120	 ms,	 120-300	 ms,	 300-500	 ms.	 Panels	 A)	 FRP	

differences	 between	 pretarget	 words	 with	 previews	 made	 of	 string	 of	 letters	

and	identity	previews,	B)	between	previews	in	which	the	spaces	were	replaced	

by	a	random	letter	and	previews	 in	which	spaces	were	kept	 intact,	C)	between	

previews	 made	 of	 string	 of	 letters	 and	 identity	 previews	 both	 in	 which	 the	

spaces	were	replaced	by	a	random	letter,	D)	between	previews	made	of	string	of	

letters	and	identity	previews	both	in	which	the	spaces	were	kept	intact.	...	161	

Figure	 4.4.	 Results	 from	 FRPs	 time-locked	 to	 the	 fixation	 onset	 on	 each	 word.	 Panel	 A:	 Grand	

average	FRPs	in	response	to	ID	SPACED	(i.e.,	 identical	and	spaced	previews),	ST	

SPACED	 (i.e.,	 random	 letter	 string	 and	 spaced	 preview),	 	 ID	 UNSPACED	 (i.e.,	

identical	 previews	with	 the	 spaces,	 as	 displayed	 in	 parafovea,	 replaced	with	 a	

random	letter),	ST	UNSPACED	(i.e.,	random	letter	string	preview	with	the	spaces,	

as	displayed	in	parafovea,	replaced	with	a	random	letter)	 	conditions	displayed	

on	 nine	 channel	 locations,	 left	 frontal	 (FC5),	 midline	 frontal	 (Fz),	 right	 frontal	

(FC6),	 left	 centro-parietal	 (CP5),	 midline	 centro-parietal	 (CPz),	 right	 centro-

parietal	 (CP6),	 left	 parieto-occipital	 (PO7),	midline	 occipital	 (Oz),	 right	 parieto-

occipital	 (PO8)	 electrodes.	 Panel	 B-E:	 Topographies	 showing	 the	 average	 brain	

activity	associated	with	each	condition	 for	20-ms	 time	windows	 from	0	 to	500	

ms	after	fixation	onset.	.................................................................................	172	

Figure	5.1.	Pipeline	of	 the	decision	process	“steps”	 that	may	be	 followed	 in	order	 to	effectively	

acquire	and	analyse	data	from	co-registration	experiments.	.......................	184	

Figure	 5.2.	 Examples	 of	 gaze-contingent	 display	 change	 paradigms.	 Panel	 A	 shows	 the	moving	

window	 paradigm	 (McConkie	 &	 Rayner,	 1975).	 A	 normal	 window	 of	 text	 is	

presented	 around	 the	 point	 of	 fixation	 (in	 this	 example	 a	 one-word	window),	

while	the	text	around	this	window	is	replaced	with	strings	of	Xs	(or	some	other	

mask).	As	 the	 reader’s	eyes	move,	a	display	change	occurs	 rapidly,	 such	 that	a	

new	window	of	normal	text	is	presented	around	the	point	of	fixation	in	its	new	

position.	 Panel	 B	 illustrates	 the	 moving	 mask	 paradigm	 (Rayner	 &	 Bertera,	

1979).	 Here	 the	 mask	 covers	 foveal	 information	 (although	 it	 could	 cover	

information	in	both	the	fovea	and/or	the	parafovea),	such	that	the	text	in	fovea	

is	 replaced	by	a	mask	 comprised	of	Xs.	 Panel	C	 shows	 the	boundary	paradigm	

(Rayner,	 1975).	 An	 invisible	 boundary	 is	 embedded	 in	 the	 text.	 Prior	 to	 the	

reader’s	 eyes	 crossing	 the	 boundary,	 a	 target	 word	 is	 replaced	 by	 a	 preview	



	

	 	 	 xiv	

(here	 comprised	 of	 Xs).	 When	 the	 eyes	 cross	 the	 boundary,	 the	 preview	 is	

replaced	by	the	target	word.	........................................................................	185	

Figure	 5.3.	 Inclusion	 and	 exclusion	 criteria	 for	 consecutive	 fixations.	 Panel	 A.	 Examples	 of	

consecutive	fixations	that	would	be	acceptable	for	analysis.	Panel	B.	Examples	of	

fixations	 that	 would	 not	 be	 acceptable	 because	 they	 involve	 non-consecutive	

sequences	of	fixations	with	respect	to	the	pre-target	and	the	target	words.193	

Figure	5.4.	 Examples	of	one	participant’s	EEG	data	as	 they	appear	at	 the	end	of	 Step	2b.2.	 The	

coloured	lines,	with	numbers	at	the	top,	represent	the	events	that	are	present	in	

the	EEG	data.	 In	 red,	with	 the	corresponding	number	601,	 there	 is	 the	marker	

corresponding	 to	 the	 onset	 of	 the	 trial.	 In	 green,	with	 the	 number	 602	 at	 the	

top,	there	is	the	marker	corresponding	to	the	offset	of	the	trial.	The	other	lines	

are	 the	 eye	 movement	 events	 recorded	 from	 the	 right	 eye	 (i.e.,	 ‘R_’)	 and	

imported	during	the	pre-processing	step	described	in	Step	2b.2.	Fixation	onsets	

are	in	black,	saccade	onsets	in	blue,	and	blink	onsets	in	purple.	..................	199	

	

 
 
  



	

	
xv	

 

  





	

	
xvii	

DECLARATION OF AUTHORSHIP 

I, Federica Degno declare that this thesis entitled Co-registration of Eye Movements and 
Brain Potentials to Investigate Processes Underlying Reading and the work presented in it 
are my own and has been generated by me as the result of my own original research. 

I confirm that: 

1. This work was done wholly or mainly while in candidature for a research degree at this 

University; 

2. Where any part of this thesis has previously been submitted for a degree or any other 

qualification at this University or any other institution, this has been clearly stated; 

3. Where I have consulted the published work of others, this is always clearly attributed; 

4. Where I have quoted from the work of others, the source is always given. With the 

exception of such quotations, this thesis is entirely my own work; 

5. I have acknowledged all main sources of help; 

6. Where the thesis is based on work done by myself jointly with others, I have made 

clear exactly what was done by others and what I have contributed myself; 

7. Parts of this work have been published as: 

• Degno, F., Loberg, O., Zang, C., Zhang, M., Donnelly, N., & Liversedge, S.P. (in 

press). Parafoveal previews and lexical frequency: Evidence from eye movements 

and fixation-related potentials. Journal of Experimental Psychology: General. doi: 

10.1037/xge0000494	

• Degno, F., Loberg, O., Zang, C., Zhang, M., Donnelly, N., & Liversedge, S.P. 

(submitted). A co-registration investigation of inter-word spacing and parafoveal 

preview: Eye movements and fixation-related potentials. Brain & Language.	

• Degno, F., Soltész, F., Hepsomali, P., Donnelly, N., & Liversedge, S. P. (in 

revision). Co-registration of eye movements and EEG to investigate degradation 

and word frequency effects during reading. Journal of Experimental Psychology: 

General.	

• Degno, F., Loberg, O., & Liversedge, S.P. (in revision). Co-Registration of eye 

movements and fixation-related potentials: Practical issues of experimental design 

and data analysis. 

 

 

Signed:  ...................................................................................................................................  

Date:  ...................................................................................................................................  



	

	 	 	 xviii	

 
 
  



	

	
xix	

 
Acknowledgements 

First and foremost, I would like to thank my primary supervisor, Professor Simon P.  

Liversedge. It has been an honour to be his Ph.D. student. I am thankful for his enthusiasm, 

support and encouragement throughout my Ph.D., for always believing in this research 

project and in me, for being such an inspiring scientist. Furthermore, I would like to thank 

my second supervisor, Professor Nick Donnelly, for always offering a second perspective, 

for supporting me during the entire Ph.D., and for being instrumental in the building of the 

co-registration laboratory in the department. 

I would like to express my gratitude also to Dr. Fruzsina Soltész, who introduced me 

to the art of the EEG/ERP analyses with Matlab, and to Dr. Peter de Lissa, who hosted my 

visit at the Macquarie University and was always willing to answer my many questions on 

co-registration data and analyses. 

Special mention goes to my collaborator, Otto Loberg, for sharing his expertise, and 

for the long, detailed and useful discussions on every aspect of our co-registration 

journeys. Thanks also to Dr. Chuanli Zang and Dr. Manman Zhang for their time and help 

with two of my experiments, and for their friendship along the way. 

I would like to thank also the CVC group and all my 3109 office mates over the 

years. In particular, I would like to thank Ascen, Katerina and Hui for all the lunch breaks, 

coffees and chats we had, for being part of the fond memories of my Ph.D. Thanks also to 

my desk mate, Charlotte, for being my best and caring guide in this English learning 

experience, and to my back-desk colleague, Mengsi, for making working nights and 

weekends less lonely and more fun. 

Thanks also to all the people I have met during this journey, especially Carla, 

Francesca, Giulia, Katia, and Stefania. For the part of life we have shared and the 



	

	 	 	 xx	

friendship we have built. Thanks also to whom has always been there, before, during and 

certainly after this journey, Chiara. Thanks for always being there to share the small, big, 

ordinary, important details of my Ph.D. and life. 

A special and gigantic thanks goes to my mum, Rosa, and my dad, Ruggiero; the best 

examples of dedication, sacrifice and love. There are no words that can express my 

gratitude for being always there for me, respecting my choices, believing in me and in my 

dreams, supporting and understanding me in the good and bad times, wherever and 

however I am. This thesis is dedicated to you. Thanks also to my precious sister, Rossella, 

for her unconditional love, and to my wonderful niece, Rebecca, and nephew, Filippo, for 

making life much brighter. Thanks to Carlos, for his support, love and comprehension. 

Finally, I must thank my participants who have made this research possible, and the 

University of Southampton Mayflower Scholarship scheme which has allowed me to 

undertake this fantastic journey. 

  



	

	
xxi	

Abbreviations 

EEG Electroencephalogram 

EM Eye movement 

ERP Event-related potential 

FRP Fixation-related potential 

ICA Independent component analysis 

HEOG Horizontal electro-oculogram 

TTL Transitor-transitor logic 

VEOG Vertical electro-oculogram 

VWFA Visual word form area 

  

 

 
 
 
 
  
  



	

	 	 	 xxii	

 
  



Introduction	

	 1	

Chapter 1: Introduction 

1.1 The Cognitive Processes Underlying Reading 

Reading refers to the visual encoding and linguistic comprehension of written text.  

Early research on reading can be traced back over 100 years ago.  An early work is Huey’s 

book, The Psychology and Pedagogy of Reading (1908). Huey’s work was an attempt “to 

unravel the tangled story of the most remarkable specific performance that civilization has 

learned in all its history”, from the perceptual aspects of reading to its higher order 

cognitive processes that are required to make sense of linguistic information presented in 

print. Since these early works, reading has been a central topic of research in the cognitive 

sciences, lying at the intersection of different fields (e.g., psychology, linguistics, computer 

science, neuroscience, etc.). With the ongoing development of our technologically 

advanced society, reading has become an essential skill that individuals need to develop in 

order to be successful in their everyday communication and ability to learn, and more 

generally, to be successful in their life. To this date, research is still being carried out to 

further our understanding of reading, with the ultimate aim of untangling the cognitive 

processes that underlie written language processing, and to use this knowledge to support 

reading development and prevent reading difficulties. 

The present thesis examines some of the cognitive processes involved in reading, 

intending to provide insights into the time course of these cognitive operations. In 

particular, I present a series of experiments, conducted with co-registration of eye 

movements and brain potentials, where I used visual, orthographic and early linguistic 

manipulations that have produced well-documented results in the eye movement literature, 

with the aim of establishing corresponding neural correlates. In this first chapter, the 

background for the remaining of the thesis is set. Although it is beyond the purpose of this 

thesis to provide a comprehensive review of all the factors that affect reading, I provide an 
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overview of the cognitive processes involved in reading (from visual to lexical, syntactic 

and semantic processing), and discuss those factors that will be considered in the empirical 

chapters of the present thesis. Following, I provide a review of two techniques which are 

used to study written language processing; eye movement and event-related potential 

recordings.  Next, I introduce the co-registration method, which has been adopted to 

advance our understanding of reading, and I review the existing findings observed with 

this new technique. Finally, I present an overview of the following chapters of the current 

thesis. 

1.1.1 Visual Processing 

The process of reading starts with our eyes, via which written words appear as areas 

of light and dark. Light passes to the eyes and falls on the retina, which contains about 700 

million rod cells responsible for vision in dim light and about 7 million cone cells 

responsible for fine and colour vision (Watson, Kirkcaldie & Paxinos, 2010). The 

distribution of rods and cones varies significantly over the retina surface (Curcio, Sloan, 

Kalina, & Hendrickson, 1990), and this determines the organization of the retina into three 

regions: fovea, parafovea and periphery. The fovea is a small area of 2° of visual angle in 

the centre of the retina (i.e., an area called macula) which is dense in cones and sparse in 

rods. The parafovea is the region that extends a further 3° of visual angle to each side of 

the fovea (Balota & Rayner, 1991). Here, the density of cones drops steeply, while the 

density of rods increases. The periphery is the region beyond the parafovea where there is 

the maximum density of rods. The characteristic distribution of rod and cone cells defines 

the degree of acuity of vision in each area, such that visual acuity is highest in the fovea 

and decreases gradually (but rapidly) towards the periphery. Because discrimination of fine 

details is possible only in the fovea, it is essential to move our eyes when reading, in order 

to obtain the best quality image of the text to be processed. 
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When light from the physical stimulus reaches the retina, it is then transduced into 

electrochemical signals that are sent in the form of action potentials via the optic nerve, 

first to centres in the thalamus (the lateral geniculate nucleus), the hypothalamus (the 

suprachiasmatic nucleus), and the superior colliculus of the midbrain, to finally reach the 

cerebral cortex (Watson et al., 2010). There is convergent evidence from lesion, imaging 

and electrophysiological studies that the visual sensory inputs are received from the visual 

primary areas in the occipital lobes (see Price, 2012 for a review). In addition, 

electrophysiological research and eye movement studies provide converging evidence 

regarding the time it takes for the electrochemical signal carrying visual sensory inputs to 

propagate from the eyes to the visual primary areas of the brain, with an average of 60 ms 

(e.g., eye movement studies: Liversedge, Rayner, White, Vergilino-Perez, Findlay, & 

Kentridge, 2004; Rayner, Inhoff, Morrison, Slowiaczek, & Bertera, 1981; Rayner, 

Liversedge, White, & Vergilino-Perez, 2003; electrophysiological studies: Clark, Fan, & 

Hillyard, 1994; Foxe & Simpson, 2002; George, Jemel, Fiori, & Renault, 1997; 

Mouchetant-Rostaing, Giard, Bentin, Aguera, & Pernier, 2000). 

When the signal reaches the visual regions, the gross and early stages of analysis of a 

visual stimulus occur. During this first stage of word identification, analysis of the visual 

features of the letters comprising a word (e.g. horizontal, vertical and diagonal lines, edges, 

corners and colour) is carried out, taking on average approximately 90 ms (e.g., 

Assadollahi & Pulvermüller, 2001, 2003; Hauk & Pulvermüller, 2004; Hauk et al., 2006; 

see Reichle & Reingold, 2013 for a review). Processing of the visual features of the letter 

is essential to reading, and when it cannot proceed normally, reading is disrupted. One 

aspect of visual processing that can have a detrimental effect on reading if altered, is the 

visual appearance of text. Research has shown that when stimulus quality (e.g., Drieghe, 

2008; Jordan, McGowan & Paterson, 2012; Reingold & Rayner, 2006; White and Staub, 

2012) or text legibility (e.g., Mansfield, Legge, & Bane, 1996; Morrison & Inhoff, 1981; 
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Slattery & Rayner, 2010) is reduced, reading is disrupted. Indeed, under these 

circumstances, the encoding of the visual features of the letters cannot proceed normally, 

causing reading to slow down. The impact and time course of processing associated with 

visually degraded text and visually unusual letter sequences will be investigated in Chapter 

2 and 3 respectively. 

Another example of disrupted visual processing that is detrimental to reading is the 

removal of inter-word spaces (e.g., Perea & Acha, 2009; Rayner, Fischer, & Pollatsek, 

1998; Rayner & Pollatsek, 1996), or their replacement with letters, symbols, or digits (e.g., 

Fisher & Montanary, 1977; Johnson & Eisler, 2012; Malt & Seamon, 1978; Rayner, 

Fischer, & Pollatsek, 1998; Spragins, Lefton, & Fisher; 1976). A large amount of research 

has shown that inter-word spaces are important to reading alphabetic languages such as 

English because they provide cues for the demarcation of word boundaries (e.g., Epelboim, 

Booth, Ashkenazy, Taleghani, & Steinman, 1997; Paterson & Jordan, 2010; Perea & Acha, 

2009; Spragins et al., 1976), and in turn for saccade targeting (e.g., Juhasz, White, 

Liversedge, & Rayner, 2008; White, Rayner, & Liversedge, 2005; Rayner et al., 1998), as 

well as because they reduce crowding and provide information about word length ( e.g., 

Juhasz et al., 2008; White et al., 2005), which in turn facilitate word identification (e.g., 

Rayner et al., 1998). The importance and time course of processing of inter-word spaces 

will be discussed further in Chapter 4. 

Once the low-level visual properties of the written word are acquired, subsequent 

linguistic analyses can start. In the sections below I will briefly describe lexical (Section 

1.1.2), and syntactic, and semantic (Section 1.1.3) processing, by which the reader forms 

an incremental interpretation of the sentence, roughly on an almost word-by-word basis, as 

each word of the sentence is processed (e.g., Frazier & Rayner, 1982).  



Introduction	

	 5	

1.1.2 Lexical Processing 

Lexical processing refers to the recognition of a word, that is, when the reader makes 

sense of the word form and identifies its meaning. This process unfolds first by accessing 

the word representation in the mental lexicon (i.e., lexical access), which is thought of as a 

store comprised of lexical entries for all words known to the reader, where orthographic, 

phonological, and morphological forms, as well as syntactic category information and 

semantic meaning associated with each word are retained. Once the mental lexicon is 

accessed and a word is identified, then retrieval of fully specified information associated 

with that word (e.g., its semantic meaning) occurs.  

There are several models that portray the cognitive mechanisms involved in lexical 

processing (e.g., the Interactive-Activation model, McClelland & Rumelhart, 1981; 

Rumelhart & McClelland, 1982; the Dual Route Cascaded model; Coltheart, Rastle, Perry, 

Langdon & Ziegler, 2001). Although these connectionist models differ in the specifics of 

the cognitive operations that occur during lexical identification, they all share 

characteristics.  If we take the Interactive-Activation model as an example, within this 

framework it is assumed that features-, letters-, and words-level units are connected in the 

mental lexicon with bidirectional excitatory or inhibitory influences, which can proceed 

bottom-up (e.g., from activation associated with single letters feeding forward to activate 

word units) or top-down (e.g., from activation associated with word units feeding back to 

boost the activation associated with individual letter representations). Once activation 

within the system is stable, the identification of a word can occur. In addition, the models 

converge on the suggestion that acquisition of the visual features of the letters during 

visual processing allows the reader to detect letter identities, which, when bound together 

in the correct order, form an abstract orthographic letter representation (Clifton, Staub, & 

Rayner, 2007; Rayner, McConkie, & Zola, 1980; Rayner & Pollatsek, 1989). Processing of 

the correct letter identities is essential for the orthographic representation to be efficiently 
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generated. Indeed, increasing evidence has shown that when letter identities are preserved, 

but transposed within the word, reading is less disrupted than when the letter identities are 

substituted within the word (e.g., Johnson, Perea, & Rayner, 2007; Perea & Lupker, 2003a, 

2003b, 2004), and that disruption is especially evident when manipulations are applied to 

exterior (especially initial) letters, compared to internal letters (e.g., Chambers, 1979; 

Jordan, Thomas, Patching, & Scott-Brown, 2003; Pagán, Blythe, & Liversedge, 2016; 

Rayner & Kaiser, 1975; Rayner, White, & Liversedge, 2006; White, Johnson, Liversedge 

& Rayner, 2008). The role of letter identities in visual word recognition will be discussed 

further in Chapters 3 and 4 of the present thesis, through consideration of two experiments 

where words in the parafovea were replaced with visually similar letters. 

Once letter identities are acquired, the reader can access the abstract phonological 

representation associated with that specific orthographic form. Indeed, due to the nature of 

alphabetic orthographies (which developed with an arbitrary relation between graphic sign 

and meaning, via an arbitrary phonological representation, see Frost, 1998 for a 

discussion), it is accepted that written letters are converted into a sound-based 

representation for lexical access, even when tasks do not explicitly require a phonological 

output (e.g., Rayner, Pollatsek, & Binder,1998; Ziegler & Jacobs, 1995; Wagner & 

Torgesen, 1987). The role of phonology with respect to lexical access has been debated. 

The discussion concerned the time course of phonological processing, whether it is pre-

lexical (e.g., Rubenstein, Lewis, & Rubenstein, 1971) or post-lexical (e.g., Baron, 1973) in 

nature. There is now broad consensus on the role of phonology prior to lexical access, as 

there is evidence that phonological properties of a word facilitate word recognition (e.g., 

Rayner, Pollatsek, & Binder,1998; Van Orden, Johnston, & Hale, 1988). What remains 

unclear is the role of phonology in relation to the activation of the meaning of a word. In 

particular, it remains controversial whether phonological processing is necessary in order 

to activate the semantic meaning of a word (see Frost, 1998 for a discussion), or whether it 
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is used only in particular circumstances, for example during the identification of low 

frequency words. 

Word frequency is one of the most important factors that influence lexical processing 

(together with word length and word predictability, Clifton, Ferreira, Henderson, Inhoff, 

Liversedge, Reichle & Schotter, 2016).  Other important influences include age of 

acquisition (Juhasz, 2005; Juhasz & Rayner, 2003, 2006), orthographic, phonological and 

frequency neighbours (Acha & Perea, 2008a, 2008b, Grainger, Muneaux, Farioli, & 

Ziegler, 2005). There is robust evidence from a wide range of tasks that readers respond 

more quickly and more accurately to words that occur more frequently in the language 

compared to words that occur less frequently (e.g., Inhoff & Rayner, 1986; Rayner & 

Duffy, 1986). Different models have been proposed to explain these findings, in terms for 

example of order in which the visually presented sequence of letters is matched with the 

lexical candidate (search or verification models; e.g., Forster, 1976; Paap, McDonald, 

Schvaneveldt, & Noel, 1987), activation thresholds (the Interactive-Activation model; e.g., 

McClelland & Rumelhart, 1981; Rumelhart & McClelland, 1982), or prior probabilities 

(Bayesian Reader model, Norris, 2006). The main assumption for all models though is that 

word frequency is an important characteristic in the organisation of the mental lexicon, and 

it determines the ease or difficulty with which lexical entries are accessed and identified. 

The effect of word frequency in visual word recognition will be examined in the 

experiments reported in Chapters 2 and 3. 

Effects of frequency have also been investigated to understand the role of the 

morphological constituents of a word in lexical processing. Morphemes are the smallest 

units of meaning in our language, and can be distinguished as free or bound morphemes. 

Free morphemes stand alone in text (e.g., dog, kind, like), while bound morphemes cannot 

appear independently and are always attached to a free morpheme (e.g., -s in the word 

dogs, -ness in the word kindness, un- in the word unlike). On the basis of their 
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morphological structure, words can be classified as simple (or mono-morphemic), when 

they are comprised of one morpheme, and complex (or poly-morphemic), when they are 

comprised of two or more free and/or bound morphemes (e.g., cow-boy, play-er, re-open-

ed). A large amount of research has investigated whether morphemes are used to access 

the meaning of complex words in the mental lexicon, or whether the whole-word form is 

used. Evidence seems to suggest that both mechanisms exist, and that the morphological 

constituents are used for lexical access of long complex words, while whole-word form is 

used as lexical entry for short complex words (e.g., Bertram & Hyönä, 2003; Hyönä and 

Pollatsek 1998; Juhasz, 2008; see Hyönä, 2015 for a review). However, whether 

decomposition of complex words is orthographic (e.g., Rastle, Davis, & New, 2004, Rastle 

& Davis, 2008) or semantic in nature (e.g., Marslen-Wilson, Tyler, Waksler, & Older, 

1994), and whether it is pre-lexical (e.g., Marslen-Wilson, Bozic, & Randall, 2008) or 

post-lexical (e.g., Giraudo & Grainger, 2001) is a matter of debate. 

There is a large amount of evidence that orthographic, phonological, and 

morphological representations of each word are stored in our mental lexicon. However, the 

temporal course by which these representations are accessed, and then one or more word 

meanings are activated, remains unclear. To further complicate our understanding of the 

temporal dynamics of the cognitive processes that underlie reading, different kinds of 

results are observed from different experimental methods. For example, the earliest time at 

which an influence of word frequency occurs is contradictory in eye movement and 

electrophysiological studies. In eye movement research, this effect has been shown as early 

as during the first fixation on a word, that is, approximately within the first 250 ms upon 

fixation (see Rayner, 1998). However, frequency appears to have a robust influence 

between approximately 300-500 ms from the word onset (i.e., on the N400 component) in 

electrophysiological studies using isolated word presentation paradigms (see Kutas & 

Federmeier, 2011). Considering that the brain determines when and where to move the 
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readers’ eyes, it is a paradox that the word frequency effect occurs earlier in the eye 

movement data than the electrophysiological data (Rayner & Clifton, 2009; Sereno & 

Rayner, 2003). Additionally, during natural reading, the time spent fixating a word is used 

to process that particular word, as well as to pre-process some aspects of the words in 

parafovea (e.g., its features). That means, within an average eye fixation of approximately 

250 ms, both foveal and parafoveal processing occur. Thus, word frequency might actually 

exert its influence on the speed of lexical identification even within a narrower time 

window than 250 ms. 

The more complex a task is to characterise (such as reading), the more difficult it is 

to also describe the exact brain areas involved in the underlying cognitive processes. There 

is overall agreement that once the signal from the eyes reaches occipital regions of the 

brain (where visual processing takes place), it is transmitted to temporal, parietal and 

frontal lobes for higher order processing (e.g., Friederici, 2011). Here, several separate 

regions have bidirectional connections between them (Dehaene, 2009), so that both low- 

and high-level modulations can occur following an occipital-to-frontal or frontal-to-

occipital trajectory respectively (Carreiras, Armstrong, Perea & Frost, 2014). Although the 

exact areas involved in lexical processing remain unclear, there is some evidence for the 

involvement of a region called visual word form area (VWFA), located in the middle 

portion of the left fusiform gyrus between the left occipital and temporal lobes of the brain 

(e.g., Cohen et al., 2000; Dehaene et al., 2001).  The VWFA has been associated with the 

analysis of letter identity irrespective of changes in letter size, shape, colour and position 

(e.g., Cohen et al., 2000; Cohen et al., 2002; Dehaene et al., 2001, Dehaene, Le Clec'H, 

Poline, Le Bihan, & Cohen, 2002; Gaillard, et al., 2006; Vinckier et al., 2007). A 

continuous gradient of selectivity along the posterior-to-anterior axis of the VWFA has 

been observed in several studies (e.g., Vinckier et al., 2007; Seghier & Price, 2011; 

Woollams et al., 2011), such that more anterior regions of this area are selective to higher-
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level stimuli (e.g., strings with frequent bigrams or quadrigrams, and real words; Vinckier 

et al., 2007). There is consensus that this region plays an important role in reading, and that 

it is different from early visual processing. However, it is important to note that the VWFA 

is activated also during, for example, object naming (e.g., Bookheimer, Zeffiro, Blaxon, 

Gaillard, & Theodore, 1995; Etard et al., 2000; Murtha, Chertkow, Beauregard, & Evans, 

1999), colour naming (e.g. Price, Moore, Humphreys, Frackowiak, & Friston, 1996), with 

congenitally blind subjects reading Braille (e.g., Buchel, Price, & Friston, 1998; Reich, 

Szwed, Cohen, & Amedi, 2011) and in tasks with auditory words (e.g., Booth et al., 

2002a, 2002b). As such it appears that the VWFA is not unimodal to visual processing and 

to written words, as it would be if this region was exclusively activated in reading tasks 

(see Price & Devlin, 2003 for a review). It may be that the VWFA is a region where neural 

interactions between different cortical (specifically sensorimotor areas) and subcortical 

regions converge (Damasio & Damasio, 1994; Price & Devlin, 2003), and that it is this 

network of activations that serves the purpose of analysis of letter identity, which in turn 

triggers higher order linguistic processing.  

1.1.3 Syntactic and Semantic Processing 

Once a word is identified, and its syntactic category (e.g., noun, verb, adjective, etc.) 

becomes available, the language processor will attempt to integrate the word with the 

sentence-level syntactic structure and semantic representation. Syntactic processing (or 

parsing) involves computing the structural relations between the different words of the 

sentence. Semantic processing refers to the construction of a representation of sentential 

meaning (i.e., who is doing what to whom). It is debated whether syntactic parsing 

precedes semantic interpretation or whether semantic processing operates independently 

from syntactic analysis (see Staub, 2015 for a discussion). However, it seems likely that 

both processes occur during normal comprehension of the meaning of a sentence. 
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A large number of models are present in the literature to describe the exact 

mechanisms that operate during syntactic processing. Serial approaches (e.g., Garden Path 

model, Frazier, 1987; ACT-R-based model, Lewis & Vasishth, 2005; Rational Left-Corner 

Parser, Hale, 2011) propose that a single representation of the sentence-level syntactic 

structure is constructed at a time. Thus, changes to this representation are made only when 

necessary, as, for instance, in case of ambiguity. For example, in the classic Garden Path 

model (Frazier, 1987), it is assumed that the reader will first form the simplest possible 

syntactic structure (i.e., minimal attachment principle), and attach any ambiguous phrase to 

the latest open clause (i.e., late closure principle). If the initial syntactic parsing results in a 

grammatically illegal, or semantically implausible sentence, then a new alternative 

syntactic structure is built in order to attain a legal or more plausible interpretation of a 

sentence. In contrast, parallel models (e.g., Constraint-Based approach, MacDonald, 

Perlmutter, & Seidenberg, 1994; McRae, Spivey- Knowlton, & Tanenhaus, 1998; Surprisal 

model, Levy, 2008) assume that the reader maintains multiple syntactic representations 

until an ambiguity can be resolved. For example, in the Constraint-Based approach, it is 

assumed that syntactic parsing is interactive and competitive syntactic structures are 

activated in parallel. As the reader processes each word in the sentence, alternative 

possible structures will receive activation from different sources of information (e.g., 

probabilistic information, thematic information and semantic plausibility). The syntactic 

structure that receives most activation from several sources and is compatible with most 

constraints will be the one selected. Hybrid models (e.g., Unrestricted Race model, 

Traxler, Pickering, & Clifton, 1998; van Gompel, Pickering, Pearson, & Liversedge, 2005; 

van Gompel, Pickering, & Traxler, 2001) assume that the reader builds multiple syntactic 

structures on a probabilistic basis.  If the information prior to the ambiguity is sufficiently 

strong to support one of these syntactic analyses, that structure will be adopted. However, 

when prior information is not sufficiently strong, each syntactic analysis will be adopted 
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half of the time, and reanalysis will occur only when the adopted syntactic structure is 

ungrammatical or implausible. To date, however, a lack of consensus on the exact 

mechanisms that operate during syntactic processing still remains. 

Similarly, several models have been developed to explain semantic processing of 

sentences, and more in general, of written text (e.g., Construction-Integration Theory, 

Kintsch, 1988, 1998; Kintsch & van Dijk, 1978; The Structure Building framework; 

Gernsbacher, 1991; The Event Indexing Model; Zwaan, Langston, & Graesser, 1995). 

However, there is agreement that sentence comprehension is determined by the 

understanding of each single word embedded in the sentence (i.e., semantic word 

processing), on the syntactic relations between these words, and the assignment of 

semantic relation between, for example, a verb, its agent and its patient/theme (i.e., 

thematic processing), the matching of the sentential meaning with world knowledge in 

memory (pragmatic processing), as well as the connection and inferences between 

sentences of a text (discourse processing; see Traxler, 2011 for an extensive discussion). 

Neuroimaging studies showed that both syntactic and semantic processing involve a 

fronto-parieto-temporal network with bidirectional connections between different brain 

regions (e.g., inferior frontal cortex, frontal operculum, superior and middle temporal 

gyri), with functional subdivision of this network differing according to each specific 

neurocognitive model (see Friederici, 2009, 2012). With respect to the temporal course of 

syntactic and semantic processing, the pattern of results is mixed between the eye 

movement and ERP literature (see Clifton & Staub, 2011 for a discussion). Eye movement 

studies showed effects of syntactic and semantic processing difficulties both as early as 

during first fixation duration, and as late as during first pass reading times (the sum of all 

fixations made in a region from first entering the region until leaving the region either to 

the left or to the right), go-past times (the sum of all fixations made in a region from first 

entering the region until the first fixation to the right of the region; including any 
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regressions the reader made before moving forward), second pass reading times (the sum 

of all fixations made in a region after first pass times), total reading times (the sum of all 

fixations made in a region of text, including fixations backward and forward), as well as 

regressions out (the probability of making a regressive eye movement out of a region; see 

Clifton, Staub, & Rayner, 2007 for a review). In contrast, electrophysiological studies 

showed effects of syntactic and semantic processing beyond 250 ms, on the N400 (i.e., 

centro-parietal negativity between 300-500 ms post-stimulus onset), LAN (i.e., left anterior 

negativity observed between 300-500 ms after stimulus onset) and P600 (i.e., centro-

parietal positivity between 500-800 ms post-stimulus onset) components (e.g., Bornkessel, 

Schlesewky, & Friederici, 2003; Friederici, 1995; Kutas & Hillyard, 1980; Osterhout & 

Holcomb, 1992). 

None of the experiments presented in this thesis have manipulated factors known to 

influence syntactic and semantic processing. For this reason, it is outside the scope of the 

present thesis to provided an extensive discussion of both processes. For the same reason, 

factors known to influence syntactic and semantic processing (e.g., lexical ambiguity) will 

not be discussed. 

1.2 Methodologies Used to Study Reading 

A considerable volume of studies has focused on visual word recognition, 

investigating different aspects of reading with different techniques. In the following 

section, I will describe the methodologies relevant for the present thesis. 

1.2.1 Eye Movements 

Eye movements are a non-invasive behavioural method of measuring cognitive 

processing. They are an optimal technique to study reading as they are an intrinsic part of 

it. Due to the acuity constraints of the visual system, saccadic eye movements are made 
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during reading in order to bring new information into foveal vision for detailed processing 

(Rayner, 1998, 2009). Saccades are rapid ballistic movements of the eyes which last 

approximately 30 ms and which advance by about seven to nine letters on average 

(Rayner, 1998, 2009). Fixations are periods of time between saccades wherein the eyes are 

relatively still and information is acquired (Rayner and Pollatsek, 1989). The amount of 

time a word is fixated varies depending on the characteristics of the word(s) being 

extracted and processed (Schotter & Rayner, 2015). However, on average fixations last 

about 250 ms (Rayner, 1998, 2009), and during a single fixation we can extract 

information from 3-4 character spaces to the left and 14-15 characters to the right of 

fixation in alphabetic languages like English (McConkie & Rayner, 1975, 1976). 

Eye movements have become the preferred way to study cognitive processes 

underlying natural reading (Rayner, 2009). This method has optimal ecological validity, in 

that subjects who take part in such experiments are not required to engage in any other 

cognitive activity other than reading (see Liversedge, Blythe & Drieghe, 2012). In 

addition, eye movements provide a good index of spatial aspects of processing, as we can 

measure which word readers are fixating at any particular time, and on this basis we can 

often infer which words are being processed. Eye movement recording allows the 

experimenter to use natural stimuli (sentences, or paragraphs of text) and paradigms that 

most often do not result in conscious disruption to reading, as for example, in the use of 

gaze contingent paradigms (see below). An additional key strength of eye movements is 

that they reflect online linguistic processes and their time course (Liversedge & Findlay, 

2000; Rayner 1998).  

1.2.1.1 Paradigms used in eye movement studies 

The ecological validity of the eye movements has allowed researchers to use 

paradigms that do not impose artificial constraints on normal reading, for example, gaze 

contingent paradigms. These techniques were ground-breaking in the late 70s, and are 
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nowadays established as classic methods for the study of reading. In the following section 

I provide a brief description of these paradigms. 

The first gaze contingent technique to be conceived was the moving window 

paradigm (McConkie & Rayner, 1975; see Figure 1.1A). The method consists of 

presenting a normal window of text around the point of fixation, while the text around this 

window is disrupted (originally being replaced with strings of Xs). As the reader’s eyes 

move (i.e., make a saccade), a display change occurs, such that a new window of normal 

text is presented around the new point of fixation. This paradigm has been used to study 

the size of the effective visual field during reading, referred to as the perceptual span, 

which is the window of text necessary for reading to proceed at a normal pace. A similar 

technique, the moving mask paradigm (Rayner & Bertrera, 1979; see Figure 1.1B) has been 

used to understand the role of foveal and parafoveal vision in written word processing. In 

this paradigm, the size of the mask was varied in order to cover the entire fovea and/or the 

parafovea. Results showed that gross types of information, such as beginning and ending 

letters, word shape and word length, are extracted from the parafovea, while processing of 

semantic information associated with a word starts once the word in fixated in fovea. A 

third technique that has been widely used is the boundary paradigm (Rayner, 1975; see 

Figure 1.1C). It involves the use of an invisible boundary embedded in the text. Prior to the 

reader’s eyes crossing the boundary, a target word is replaced by a preview stimulus. The 

preview is replaced by the target word when the eyes cross the boundary. By manipulating 

the relationship between preview stimulus and target word, this paradigm has been used to 

study the type of information that we can extract from the parafovea.  
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Figure 1.1. Examples of the gaze-contingent paradigms used in eye movement studies. Panel A shows the 

moving window paradigm, with a one-word window and spaces kept intact. Panel B shows the moving mask 

paradigm with a one-word foveal mask. Panel C shows the boundary paradigm, with the parafoveal preview 

comprised of Xs, which is replaced by the target word (‘coffee’) when the eyes cross the invisible boundary. 

1.2.1.2 Eye movement measures 

In reading research, eye movement measures have been used with the assumption 

that they reflect online linguistic processing (Liversedge & Findlay, 2000). Thus, by 

measuring the temporal and spatial characteristics of readers’ eye movements (e.g., how 

long a word is fixated for, where the eyes move, how many fixations are made on a 

particular word), we can infer the underlying cognitive processes and their time course that 

occur during reading. For example, several studies have observed that the time taken to 

process the text is associated with the ease with which processing occurred (e.g., 

Liversedge, Paterson & Pickering, 1998; Rayner and Pollatsek, 1989). Below, I will briefly 

describe the key eye movement measures used in psycholinguistic studies. 

The first distinction that can be made in the eye movement measures is between 

global and local measures. This distinction is based on the interest area of the analyses, 

Xxx xxxx x great xxxxxx xxxx xx xxxxxxxxx xxx xxx xx xxx xxxx.

Xxx xxxx x xxxxx coffee xxxx xx xxxxxxxxx xxx xxx xx xxx xxxx.

She made a xxxxx coffee cake to celebrate the end of the term.

She made a great xxxxxx cake to celebrate the end of the term.

She made a great xxxxxx cake to celebrate the end of the term.

She made a great coffee cake to celebrate the end of the term.

A. Moving window paradigm

B. Moving mask paradigm

C. Boundary paradigm
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such that global measures refer to the analysis of the entire sentence, while local measures 

indicate that the analysis examined specific regions of interest in the sentence (e.g., target 

words). Global measures (e.g., mean duration, number of fixations and regressions for a 

sentence, total sentence reading time, etc.) are considered to reflect the reader’s general 

difficulty with sentence comprehension, whereas local measures (e.g., duration, number of 

fixations and regressions from a specific region of the sentence) are thought to reflect the 

difficulty of processing at a particular region of interest in the sentence. A second 

differentiation is based on the time course of processing. Early measures, such as first-pass 

reading measures (e.g., gaze duration, the sum of all the fixations on a specific region from 

the first fixation on that region until the eyes fixate another region) often reflect the early 

stages of processing (e.g., word identification). Later measures, including second-pass 

time measures (i.e., the sum of all the fixations on a particular interest area following the 

initial first-pass time) usually reflect later stages of processing (e.g., sentence integration) 

(Clifton, Staub, Rayner, 2007; Rayner, Sereno, Morris, Schmauder & Clifton, 1989). 

For the purposes of the present thesis, we describe in more detail the first-pass 

reading measures that we analysed in all the experiments reported. First fixation duration, 

as the name suggests, is the duration of the initial fixation on a word, irrespective of the 

total number of fixations on that interest area. First fixation duration, includes single 

fixation duration (where the reader makes only one fixation on the word during first pass) 

but also those cases where the word received more than one fixation. In both instances, 

first fixation duration reflects the initial processing of a word (Inhoff, 1984). As 

mentioned, single fixation duration is the duration of the fixation when only one is made 

on a particular word during first-pass reading. Gaze duration is the sum of all the 

consecutive fixations on a word before making a saccade away from it. It is generally 

assumed that in relation to single fixation duration and gaze duration, readers recognize the 

word before moving from it (Juhasz & Rayner, 2003).  
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Differences in reading times are taken to reflect differences in the processing 

difficulty of aspects of the stimulus (e.g., letter clusters, words or phrases). Experimenters 

make inferences about theoretical accounts of processing based on differences in the time 

associated with fixations (or differences between summed fixation reading time measures) 

that occur between experimental conditions.  That is, they base their inferences on 

differences in the endpoint in time of a fixation (or series of fixations).  Note, though, that 

eye movement fixation data are not at all informative about whether an overall difference 

(say in fixation duration or reading time) derives from disruption to a single aspect of 

processing that took place during a fixation, or instead whether it derives from disruption 

to multiple aspects of processing.  Let us consider Figure 1.2. 

In Figure 1.2 I provide a schematic (and simplistic) representation of the types of 

visual and linguistic processing that occur during a fixation on a word that is being 

lexically identified.  Furthermore, we consider how such processing may proceed when the 

word is visually degraded relative to when it is not.  In this example, we illustrate an effect 

size of 30 ms.  In Figure 1.2A, sub-processes are represented as being initiated serially and 

then running in parallel. In Figure 1.2B, the same processes are illustrated, but in this case, 

more than one process can start at the same time (in this case, the parallel initiation of 

orthographic and phonological processing).  In Figure 1.2C, the additional 30 ms cost to 

processing associated with degradation of the stimulus is attributable solely to disruption 

of visual encoding.  In contrast, in Figure 1.2D, the extra 30 ms reflects additional cost to 

each of the sub-processes underlying word identification.  The important point to take from 

this discussion is that whilst differences in eye movement measures are extremely 

informative regarding on-line processing in reading, it is also the case that such measures 

do not always provide a continuous reflection of the disruption to different sub-processes 

that may occur during a fixation.  That is to say, fixations are not continuous, but instead 
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are discrete events, and differences in fixation durations might reflect disruption to one or 

more aspects of processing that occurred during that period.  

 

Figure 1.2. A schematic illustration of the sub-processes underlying lexical processing that occur during a 

fixation in reading, reflecting differences in the time course with which each of those sub-processes is 

initiated. Panel A: The sub-processes are initiated serially and then run in parallel. Panel B: Orthographic 

and phonological processing are initiated simultaneously.  Panel C: An experimental manipulation, such as 

visual degradation, may exert its influence on one of the sub-processes (i.e., here visual encoding). Panel D: 

As an alternative possibility, an experimental manipulation, such as visual degradation, may produce 

disruption to processing for each of the separate sub-processes underlying lexical identification. 
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1.2.1.3  “When” and “Where” Eyes Move during Reading 

Readers experience that their eyes smoothly scan the text they are reading without 

any gaps or blank periods. This is because information is integrated across fixations such 

that what is extracted from the parafovea is combined with the information obtained during 

foveal vision (e.g., Cutter, Drieghe, & Liversedge, 2015; see Rayner, 1998, 2009 for 

reviews). To understand the type of information that is integrated across saccades, in this 

section I will describe the factors that influence when and where readers move their eyes. 

The time that readers spend fixating a word depends on three properties of the word: 

length, frequency and contextual constraint (the “big three” in reading; Clifton, Ferreira, 

Henderson, Inhoff, Liversedge, Reichle & Schotter, 2016). Reading times linearly increase 

with the increase of word length (e.g. Just & Carpenter, 1980), and this is partly due to the 

fact that longer words receive more fixations than short words. In addition, it has been 

demonstrated that low-frequency words receive longer and more fixations than high-

frequency words (e.g. Altarriba, Kroll, Sholl, & Rayner, 1996; Henderson & Ferreira, 

1990, 1993; Hyönä & Olson, 1995; Inhoff & Rayner, 1986; Just & Carpenter, 1980; 

Kennison & Clifton, 1995; Raney & Rayner, 1995; Rayner, 1977; Rayner & Duffy, 1986; 

Rayner & Fischer, 1996; Rayner & Raney, 1996; Rayner, Fischer, & Pollatsek, 1998; 

Sereno, 1992; Vitu, 1991). Finally, previous findings have shown that a word embedded in 

a context that provides a strong constraint with respect to predictability receives shorter 

reading times than words in an unconstrained context (e.g. Altarriba et al., 1996; Balota, 

Pollatsek, & Rayner, 1985; Ehrlich & Rayner, 1981; Rayner & Well, 1996; Schustack, 

Ehrlich, & Rayner, 1987; Zola, 1984). 

Where readers’ points of fixation tend to land within a word is quite systematic, that 

is between the beginning and the middle of a word (preferred viewing location, PVL, 

Rayner, 1979). However, this location varies depending on the low-level visual 

information of both the word in fovea and parafovea. Previous research has shown that the 
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spaces between words play an important role in guiding saccades towards the PVL. The 

length of a saccade is reduced when the spaces between words are removed or filled in 

with random letters (e.g., McConkie & Rayner, 1975; O'Regan, 1979,1980; Pollatsek and 

Rayner, 1982; Rayner, 1979). Saccade length is also modulated by the length of the word 

in the parafovea, such that the longer the word in the parafovea, then the longer is the 

saccade (Morris, Rayner, & Pollatsek, 1990), and by the regularity of the initial letters of a 

word, such that if they are irregular the landing position is shifted towards the beginning of 

the word (Beauvillain & Doré, 1998; Beauvillain, Doré, & Baudouin, 1996; Doré & 

Beauvillain, 1997; Hyönä, 1995). Furthermore, it has also been demonstrated that the 

length of the fixated word can influence the landing position. If, for example, the fixated 

word is long (and so the distance to the next word is between 8 and 10 spaces), the landing 

position will be slight more on the left of the PVL, while if the currently fixated word is 

short (and so the distance to the following word to be fixated is about 2 or 3 letter spaces), 

the PVL will be shifted to the right (e.g., McConkie, Kerr, Reddix, & Zola, 1988). In 

addition, there is evidence showing that high frequency words are skipped more than low 

frequency words (O'Regan, 1979; Rayner & Raney, 1996; Rayner, Sereno, & Raney 

1996), and that words in sentence frames that provide high contextual constraint are 

skipped more than frames that provide medium or low contextual constraint (Rayner & 

Well, 1996). However, it is less clear whether higher-level properties of a word (e.g., 

syntactic and semantic properties of a word) can influence the decision of where to move 

the eyes next. 

1.2.2 Event-related potentials 

 Event-related potentials (ERPs; Vaughan, 1969) are a non-invasive 

electrophysiological method of measuring brain activity during cognitive processing from 

the skin surface of the scalp. They provide continuous (millisecond temporal granularity) 

waveforms that reflect neural electrical activity. In particular, ERPs reflect the summed 
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activity of postsynaptic dendritic potentials generated by thousands or millions of similarly 

oriented pyramidal neurons that fire in synchrony in response to an event or stimulus 

(Allison, Woods & McCarthy, 1986). ERP components appear on the scalp as voltages and 

are described in terms of polarity (positive and negative deflections labelled respectively 

with the letters P and N), amplitude (measured in µV), latency (measured in ms or given in 

ordinal position), and scalp distribution (the underlying area of the scalp where the signal 

is observed). It is important to note that although the topography of ERP components 

cannot be used to determine the underlying neuronal sources that generated a specific 

component (i.e., the inverse problem), it can be used to differentiate components with 

similar amplitude and latency. 

1.2.2.1 Paradigms used in event-related potential studies 

Due to their optimal temporal resolution (in the range of milliseconds), ERPs have 

been widely used to study the time course of visual word recognition. However, for a long 

time, it has been very challenging to measure the temporal course of the processes 

involved in reading except via unnatural paradigms. In this section, I will briefly describe 

some of the approaches used in the ERP literature on reading. 

One technique that has been widely adopted to understand the organization of the 

mental lexicon is priming (e.g., Holcomb & Grainger, 2009; see Figure 1.3A). This 

paradigm involves the brief presentation of a prime rapidly followed by a second fully 

visible target word. The idea is that pairs of prime-targets that share a large number of 

properties (e.g., perceptual, orthographic, phonological, semantic characteristics) are more 

interconnected to each other in the mental lexicon, and in prime-target pairs the target 

word will be identified faster. A second classic paradigm in the ERP literature is the rapid 

serial visual presentation (e.g., DeLong, Urbach, & Kutas, 2005; Kutas & Hillyard, 1984; 

see Figure 1.3B). In this approach, readers are required to keep their eyes in the middle of 

the screen, while sentences are presented one word at a time in the centre of the screen for  
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Figure 1.3. Examples of the presentation paradigms used in ERP studies. Panel A shows the masked priming 

paradigm used in Holcomb & Grainger (2009). The trial began with a forward mask comprised of hash 

marks, followed by a short presentation of the prime, replaced by a backward mask consisting of hash marks, 

followed by the presentation of the target word. Panel B shows the RSVP paradigm, with an example 

sentence from DeLong, Urbach, and Kutas (2005). Each word of the sentence is presented centrally on the 

screen for a certain amount of time, and participants are asked to maintain their fixation on the centre of the 

screen. Panel C shows the flanker-word presentation paradigm, with an example sentence from Barber, 

Doñamayor, Kutas, and Münte (2010). Each word of the sentence is presented in the centre of the screen with 

the previous and following words flanked to the left and right of the fixation respectively. 
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a fixed amount of time (usually up to 1000 ms). The assumption is that processing of a 

new stimulus starts at its onset. Whilst these two approaches can provide some insight into 

processing in reading, they remain fundamentally limited in relation to their ecological 

validity.  For example, in RSVP paradigms readers must maintain central fixation, and 

must refrain from making saccadic eye movements (or even blinks).  This sits in stark 

contrast to the situation that exists in natural reading where on any particular fixation, 

readers process the word that they are fixating as well as words that lie in the parafovea.  

Furthermore, saccades are a central aspect of reading, serving to bring partially pre-

processed parafoveal information into central foveal vision.  Note also that parafoveal 

processing is a critical aspect of natural reading, during which readers process words prior 

to their direct fixation (when they lie in relatively low acuity vision), necessitating that 

readers allocate attention to non-foveal locations.  Processing under these circumstances is 

quite different from that which occurs when sequences of successive, centralised, words 

are identified.  Furthermore, in studies directly contrasting methods in which saccadic eye 

movements are permitted relative to those in which central fixation was required, reading 

was facilitated when eye movements occurred (Marton, Szirtes & Breuer, 1985; 

Kornrumpf, Niefind, Sommer & Dimigen, 2016).  

A third paradigm that has been recently implemented in ERP research is the flanker-

word presentation (e.g., Barber, Ben-Zvi, Bentin, & Kutas, 2011; Barber, Doñamayor, 

Kutas, & Münte, 2010; Barber, van der Meij, & Kutas, 2013; Li, Niefind, Wang, Sommer, 

& Dimigen, 2015; see Figure 1.3C). According to this technique, sentences are presented 

word-by-word in the centre of the screen, with the preceding and following word(s) of the 

sentence displayed laterally, to the left and to the right of the centrally presented word on 

the screen. This paradigm was designed with the idea of overcoming the unnaturalness of 

the earlier ERP techniques, as it displays not just one word at a time but also the preceding 

and upcoming word(s), therefore potentially allowing for parafoveal processing.  However, 
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the flanker-word presentation still precludes natural reading behaviour.  Readers are again 

required to fixate the center of the screen and not to make saccadic eye movements, while 

the preceding and following word(s) are displayed laterally. During normal reading there is 

a tight coupling of covert attention and saccadic targeting, such that readers (usually) 

allocate attention to parafoveal words prior to making a saccade to fixate those words.  

Hence, whilst in principle it is possible that readers may allocate their attention 

parafoveally, it is extremely likely that readers do not allocate attention to parafoveal 

words as they do during normal reading. Indeed, the stricture to maintain central fixation 

and not to make saccades, strongly suggests that allocation of attention to parafoveal words 

will be inhibited. 

1.2.2.2 Event-related potential measures 

The early research conducted using ERPs was focused on the identification and 

characterisation of ERP components rather than using them to tackle questions of broad 

scientific interest (Luck, 2014). This implies that some of the components described in the 

early ERP literature were associated with and labelled as the marker of one specific mental 

operation (e.g., P600 component associated with detection of syntactic anomalies, 

Hagoort, Brown & Groothusen, 1993). Nowadays there is evidence that more than one 

cognitive process can occur in the time window of specific components (e.g., Kutas & 

Federmeier, 2011). In this section, I will briefly describe the main ERP components that 

have been documented during reading tasks of written words presented in the RSVP 

paradigm.  

The first component that can be observed in the ERP waveform resulting from a 

reading task is the P1 component. The P1 is a positivity with a peak around 100 ms post-

stimulus onset and a scalp distribution over the occipital sites. The temporal interval of this 

component appears to be associated with processing of the physical characteristics of a 
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stimulus (e.g., luminance, Johannes, Münte, Heinze & Mangun, 1995; stimulus size, 

Grossi & Coch, 2005; length, Hauk & Pulvermüller, 2004). 

A second component that can be seen is the N170 (also known as the N1 in co-

registration studies, e.g., Dimigen, Kliegl, & Sommer, 2012). The N170 component is a 

negativity observed over the occipito-temporal sites with a peak at approximately 200 ms 

post-stimulus onset. It has been proposed that the N170 component could be associated 

with the activation of the VWF area found in fMRI and PET studies (e.g., Brem et al., 

2006, 2009). Evidence showing that a larger N170 was observed on the left hemisphere for 

orthographic stimuli, and on the right hemisphere for non-orthographic stimuli (e.g., 

words, pseudowords, nonwords vs. symbols and forms; Bentin, Mouchetant-Rostaing, 

Giard, Echallier, & Pernier, 1999), has been taken to reflect a link between this component 

and both orthographic and phonological processing (Maurer & McCandliss, 2007; Maurer, 

Brem, Bucher, & Brandeis, 2005; Tarkiainen, Helenius, Hansen, Cornelissen, & Salmelin, 

1999), as well as discrimination processes (Vogel & Luck, 2000). 

Another early component of visual word recognition is the N250. The N250 

component is a negativity that starts around 170 ms and peaks around 250 ms after 

stimulus onset, with largest amplitudes over frontal sites. Initially, it was found to be 

sensitive to the orthographic overlap between primes and targets (e.g., Holcomb & 

Grainger, 2006, 2007). However, this component is now generally considered to be 

associated with phonological processing (e.g., Carreiras, Duñabeitia, & Molinaro, 2009; 

Carreiras, Gillon-Dowens, Vergara, & Perea, 2009). 

Between 200 and 600 ms post-stimulus-onset we can discern another component, the 

N400. This component is a negativity with a peak at around 400 ms, with a centro-parietal 

scalp distribution that is slightly larger over the right hemisphere for written words in 

sentences (Kutas & Hillyard, 1980). For a long time, this component has been considered a 

measure of semantic processing. However, it has been demonstrated that a wide range of 
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non-linguistic input types can also elicit the N400 component though with topographic 

differences (e.g., pictures, Ganis, Kutas & Sereno, 1996; gestures, Kelly, Kravitz, & 

Hopkins 2004; Wu & Coulson, 2005; Özyürek, Willems, Kita, & Hagoort, 2007; 

arithmetic knowledge, Nieddegen & Rösler, 1999). Currently, the N400 is thought of as a 

temporal interval in which semantic processing of stimuli presented in different modalities 

occurs as a result of the integration between the unimodal analysis of a certain stimulus 

with the multimodal long term semantic memory system (Kutas & Federmeier, 2011). 

After 300 ms post-stimulus onset, two components can be observed. The first 

component, between 300 and 500 ms, is a left anteriorly distributed negativity (LAN), and 

it seems to reflect the time window in which morpho-syntactic processing occurs (e.g., 

Friederici, 1995; Penke et al., 1997; Rösler, Pütz, Friederici, & Hahne, 1993). The second 

component, between 500 and 800 ms post-stimulus onset, is commonly referred to as 

P600. This component has a positive polarity, a centro-parietal distribution and a peak 

around 600 ms. Similar to the N400, this component was initially associated with a single 

specific mental operation, that is syntactic processing (Hagoort, Brown & Groothusen, 

1993). However, recent evidence has shown that the P600 amplitude can also be 

modulated by the detection of semantic anomalies (Kolk, Chwilla, van Herten, & Oor, 

2003; Kuperberg, Sitnikova, Caplan & Holcomb, 2003; Hoeks, Stowe and Doedens, 2004; 

van Herten, Kolk & Chwilla, 2005). Thus, it seems more appropriate to think of this 

temporal interval as that window of time in which readers monitor the veracity of their 

sentence analysis (van Herten, Kolk & Chwilla, 2005). 

Whilst experimenters may choose to segment the waveforms into periods of time 

over which patterns of differential activity should occur, it remains the case that the 

waveform is continuous.  Perhaps more critically, any segmentation of the ERP waveform 

into periods for analysis is ordinarily carried out through the identification of a time 

window within which a critical component is known to occur.  Importantly, time windows 
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for analysis in this situation are very largely determined by the experimenter, although the 

choice of the time window should be decided a priori (see Luck and Gaspelin, 2017, for a 

discussion on the topic). In contrast, segmentation of any eye movement data stream into 

meaningful periods is almost always made on the basis of the participants’ oculomotor 

responses (i.e., the data stream is segmented into periods of fixation when the eye is quite 

still, and saccades when it is moving rapidly). This is an important distinction between the 

two data streams, because it suggests that the nature of these measures might be different, 

that is, more continuous for the ERPs, and more discrete for the eye movements. We will 

discuss this issue more in detail in the section below. 

1.2.3 Co-registration of Eye Movements and Brain Potentials 

Taking into consideration the respective constraints and advantages of eye movement 

and ERP methods as tools to investigate reading, it has been suggested that their future 

combination would provide great potential in enhancing our understanding of visual word 

recognition (Sereno & Rayner, 2003). Simultaneous recording of eye movements and 

ERPs could potentially reveal the nature of the different levels of analysis within the 

period of an eye fixation duration during normal sentence reading. 

To date, different approaches have been adopted to record eye movements and ERPs 

in a complementary way. One approach has been to record the EEG signal, measuring the 

eye movements with the EOG (electro-oculogram) channels (e.g., Joyce, Gorodnitsky, 

King, & Kutas, 2002). With this approach, participants are required to make a set of eye 

movements by following a visual pattern on a computer screen. An algorithm is then 

created determining general correspondences between eye movements and electrical 

voltage changes. By monitoring the changes in the brain potentials, one should be able to 

determine the position (i.e., x and y coordinates) of the eyes during the experiment, and to 

filter the eyes’ signal from the other non-ocular sources (e.g., neural activity of interest, 

heartbeat, etc.). However, this method is not as precise as an eye-tracking camera in 
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determining the position of the eyes, which is a very important aspect for reading 

experiments, where the researcher should be able to know exactly where within a word the 

participant is fixating. In addition, given that the training (i.e., scanning of the visual 

pattern) occurs outside of the real experiment, differences in participants’ eye movement 

patterns and sources of noise in the signal might be present. 

Another approach that has been adopted involves using the same stimuli in separate 

experiments. Sentences are presented normally while eye movements of one group of 

subjects are recorded, and presented word-by-word according to RSVP in a separate 

experiment while the EEG signal of another (different) group of subjects is recorded (e.g., 

Sereno, Rayner & Posner, 1998). This second approach has the advantage of using the 

same materials and of avoiding any source of noise in the EEG signal due to the eye 

movements. Nevertheless, it remains limited as there is not exact correspondence between 

the eye movement and ERP measures, and results might be affected by individual 

differences. 

A third, more recent, approach has been to simultaneously record eye movements 

and EEG signal from the same subjects with the same stimuli (Baccino & Manunta, 2005; 

Dimigen et al., 2012; Dimigen, Sommer, Hohlfeld, Jacobs, & Kliegl, 2011; Henderson, 

Luke, Schmidt & Richards, 2013; Hutzler et al., 2007; Hutzler et al., 2013; Kornrumpf et 

al., 2016; Kretzschmar, Bornkessel-Schlesewsky & Schlesewsky, 2009; Kretzschmar, 

Schlesewsky & Staub, 2015; López-Peréz, Dampuré, Hernández-Cabrera, & Barber, 2016; 

Metzner, von der Malsburg, Vasishth & Rösler, 2016; Niefind & Dimigen, 2016; Simola, 

Holmqvist & Lindgren, 2009; Weiss, Knakker, & Vidnyánszky, 2016). One advantage of 

this approach is that eye movement data match exactly the ERP data, as well as the fact 

that the individual differences issue is avoided. In this approach ERPs are referred to as 

fixation-related potentials (FRPs), as the time-locking event of interest are fixation onsets 

on particular words in the trial. 
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Table 1.1 shows a complete list of all the experiments that have concurrently 

recorded eye movements and FRPs (from the same participants) to investigate processes 

associated with word identification1. As the reader can see, to date only 14 studies have 

been published with this experimental technique, meaning that co-registration remains in 

its early stages, with many unexplored methodological and theoretical questions. 

From a methodological point of view, researchers are currently exploring the impact 

that different paradigms might have on the FRP measures. It has been shown that the 

effects observed with RSVP are similar in their direction, but smaller in size, as well as 

more short-lived and with a later onset, than those elicited during free reading, that is when 

participants make normal eye movements as they read (Kornrumpf et al. 2016; Metzner et 

al., 2016; Niefind & Dimigen, 2016). However, among others, one aspect of the 

experimental method that remains unclear is whether the type of task that participants are 

engaged with, and/or the number of manipulations present in a trial, might also influence 

the FRP effects. 

From a theoretical point of view, it is clear that co-registration methodology has been 

adopted to provide a more fine-grained insight into both parafoveal processing during 

reading, which could not be investigated with the ERPs alone, and foveal processing. 

Nonetheless, among the studies that have used more natural reading conditions (e.g., 

sentences), many have focused their investigation on late FRP components (i.e., N400 and 

P600; Dimigen et al., 2011; Kretzschmar et al., 2009; Kretzschmar et al., 2015; Metzner et 

al., 2016). As suggested by Sereno and Rayner (2003) in their influential work on the 

potential of co-registration to further our understanding of reading, the latency ranges in 

which lexical and higher order linguistic effects occur in electrophysiological studies (e.g., 

the word frequency effect on the N400 component), appear to be quite late considering that 

at this point in time the eyes have already moved onto the next word. Indeed, given that it  

                                                
1 It is beyond the scope of this thesis to provide a discussion of the existing experiments that have used co-

registration to analyse eye movements and neural oscillations. 
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Table 1.1. Existing Co-Registration Studies Presenting Pairs of Words (+), Lists of Words (++), Sentences 

(*) or Paragraphs (**). 

 

takes approximately 60 ms from the onset of a fixation for the signal to travel from the eye 

to the brain, and at least 100-150 ms from the end of a fixation for the oculomotor system 

to plan and execute the next eye movement (Sereno & Rayner, 2000), Sereno and Rayner 

assumed that an average eye fixation of about 250 ms would represent a temporal 

constraint for word processing, with lexical and higher order linguistic processing 

occurring likely between 60-150 ms from the fixation onset. To date however, the studies 

that have examined earlier latency ranges have recorded eye movements and FRPs during 

reading of pairs or lists of words (e.g., Baccino & Manunta, 2005; Dimigen et al., 2012; 

Kornrumpf et al. 2016; Niefind & Dimigen, 2016; Simola et al., 2009).  Thus, it remains to 

investigate whether effects well-known in the eye movement literature, based on 

Co-Registration Study Paradigm Task Variables Investigated Effects

Baccino & Manunta (2005) + Priming Semantic association
judgment

Target word form,
Semantic relatedness

Parafoveal processing
(PoF)

Dimigen et al. (2012) ++ Boundary Semantic decision Parafoveal preview,
Semantic relatedness,
Repetition

Parafoveal processing
(PoF, Preview benefit)

Dimigen et al. (2011) * Free reading Reading for
comprehension

Target word predictability Foveal processing

Henderson et al. (2013) ** Free reading Reading Text type Foveal processing

Hutzler et al. (2007) ++ RSVP Recognition Reading modality
Repetition

Foveal processing

Hutzler et al. (2013) ++ Boundary,
RSVP fixed-pace,
RSVP self-pace

Recognition Parafoveal preview,
Reading modality,
Repetition

Foveal processing,
Parafoveal processing
(Preview baseline)

Kornrumpf et al. (2016) ++ Boundary,
RSVP sentence-flanker

Semantic decision Parafoveal preview,
Reading modality,
Pretarget word frequency

Foveal processing,
Parafoveal processing
(Preview benefit)

Kretzschmar et al. (2009) * Free reading Reading for
comprehension

Target word predictability,
Semantic relatedness

Foveal processing,
Parafoveal processing
(PoF)

Kretzschmar et al. (2015) * Free reading Reading for
comprehension

Target word frequency,
Target word predictability

Foveal processing,
Parafoveal processing
(PoF)

López-Peréz et al. (2016) + Priming,
Boundary 

Semantic association
judgment

Preview semantic relatedness,
Target semantic relatedness

Parafoveal processing
(PoF, Preview benefit)

Metzner et al. (2016) * Free reading,
RSVP

Sentence well-formedness
judgment

Violation type,
Violation position,
Reading modality

Foveal processing

Niefind & Dimigen (2016) ++ Boundary,
RSVP 2-words-flanker

Semantic decision Parafoveal preview,
Foveal load,
Target word frequency

Foveal processing,
Parafoveal processing
(PoF, Preview benefit)

Simola et al. (2009) + Priming Semantic association
judgment

Target word form,
Visual field of presentation

Parafoveal processing
(PoF)

Weiss et al. (2016) * Free reading Reading for
comprehension

Inter-letter spacing,
Fast and slow readers

Foveal processing
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experiments conducted with natural reading of sentences, show effects in the early FRP 

components (e.g., P1 and N1). 

1.2.3.1 Co-registration Studies on Parafoveal Processing 

In this section I will provide a summary of the effects that have been obtained in 

previous co-registration studies to investigate parafoveal processing. Each effect will be 

discussed separately, considering results associated with that particular variable, as 

obtained from the co-registration studies listed in Table 1.1. This will provide an overview 

of the temporal dynamics associated with aspects of written word processing. 

1.2.3.1.1 At the pre-target word (word n - 1) 

  Some of the co-registration studies investigating parafoveal processing have 

examined the influence that the characteristics of parafoveal words have on processing of 

the currently fixated foveal word, that is parafoveal-on-foveal (PoF) effects. The extent to 

which processing of a parafoveal word is carried out during processing of the currently 

fixated word is an important issue in the reading literature. As I will discuss in more detail 

in Section 1.3 (Models of Reading), pre-processing of limited (largely visual, orthographic 

and phonological) properties of the word in the parafovea is taken to reflect serial 

processing with one word at a time being fully lexically processed during reading (e.g., 

Reichle, Pollatsek, Fisher, & Rayner, 1998; Reichle, Warren, & McConnell, 2009). In 

contrast, an extensive (lexical) pre-processing of the word in the parafovea is taken to 

reflect parallel processing of multiple words during reading (e.g., Engbert, Nuthmann, 

Richter, & Kliegl, 2005; Schad & Engbert, 2012).  

Given the more fine-grained nature of the FRPs, compared with eye movement 

measures, researchers have adopted co-registration to potentially shed light into the long-

lasting debate relative to PoF effects, and serial versus parallel models. To date, four 

aspects of parafoveal processing have been examined on the pre-target word with co-
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registration methodology, namely, word form, preview frequency, semantic relatedness 

and preview predictability. 

Word Form. Two very similar studies have been conducted in the earliest stages of 

the co-registration methodology. Both Baccino and Manunta (2005), and Simola and 

colleagues (2009), presented prime-target pairs in which the target could consist of a 

semantically related or unrelated word, or else an illegal combination of letters. In 

addition, Simola and colleagues (2009) manipulated the visual field of presentation, with 

primes presented in the middle of the screen, and target displayed on the right or the left 

visual field. Baccino and Manunta observed effects of word form on the N1 component 

time-locked to the prime. At 119 ms, over the left occipital sites, nonwords elicited less 

negative amplitudes than semantically related words, and at 140 ms, over right central and 

frontal sites, nonwords elicited less positive amplitudes than semantically unrelated words. 

Their eye movement data also showed an effect of word form, such that total fixation 

durations on the prime were shorter for nonwords than words. Simola and colleagues 

observed effects of word form on the P2 component time-locked to the prime. Between 

200-280 ms, over occipital sites, amplitudes were more positive for nonwords presented in 

the right visual field compared with words.  Their eye movement measures also showed an 

effect of word form. Total reading time on the prime was shorter for nonwords than words, 

and first fixation duration on the prime shorter for nonwords than semantically unrelated 

words presented in the right visual field. 

Preview Frequency. Two studies have investigated the effect of preview frequency 

during the processing of the pre-target word. Kretzschmar and colleagues (2015) presented 

words manipulated for frequency within high or low constrained sentences. The authors 

investigated voltage changes between 150-400 ms over centro-parietal regions of the scalp, 

but did not find any evidence of word frequency PoF effects in the FRPs time-locked to the 

pre-target word. Their eye movement data also failed to show any significant main effect 
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of preview frequency. Niefind and Dimigen (2016) presented a list of five words and 

manipulated the difficulty of the preview while in parafovea, and the difficulty of the 

target word upon fixation. They observed effects of preview frequency between 130-140 

ms after fixation onset on the pre-target word over right fronto-central sites (AF8 and F4), 

with low frequency words more positive than high frequency words, and between 630-640 

ms at a single left parietal site (CP5), with low frequency words eliciting more negative 

amplitudes than high frequency words. In addition, their eye movement data showed an 

effect of preview frequency, with gaze durations shorter for high frequency than low 

frequency parafoveal previews. 

Semantic Relatedness. Five experiments examined PoF effects of semantic 

relatedness. The first study was conducted by Baccino and Manunta (2005), who displayed 

pairs of prime-targets with the target word being a semantically related or unrelated word, 

or a nonword. The researchers found that at 215 ms, on the P2 component, semantically 

unrelated target words elicited less positive amplitudes than related target words. Their eye 

movement data also showed an effect of sematic relatedness. Total fixation durations on 

the prime were longer for semantically unrelated words than related words. A second 

similar priming experiment was conducted by Simola and colleagues (2009). However, 

they failed to find any PoF effect of semantic relatedness either in the FRP or eye 

movement data. The same year, an additional study was published by Kretzschmar et al. 

(2009), in which a predicted antonym, or an unpredicted word but semantically related to 

the antonym, or else an unpredicted word semantically unrelated to the antonym was 

embedded in each sentence. An effect of semantic relatedness was observed on the N400 

component. Between 250-400 ms unpredicted unrelated words were more negative than 

both predicted antonym and unpredicted related words. However, no EM measure showed 

this effect. Following, Dimigen and colleagues (2012) presented lists of five words and 

manipulated one target word such that in boundary trials, preview and target could be 
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semantically related, unrelated, or identical words, while in parafoveal-on-foveal trials the 

same manipulation of semantic relatedness was applied to neighbouring words. In both 

boundary and parafoveal-on-foveal trials, no effect of semantic relatedness was observed 

in either the eye movement or FRP data. Finally, an effect of semantic relatedness was 

observed by López-Perez et al. (2016). They presented pairs of prime-target words and 

manipulated both the parafoveal previews of the target word and the target word itself. 

Between 400-550 ms, semantically unrelated previews elicited more negative N400 

amplitudes than related previews. However, no EM measure mirrored this effect.  

Preview Predictability. As discussed above, Kretzschmar et al. (2009) embedded a 

predicted antonym, an unpredicted related word, or else an unpredicted unrelated word in 

each sentence. They did not find any PoF effect of preview predictability, neither in their 

FRP nor in their eye movement data. Dimigen et al. (2011) also failed to find any effect of 

preview predictability, in their corpus sentence reading experiment.  

In sum, existing co-registration studies have examined four variables that might exert 

an influence on the parafoveal processing carried out whilst fixating the pre-target word; 

word form, frequency of a parafoveal preview, semantic relatedness between the currently 

fixated word and parafoveal preview, or between the current and the predicted parafoveal 

preview, and preview predictability. With respect to word form, although the existing 

experiments have shown an influence of these variables, the latency, direction, and scalp 

distribution of these effects remain unclear. In relation to preview frequency and semantic 

relatedness, the existence of these effects themselves is uncertain, with some studies 

finding such effects, and other experiments not observing any effect. Finally, in relation to 

preview predictability, it appears that none of the studies conducted to date has 

demonstrated any evidence for the influence of predictability of a parafoveal word during 

processing of the currently fixated word.  
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1.2.3.1.2 At the target word (word n) 

Aiming to understand the temporal course of parafoveal processing, some co-

registration studies have examined the influence that the pre-processing of an upcoming 

word in the parafovea exerts on the processing of that word when currently fixated. In the 

eye movement and reading literature this effect is generally called preview benefit effect. 

The name of the effect reflects the evidence that if efficient parafoveal pre-processing of a 

word occurs, the subsequent processing of that word in the fovea is facilitated compared 

with those circumstances when such pre-processing cannot occur, or is only partial. 

As for the PoF effects, also the preview benefit effects can shed light on the nature of 

word processing during reading. By manipulating the characteristics of a preview word in 

the parafovea in relation to the target word that appears when it is fixated, it is possible to 

make inferences regarding which properties of the preview were parafoveally pre-

processed. If a parafoveal preview is lexically processed, then facilitation associated with 

the processing of the target word should be observed upon fixation, if, for example, 

preview and target were semantically associated. If parafoveal pre-processing is limited to 

visual and orthographic properties of a preview, then we should observe, for example, that 

processing of the currently fixated word is facilitated if the parafoveal preview was 

orthographically related to the target word, but not if preview and target were semantically 

related. Again, these types of evidence would support either parallel or serial models of 

reading, and would allow progress with respect to understanding of the nature of co-

existence of foveal and parafoveal processing within an eye fixation. 

To date, only two properties of the parafoveal stimuli have been examined with 

respect to preview benefit effects, namely, the identity (or validity) preview effect, and the 

semantic preview effect. 

Identity Preview. The first study to examine the effect that a valid parafoveal preview 

has on the subsequent processing of a word was conducted by Dimigen et al. (2012). They 
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presented a list of five words, and manipulated one of these words such that the preview 

stimulus could be semantically related or unrelated to the target word, or else identical to 

the target word. They observed differences between the valid (identity) previews compared 

with the invalid (semantically related and unrelated) previews on the N1 and N400 

components. Between 200-280 ms at occipito-temporal sites, identity previews were more 

positive than invalid (semantically related and unrelated) previews. In addition, between 

320 – 500 ms at centro-parietal sites identity previews were more positive than invalid 

previews. They labelled these effects early and late preview positivity. Their eye 

movement data mirrored these effects, showing that first fixation duration, single fixation 

duration and gaze duration were shorter after valid than invalid previews. A subsequent 

study was conducted from the same research group. Kornrumpf et al. (2016) presented a 

list of five words, all manipulated for the number of letters available in parafovea, that is, 

whether none, one, two, three, or all letters comprising the word were available. They 

observed that the N1 component was monotonically modulated by the amount of letters 

that were processed parafoveally. Thus, between 200-280 ms at the electrode PO9, the 

amplitude of the N1 decreased with the increased number of letters available in the 

parafovea (i.e., most negative amplitudes with no preview). In addition, they replicated the 

late preview positivity effect, with an attenuation of the N400 amplitude elicited by valid 

previews in comparison to invalid previews. Similarly, the eye movement data showed that 

first fixation durations were shorter the more letters were available in the parafovea. 

Following, from the same research group, Niefind and Dimigen (2016) presented a list of 

five words all manipulated for preview and/or target frequency, such that preview and 

target could be identical (both high frequency, or both low frequency words), or different 

(high frequency preview and low frequency word, or low frequency preview and high 

frequency target). Once again, they observed the early preview positivity effect on the N1 
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component2. Between 140-200 ms and between 200-300 ms at occipito-temporal sites, 

invalid previews elicited more negative amplitudes than identity previews. The eye 

movement data also showed this effect. Shorter first fixation duration, single fixation 

duration and gaze duration were observed for identity previews compared with invalid 

previews. Finally, as discussed above, López-Perez et al. (2016) presented prime-target 

pairs and manipulated the semantic relatedness between both prime and parafoveal 

previews, and between prime and target words.  Thus, when preview and target were both 

semantically related to the prime, they consisted of the same identical word. However, 

when only one stimulus between preview and target was semantically related to the prime, 

then preview and target were two different words, and therefore, the parafoveal preview 

was invalid in relation to the target word. López-Perez et al. observed an identity preview 

effect on the N400 component, confirming the late preview positivity effect, such that 

identity previews were more positive than invalid previews. The failure to observe the 

early preview positivity effect is most likely explained by the choice of linked mastoids as 

re-reference procedure during processing of the ERP data, which likely attenuated the 

effect on the N1 component, being its neural generator over the occipito-temporal sites of 

the scalp (see Li et al., 2015 for a discussion). In addition, López-Perez and colleagues also 

found an effect between 500-800 ms. Invalid previews elicited a late positivity over central 

sites when compared with identity previews. However, their eye movement data did not 

show any facilitation for the identity compared to invalid previews. 

Semantic Relatedness. As discussed above, Dimigen and colleagues (2012) presented 

lists of five preview-target word pairs of which could be semantically related, unrelated or 

identical words. In the boundary trials, no effect of semantic relatedness was observed 

either in the eye movement or FRP data. López-Perez et al. (2016) presented prime-target 

pairs and manipulated the semantic relatedness of the previews and targets. They observed 

                                                
2 In the original paper results were not discussed in relation to the late preview positivity effect (i.e., 

attenuation of the N400 amplitudes for identity vs. invalid previews). 
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an effect of semantic relatedness between previews from fixation onset on the target word 

up to approximately 750 ms. In particular, between 0-200 ms, previews related to the 

prime elicited more positive voltages than unrelated previews. Between 300-500 ms, 

semantically unrelated prime-preview pairs elicited more negative target N400 amplitudes 

than semantically related prime-preview pairs. Furthermore, between 500-750 ms, 

unrelated previews elicited a late positivity in comparison to related previews. In addition, 

the semantic preview effect was larger on the N400 when the target was semantically 

related to the prime than when the target was semantically unrelated. However, the eye 

movement data did not mirror these results.  

In sum, it appears that the identity preview effect is, to date, the most robust and well 

documented effect in the co-registration literature. It should also be evident though, that 

such an effect has been investigated in word list reading and prime-target pair experiments. 

Although the comparability between these two paradigms is quite high, it remains to 

examine whether similar and robust preview positivity effects are observed in natural 

reading conditions.  In contrast, preview effects of semantic relatedness remain 

controversial, and this is quite similar to the situation for semantic relatedness PoF effects 

of. 

1.2.3.2 Co-registration Studies on Foveal Processing 

In this section I will provide a brief summary of the foveal effects investigated in co-

registration studies during reading, that is, effects observed upon fixation of the 

manipulated word. This summary should provide insight into the variables that affect 

processing of a word from (at least) its fixation onward, and the time course of those 

influences. 
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1.2.3.2.1 At the target word (word n) 

Frequency. Two co-registration studies have investigated this effect. Kretzschmar 

and colleagues (2015) manipulated the frequency of single target words embedded in high 

versus low predictability sentences. No frequency effect was observed in the FRP data, 

between 150-650 ms after fixation onset on the target word, over centro-parietal regions of 

the scalp. In contrast, eye movement data showed the well documented effect of word 

frequency, such that first fixation and gaze duration were shorter for high versus low 

frequency target words, and fewer skips were observed for low relative to high frequency 

target words. In a second study, Niefind & Dimigen (2016) manipulated all the words of 

each five words list for difficulty of the parafoveal preview, as well as difficulty of the 

target word. They observed an effect of target frequency on the N1 component time-locked 

to the fixation onset on the target word. Between 140-200 ms and 200-300 ms low 

frequency words elicited more negative amplitudes than high frequency words at occipito-

temporal sites, and more positive amplitude than high frequency words at fronto-central 

sites. Eye movement data also showed a target frequency effect. First fixation duration, 

single fixation duration and gaze duration were shorter for high frequency target words 

compared to low frequency target words.  

Predictability. Three sentence reading experiments have investigated predictability 

effects, two by Kretzschmar and colleagues, one by Dimigen and colleagues. Kretzschmar 

et al. (2009) embedded a predicted antonym, an unpredicted word semantically related to 

the antonym, or else an unpredicted word semantically unrelated to the antonym, in each 

sentence. They observed an effect of predictability on the N400 component. Between 250-

400 ms predicted antonym elicited more positive amplitudes than unpredicted words. Eye 

movement data also showed an effect of predictability, such that first fixation durations on 

target words were longer for unpredicted than predicted antonyms. In a second experiment, 

Kretzschmar et al. (2015) observed effects of predictability on both the P2 and the N400 
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components. Between 150-650 ms, over lateral and midline sites, predictable words 

elicited more positive amplitudes than unpredictable words. The eye movement data also 

showed an effect of predictability. First fixation duration and gaze duration were shorter 

for high-predictability targets compared to low predictability targets. In addition, fewer 

regressions and more skips were observed for high predictable targets. In a corpus data 

experiment, Dimigen and colleagues (2011) presented sentences embedding words with 

high, medium or low predictability. They observed an effect of predictability on the N400 

component, largest at the centro-parietal electrode Pz. N400 amplitudes were most 

negative for low predictability words, intermediate for medium predictability words, and 

more positive for high predictability words. The eye movement data also revealed an effect 

of word predictability, such that first fixation durations, gaze duration and total sentence 

reading duration were longer for low compared to high predictability words.  

Semantic Relatedness. In their sentence reading experiment, Kretzschmar and 

colleagues (2009) observed an effect of semantic relatedness between 450-740 ms, when 

unpredicted unrelated words elicited a late positivity in comparison to unpredicted related 

words and predicted antonyms, and unpredicted related words elicited more positive 

amplitudes than predicted antonyms. However, the eye movement data did not show any 

difference between unpredicted unrelated words and unpredicted related words. In a later 

study, Dimigen et al. (2012) observed an effect of semantic relatedness in their parafoveal-

on-foveal trials. In those trials, a pair of neighbouring words was manipulated such that 

they could be semantically related, unrelated or identical. Starting from approximately 160 

ms after fixation onset on the target word, and up to approximately 480 ms, unrelated 

target words elicited more negative N400 amplitudes than related target words. The eye 

movement data also showed this effect, with shorter first fixation, single fixation and gaze 

durations for related than unrelated target words. Finally, in their priming study, López-

Perez et al. (2016) manipulated the semantic relatedness between both prime and 



Chapter	1	

	 	 	42	

parafoveal previews, and between prime and target words. They observed an effect of 

semantic relatedness between prime-target from approximately 300 ms to 1300 ms after 

fixation onset on the target word. In particular, between 300-500 ms, semantically 

unrelated target words elicited more negative N400 amplitudes than semantically related 

target words. In addition, between 550-750 ms, semantically unrelated prime-target pairs 

elicited a late positivity in comparison to related prime-target pairs. However, the eye 

movement data did not show any effect of semantic relatedness between primes and 

targets.  

Repetition (Old/New). Three studies have investigated this effect, all with saccadic 

word list reading. Two experiments were conducted by Hutzler and colleagues. In the first 

one, Hutzler et al. (2007) presented a list of five words and manipulated the last word of 

each list. This last word could be a repetition of any of the four previously encountered 

words, or a new word. They observed a repetition (old/new) effect between approximately 

250-600 ms after fixation onset on the last word of the list, such that old words elicited 

more positive amplitudes than new words, especially over the right central and frontal 

electrodes. In a second similar study, Hutzler et al. (2013) presented a list of five words 

and manipulated the last word of each list to produce the old/new effect. In addition, the 

last word was either preceded by an X-string preview or an identical preview. Old words 

elicited more positive amplitudes than new words especially on the right central and 

anterior regions of the scalp, over a prolonged period of time (robust effects from 

approximately 100 ms from fixation onset up to the end of the time window of analysis, 

that was 600 ms). In addition, they observed that in the valid preview condition, the effect 

of old/new started from approximately 176 ms, and in the invalid conditions, from 

approximately 313 ms. Eye movement data were not reported, but response times were 

slower for old than new words in the X-masked FRP condition only, not in the valid 

preview condition. Dimigen et al. (2012) observed an effect of repetition on the N400 
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component in their parafoveal-on-foveal trials. In those trials a pair of neighbouring words 

were manipulated, such that the two words could be semantically related, unrelated or 

identical. Over centro-parietal sites, N400 amplitudes were more negative for semantically 

unrelated and related words than for identity (repeated) previews, starting from 

approximately 80 ms up to approximately 480 ms after fixation on the target word. The 

eye movement data also showed this repetition priming effect. First fixation duration, 

single fixation duration, and gaze duration were shorter for identity words.  

Foveal Load. As mentioned above, Kornrumpf et al. (2016) manipulated all words 

within a list for the amount of letters available in the parafovea, that is, whether none, one, 

two, three, or all letters comprising the word were available, as well as for the frequency of 

the pretarget word. They observed effects of load on the N1 component, such that between 

200-280 ms, amplitudes were more negative for target words following high frequency 

pretarget words than low frequency pretarget words. In addition, after high frequency 

pretarget words, the preview effect was larger on the N1 component, than after low 

frequency pretarget words. The eye movement data also showed these effects. First 

fixation durations were longer after a low frequency pretarget word than a high frequency 

pretarget word, and the effect of preview was larger on targets following high frequency 

pretarget words than low frequency pretarget words. 

Text Type. Aiming to demonstrate an approach for correcting ocular artifacts in the 

EEG signal, Henderson and colleagues (2013) manipulated the type of paragraph 

participants were reading. The paragraph could be a real text, or a pseudo-text, with each 

letter replaced by a meaningless geometric shape with the same spatial structure (i.e., 

preserved word length, word spacing and word shape) as the original paragraph. They 

observed differences on the P1 and N1 components. Between 75-125 ms, the text-reading 

condition elicited P1 amplitudes which were more positive and with a steeper slope 

compared to the pseudo-reading condition. Between 125-210 ms, the text-reading 
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condition elicited N1 amplitudes which were more negative, with a steeper slope and with 

earlier peaks than the pseudo-reading condition. An effect of text type was observed also 

in the eye movement data. Fixation durations were longer for the pseudo-reading 

condition. 

Syntactic and Semantic Violations. In a sentence reading experiment, Metzner et al. 

(2016) constructed sentences with a syntactic (i.e., different gender between determiner 

and noun), a semantic (i.e., adjective and noun semantically incongruent), or no violation, 

in the middle or at the end of the sentence. They observed different effects in trials with 

(i.e., regression trials) or without (i.e., no-regression trials) first-pass regressions from the 

noun.  In regression trials, both syntactic and semantic mid-sentence violations elicited a 

P600 component, between 290-1000 ms for the syntactic violations, and between 540 – 

1000 ms for the semantic violations. Sentence-final violations elicited both the N400 and 

P600 components. Syntactic violations elicited a centro-parietal negativity between 24-378 

ms, and a centro-parietal positivity between 244-1000 ms. Semantic violations elicited an 

occipito-temporal negativity between 98-392 ms, and a centro-parietal positivity between 

412-1000 ms. In contrast, no-regression trials showed an effect of violation only if this was 

at the end of the sentence. Both syntactic and semantic violations elicited a sustained 

negativity over centro-parietal areas of the scalp, between 310-100 ms for the syntactic 

violations, and both between 336-646 and 652-774 ms for the semantic violations. The eye 

movement data also showed an effect of violation. Longer first fixation and gaze durations 

and increased rates of regressions were observed for both syntactic and semantic 

violations, compared with the control condition. In addition, the rate of regressions was 

larger for final position than medial position.  

Inter-Letter Spacing. Weiss et al. (2016) presented paragraphs of texts displayed 

sentence-by-sentence on the screen. Each word in the sentence was manipulated for the 

space between letters, which could be reduced, normal or double. The authors found that 
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altering the space between letters produced voltage differences between 120-175 ms over 

bilateral occipito-temporal and parietal electrode sites, with normal spacing conditions 

showing more negative amplitudes than the other two conditions. Between 230-265 ms 

over the right occipito-temporal areas of the scalp, normal spacing conditions elicted more 

positive amplitudes than the other two conditions. Between 345-380 ms over the left 

occipito-temporal and parietal regions of the scalp, normal spacing conditions elicited 

more negative amplitudes than the other two conditions. In addition, between 230-265 ms 

and between 345-380 ms, the effects were larger for fast than slow readers. Furthermore, 

they found that an increase in foveal visual processing load (due to decreased spacing 

throughout the sentence) produced voltage changes between 155-220 ms after fixation 

onset, maximal over the occipito-temporal and parietal regions of the right hemisphere, 

with amplitudes being most negative for reduced spacing conditions, intermediate for 

normal spacing conditions, and more positive for double spacing conditions. The eye 

movement data also showed an effect of inter-word spacing. Fixation durations were 

reduced and saccade amplitudes were increased with the increase of letter spacing. 

In sum, eight foveal effects have been investigated: frequency, predictability, 

semantic relatedness, repetition effects, foveal load, text type, syntactic and semantic 

violations, and inter-letter spacing. Word frequency and semantic relatedness remain 

controversial effects, with an influence only on one of the two measures analysed (i.e., eye 

movements or FRPs) within the same experiment. For some of the other effects (i.e., 

foveal load, text type, violations, inter-letter spacing), only single studies are present in the 

literature, and therefore the data are still relatively sparse in relation to forming meaningful 

conclusion. 

 

To conclude, on the basis of the overview of the existing findings observed in co-

registration studies, three issues arise.  First, FRP and eye movement measures do not 
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always show the same effects within the same experiment. Second, it is unclear which eye 

movement measure and which FRP component are expected to correlate with each other. 

Third, the existing studies in the literature have used quite different paradigms and tasks, 

meaning that it can be difficult to make comparisons between findings obtained in 

different studies and to make conclusions regarding the temporal course of the cognitive 

processes underlying parafoveal and foveal processing during reading. 

1.3 Models of Reading 

One of the most debated issues in the field of cognitive science is whether the 

different types of information extracted from a stimulus are processed in a serial or parallel 

fashion. In this section the principal models that have been developed to explain empirical 

evidence coming from either eye movement or electrophysiological studies will be 

discussed. It is important to note though, that models based on electrophysiological 

evidence have focused their assumptions mainly on lexical processing and higher order 

processing, whereas oculomotor models have based their assumptions both on lexical 

processing, higher order processing and attention allocation. 

1.3.1 Eye Movement Models of Reading 

1.3.1.1 Serial Oculomotor Models of Reading 

The most developed computational model of eye-movement control during reading 

that assumes serial processing is the E-Z Reader model (Reichle, Pollatsek, Fisher, & 

Rayner, 1998; Reichle, Warren & McConnel, 2009). According to this model, written 

word identification occurs over several stages. The first stage is called the familiarity check 

(L1) and is modulated by visual acuity (i.e., how far the word is from the fovea), word 

length, word frequency and word predictability. The second stage of word identification is 

called completion of lexical access (L2), when semantic information is accessed and lexical 
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identification is completed. The third phase is a post-lexical integration stage (I). As soon 

as a word N is identified in L2, that word is integrated with higher level representations 

(e.g., syntactic, semantic, discourse representations). If the integration I occurs without 

difficulty, the completion of L1 causes the oculomotor system to start programming a labile 

saccade towards the next word N+1 (M1), while the completion of L2 causes covert 

attention to shift to the word N+1. Once attention has shifted to the word N+1, L1 begins 

for word N+1, the programming of a non-labile saccade is completed (M2) and a saccade is 

executed, moving the eyes to word N+1. Before the completion of L2 for the word N+1, 

the integration processing I of word N is completed. When integration I fails to be 

achieved, if the breakdown occurs early, before M2 is completed, then the labile saccadic 

program is canceled, L1 on word N+1 is interrupted, and both eyes and attention move 

back to where comprehension was difficult. If the failure occurs later in the processing, for 

example after M2 is completed and the forward saccade is executed, then later processes 

are interrupted (e.g., L2 on the word N+1), and again, both eyes and attention move back to 

the difficult word in the sentence. 

In E-Z Reader, the extraction of information from the word N+1, in the parafovea, 

occurs when attention is shifted to word N+1 but the eyes are still fixating word N. 

Parafoveal processing is limited to low-level visual information (e.g., spacing information, 

word length, partial orthographic and phonological information such as letter positions and 

identity) in this framework. Indeed, the assumption is that one word can be fully lexically 

identified at a time, and that identification is completed during L2 (i.e., when a saccade to 

word N+1 has been executed, and thus the word is in foveal vision). Other assumptions of 

this model include the temporal dimensions of the processing. It is estimated that i) it takes 

about 50 ms for the signal associated with the visual features of a written word to travel 

from the retina to the brain, ii) words are identified on average within 150-250 ms after 

fixation onset, and iii) the integration stage I takes a minimum of 25 ms. Nonetheless, 
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given the limitations of the eye movement measures to disentangle the different levels of 

processing within an eye fixation, the precise time course of the different levels of 

processing based on foveal and parafoveal input remains unclear.  

1.3.1.2 Parallel Oculomotor Models of Reading 

The autonomous Saccade generation With Inhibition by Foveal Targets (SWIFT; 

Engbert, Longtin, & Kliegl, 2002; Schad, & Engbert, 2012) model is the most advanced 

parallel model of eye-movement control during reading. According to this model, written 

word identification occurs over two stages. The first stage is a lexical pre-processing phase 

and this stage is directly influenced by word frequency and word predictability. The 

second stage is lexical completion. During stage 1, low-level properties of a word are 

processed (e.g., word length and initial trigram frequency), information useful for lexical 

analysis is accumulated, and the probability to select a word as the target of a saccade 

increases. During stage 2, lexical access is completed and the probability of a word to be 

selected as saccade target decreases. The model is based on an attentional gradient 

principle, such that visual attention is allocated on several words following an asymmetric 

Gaussian distribution, and the lexical processing is spatially distributed over this 

attentional window. The level of lexical processing is highest for the foveal word, and it 

decreases with the increased distance from the fixated word. Similar to the E-Z Reader 

model, the SWIFT model includes both labile and non-labile saccadic programs. However, 

in this framework, saccade programming is comprised of two separate and parallel 

mechanisms, a saccade target selection and a saccade timing. The selection of a word as 

saccade target is random and proceeds according to the attentional window (i.e., a saccade 

is made towards the next closest word to the right of the currently fixated word), but the 

probability distribution changes over time as a function of the lexical processing (i.e., 

saccades are generated towards words that are not, or not completely, lexically processed).  

The time at which saccades are generated is an autonomous random process, which is 
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based on preferred mean rate of saccades and is inhibited by processing of foveal targets 

(i.e., if the word in fovea is difficult to lexically identify, there will be a delay in the 

generation of the next saccade). 

According to the SWIFT model, parafoveal processing extends to both one word to 

the left and two words to the right of the current fixation, and both low-level (e.g., spacing 

information, word length, orthographic and phonological information) and higher-level 

(e.g., word frequency) properties of a word can be extracted. However, as for the serial 

oculomotor models of reading, also the parallel models cannot precisely describe the time 

course of foveal and parafoveal processes that occur during a fixation. 

1.3.2 Event-Related Potential Models of Reading 

The models of reading that account for evidence coming from electrophysiological 

data are concerned with the debate regarding the existence or absence of modular 

components in the (written and spoken) language comprehension system. The contrasting 

frameworks based on results from studies measuring event-related potentials disagree on 

the temporal access of the different processes involved in word recognition. Feedforward 

models assume that the onsets of the access to different types of information (e.g., 

orthographic, phonological, lexical, etc.) are sequential (e.g., Friederici, 2002; Hagoort, 

2008). According to this perspective then, reading relies on a sequence of consecutive, 

separate and hierarchical stages of processing, which go from perceptual processing of the 

word to its full identification and integration within the syntactic and semantic context. 

Interactive models postulate that there is simultaneous access to different types of 

information (e.g., Gaskell & Marslen- Wilson, 2002; Tanenhaus, Spivey-Knowlton, 

Eberhard, & Sedivy, 1995), whereby feedback is exchanged between higher-level 

linguistic and early perceptual and orthographic representations (Carreiras, Armstrong, 

Perea, & Frost, 2014). 
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Both of these perspectives consider the earliest neural correlate of a 

psycholinguistic variable as evidence of an upper limit for the access of the investigated 

psycholinguistic information (Pulvermüller, Shtyrov, & Hauk, 2009). That is, processing 

associated with a certain psycholinguistic variable might have started earlier, but is 

definitely carried out by the time it shows a clear effect in the ERP components. However, 

the advocates of the feedforward models base their assumptions on the evidence that 

neurophysiological effects, as reflected by different components, are very distinct, as they 

are specific to one stage of processing and with onset asynchronies of hundreds of 

milliseconds (e.g., N400 component associated with lexical processing, P600 component 

associated with syntax and grammar processing).  Advocates of the interactive models rely 

on the evidence that effects associated with a range of psycholinguistic variables (e.g., 

word length, word frequency, syntactic features) appear to occur around the same time 

(i.e., within 200 ms from word onset). 

Pulvermüller and colleagues (2009) argue that a more complex neurobiological 

model would better account for the existing results in the literature. They suggest that all 

psycholinguistic information is accessed almost simultaneously (as for the interactive 

models). However, there are delays between onsets of different levels of processing (as in 

the feedforward models), which are not as large as it was previously thought, but that are 

in the range of 0 and 50 ms. 

However, these models do not include computational implementations and 

simulations of the ERP data (as is the case in the computational models of eye movements 

in reading). This makes these models somewhat underspecified, and more descriptive in 

nature. Thus, it should appear clear that to date a broader computational model of reading 

in relation to oculomotor and brain processes which integrates behavioural and 

electrophysiological data is still missing in the literature. 
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1.4 Outline of the Present Thesis 

The goal of the present thesis is to investigate the temporal course of the processes 

underlying natural reading with a relatively new technique, referred to as co-registration of 

eye movements and brain potentials. This technique was chosen based on its potential for 

obtaining insight into the nature and time course of both parafoveal and foveal processes 

during natural reading. Chapter 1 has considered the traditional and new methodologies 

used in written word recognition research and the basic models of reading that have tried 

to explain the existing findings. The following chapters will describe a series of 

experiments all of which employ co-registration methodology to study the neural 

correlates of parafoveal and foveal processing during reading of sentences, but adopting 

different experimental approaches (i.e., manipulation of one, two, or all words in the 

sentence). The different experimental approaches were adopted with the specific aim of 

testing and understanding the optimal method to use for future experiments investigating 

natural reading. In Experiment 1 (Chapter 2) one word in each sentence was manipulated 

for parafoveal preview type (degraded preview vs. identical preview) and target word 

frequency (high vs. low frequency). This experiment provided the opportunity to 

investigate the time course of visual and early linguistic processing. In Experiment 2 

(Chapter 3) two words in each sentence were manipulated for parafoveal preview type 

(preview comprised of a string of Xs vs. a string of random letters vs. identical preview) 

and target word frequency (high vs. low frequency). This work extended the results of 

Experiment 1 and allowed the investigation of the time course of visual, orthographic and 

early linguistic processing.  In addition, it provided the opportunity to improve statistical 

power compared with Experiment 1, and investigate advantages (and possible 

disadvantages) of this approach. In Experiment 3 (Chapter 4) all the words in each 

sentence were manipulated for parafoveal inter-word spacing (spaces kept intact vs. filled 

with a random letter) and parafoveal preview type (preview comprised of a string random 
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letters vs. identical preview). This study provided further evidence for the time course of 

visual and orthographic processing in reading. In addition, it offered the opportunity to 

investigate the impact that a different experimental paradigm (i.e., all words being 

manipulated) might have on the FRP measures. Chapter 5 addresses the methodological 

challenges involved in this research and the solutions found to date. Finally, in Chapter 6 I 

will summarise and discuss the key findings of the present thesis and I will consider the 

methodological and theoretical conclusions that can be drawn from this series of 

experiments. 
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Chapter 2: Co-registration of Eye Movements and 

EEG to Investigate Degradation and Word 

Frequency Effects during Reading 

The contents of this chapter are a revision of Degno, F., Soltész, F., Hepsomali, P., 

Donnelly, N., & Liversedge, S. P. (under revision) in the Journal of Experimental 

Psychology: General. As the reader will notice, the type of analyses adopted for the 

present experiment (i.e., linear mixed-effects models for both eye movement and FRP data, 

and analysis of FRP data only for the first 250 ms after fixation onset on the interest area) 

will differ from the type of analyses used for the other two experiments reported in the 

current thesis. (i.e., in Chapters 3 and 4). This is due to the reviewers’ comments that were 

received in relation to the original version of this paper, which we studied carefully and 

then incorporated into the two subsequent experimental studies.  The final revised version 

of this paper that will be resubmitted for publication in due course will include analyses of 

the type reported in Chapters 3 and 4. 

2.1 Introduction 

Reading is one of the most complex cognitive processes humans engage in, 

involving processing at a number of distinct levels. Processing starts at the retina, where 

the stimulus is transduced into neural impulses, which via the optic nerve reach the brain.  

The visual properties of the word are encoded; letter features, letter identity, letter position 

and more global visual properties such as word length and word shape (i.e., word 

envelope). The visual representation of a word is converted into an abstract orthographic 

representation which is then used to attain lexical identification in order that the reader can 

gain access to phonological form, morphological structure as well as word meaning. Once 

the word is lexically identified, it is incorporated into the syntactic structure of the sentence 
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and its meaning is integrated into the discourse representation instantiated on the basis of 

the previous context (Liversedge & Findlay, 2000). 

On average a skilled reader is able to read about 3-4 words per second (Rayner, 

Pollatsek, Ashby, & Clifton, 2012). The fast speed with which we read is determined by 

the fact that when we read we process the word that we are fixating, as well as pre-

processing the word in the parafovea, that is the word to the right of the fixation in 

alphabetic writing systems such as English (Rayner, Slattery, & Bélanger, 2010; Rayner, 

Well, Pollatsek, & Bertera, 1982). In extracting information from the parafovea the reader 

is starting to process the parafoveal word before actually fixating it, and such pre-

processing facilitates the foveal processing that occurs when the reader then fixates that 

word. As a result, efficiency of reading is enhanced through parafoveal processing 

(Schotter, Angele, & Rayner, 2012), and parafoveal processing of words is considered a 

hallmark of efficient reading (see Blythe, 2014; Tiffin-Richards & Schroeder, 2015). 

Although a large amount of eye movement research has been conducted to examine 

visual word recognition, it remains controversial as to exactly which characteristics of a 

word we can extract from the parafovea. There is consensus that we do extract 

orthographic (e.g., Balota, Pollatsek, & Rayner, 1985; Slattery, Angele, & Rayner, 2011; 

White, Johnson, Liversedge, & Rayner, 2008) and phonological information (e.g., Ashby 

& Rayner, 2004; Ashby, Treiman, Kessler, & Rayner, 2006). However, there is less 

agreement on the extraction of morphological (e.g., Bertram & Hyönä, 2007; Juhasz, 

White, Liversedge, & Rayner, 2008; Lima, 1987) and semantic (e.g., Hohenstein, 

Laubrock, & Kliegl, 2010; Hyönä & Häikiö, 2005; White, Bertram, & Hyönä, 2008) 

properties of parafoveal words. In addition, there remains debate regarding the time course 

over which different properties of words are encoded and processed. And of course, issues 

of time course of processing are further complicated by the fact that during an average 

fixation duration of approximately 250 ms both processing of the fixated word, as well as 
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processing of the parafoveal word (or even words) occurs. 

In the present experiment we adopted a relatively new methodology, that is the co-

registration of eye movements and brain potentials, which has been developed with the 

idea of combining the advantages of both techniques, while at the same time overcoming 

their limitations. Eye movements are reliable indicators of online psycholinguistic 

processing that allow to make inferences about the processes that occur as each particular 

word is fixated (Liversedge & Findlay, 2000; Rayner, 1998). They represent an 

ecologically valid technique. Because we only have high acuity vision in a small portion of 

the retina (i.e., the fovea), we need to move our eyes in order to obtain the best quality 

percept of the text we are reading. In addition, experiments conducted with this technique 

allow us to investigate both foveal and parafoveal processing underlying reading. In eye 

movement experiments researchers can use natural stimuli (e.g., sentences and 

paragraphs), and paradigms by which stimuli are manipulated depending on the location of 

the participant’s gaze is (i.e., gaze contingent paradigms). This implies that both foveal and 

parafoveal information are presented simultaneously, and that the properties of the 

upcoming words extracted from the parafovea can be studied. However, the eye movement 

measures that researchers analyse and interpret (e.g., first fixation duration, gaze duration) 

can be considered end state measures, as they reflect the integral of the (potentially many) 

cognitive processes that occur while reading. In this sense, eye movements alone cannot 

unravel the different processes underlying reading within each eye fixation. In contrast to 

eye movements, ERPs can potentially reveal different reading processes as they unfold 

over time, because they show changes in the electrophysiological activity millisecond-by-

millisecond. Nonetheless, the paradigms traditionally used in ERP research are far from 

natural, preventing any investigation of the processes that occur during natural reading. 

Typically, one word at the time is presented in the middle of the screen, and participants 

are asked to maintain central fixation and to avoid making any eye movements. This 
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approach is unnatural for example with respect to speed of processing, as well as 

availability of parafoveal and foveal information for each word. 

Given the shortcomings of both methods alone, it has been suggested to combine the 

two methodologies with the potential of revealing the time course of processes underlying 

reading as per the ERP recordings, but whilst also using a natural paradigm, as in the eye 

movement experiments (Sereno & Rayner, 2003). 

To date, only a small number of experiments have concurrently recorded eye 

movements and ERPs to investigate processes associated with word identification 

(Baccino & Manunta, 2005; Dimigen, Kliegl & Sommer, 2012; Dimigen, Sommer, 

Hohlfeld, Jacobs, & Kliegl, 2011; Henderson, Luke, Schmidt & Richards, 2013; Hutzler et 

al., 2007; Hutzler et al., 2013; Kornrumpf et al., 2016; Kretzschmar, Bornkessel-

Schlesewsky & Schlesewsky, 2009; Kretzschmar, Schlesewsky & Staub, 2015; López-

Peréz, Dampuré, Hernández-Cabrera, & Barber, 2016; Metzner, von der Malsburg, 

Vasishth & Rösler, 2016; Niefind & Dimigen, 2016; Simola, Holmqvist & Lindgren, 2009; 

Weiss, Knakker, & Vidnyánszky, 2016).  Furthermore, of these studies, only a subset used 

paradigms in which readers were free to make multiple saccadic eye movements as they 

read words comprising the stimuli.  In one paradigm, termed “saccadic reading” (Dimigen 

et al., 2012; Kornrumpf et al., 2016; Niefind & Dimigen, 2016), participants read lists of 

unrelated words presented horizontally across a presentation screen as eye movements and 

EEG signal were recorded.  Of course, such a situation is unlike natural reading since the 

text being read is meaningless, and readers cannot form any meaningful interpretation 

beyond isolated word meaning.  The second paradigm, the approach that we favor, has 

involved measurement of ERP data simultaneous with eye movement recordings during 

natural sentence reading (Dimigen et al., 2011; Kretzschmar et al., 2009, 2015; Metzner et 

al., 2016; Weiss, et al., 2016; see also Henderson et al., 2013 for paragraph reading). We 

adopted the latter approach in the present experiment to examine foveal and parafoveal 
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influences of target words that were manipulated for both visual (e.g., degradation) and 

linguistic processing (e.g., word frequency) on word identification during normal sentence 

reading. Readers’ eye movements and EEG signal were simultaneously recorded while 

participants read single, one-line, sentences. Eye movements and fixation-related potentials 

(FRPs; i.e., ERPs time-locked to fixation onset on the pre-target, and target word) were 

analysed. 

In order to manipulate whether our target words were, or were not degraded in the 

parafovea, we used the boundary paradigm (Rayner, 1975). An invisible boundary was 

placed immediately prior to the space before the target word.  Before crossing the 

boundary, a degraded preview (no information of use for letter identification) or an 

identical preview of the target word was presented. After crossing the boundary, previews 

were always replaced by the targets which were high or low frequency words (see Figure 

2.1). Degradation and word frequency effects were investigated, both in parafoveal and 

foveal vision. This also allowed us to explore whether we might find evidence for visually 

or linguistically mediated parafoveal-on-foveal effects (PoF; Kennedy, 1998).  PoF effects 

refer to the influence of the properties of the word to the right of the fixated word on the 

reading times for the currently fixated word. In our experiment, disruption on the pre-target 

word due to a degraded relative to a control preview would reflect visually mediated PoF 

effects, and similar disruption due to a low relative to a high frequency target word would 

reflect linguistically mediated PoF effects. Our manipulation also provided an opportunity 

to quantify preview benefit (Rayner & Pollatsek, 1989) effects. Preview benefit reflects 

facilitation that is observed when participants receive a valid preview of the word to the 

right of the fixation relative to an invalid preview. In the present experiment, preview 

benefit was measured for high and low frequency target words when the preview was 

degraded versus identical. 
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Figure 2.1. Four conditions of the same example sentence. The first line of each pair represents the preview; 

the second line represents the target word. A. When the reader is fixating the pretarget word (e.g., sweet), a 

degraded version of the high frequency word is displayed. The degraded preview is replaced with the same 

high frequency non-degraded word (e.g., apple) when the eyes cross the boundary. B. While the reader is 

fixating the pretarget word a valid identical preview with high word frequency is shown as word N (e.g., 

apple). C. While the reader is fixating the pretarget word, a low frequency and degraded word is displayed. 

When the eyes cross the invisible boundary, the non-degraded version of the low frequency word appears 

(e.g., melon). D. A valid low frequency word is displayed as the preview (e.g. melon). Preview and target 

word correspond. 

2.1.1 Effects of Degradation 

Stimulus quality is considered essential for reading. Indeed, extracting the overall 

word shape, length, features and letters of a word, is the basis for further linguistic 

processing. Previous eye movement studies that have examined stimulus quality have 

shown that fainted stimuli (i.e., words presented in fovea with reduced contrast) elicit 

longer reading times compared to high-quality stimuli (e.g., Drieghe, 2008; Jordan, 

McGowan & Paterson, 2012; Reingold & Rayner, 2006; Wang & Inhoff, 2010; White & 

Staub, 2012). The significant differences were observed at the critical word (i.e., target 

word) for first fixation duration, single fixation duration and gaze duration, and at the post-

target word for skipping probability (Drieghe, 2008). In contrast, no significant differences 

in reading times were observed for the words preceding (i.e., pre-target word) or following 
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(i.e., post-target word) the target word (e.g., Drieghe, 2008; Reingold & Rayner, 2006; 

White & Staub, 2012). Drieghe (2008) and White and Staub (2012) suggested that effects 

of stimulus quality on the post-target word might vary depending on the type of 

manipulation used, such that the lowest is the quality of the target word, more substantial 

and less localised would be the effect of stimulus quality. It remains to be investigated 

whether substantial effects might be observed at the pre-target word as well, when a very 

disruptive manipulation of the target word is adopted. In addition, whether similar effects 

are observed when the quality of the target word is manipulated in the parafovea only 

remains to be investigated. And the time course of these effects for the processing of both 

pre-target and target words are also to be investigated. 

Previous experiments recording ERPs and manipulating the quality of target words 

presented in fovea in isolation, have shown that the time course of stimulus quality might 

vary depending on the level of disruption used. A late effect was observed when the level 

of degradation used was weak, as confirmed by the high level of accuracy for both 

degraded and non-degraded stimuli (e.g., Kok, van de Vijver and Rooijakkers, 1985; 

Holcomb, 1993). Under these circumstances degraded stimuli showed a reduction of ERP 

amplitudes between 550 and 1000 ms after stimulus onset, both on midline and lateral 

electrode sites (Kok et al., 1985), and a delay of about 17 ms in the N400 peak latency 

compared to intact stimuli (Holcomb, 1993). However, when the level of degradation was 

stronger, differences occurred at earlier latencies. Tarkiainen, Helenius, Hansen, 

Cornelissen and Samelin (1999) used magnetoencephalography (MEG) to examine how 

subjects processed strings of letters or symbols presented with different levels of Gaussian 

noise. Their results showed a clear response pattern that originated in occipital areas with a 

peak within 130 ms after stimulus onset. Peak amplitudes in this time-window increased as 

a function of noise, with higher amplitudes for those strings with increased levels of 

degradation. These results are in agreement with those from other studies investigating 
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low-level characteristics of the stimuli (e.g., effects of luminance between 90-130 ms, 

Johannes, Münte, Heinze & Mangun, 1995; effects of stimuli size between 90-150 ms, 

Grossi & Coch, 2005). Taken together these findings indicate that manipulations of the 

physical characteristics of a written linguistic stimulus can affect processing associated 

with low-level perceptual analysis of visual features and letters, and that effects in neural 

activation can arise within 150 ms from onset of stimulus processing. 

However, due to the nature of the paradigms (involving central presentations) that 

have been predominantly used in ERP experiments, it remains to investigate the effect of 

stimulus quality on neural electrical activity when the stimulus is manipulated in 

parafovea. To date, the only experiments manipulating words in the parafovea, and 

examining the time course of these manipulations on the processing of both parafoveal and 

foveal words on neural electrical activity, have been co-registration studies (or ERP studies 

with flanker-word presentation). These studies have considered the effect of parafoveal 

previews (e.g., full preview versus partial preview) and have shown and replicated an 

effect known as preview positivity (Dimigen, Kliegl & Sommer, 2012; Li, Niefind, Wang, 

Sommer & Dimigen, 2015; Kornrumpf, Niefind, Sommer and Dimigen, 2016; Niefind and 

Dimigen, 2016). The early preview positivity effect consists in an attenuation of the N1 

component for the identity compared to invalid parafoveal previews between 140-200 ms 

and 200-300 ms over occipito-temporal areas of the scalp. The authors suggested that the 

differences observed in the N1 latency range may show the time when abstract 

orthographic and phonological representations of a word may become activated. The late 

preview positivity takes the form of an attenuation of the N400 component for the identity 

compared to invalid parafoveal previews between 300-500 ms over centro-parietal areas of 

the brain. If this latency range is related to lexical processing, then this time window might 

reflect the time when lexical representations may be activated. 



Degradation	and	Word	Frequency	

	 61	

2.1.2 Effects of Word Frequency 

The frequency of occurrence of a word in the language is considered one of the 

factors that affect the speed with which that word is recognised in the mental lexicon (e.g., 

Clifton, Ferreira, Henderson, Inhoff, Liversedge, Reichle & Schotter, 2016). The effect of 

word frequency is very well documented in the eye movement literature. Findings from 

several studies have shown that low frequency words receive more and longer fixations 

compared to high frequency words (e.g., Inhoff & Rayner, 1986; Rayner & Duffy, 1986; 

Rayner & Raney, 1996). Differences between low and high frequency words can be 

observed as early as in first fixations in the eye movement measures, suggesting that 

effects of lexical processing start occurring within an eye fixation which lasts on average 

250 ms. 

Most of the ERP studies examining word frequency however, have focused on 

effects at latencies beyond a typical fixation duration (e.g., Brown, Hagoort, & Ter Keurs, 

1999; Embick, Hackl, Schaeffer, Kelepir, & Marantz, 2001; King & Kutas, 1998; Polich & 

Donchin, 1988; Rugg, 1990; Van Petten & Kutas, 1990). Only a small number of 

experiments have investigated, and found, an early effect of frequency within a typical 

fixation period of about 250 ms, with low frequency words eliciting increased amplitudes 

compared to high frequency words (e.g. around 110 ms, Hauk, Davis, Ford, Pulvermüller 

& Marslen-Wilson, 2006; between 150-190 ms, Hauk & Pulvermüller, 2004; between 132-

192 ms, Sereno & Rayner, 2003; around 132 ms, Sereno, Rayner & Posner, 1998). All 

these studies presented words one at a time foveally, and therefore, the effects that they 

observed, and more importantly, the time course of those effects may not reflect processes 

associated with normal reading. Two notable exceptions are Kretzschmar, Schlesewsky 

and Staub (2015) and Niefind and Dimigen (2016) (see also Kornrumpf, Niefind, Sommer 

and Dimigen, 2016 for effects of foveal load). Niefind and Dimigen presented a list of five 

words in a semantic decision task using words that were low or high frequency. They 
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found that FRPs time-locked to the target word showed effects of word frequency between 

140 and 300 ms at both occipito-temporal and fronto-central electrodes, such that low 

frequency words elicited more negative amplitudes than high frequency words at occipito-

temporal sites, and more positive amplitudes at fronto-central electrodes. FRPs time-

locked with the pre-target word elicited effects of word frequency between 130 and 140 ms 

from fixation onset at the frontal electrodes AF8 and F4, and between 630 and 640 ms at 

the left parietal site CP5. This study presented the first and only evidence of a word 

frequency effect during a saccadic reading task. In contrast, Kretzschmar and colleagues 

explored the effect of word frequency during natural reading of sentences. The authors did 

not find any evidence of word frequency effects in the FRP measures in the time windows 

and scalp electrodes of analysis (i.e., between 150-400 ms for the FRPs time-locked to the 

fixation onset on the pre-target word, and between 150-650 ms for the FRPs time-locked to 

the fixation onset on the target word, both over centro-parietal regions of the scalp). The 

inconsistency of the results is not clear, but might reflect reading processes that differ 

when reading a list of words relative to reading a meaningful sentence. Therefore, it 

remains to investigate whether effects of word frequency can be observed within an eye 

fixation (i.e., about 250 ms) during natural reading of sentences. 

The opportunity to study parafoveal processing with FRPs, or with the flanker-

word presentation approach, has also led to an increase in the number of studies 

investigating the parafoveal processing of lexical information.  Interestingly, the results are 

mixed. Experiments that have used the flanker-word presentation have shown PoF effects 

such that semantically incongruent words elicited more negative N400 amplitudes 

compared to words congruent with semantic context.  These effects were obtained between 

300 and 500 ms after stimulus onset at central-parietal regions (Barber et al., 2010), with a 

broad distribution (Barber et al., 2013), and at central-posterior regions, (Li et al., 2015).  

Similar results have been observed in FRP experiments, both during natural reading of 
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sentences with a high constraint for a target word (Kretzschmar et al., 2009) and with pairs 

of words (López-Peréz et al., 2016). In addition, PoF effects have been observed at earlier 

latencies associated with the P2 component, both with the flanker-word presentation 

(between 175-325 ms after stimulus onset mainly at central-posterior and posterior-lateral 

regions, Barber et al., 2011) and with pairs of words (at about 215 ms after fixation onset 

with a more broadly spread distribution; Baccino & Manunta, 2005).  In both these studies 

increased amplitudes were associated with semantically related/congruent words. In 

contrast, other studies have shown no PoF effects, during natural reading of sentences 

(Dimigen et al., 2011; Kretzschmar et al., 2015), during reading of lists of words (Dimigen 

et al., 2012), nor during reading of pairs of words (Simola et al., 2009). The present study 

represents a further opportunity to examine whether lexical processing starts upon 

encoding of parafoveal information, or from the direct fixation of a word onward. 

2.1.3 Interactive versus Additive Effects 

There have also been a number of studies in which stimulus quality and word 

frequency were orthogonally manipulated, and these showed different effects depending on 

the type of task used. Additive effects have been found in lexical decision tasks (e.g., with 

orthographically legal nonwords but phonologically distinct from words, Becker & Killion, 

1977; O’Malley, Reynolds & Besner, 2007; Plourde & Besner, 1997; Stanners, 

Jastrzembski & Westbrook, 1975; Yap & Balota, 2007; in terms of means, not 

distributions, also for pseudohomophones, Yap, Balota, Tse & Besner, 2008). In contrast, 

interactive effects have been shown in reading aloud (O’Malley, Reynolds & Besner, 

2007; Yap & Balota, 2007) and semantic classification tasks (Yap & Balota, 2007), as well 

as in reading tasks recording eye movements (e.g., Slattery & Rayner, 2010), with larger 

word frequency effects for low-quality words. 

Particularly relevant for the present research is an eye movement experiment by 

Reingold, Reichle, Glaholt, and Sheridan (2012), in which the boundary paradigm was 
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used to manipulate word frequency and parafoveal preview during silent reading of 

sentences.  Previews were either valid, or invalid, taking the form of a pronounceable 

nonword.  They carried out distributional analyses and showed that the earliest discernible 

point at which there was an influence of word frequency was 145 ms after fixation onset 

on the target word for valid previews, and 256 ms for invalid previews.  On the basis of 

this evidence, two things are apparent; first, the results suggest that during normal reading 

(i.e., in the valid/identity condition) it is possible to detect early influences of variables 

such as frequency that occur within the period of an average fixation (c.f., Sereno & 

Rayner, 2003); second, any frequency effects in the eye movement record in the present 

study will likely be confined to fixations at or beyond the initial fixation on the target 

word.  Note, again, however, that to date, there has been no eye movement, nor ERP/FRP, 

study that has manipulated degradation and word frequency in parafoveal and foveal vision 

with a boundary change paradigm, during natural reading of sentences. 

2.1.4 Predictions of the Present Study 

It is evident that orthogonal manipulations of degradation and word frequency have 

never been considered together in previous ERP/FRP studies, and never in eye movement 

experiments investigating these effects both in foveal and parafoveal vision using the 

boundary paradigm during reading of sentences.  In addition, it remains to establish 

whether effects of degradation and word frequency can show their influence within an eye 

fixation. However, based on the literature, we can formulate some quite precise hypotheses 

on the basis of our manipulations. 

Pre-target Word. Recall that when the reader is fixating the pre-target word their 

eyes will not yet have triggered the boundary to initiate the change, and therefore, any PoF 

effects that might occur will be driven by the preview stimulus (the identity stimuli or 

visually degraded versions of those stimuli).  The first prediction we can make is that 

visually degraded previews might lead to longer reading times at the pre-target word. As 
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will be discussed in the Method section, the degradation we applied to our target words 

was quite disruptive, such that readers could not extract any useful information from the 

preview, with the exception of word length. Thus, it might be expected that disruption in 

the extraction of useful information from the parafovea, might produce longer reading 

times on the pre-target word, as parafoveal processing cannot proceed normally. 

Furthermore, since the P1 component that peaks maximally around 100 ms from fixation 

onset, is very often associated with visual manipulations of stimuli, we might expect any 

modulations of amplitude by degradation to occur in this time range. We anticipated 

increased amplitudes in FRP waveforms time-locked to the fixation onset of pre-target 

words for degraded relative to identity parafoveal stimuli (e.g., in foveal vision, Tarkiainen 

et al., 1999). 

With respect to the influence of the frequency of the parafoveal word on pre-target 

processing, we purposefully adopted a strong manipulation of degradation in this 

experiment in order to maximize the possibility of obtaining effects in both eye movement 

and FRP data. For this reason, under the degraded conditions, it was not possible to obtain 

any meaningful visual information about the letters that comprised the target words. 

Consequently, any effect of frequency that might occur at the pre-target word could only 

occur under the identity conditions. Thus, any modulatory PoF influence of frequency at 

the pre-target word should take the form of interactive effects of frequency and 

degradation. In relation solely to the eye movement data, we might expect to observe 

effects of frequency (i.e., longer reading times for low frequency words) only for identity, 

non-degraded, target previews. Similarly, based on ERP studies investigating isolated word 

identification, we might expect increased amplitudes for low compared with high 

frequency words (e.g., Hauk & Pulvermüller, 2004), but importantly, these should only 

arise for the identity, not the degraded, conditions. 
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Target Word. Recall that when the participant fixates the target word, their eyes 

will have just triggered the boundary and therefore the target preview (degraded or 

identity) will have changed to a non-degraded high or low frequency word. The first and 

strongest hypothesis we can generate regarding the target word is that we should observe a 

preview benefit effect, as readers will have processed the target word in the parafovea to a 

greater degree when there was an identity preview compared to a degraded preview. This 

should be reflected in shorter reading times for target words in the identity compared to the 

degraded conditions. In relation to the FRP data, as with the pre-target word, since the 

degradation manipulation is a visual manipulation, then we might observe an increase in 

the amplitude of the P1 component for the target words preceded by a degraded relative to 

an identity preview. In addition, we might expect to replicate the early preview positivity 

effect (e.g., Dimigen et al., 2012), in that we might observe more negative N1 amplitudes 

for target words preceded by degraded relative to identity previews. 

With respect to word frequency, we might observe a main effect of frequency and 

an interaction with degradation, as degradation should inhibit processing associated with 

lexical access.  Thus, frequency effects may be more pronounced for identical than for 

degraded previews. In relation to the eye movement data, we might expect longer reading 

times for low frequency words compared to high frequency words, and more similar 

reading times between high and low frequency words in the degraded preview conditions, 

while larger differences between high and low frequency words in the identity preview 

conditions. Based on some evidence in the ERP literature for early effects of frequency 

during recognition of isolated words, we might observe these effects within 250 ms of 

fixation onset, with high frequency words showing less pronounced amplitudes than low 

frequency words. 
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2.2 Method 

2.2.1 Participants 

A total number of 28 participants (18 F, 10 M) took part in the study. All 

participants were English native speakers, with normal or corrected-to-normal vision. 

Their age ranged between 18 and 24 years (M=19.64, SD = 1.59). Twenty-seven 

participants were right-handed; one participant was ambidextrous. Handedness was 

determined according to Oldfield (1971), with a reported mean laterality quotient of 87 

(SD = 17.21). Data from six additional participants were not analysed, as their data loss 

was high (M = 165.83, SD = 12.01 trials excluded out of 200).  Participants received 

course credits or £15 for their participation. 

2.2.2 Stimuli 

Four hundred and fifty words were selected from the English Lexicon Project 

(Balota et al., 2007), 225 low frequency words (between 5.31-24.74 frequency per million) 

and 225 high frequency words (between 101.122-877.33 frequency per million). Each low 

frequency word has been paired with a high frequency word and matched for length, in 

order to create 225 sentences, one for each pair of words. Sentences consisted of one line, 

with a length between 7 and 16 words and the target word was located approximately in 

the middle of the sentence (range =3-9 words after the first word). To ensure that 

participants made at least one fixation on pre-target, target and post-target words (Rayner, 

1979), the target word was between 5 and 6 characters long, the word preceding the target 

was between 4 and 7 characters, and the following word between 4 and 10 characters long. 

In order to unambiguously attribute any difference to frequency and/or degradation 

effects, plausibility and predictability of the sentences were assessed and matched. Two 

different groups of students, who did not take part in the actual experiment, undertook a 

separate pre-experiment norming study. 20 students from the University of Southampton, 
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all native English speakers, rated each sentence on a scale of 1 to 7 for plausibility, with 1 

being very implausible and 7 being very plausible. Another 20 students, all English native 

speakers, rated the predictability of the sentences. The students were engaged in a close-

probability task, where they were asked to read each of the sentence beginnings (up to the 

target word) and to write a continuation of the sentence with the most obvious word they 

thought should come next. From the norming study we selected 400 words (i.e., 200 

sentences), which showed no significant difference between high and low frequency 

conditions in both the plausibility (M = 5.52, SD = 0.49 for LF words, M = 5.53, SD = 0.50 

for HF words) and predictability (M = 0.01, SD = 0.02 for both LF and HF words) scores. 

The characteristics of the 400 target words selected are shown in Table 2.1. 

 

Table 2.1. Characteristics of the Words Used in the Experiment 

 
Note. LF: low frequency words. HF: high frequency words. Low and high frequencies were calculated as 

frequency per million, according to the English Lexicon Project (Balota et al., 2007). Position (in the 

sentence) refers to the number of words preceding the target words. Length of target, pre-target and post-

target were calculated in number of characters. 

 

2.2.3 Design 

A 2 (parafoveal preview: degraded vs. identical) x 2 (target word frequency: high 

vs. low frequency) design was used. Two hundred contextual frames were constructed, 

with 50 stimuli for each condition. Sentences were presented on a computer screen using 

the boundary paradigm (Rayner, 1975).  An invisible boundary was located at the end of 

the pre-target word (word N - 1), before the space that separates this word from the target 

word (word N). Before the reader’s point of fixation crossed the boundary, a preview was 

displayed at the target word location, which was either degraded or identical to the target 

Pre-Target Words Post-Target Words

LF HF Position Length Length Length

Mean 13.25 267.24 5.17 5.62 5.27 6.06

SD 5.57 172.47 1.53 0.49 1.10 1.63

Target Words
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word. Once the eyes crossed the boundary, the preview was replaced by the correct target 

word, which was either a high frequency or low frequency word (see Figure 2.1). 

Target words were degraded using a spatial filter in the frequency domain, with 

Matlab. Each stimulus was saved as 256x256 pixel bitmapped (.bmp) file and a 

Butterworth band-pass filter was then applied. High-pass and low-pass filter cutoff 

frequencies were 0.8-1.6 cpd (cycles per degree), with a center frequency of 1.1cpd. The 

spatial filter was chosen to disrupt the visual stimulus in the parafovea, producing a coarse 

visual representation of the word, and thereby preventing the extraction of meaningful 

parafoveal orthographic information. The size of the filtered images was then cut to reduce 

the edge effects due to filtering, and to maintain the spatial area of the blurred stimulus 

equivalent to the non-degraded stimulus, as well as to keep the inter-word spaces intact. 

2.2.4 Apparatus 

Participants were seated 70 cm from a 19-inch CRT computer display with a 

resolution of 1024 x 768 and a refresh rate of 140 Hz. The text was presented in black ink 

on a grey background, in lowercase 14-point Courier New font. Thus, approximately 2.19 

characters subtended one degree of visual angle. 

2.2.5 Procedure 

After providing written informed consent, participants were tested for their 

binocular visual acuity with the logarithmic Landolt “C” eye chart (Precision Vision, La 

Salle, United States), at 4 m viewing distance. Participants were required to meet 20/20 

vision on the chart, without making more than two mistakes in order to proceed with the 

experiment. Next, participants were asked to complete the Edinburgh handedness 

inventory (Oldfield, 1971) in order to check that all participants were right handed or 

ambidextrous. Finally, a calibration procedure was performed before starting the 

experiment to make sure that the participants’ eyes could be accurately tracked.  
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Participants read 10 sentences for practice and 200 experimental sentences. Stimuli 

were divided into five blocks of 40 sentences, ensuring a break at the end of each block as 

well as whenever else one was needed. Sentences were presented in a random order for 

each subject. Participants were required to read each of the set of sentences in turn and to 

answer comprehension questions for 25% of the trials. They were informed that the entire 

experimental session would last about two and a half hours, including preparation time, 

breaks and debriefing, with the actual data acquisition period lasting around one and a half 

hours. 

The trial scheme is illustrated in Figure 2.2. Trials began with a fixation cross on 

the left side of the screen. The fixation cross stayed on the screen for 500 ms. When a 

fixation on the cross was registered, the cross was replaced by a sentence, with the first 

character of text at the same location of the fixation point. As the sentence appeared, a 

fixation cross was also displayed on the right side of the screen. Participants were 

instructed to read and comprehend each sentence normally, and then to fixate on the cross 

on the right of the screen which would terminate the trial, and initiate the next trial 

sequence.  We adopted an eye contingent fixation procedure to terminate each trial to 

avoid motor preparatory activity that could confound the EEG signal. Participants were not 

instructed to suppress eye blinks during reading, but they were encouraged to blink at the 

end of each trial. Eye- movements and event-related potentials were co-registered for each 

subject. 

At the end of the experiment, participants were asked to complete a short 

questionnaire in order to evaluate their display change awareness (White, Rayner & 

Liversedge, 2005; Dimigen et al., 2012). 
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Figure 2.2. Trial scheme. A fixation cross on the left side of the screen is replaced by the entire sentence. 

While the eyes are still fixating on the word N -1, in this case sweet, a preview appears on the screen. Once 

the eyes cross the boundary, the correct target word replaces the preview, here apple. A fixation cross on the 

right side of the screen leads to the comprehension question when required or directly to the next trial. 

2.2.6 Eye Movement and EEG Recording 

Viewing was binocular, but eye movements were recorded from the right eye only 

for all subjects except one, whose left eye was recorded. A SR Research Eyelink 1000 eye 

tracker was used, at a sampling rate of 1000 Hz. Head movements were minimized using 

chin and forehead rests. A 3-point calibration was performed at the start of each block and 

at any other point during the experiment if needed. A 4-point drift correct check was 

completed before every trial. Calibration was not accepted until the average error was less 

than 0.2° and the maximum error was less than 0.99°. 

The EEG signal was recorded from 64 scalp electrodes (Fast ’n Easy Cap, 

Herrsching, Germany) located at standard positions according to the International 10-20 

system. Moreover, four electro-oculogram (EOG) electrodes were used in order to record 

the EEG signal associated with eye movements. The channel AFz was used as the ground 

electrode, and the nose as the online reference electrode. Impedance was kept below 5kΩ 
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for all electrodes. The signal was low-pass filtered online at 100Hz (with an attenuation of 

12dB/octave) with DC SynAmpsRT amplifiers (Compumedics Neuroscan) and converted 

from analog-to-digital with a sampling rate of 1000 Hz. 

2.2.7 Co-registration of eye movements and EEG 

Eye tracking and EEG were synchronized via TTL trigger pulses sent from the 

presentation PC, running SR Research Experiment Builder, to the EEG recording PC, 

running Scan 4.5 program (Compumedics Neuroscan). TTL pulses were sent at the onset 

and offset of each trial and were simultaneously recorded as a marker in the EEG signal 

and as a message in the eye-movement data. 

2.2.8 Analyses 

Analyses both on eye movements and ERPs were conducted in relation to two 

interest areas (IAs): pre-target (word N-1) and target (word N) words. 

2.2.8.1 Eye-tracking data pre-processing 

We used the “clean’ function in DataViewer (SR research) to select only fixations 

longer than 50 ms and shorter than 800 ms to enter the analyses. We excluded from the 

analyses those trials in which the display change occurred early, during a fixation on the 

pre-boundary (i.e., pre-target) word, and when the display change was late, that is when the 

display took more than 10 ms after the fixation onset on the post-boundary (i.e., target) 

word to change. Moreover, we excluded trials with hooks, wherein the display change was 

triggered early by a saccade that temporarily crossed the invisible boundary to finally end 

to the left of the boundary. Furthermore, we excluded from the analyses trials with 

leftward saccades from pre-target, target, or post-target words to another preceding interest 

area during first pass reading. Finally, we excluded trials in which participants made a 

blink and/or a skip in pre-target, target and post-target words. 
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2.2.8.2 EEG data pre-processing 

The EEG data were band-pass filtered offline between 0.1 - 30 Hz, using a zero 

phase shift FIR (Finite Impulse Response) filter in Scan 4.5 (Compumedics Neuroscan). 

Eye blinks present in the EEG continuous data were identified offline with an 

automated procedure available in Scan 4.5 software and the signal corrected. The eye 

movement reduction algorithm identifies sweeps containing a large positive (or negative, 

depending on the acquisition procedures) deflection at the VEOG channel, which is 

observable in all the electrodes at frontal locations. We manually selected a minimum of 

50 eye blink artifacts for each participant to be used in order to calculate the average blink 

artifact. The average artifact obtained was then subtracted from the raw EEG waveforms. 

Using Scan 4.5, the filtered data were cut into large epochs of 5710 ms, time-

locked to the pre-target fixation onset. The length of each segment was chosen in order to 

include the first-pass fixation durations of pre-target, target and post-target words, as well 

as the duration of the saccades between pre-target and target words, and between target and 

post-target words, that is 3210 ms. A time-window of 2500 ms before the fixation onset of 

the pre-target word was also included. This time-window allowed us to use the same 

baseline correction (the 200 ms before the pre-target fixation onset) for all the epochs, 

whether they were time-locked to pre-target, or to target fixation onsets. The choice of this 

baseline rests on the rationale that we extract information from the parafovea during 

reading (Rayner, 1998, 2009), and consequently, the signal in the time window 

immediately preceding the first fixation on a target word may be affected by the 

characteristics of the target word in the parafovea. To avoid any such contamination, 

therefore, we selected as baseline the 200 ms time window prior to the onset of the first 

fixation on the pre-target word (a period during which possible processing of the target 

was minimised). 
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Artifact rejection for extreme values was performed on the epoched data using 

EEGLAB 13_4_4b toolbox of Matlab (version R2015b) and all the marked epochs were 

visually inspected. Segments with a peak-to-peak voltage difference greater than 120µV 

(in absolute value) in any scalp channel were rejected, as well as any trial in which the 

difference was greater than 120µV for the vertical electro-oculogram (VEOG) channel 

before and/or at the pre-target fixation onset, in order to leave the baseline window clean 

from artifacts. If 5 % of the epochs were deleted because of a single bad electrode, we 

removed and then spherically interpolated that electrode. This was the case for a single 

channel in four of our subjects. 

Independent component analysis (ICA) was performed using the EEGLAB 

13_4_4b toolbox running in Matlab (version R2015b). All scalp electrodes and the 

horizontal electro-oculogram channel entered the ICA. Only those independent 

components that could be associated with oculomotor artifacts were deleted. 

By cutting the original large epochs, we then created new epochs. The new epochs 

were time-locked to the target fixation onsets. Again, the duration of the epochs was 

chosen in order to include as a baseline the 200 ms preceding the fixation onset on the pre-

target word, and the first-pass fixation durations on target. Therefore, the new epochs 

comprised 1600 ms before and 2000 ms after the target fixation onset. 

All epochs were then re-referenced to the average of all the electrodes, excluding 

EOG channels, and baseline corrected by subtracting the 200 ms preceding the pre-target 

fixation onset. 

 

2.9.3. Statistical analyses 

Statistical analyses were carried out only on those trials that remained following 

both eye movement and ERP data cleaning, which were 2546 observations. Therefore, all 

analyses were conducted on the same final dataset. 
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Eye movement data were analysed with linear mixed effects (lme) models within 

the R environment for Statistical Computing (R Core Team, 2015). We used the “lmer” 

function from the lme4 package (Bates, Mächler, Bolker & Walker, 2015) on log 

transformed first fixation duration, single fixation duration and gaze duration. First fixation 

duration is defined as the duration of the first fixation on a region during reading. Single 

fixation duration is the duration of the fixation on a region when the reader only makes one 

fixation on it during first pass. Gaze duration is the sum of all first-pass fixations on a 

specific interest area, before readers fixate on another region. These measures were chosen 

because they reflect early word recognition processes. 

Initially, we specified a full random structure for subjects and items (with both 

random intercepts and slopes) as per Barr, Levy, Scheepers and Tily (2013). However, 

when the models failed to converge, we reduced the random structure until the models 

reached convergence. The reduction was performed by first trimming down the random 

structure for items, starting with removal of the random effect correlations between factors, 

then the interactions and lastly the random factors. If the model had not then reached 

convergence, the random structure for subjects was reduced according to the same logic.  

All final models include both subjects and items as random factors. For pre-target words, 

word frequency and degradation were specified as fixed factors. For the target words, in 

addition to word frequency and degradation, the amplitude of the saccade onto the target 

word was also entered into the model as a fixed factor3
1.We used the function “contr.sdif” 

from the MASS package (Venables & Ripley, 2002) to set up word frequency and 

degradation as fixed factors in all models.  Since the amplitude of the first saccade onto the 

target word is a continuous predictor, it was centered before being entered into the model. 

                                                
3 For the target word we also carried out lmer analyses in which we included the duration of the last fixation 

on the pre-target word.  This variable has been shown to influence the degree to which a parafoveal target 

word is processed prior to its direct fixation.  However, in all of our analyses, the models that included this 

variable performed no better than those models that did not, and for this reason, we report the latter. 
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Outliers were removed when their value was greater than 3 standard deviations away from 

the mean. Effects were considered significant when t >2.00, according to standard 

conventions. 

For the FRPs, we focused on two early components, P1 and N1, the latency ranges 

of which have been shown to be sensitive to manipulations similar to those in our 

experiment. Based on visual inspection of the waveforms, we considered P1 latencies from 

50 ms after fixation onset until 180 ms after fixation onset, and N1 latencies from 150 ms 

to 250 ms.  We selected 50 ms after fixation onset as the start of the P1 time window as 50-

60 ms is recognized as being sufficient to allow information to travel from the retina to the 

brain (e.g., Ishida & Ikeda, 1989; Rayner, Inhoff, Morrison, Slowiaczek & Bertera, 1981; 

Rayner, Liversedge, White & Virgilino-Perez, 2003; Slowiaczek & Rayner, 1987). Also, 

we analysed these particular components because we assumed that differences in their 

characteristics would potentially correspond to visual and cognitive processing differences 

that occurred during the fixations in this time window (and therefore produced any 

differences in the durations of those fixations; Rayner, 1998, 2009; Sereno & Rayner, 

2003; Sereno, Rayner & Posner, 1998). 

First, we averaged EEG amplitudes of parieto-occipital electrodes (PO7, PO8, Oz, 

O1, O2), of parieto-temporal electrodes (P7, P8, TP9, TP10), and of central electrodes (Cz, 

Pz, CP1, CP2) (see Figure 2.4). Successively, we calculated the average EEG amplitude 

within consecutive non-overlapping 10 ms windows for each subject and each trial, 

between 50-180 ms after fixation onset for the P1 component, and between 150-250 ms 

after fixation onset for the N1 component. We then identified the peak amplitude and peak 

latency for each subject and each trial. Peak latencies were defined as the mean value in 

the 10 ms window in which ERP waveform reached its maximum or minimum in the given 

time range and group of electrodes. For statistical analyses, mean peak amplitudes were 

computed across latency ranges of 20 ms before and after these peaks.  This was the case 
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for all instances other than when the peak fell in the first or last 10 ms window, in which 

case that trial was removed from the analyses as an outlier. If the peak occurred in the 

second, or second last 10 ms window, we used the 10 ms before and 20 ms after the peak, 

or the 20 ms before and 10 ms after the peak to compute the mean value respectively. FRP 

data were then analysed with linear mixed effects models, using the same random and 

fixed factors as the models we ran on the eye movement data. We used the “lmer” function 

from the lme4 package (Bates, Mächler, Bolker & Walker, 2015) on P1 and N1 mean 

amplitudes. 

2.3 Results 

2.3.1 Behavioral measures 

2.3.1.1 Accuracy 

The average accuracy to comprehension questions was 98%, showing that 

participants read and understood the sentences. 

2.3.1.2 Display change awareness 

In experiments where a gaze contingent paradigm is used, people are usually 

unaware of the display change because the display change occurs during a saccade when 

saccadic suppression occurs.  However, in the current study, all participants noticed that 

something strange happened while they were reading the sentences. 16 participants 

reported it spontaneously, at the first question; 12 participants stated that they noticed 

something strange after having been informed about the display changes that occurred 

during the experiment. Participants estimated on average that 58 display changes (SD = 

37.38) occurred (in fact 100 display changes actually occurred in the experiment).  This 

finding is not at all surprising given the nature of the degradation manipulation of 

parafoveal preview that we adopted.  Recall that we were most keen to use a degradation 
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manipulation that was maximally effective in preventing readers pre-processing a degraded 

parafoveal word prior to directly fixating it.  To this extent, the visual difference associated 

with a degraded parafoveal preview changing to a non-degraded target word upon fixation 

was substantial, and therefore, likely to be detected (as indeed it was).  Such a finding is 

consistent with a number of studies in the literature (Slattery, Angele & Rayner, 2011; 

Angele, Slattery & Rayner, 2016).   

2.3.2 Eye movements and Fixation-related potentials 

2.3.2.1 Pre-target Word 

Effects of Degradation. As expected, a significant, although small, main effect of 

degradation occurred for first fixation duration, single fixation duration and gaze duration 

(Table 2.2), implying that low-level visual information could be extracted from the 

parafovea. Pre-target words followed by a degraded target word preview received longer 

fixations than pre-target words followed by a non-degraded preview (difference of 8 ms for 

first fixation duration, 10 ms for single fixation duration and 11 ms for gaze duration). 

Similarly, in the FRP data, a small but statistically significant effect of degradation 

occurred at the occipital electrodes on the mean amplitude of the P1 component, and at 

central electrodes on the mean amplitude of the N1 component (see Figure 2.2 and Table 

2.3). Degraded previews of the target word elicited increased mean amplitudes compared 

to identical previews (difference of 0.56 µV for the P1 component, and of 0.53 µV for the 

N1 component), suggesting that also the FRP measures were sensitive to the extraction of 

low-level visual information from the parafovea. In particular, assuming that linguistic 

processing proceeds with a posterior-to-anterior direction (i.e., from occipital, temporal, 

centro-parietal, to frontal areas of the scalp; e.g., Friederici, 2011), these findings might 

provide an insight of the time course of parafoveal processing. Our data might suggest that 

visual processing of the target word starts as soon as the pre-target word is fixated, during 
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the P1 latency range, while later, higher order processing of the target word (e.g., 

extraction of letter features and identities) might start slightly later during the eye fixation 

associated with the pre-target word, that is, during the N1 latency range. 

 

Table 2.2. Model Parameters, Observed Means and Standard Deviations of the Fixation Time Measures (in 

Milliseconds) for the Pre-Target Word. 

Note: FFD = First Fixation Duration; SFD = Single Fixation Duration; GD = Gaze Duration. *t > 2.00. 

 

Effects of Word Frequency. No main effect of frequency was observed in any eye 

movement measures, nor on the P1 or N1 mean amplitudes, suggesting that no parafoveal 

linguistic information was influencing the eye movement patterns on the currently fixated 

word (see Table 2.2). Note, though, that frequency effects on the pre-target should only 

manifest as interactions with degradation, in the sense that any effect of frequency could 

occur only for the identity conditions but not for the degraded previews, as from these 

latter previews no parafoveal linguistic information was available. We will consider the 

interactive effect in the section below. 

Interactive Effects. No interactive effect was observed in any eye movement measures. 

However, we found an interaction between word frequency and degradation in the FRP 

data. At the temporal electrodes, between 50 and 180 ms after fixation onset on the pre-

target word, the processing cost associated with degradation was more pronounced for the 

high frequency words than for the low frequency words. That is, the amplitudes for the 

aa aa aa aa aa aa aa aa aa aa aa

Model

Degraded Identity Degraded Identity
Intercept 5.38 0.02 288.31 *
Degradation 0.04 0.01 2.76 *
Frequency 0.00 0.01 -0.42
Degradation*Frequency 0.01 0.02 0.70
Intercept 5.40 0.02 254.92 *
Degradation 0.05 0.02 2.57 *
Frequency 1.91 0.01 0.01
Degradation*Frequency 0.01 0.03 0.32
Intercept 5.50 0.03 205.81 *
Degradation 0.05 0.02 2.34 *
Frequency 0.00 0.01 0.34
Degradation*Frequency -0.01 0.03 -0.20

266	(79) 254	(83) 265	(80) 255	(84)

228	(52) 219	(55)

229	(50) 222	(55) 237	(50) 224	(51)

FFD

SFD

GD

228	(53) 222	(53)

Condition
HF LFb SE t Sig.
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high frequency identity previews were more reduced compared to the amplitudes for the 

high frequency degraded previews (difference of 0.65 µV), whereas the amplitude of low 

frequency identity previews was much more comparable to the amplitude of low frequency 

degraded previews (difference of 0.17 µV). However, recall that if linguistic information, 

as word frequency, is extracted from the parafovea, at the pre-target word we might have 

expected an interaction between word frequency and degradation such that the difference 

would have been larger between high frequency and low frequency words in the identity 

condition relative to the degraded conditions. Note though, that the interaction we found 

here is not the one we just described. We observed more disruption associated with 

degraded previews in the high frequency compared to the low frequency conditions. Thus, 

this interaction might be spurious. We will discuss the interactive effect further in the 

General Discussion section. 

 

Table 2.3. Model parameters, Observed Means and Standard Deviations for Mean Amplitude (µV) of P1 and 

N1 FRP Components Time-Locked to Fixation Onset of the Pre-Target Word. 

 

Note: *t > 2.00. 

aa aa aa aa aa aa aa aa aa aa aa

Model

b SE t Sig. Degraded Identity Degraded Identity

Intercept 4.45 0.21 21.68 *
Degradation 0.56 0.24 2.32 *
Frequency 0.25 0.21 1.20
Degradation*Frequency -0.66 0.43 -1.53

Intercept 2.82 0.13 22.34 *
Degradation 0.23 0.18 1.28
Frequency -0.02 0.15 -0.10
Degradation*Frequency -0.75 0.31 -2.42 *

Intercept -2.70 0.14 -19.1 *
Degradation 0.02 0.18 0.10
Frequency 0.25 0.17 1.47
Degradation*Frequency -0.24 0.41 -0.59

Intercept -4.08 0.23 -17.79 *
Degradation -0.35 0.28 -1.25
Frequency 0.26 0.24 1.08
Degradation*Frequency -0.96 0.58 -1.65

Intercept -2.78 0.19 -14.41 *
Degradation -0.08 0.21 -0.39
Frequency 0.06 0.18 0.36
Degradation*Frequency -0.08 0.36 -0.22

Intercept 2.28 0.22 10.22 *
Degradation 0.48 0.22 2.25 *
Frequency 0.28 0.21 1.29
Degradation*Frequency -0.32 0.51 -0.62

-2.74	(3.60) -2.89	(3.91) -2.71	(3.62)

2.52	(3.98) 1.81	(3.84) 2.68	(4.16) 2.32	(3.88)

P1
Mean	Amplitude

N1
Mean	Amplitude

Occipital

Temporal

Central

-4.13	(4.90) -4.28	(4.63) -4.39	(4.96) -3.47	(4.77)

-2.79	(3.96)

3.20	(3.59) 2.55	(3.35) 2.78	(3.53) 2.95	(3.27)

-2.69	(3.64) -2.90	(3.47) -2.59	(3.72) -2.58	(3.54)

Condition
HF LF

4.81	(4.75) 3.91	(4.02) 4.75	(4.90)

Temporal	

Occipital	

Central	

4.53	(4.17)
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Figure 2.3. Sample Electrodes and FRP Results for the Pre-Target and Target words.  A.  Electrode layout 

showing the three groups of electrodes analysed in the current study. In yellow (light grey) the occipital 

electrodes (PO7, O1, Oz, O2, PO8), in red (medium grey) the temporal electrodes (P7, TP9, P8, TP10), in 

blue (dark grey) the central electrodes (Cz, Pz, CP1, CP2). B. Grand averaged FRPs time-locked to the 

fixation onset on the pre-target and target words, calculated as the mean signal of the occipital, temporal and 

central electrodes respectively. 
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2.3.2.2 Target Word 

Effects of Degradation. As expected, all eye movement measures showed 

significant preview effects of degradation (see Table 2.4). We found that a degraded 

preview significantly inhibited processing of words in the parafovea, and therefore led to 

longer first fixation durations (difference of 33 ms), single fixation durations (difference of 

46 ms), and gaze durations (difference of 48 ms) on the target word compared to a valid 

identical preview. In addition, we found an effect of the amplitude of the saccade from the 

pre-target word to the target word.  Despite this difference, landing positions on the target 

word did not differ across conditions, indicating that differences in the extent of the 

saccade onto the target arose due to differences in the site from which that saccade was 

launched.  In other words, the saccade extent differences that we observed were unlikely to 

be caused by our manipulations of the target word.  Note, though, that the proximity of the 

fixation prior to the subsequent fixation of a target (i.e., saccade extent) has been shown to 

affect the extent to which that target is pre-processed, as well as the nature of FRP 

components associated with the first fixation on the target (Yagi, 1979).  For this reason, 

we will briefly consider the saccade extent results in relation to the first fixation eye 

movement data.  We obtained a main effect of saccade extent such that first fixations were 

shorter when the eye was launched from a point nearer (M= 257 ms, SD=69 ms) than 

further from the target (M=265 ms, SD=65 ms).  More importantly, however, we obtained 

an interaction between saccade extent and degradation such that for identity previews, 

fixations on the target were shorter after saccades from close (M= 232 ms, SD= 61 ms) 

than distant launch sites (M=250 ms, SD= 58 ms), whilst for degraded previews, first 

fixation durations from close (M= 268 ms, SD= 60 ms) or distant launch sites (M= 283 ms, 

SD= 57 ms) were more comparable.  On the basis of the first fixation duration data, then, it 

appears that when there was a better quality preview of the target in the parafovea, that is 

when the eyes were closer compared to distant from the target word, pre-processing of it 
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was more effective. 

As with the eye movement data, the FRP data showed very robust preview effects 

of degradation both for the P1 and N1 components (see Table 2.5). Target words that were 

preceded by a degraded preview produced significantly larger P1 amplitudes at both 

occipital (difference of 1.18 µV) and temporal electrodes (difference of 0.44 µV). In 

addition, there were substantially increased N1 amplitudes (i.e., negative deflections) for 

target words preceded by a degraded than an identity preview at occipital (difference of 

2.08 µV), temporal (difference of 1.94 µV) and central (difference of 1.35 µV) sites.  It is 

clear that the boundary manipulation of the degraded preview had a very substantial 

influence on the nature of the FRPs that occurred within 250 ms of the onset of the first 

fixation on the target word.  Furthermore, it is also clear that the magnitude of the 

degradation effect between 150 and 250 ms (i.e., the N1 component latency range) in 

relation to peak amplitude was far greater than the one observed between 50 and 180 ms 

(i.e., the P1 component latency range) after fixation onset on the target word.  Generally, at 

occipito-temporal electrodes, the earliest positive ERP component is taken to reflect earlier 

aspects of visual processing that occur during a fixation (e.g., Di Russo, Martínez, Sereno, 

Pitzalis & Hillyard, 2001; Regan, 1989), whereas the first negative component is usually 

taken to reflect early linguistic processing associated with lexical identification (e.g., 

orthographic and phonological effects) (Dimigen et al., 2012; Kornrumpf et al., 2016; Li et 

al., 2015; Niefind & Dimigen, 2016).  Assuming that this holds in relation to the present 

results, it seems likely that the effects between 50 and 180 ms reflect visual processing 

differences associated with the change of the preview from a degraded to a non-degraded 

target word (relative to the maintained presence, pre- and post- boundary change, of a non-

degraded target in the identity condition).  In contrast, the substantially more pronounced 

effects between 150 and 250 ms seem likely to derive from differences in the time course 

of the initiation of orthographic and phonological processing of the target word.  When the 
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preview was degraded, initiation of such processing was presumably delayed relative to 

when the preview was not degraded. 

 

Table 2.4. Model Parameters, Observed Means and Standard Deviations of the Fixation Time Measures (in 

Milliseconds) for the Target Word. 

Note: FFD = First Fixation Duration; SFD = Single Fixation Duration; GD = Gaze Duration. *t > 2.00. 

 

Effects of Word Frequency. We observed a significant main effect of frequency in 

the eye movement data. Consistent with previous eye movement research (e.g., Inhoff & 

Rayner, 1986; Rayner & Duffy, 1986; Rayner & Raney, 1996), low frequency words 

received longer first fixations (9 ms), single fixations (10 ms) and gaze durations (19 ms) 

compared to high frequency words. To this extent, the eye movement data provide a very 

clear and consistent pattern of results. Solely effects of degradation were observed at the 

pre-target word, and effects of both frequency and degradation at the target word. 

However, we failed to observe any effect of frequency on the FRPs time-locked to  

aa aa aa aa aa aa aa aa aa aa aa

Model

Degraded Identity Degraded Identity
Intercept 5.52 0.02 284.9 *
Degradation 0.14 0.02 7.40 *
Frequency 0.04 0.01 3.30 *
SA 0.07 0.01 6.40 * 273	(57) 237	(59) 279	(61) 249	(63)
Degradation*Frequency -0.03 0.02 -1.32
Degradation*SA -0.04 0.02 -2.40 *
Frequency*SA -0.02 0.02 -1.32
Degradation*Frequency*SA 0.01 0.03 0.18
Intercept 5.57 0.02 255.2 *
Degradation 0.18 0.02 9.38 *
Frequency 0.03 0.01 2.48 * 290	(42) 244	(58) 300	(46) 254	(63)
SA 0.07 0.01 6.21 *
Degradation*Frequency -0.03 0.02 -1.09
Degradation*SA -0.07 0.02 -3.51 *
Frequency*SA -0.001 0.02 -0.06
Degradation*Frequency*SA -0.001 0.04 -0.03
Intercept 5.62 0.02 230.1 *
Degradation 0.19 0.02 10.13 *
Frequency 0.07 0.01 5.74 *
SA 0.04 0.01 4.22 * 303	(58) 256	(75) 323	(63) 274	(82)
Degradation*Frequency 0.00 0.02 -0.22
Degradation*SA -0.04 0.02 -2.29 *
Frequency*SA -0.01 0.02 -0.70
Degradation*Frequency*SA -0.006 0.03 -0.19

t Sig. HF LF

FFD

SFD

GD

Condition

b SE
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the target word. We note that in the present study we intentionally investigated only early 

time windows with the rationale of examining neural activity associated with our 

manipulations within an eye fixation (Sereno & Rayner, 2003). In addition, we observe 

 

Table 2.5. Model parameters, Observed Means and Standard Deviations for Mean Amplitude (µV) of P1 and 

N1 FRP Components Time-Locked to Fixation Onset of the Target Word. 

Note: * t > 2.00. 

 

 

b SE t Sig. Degraded Identity Degraded Identity

Intercept 4.26 0.27 16.1 *
Degradation 1.14 0.25 4.59 *
Frequency 0.17 0.25 0.67
SA 0.15 0.20 0.78
Degradation*Frequency -0.25 0.46 -0.55
Degradation*SA 0.44 0.37 1.19
Frequency*SA -0.10 0.37 -0.27
Degradation*Frequency*SA -0.03 0.73 -0.04

Intercept 2.87 0.16 17.46 *
Degradation 0.48 0.20 2.44 *
Frequency -0.09 0.19 -0.46
SA -0.21 0.15 -1.36
Degradation*Frequency 0.05 0.36 0.13
Degradation*SA -0.26 0.3 -0.87
Frequency*SA -0.45 0.29 -1.53
Degradation*Frequency*SA 0.55 0.58 0.95

Intercept -3.27 0.18 -18.09 *
Degradation 0.05 0.20 0.24
Frequency 0.36 0.20 1.85
SA 0.12 0.17 0.69
Degradation*Frequency -0.20 0.39 -0.51
Degradation*SA 0.25 0.32 0.79
Frequency*SA -0.27 0.32 -0.86
Degradation*Frequency*SA 0.41 0.63 0.65

Intercept -5.31 0.37 -14.35 *
Degradation -2.03 0.38 -5.35 * -6.30	(5.33) -3.99	(5.14) -6.28	(5.39) -4.43	(4.97)
Frequency -0.30 0.26 -1.20
SA 0.02 0.23 0.09
Degradation*Frequency 0.45 0.49 0.91
Degradation*SA -0.11 0.40 -0.26
Frequency*SA 0.03 0.40 0.08
Degradation*Frequency*SA -0.46 0.79 -0.58

Intercept -3.68 0.32 -11.62 *
Degradation -1.98 0.27 -7.32 *
Frequency -0.004 0.20 -0.02
SA -0.23 0.22 -1.04
Degradation*Frequency -0.24 0.39 -0.62
Degradation*SA -0.36 0.33 -1.12
Frequency*SA -0.43 0.32 -1.35
Degradation*Frequency*SA -0.22 0.64 -0.34

Intercept 2.33 0.3 7.81 *
Degradation 1.31 0.25 5.33 *
Frequency 0.06 0.26 0.23
SA 0.31 0.23 1.31
Degradation*Frequency -0.01 0.44 -0.02
Degradation*SA 0.04 0.36 0.12
Frequency*SA -0.03 0.36 -0.08
Degradation*Frequency*SA 0.67 0.71 0.95

3.04	(4.57) 1.63	(4.37) 3.10	(4.96) 1.81	(4.36)

Model

-3.48	(4.09) -3.05	(4.25) -2.95	(4.27)

-4.59	(4.38) -2.70	(4.43) -4.68	(4.06) -2.69	(4.03)

4.82	(5.42) 3.52	(5.34) 4.98	(5.50) 3.92	(5.27)

3.16	(4.10)

N1
Mean	

Amplitude

Occipital	

Temporal

Central

Temporal

Central

2.76	(4.26)

Condition
HF LF

Occipital

P1
Mean	

Amplitude
3.11	(3.98) 2.64	(3.90)

-3.38	(4.30)
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that Kretzschmar and colleagues (2015) investigated later time windows, between 150-650 

ms after fixation onset, but also failed to find any effect of word frequency. Therefore, the 

lack of a frequency effect in our FRP data is consistent with the only other study that has 

investigated neural correlates of word frequency during natural reading of sentences (i.e., 

Kretzschmar et al., 2015), but in contrast to the well documented early and late effects of 

frequency observed with isolated word recognition paradigms (e.g., Hauk et al., 2006; 

Hauk & Pulvermüller, 2004; King & Kutas, 1998; Van Petten & Kutas, 1990). It remains 

for future research to investigate the neural correlates of word frequency across a broad 

range of time windows and regions of the brain, when an effect of frequency is observed 

during the same period of time in the eye movement data. We will return to this point later 

in the General Discussion section. 

Interactive Effects. At the target word there was no evidence for an interaction 

between degradation and word frequency in any of the eye movement nor FRP measures. 

Adopting a form of additive factors logic (Sternberg, 1969), these data suggest that when 

previews are manipulated for degradation and target words are manipulated for frequency, 

these variables influence two separate stages of processing (likely visual and early 

linguistic processing). 

In relation to previous research, these findings are more similar to the effects that 

have been found in lexical decision tasks (e.g., Becker & Killion, 1977; Stanners, 

Jastrzembski, & Westbrook, 1975; Yap & Balota, 2007), compared to the effects observed 

in reading tasks recording eye movements (e.g., Slattery & Rayner, 2010). Recall though 

that previous eye movement reading experiments did not use a boundary paradigm, such 

that a word was manipulated for stimulus quality both during parafoveal and foveal vision. 

Thus, it is possible that the interactive effects previously found were driven by stages of 

processing that started when the word was currently fixated, and that of course, influenced 

the lexical processing of that word. 
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2.4 General Discussion 

The present experiment represents the first attempt to investigate neural correlates 

of degradation and word frequency effects in parafoveal and foveal vision during natural 

reading of sentences, examining components within a typical fixation period of 

approximately 250 ms. We manipulated the type of preview (i.e., degraded vs. non-

degraded) in the parafovea, and target word frequency (i.e., high vs. low) in the fovea, 

using the boundary paradigm (Rayner, 1975). 

Eye movement data showed robust effects of degradation at the pre-target word, 

and effects of degradation, frequency, and saccade amplitude alone, and saccade amplitude 

in interaction with degradation at the target word. FRP data showed effects of degradation 

alone and in interaction with frequency at the pre-target word, and effects of degradation at 

the target word. Overall, at a global level, our eye movement results indicate parafoveal 

effects mediated exclusively by the visual characteristics of the target word, while the FRP 

results indicate both visually and linguistically mediated parafoveal effects.  In addition, 

our findings indicate that the eye movement and FRP measures show both similar foveal 

effects (e.g., effects of degradation), as well as effects that are somewhat different across 

the measures (e.g., the eye movement results showed effects of word frequency and 

saccade amplitude).  We will now work through our results, discussing each set of findings 

in turn. 

The main effect of degradation observed at the pre-target word, both in the eye 

movements and FRPs, reflects the fact that we extract visual information from the right of 

the current fixation. When the word in parafovea was clear (i.e., identical conditions), 

participants extracted useful visual information about the orthographic form of the word, 

so that once they directly fixated that word, processing of it was faster compared to when 

the preview was degraded. Such processing is also reflected by the preview effects of 

degradation obtained at the target word for both eye movements and FRPs. In this respect, 
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it is also worth noting that FRP data recorded at the target word clearly showed a larger 

effect of degradation between 150 and 250 ms after fixation onset, than was the case 

earlier during processing, between 50 and 180 ms after fixation onset. The fact that in the 

later time window degraded previews elicited amplitudes that were increased relative to 

identical previews fits well with Dimigen et al.’s (2012) suggestion that in this time 

window orthographic and phonological processes were initiated.  Saccade amplitude also 

played a modulatory role in relation to the effects of degradation at the target word. Shorter 

saccades (i.e., closer launch sites) led to more pronounced effects of degradation in the eye 

movements. Unsurprisingly, when readers are closer to a word in the parafovea, they pre-

process that word to a greater degree than when the word is further away. 

Next, let us consider the effect of word frequency.  Our eye movement results were 

very clear in terms of parafoveal processing.  At the pre-target word, no parafoveal 

linguistic information appears to have been processed, and recall that this was the case 

even though we obtained strong evidence of parafoveal effects of target word degradation.  

To be clear, at the pre-target word we found a strong influence of the visual characteristics 

of the target word, but absolutely no evidence of an influence of its linguistic 

characteristics.  On the basis of the eye movement results then, it appears that we obtained 

very clear visual parafoveal-on-foveal effects, but no such linguistic processing effects. 

At the target word we obtained a very robust frequency effect such that low 

frequency words were fixated for longer than high frequency words.  In the eye movement 

literature this effect has been replicated many times (e.g., Inhoff & Rayner, 1986; Rayner 

& Duffy, 1986; Rayner & Raney, 1996).  This effect, once again, demonstrates the tight 

relationship that exists between word identification and oculomotor decisions of when to 

move the eye during reading.  Readers make shorter fixations on words that are high 

frequency than low frequency because high frequency words are easier to lexically identify 

than low frequency words and word identification is a primary determinant of when the 
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eyes move in reading (as formalized in models of eye movement control in reading; E-Z 

Reader, Reichle, Pollatsek, Fisher & Rayner, 1998; SWIFT, Engbert, Nuthmann, Richter 

& Kliegl, 2005). 

The situation with respect to the influence of frequency in the FRP results in the 

current study is more complex. Effects of frequency have occurred in several different 

forms across different ERP and FRP studies.  Only a small number of ERP studies have 

examined and observed early effects of frequency within 250 ms. These studies have 

shown that low frequency words elicit increased amplitudes compared to high frequency 

words (e.g., Dambacher, Kliegl, Hofmann & Jacobs, 2006; Hauk et al., 2006; Hauk & 

Pulvermüller, 2004; Sereno & Rayner, 2003; Sereno et al., 1998).  This is true in relation 

to a range of scalp regions and temporal windows.  Interestingly, in our FRP experiment, 

we failed to find effects of frequency on mean amplitudes, analogously to Kretzschmar et 

al. (2015). This was an unexpected result given that a robust effect of target word 

frequency was observed in the eye movements. Further research is needed to investigate 

whether effects of word frequency can be observed in the FRPs during sentence reading 

when robust effects of word frequency are observed in the eye movements within the same 

eye fixation, and whether these effects occur at early or late latencies. 

 In addition, we observed an interaction between word frequency and degradation at 

the pre-target word for the FRP data. As discussed earlier, interactive effects of frequency 

and degradation at the pre-target word may be discounted since when the pre-target word 

was fixated, the boundary had not yet been crossed, and therefore in the degraded 

condition there was no useful orthographic information available from either high or low 

frequency targets. Thus, it seems reasonable to ignore any differences between this pair of 

conditions.  In the non-degraded conditions, by contrast, the target was fully available in 

the parafovea, and therefore, there was at least the potential to observe an influence of its 

frequency.  However, whilst there was a 0.40µV effect such that amplitudes were reduced 
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for high compared to low frequency target words, this was not reliable.  For these two 

reasons together, then, it seems reasonable to discount the interactive FRP effects that we 

observed at the pre-target word. 

At a more general level, however, it is worth considering the compatibility and 

comparability of effects in the two data streams. Briefly, if we had only collected eye 

movement data in the present study, then we would have a set of results that were 

extremely consistent and very readily interpretable. The eye movement data show a clear 

main effect of degradation at both the pre-target and target words, and effects of frequency 

at the target word, and such effects can be argued to reflect two separable stages of 

processing (presumably, a visual and a subsequent linguistic stage, c.f., Mitchell, 1982). In 

contrast, the FRPs show a main effect of degradation and an interaction between 

degradation and word frequency at the pre-target word, and an effect of degradation but 

not of word frequency at the target word. In the present situation, we face a complex issue 

in relation to the interpretation of differences in the nature of effects across the two data 

streams; we must directly engage with the question of what it means to obtain different 

effects of experimental variables in eye movement and FRP data when those data are 

known to reflect processing that occurred during the same period of time during reading. 

Eye movement data during reading comprise data streams that are 

compartmentalized into discrete events, namely fixations and saccades, and mean reading 

time differences represent endpoints in time associated with particular events (fixations or 

gazes) in the eye movement record.  To this extent, then, such differences capture 

summations of differences in processing up to a critical moment when a saccade is 

initiated (an oculomotor decision).  Saccades and fixations are by their nature temporally 

mutually exclusive.  When a reader is making a saccade, they necessarily are not fixating 

the text, and vice-versa.  Indeed, neural mechanisms in the brain stem that underpin this 

aspect of saccadic control operate according to an interactive but antagonistic relationship 
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(slow build up of activation in burst cells is accompanied by a reduction in activation in 

pause cells, up to a critical threshold at which point a saccade is initiated and the relative 

activation balance reverses).  The important point in relation to a dependent measure that 

reflects such discrete events (reading time) is that differences in performance necessarily 

reflect a culmination of processing that occurred up to the critical moment at which one 

event ended (a fixation) and another was initiated (a saccade).  It would appear, however, 

that the same is not true of the present FRP effects.  Whilst we report mean FRP amplitude, 

these effects do not reflect endpoints in process in the same way that reading time 

measures such as fixation durations do.  Instead, these effects reflect differences in 

processing that arise during a fixation and extend for a period during that fixation.  To our 

minds, such analyses are more comparable to those of Reingold et al. (2012) in which 

earliest discernable differences were assessed. To this extent, such effects are qualitatively 

different in nature to the differences associated with reading time effects in the eye 

movement record.  In our view, the differences in the nature of effects for these two 

dependent measures is probably a significant part of the reason that it is possible to obtain 

qualitatively different patterns of effects of variables in the two data streams.  Ultimately, 

this line of reasoning may be taken to indicate that the different measures reflect different 

aspects of the processes by which text comprehension is attained.  For example, eye 

movement data may reflect cognitive decisions that are categorical, probably at end points, 

of a process or a phase in processing (as when a decision is made to move the eyes).  In 

contrast, FRP data may reflect dynamic changes in cognitive processing over a period of 

time associated not with the ultimate decision per se, but instead with the formation of that 

decision.  By analogy, one might consider eye movement data to be comparable to a square 

wave reflecting two categorically distinct states, whilst FRP data may be more comparable 

to a sine wave with a more continuous form that gradually and steadily shifts between two 

states.  Of course, this discussion is speculative, and it remains for future co-registration 
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research investigating different aspects of linguistic processing during reading to provide 

greater specificity of the nature of the relationships that exist between these two data 

streams (specifically in relation to the shared processes that they reflect). 

Finally, it is important to acknowledge that the present study clearly implements 

the original ideas proposed by Sereno and Rayner (2003). As they suggested, we 

simultaneously recorded eye movements and event-related potentials during natural 

reading, for the same participants and with the same stimuli.  Also, as they suggested, we 

focused our analyses on time windows associated with initial (first pass) fixations on 

particular words to examine the neural correlates of the lexical processes, that is, those 

processes that we know must have occurred due to the effects present in the eye movement 

record. The use of natural reading of sentences and of the boundary paradigm allowed us 

to investigate two strong manipulations, visual degradation and word frequency. The 

results we observed represent an advance in our understanding of the time course of visual 

and linguistic processes associated with natural reading, in that this is the first time that co-

registered FRP data alongside eye movement data have been obtained that reflect the 

earliest neural components correlated with lexical processing. We observed an influence of 

visual effects (degraded target word previews) that were very robust at the occipital sites 

for both pre-target and target word, and robust at occipital, temporal and central sites at the 

target word. These effects became even stronger between 150 and 250 ms from the fixation 

onset on the target.  The increased magnitude of the effects at the target word may reflect 

the fact that in the identity conditions, orthographic and phonological processing was 

initiated earlier, at the pre-target word, than occurred in the degraded conditions, since the 

orthographic form of the target was not available until it was directly fixated. These results 

indicate that there are correspondences and differences between eye movements and FRPs, 

and we acknowledge that more co-registration research is needed to develop current 
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understanding of the nature and time course of neural correlates that underpin natural 

reading. 
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Chapter 3: Parafoveal Previews and Lexical 

Frequency in Natural Reading: Evidence from 

Eye Movements and Fixation-Related 

Potentials 

The following Chapter is in press as Degno, F., Loberg, O., Zang, C., Zhang, M., 

Donnelly, N., & Liversedge, S.P. (2018). Parafoveal previews and lexical frequency: 

Evidence from eye movements and fixation-related potentials. Journal of Experimental 

Psychology: General. doi: 10.1037/xge0000494 

3.1 Introduction 

The investigation of the time course of visual word recognition has been of special 

interest for researchers in the field of cognitive science. Indeed, it is of particular 

importance to understand how the brain represents and transforms information during 

reading, and the nature of processes that occur as different stages of processing unfold over 

time, from the early visual perception of a word form through to its full identification and 

linguistic interpretation. 

Although there has been a large amount of research conducted with both eye 

movements and event-related potentials (ERPs) to examine the timing of the processes 

underlying reading, the debate on the exact time course of these processes is still ongoing. 

As suggested by Laszlo and Federmeier (2014), the time course of visual word recognition 

may vary under different circumstances, and this may be one of the reasons for the 

inconsistency of results. Indeed, ERP experiments have traditionally investigated reading 

by presenting words one at a time, whilst eye movement research investigating written text 

comprehension has focused on reading of words in context. 
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It is evident that the paradigm typically used in ERP research (i.e., Rapid Serial 

Visual Presentation, RSVP), in which one word at the time is presented in the centre of the 

screen, is different from natural reading conditions in several ways. First, participants are 

required to fixate the middle of the screen and avoid making any eye movements (which is 

itself quite unnatural in relation to normal reading). Second, the required central fixation 

and successive word-by-word presentation prevents some natural eye movement 

phenomena from occurring, for example, word skipping, natural refixations and 

regressions. Third, each word is displayed on the screen for a set amount of time (typically 

between 400 and 1000 ms), preventing readers having control over how long they fixate 

each word.  Fourth, the speed of reading is reduced, as the rate with which words are 

presented on the screen is typically slower than the natural reading pace.  Lastly, 

parafoveal information is not available. This last point is of crucial importance.  A 

distinctive feature of natural reading is that multiple words are presented in one, or more, 

horizontal lines of text and the words are processed (largely) successively, in the order in 

which they appear. This means that during natural reading both foveal (i.e., the central 2° 

of the visual field) and parafoveal (i.e., 2-5° of the visual field) information is available 

during any particular fixation. The important point to note here is that visual information 

about a word is encoded during two separate perceptual phases; first, visual degraded 

information about a word is accrued over time when the word is in the parafovea 

(parafoveal processing); second, non-degraded visual information about the constituent 

letters of a word becomes rapidly available when the word is directly fixated (foveal 

processing).  To be clear, then, the RSVP technique, by its very nature, cannot deliver 

visual information in a manner that accurately approximates the way visual information is 

delivered during natural reading. Thus, the ERP studies conducted to date using RSVP do 

not permit researchers to investigate parafoveal processing, nor to examine the time course 

of foveal processing of a word in relation to preceding parafoveal processing of that word.  
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In short, RSVP does not permit the study of perceptual and linguistic processing as it 

occurs naturally during reading. 

3.1.1 Parafoveal Processing 

Aiming to overcome some of the limitations associated with ERP investigations 

that adopt an RSVP methodology, two approaches have been developed: (1) the use of 

RSVP-with-flanker-word-presentation, and (2) the co-registration of eye movements and 

EEG signal.  In the first approach, sentences or lists of words are presented one by one in 

the centre of the screen, and are simultaneously flanked to the left and to the right of the 

central fixation with the preceding and following word(s) in the text (Barber, Ben-Zvi, 

Bentin, & Kutas, 2011; Barber, Doñamayor, Kutas, & Münte, 2010; Barber, van der Meij, 

& Kutas, 2013; Kornrumpf, Niefind, Sommer, & Dimigen, 2016; Li, Niefind, Wang, 

Sommer, & Dimigen, 2015; Niefind & Dimigen, 2016). It is argued that this method 

provides a more natural reading situation than the traditional RSVP approach, as 

parafoveal information is available; however, the fact remains that this approach is 

artificial since it still requires that readers maintain central fixation.  Thus, readers are 

unable to engage in skipping, natural refixations and regressive oculomotor behaviour.  

Furthermore, since it is well documented that attention is allocated to the location of 

saccade targets prior to the initiation of those saccades, it is very likely the case that this 

paradigm does not cause readers to process parafoveal information attentionally in the 

manner they do during normal reading.  In our view, this approach does not effectively 

circumvent all the shortcomings of the more standard RSVP paradigm. 

In the second approach, readers are free to move their eyes, and eye movements 

and EEG signal are simultaneously recorded while participants read pairs of words 

(Baccino & Manunta, 2005; López-Peréz, Dampuré, Hernández,-Cabrera, & Barber, 2016; 

Simola, Holmqvist, & Lindgren, 2009), lists of words (saccadic reading; Dimigen, Kliegl, 

& Sommer, 2012; Hutzler et al., 2007; Hutzler et al., 2013; Kornrumpf et al., 2016; 



Chapter	3	

	 	 	98	

Niefind & Dimigen, 2016), sentences (Dimigen, Sommer, Hohlfeld, Jacobs, & Kliegl, 

2011; Kretzschmar, Bornkessel-Schlesewsky, &Schlesewsky, 2009; Kretzschmar, 

Schlesewsky, & Staub, 2015; Metzner, von der Malsburg, Vasishth, & Rösler, 2016; 

Weiss, Knakker, & Vidnyánszky, 2016) or paragraphs (Henderson, Luke, Schmidt, & 

Richards, 2013). This technique allows for registration of continuous brain activity over 

time under more standard reading conditions, as participants make natural eye movements 

as they process the text. In addition, this method allows the experimenter to time-lock the 

ERPs to particular oculomotor events, for example to a particular fixation onset on a 

critical word in the sentence.  These time-locked signals are known as fixation-related 

potentials (FRPs).  This approach is also very valuable in that it offers sufficient flexibility 

that other, very useful, experimental methods, such as gaze-contingent paradigms can be 

used simultaneously to study reading (see Rayner, 1998, 2009 for reviews on this type of 

paradigms).  One such gaze-contingent paradigm that has been widely used is the 

Boundary Paradigm (Rayner, 1975).  In this paradigm an invisible boundary is embedded 

in the text. Prior to crossing the boundary, the target word is replaced by a preview 

stimulus. When the readers’ eyes cross the boundary, the preview stimulus is replaced by 

the target word. By manipulating the relationship between the preview stimulus and the 

target word, it is possible to study the type of information that readers extract from the 

parafovea.  Measuring FRPs in boundary paradigm experiments provides an opportunity to 

investigate the neural correlates of parafoveal-on-foveal (PoF) effects, and preview effects, 

two phenomena that are very central to current understanding of parafoveal processing. 

3.1.1.1 Parafoveal-on-Foveal Effects 

PoF effects refer to any influence that the characteristics of parafoveal words have 

on processing of the currently fixated foveal word.  Evidence of the existence of these 

effects is controversial both in the eye movement and FRP literature (Brothers, Hoversten 

& Traxler, 2017; Drieghe, 2011; Hyönä, 2011). Moreover, examining PoF effects is 
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critical to understand whether words are lexically processed in a serial or parallel fashion 

during reading. Serial processing accounts, for instance the E-Z Reader model (Reichle, 

Pollatsek, Fisher, & Rayner, 1998; Reichle, Warren, & McConnell, 2009), suggest that 

attention is allocated serially such that words are sequentially fully identified one at a time. 

Thus, according to serial models, parafoveal processing of the upcoming word can be 

initiated before a saccade is made to that word, but only when lexical processing of the 

currently fixated word has been completed. This implies that, if word identification 

proceeds serially, pre-attentive parafoveal processing is limited to the extraction of sub-

lexical features of the upcoming word (e.g., visual and orthographic properties). In 

contrast, parallel processing accounts, such as the SWIFT model (Engbert, Nuthmann, 

Richter, & Kliegl, 2005; Schad & Engbert, 2012), assume that attention is distributed over 

a spatially extended portion of text during reading such that all words within the perceptual 

span are simultaneously lexically processed.  This means that parallel models predict that 

both sub-lexical and lexical PoF effects must occur (at least on a significant proportion of 

fixations). Previous research testing whether visual and orthographic properties, as well as 

the lexical frequency of parafoveal words, influence processing of the fixated word is 

reviewed below. 

Visual and Orthographic PoF Effects. Some eye movement studies have reported 

PoF effects produced by unusual letter combinations in the parafovea (see Schotter, Angele, 

& Rayner, 2012 for a summary). Visually unusual and orthographically unfamiliar 

parafoveal previews lead to longer fixation times on the currently fixated word (e.g., 

Drieghe, Rayner, & Pollatsek, 2008; Inhoff, Starr, & Shindler, 2000; Rayner, 1975, cf. 

Pynte, Kennedy, & Ducrot, 2004; White, 2008). However, other studies have shown no 

such effects (e.g., Rayner, Juhasz, & Brown, 2007; White & Liversedge, 2004, 2006). 

Similarly, the results are mixed in the FRP literature. Three studies using co-

registration of eye movements and EEG signal have investigated the neural correlates of 



Chapter	3	

	 	 	100	

orthographic PoF effects. Baccino and Manunta (2005) presented pairs of prime-target 

words in a semantic relatedness decision task. They found that nonwords made up of 

illegal letter combinations elicited less negative amplitudes around 119 ms at left occipital 

sites and less positive amplitudes at around 140 ms at the right central and frontal 

electrodes compared to semantically related and unrelated target words, suggesting some 

foveal processing sensitivity to orthographic properties of parafoveal words (though the 

task was not natural reading). In a similar experiment, Simola et al. (2009) presented 

prime-target pairs with the target words being displayed either in the right or left visual 

field. The authors found that illegal letter combinations presented in the right visual field 

elicited less positive amplitudes between 200-280 ms at occipital sites compared to 

semantically related and unrelated target words.  Again, this experiment demonstrates a 

sensitivity to parafoveal orthographic information and that this exerts an influence on FRPs 

at fixation.  In a third study, Dimigen et al. (2012) presented list of words in a semantic 

category decision task. For any particular word in the list, the parafoveal word could be 

identical, semantically related or unrelated to the fixated word. In this experiment, unlike 

the previous experiments, the authors did not observe any type of PoF effects, and thus, as 

noted above, the evidence in relation to visual and orthographic PoF effects is mixed.  In 

relation to the current experiment, note that neural correlates of visual and orthographic 

PoF effects have never been investigated during natural reading of sentences. 

Lexical PoF Effects. Even more disputed are the lexical PoF effects of word 

frequency. These effects have been mainly found in corpus analysis studies (e.g., Kennedy 

& Pynte, 2005; Kliegl, Nuthmann, & Engbert, 2006; Pynte & Kennedy, 2006; Schad, 

Nuthmann, & Engbert, 2010). In such studies, reading times on the foveal word are 

generally shown to be longer when parafoveal words are low compared to high frequency 

words. However, eye movement studies employing experimental manipulations of the 

parafoveal word frequency (as opposed to corpus approaches) have not shown PoF effects 
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(e.g., Brothers et al., 2017; Calvo & Meseguer, 2002; Henderson & Ferreira, 1993; Rayner, 

Fischer, & Pollatsek, 1998; Schroyens, Vitu, Brysbaert, & d’Ydewalle, 1999; White, 

2008). Advocates of the serial processing position attribute the inconsistency of results to 

inaccurate saccade targeting (see Drieghe, 2011 and Hyönä, 2011 for reviews). Lexical 

PoF effects could result from mis-located fixations, that is when planned saccades 

undershoot the critical word and land on the previous word, but attention is still allocated 

to the originally intended location. In contrast, advocates of the parallel processing models 

explain the inconsistency as a difference in the time course of lexical compared to other 

low-level PoF effects (Risse & Kliegl, 2012, 2014). 

Two co-registration experiments have investigated the PoF effects of word 

frequency, and each has obtained different results. Niefind and Dimigen (2016) presented a 

list of unrelated words in a boundary paradigm, semantic category decision task. The 

preview of the upcoming word could be identical to the target word or a different word 

with the opposite word frequency to the target word (low vs. high, or high vs. low). Early 

PoF effects of frequency were observed between 130–140 ms at two right-frontal 

electrodes (AF8 and F4), with more positive amplitudes for low frequency than high 

frequency parafoveal previews. Late PoF effects were detected between 630–640 ms at one 

left parietal electrode (CP5), with low frequency parafoveal previews eliciting more 

negative amplitudes than high frequency parafoveal preview stimuli. Kretzschmar et al. 

(2015) examined PoF effects of word frequency in a sentence reading task, with high or 

low frequency target words embedded in either a high or low predictability sentence 

context. The authors investigated the time window between 150-400 ms after fixation 

onset of the foveal word over centro-parietal sites, but they did not observe any PoF effect 

due to the parafoveal word frequency. It is worth pointing out that high and low frequency 

target words were embedded in the sentences in such a way that the number and length of 

words preceding the target differed between conditions. It therefore remains important to 
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investigate whether PoF effects might occur in a natural sentence reading task when 

stimuli that are controlled for content as well as predictability across conditions are used.  

Furthermore, it remains an open question as to whether PoF effects might be present at 

electrode sites and during temporal windows beyond those examined by Kretzschmar et al. 

3.1.1.2 Visual and Orthographic Preview Effects 

One of the most well-established findings in the eye movement literature on 

reading is the preview effect demonstrated using the boundary paradigm.  In such an 

experiment, when readers receive a valid preview of the upcoming parafoveal word, the 

identification of that word during the subsequent fixation is facilitated compared to when 

readers receive an invalid preview. Eye movement studies across different languages have 

consistently reported that parafoveal previews that have some form of visual or 

orthographic overlap facilitate the speed of processing of the target word (see Schotter et 

al., 2012 for a review). It has been argued that such effects arise due to the integration of 

information across fixations (Cutter, Drieghe, & Liversedge, 2015). This explains why, 

when readers have a preview stimulus that is visually similar to the target word, the time 

readers spend looking at the target is shorter than when the preview is visually dissimilar 

from the target word (e.g., Pollatsek, Lesch, Morris, & Rayner, 1992; Rayner, Balota, & 

Pollatsek, 1986; see Hyönä, Bertram, & Pollatsek, 2004 for a summary). Visually similar 

previews share low-level visual properties with the target word; thus, the visual features 

activate consistent abstract letter identities of both the preview stimulus and, to some 

extent, of the target word. Furthermore, preview and target commonality with respect to 

abstract orthographic representations also results in facilitation.  For example, when the 

preview stimulus shares the same letter identities with the target, there is no difference in 

the time readers fixate the target word regardless of whether the preview was presented in 

the same or a different case (e.g., wOrD vs. WoRd, McConkie & Zola, 1979; Rayner, 

McConkie, & Zola, 1980). In this situation, abstract letter identities do not change across 
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fixations. 

Neural correlates of preview effects have been observed across different studies 

using flanker-word-presentation and co-registration of eye movements and EEG signal. An 

early effect of preview has been shown between 140 and 300 ms after fixation onset on the 

target word. This effect has been called preview positivity and consists of an attenuation of 

the N1 component amplitude by identical compared to invalid previews, which is maximal 

over occipito-temporal sites. In addition, a late effect of preview has also been observed 

over the N400 component. Between 300 and 500 ms after fixation onset, identical 

previews yielded less negative amplitudes than invalid previews over mid-parietal 

electrodes. These effects have firstly been observed by Dimigen et al. (2012) in a category 

semantic decision task comparing identical previews (e.g., Blade-Blade) to invalid 

previews (semantically related, e.g., Knife-Blade, or semantically unrelated, e.g., Sugar-

Blade), while participants read a list of five unrelated German words displayed 

horizontally across a presentation screen.  The findings have been replicated in Chinese 

with the RSVP-with-flanker-word presentation approach (Li et al., 2015), and in German 

with different types of preview mask (identical vs. partially visible in parafovea, 

Kornrumpf et al., 2016; identical vs. invalid, Niefind & Dimigen, 2016) and regardless of 

participant’s display change awareness (Dimigen et al., 2012). However, these effects have 

not been established in natural sentence reading, as yet. 

3.1.2 Foveal Lexical Frequency Effects 

As discussed, it is a well-established finding in the eye movement literature that 

words that occur with low frequency receive more and longer fixations compared to those 

that occur with high frequency (e.g., Inhoff & Rayner, 1986; Rayner & Duffy, 1986; see 

Rayner, 1998, 2009 for reviews). Note also that robust frequency effects have been 

reported to occur at the first fixation on a word (approximately 250 ms; see, e.g., Rayner & 
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Duffy, 1986).  However, whilst such effects may be apparent in eye movement measures 

by the end of the initial fixation on a word, the exact time course of the effects in ERPs is 

still a matter of debate.  With respect to RSVP methodology, the most robust effects of 

frequency have been observed between 300-500 ms at central parietal and occipital sites 

(e.g., Dambacher & Kliegl, 2007; Hauk & Pulvermüller, 2004; Hauk et al., 2006; Münte et 

al., 2001; Osterhout, Bersick, & McKinnon, 1997; Rugg, 1990; Van Petten & Kutas, 1990; 

Young & Rugg, 1992), with N400 amplitudes decreasing with increased word frequency. 

Earlier effects have also been reported between 100-150 ms at central, parietal and 

occipital electrodes (e.g., Dambacher et al., 2012; Hauk et al., 2006; Sereno, Rayner, & 

Posner, 1998), between 150-250 ms at fronto-central and occipital electrodes (e.g., 

Dambacher, Kliegl, Hoffman, & Jacobs, 2006; Dambacher et al., 2012; Hauk & 

Pulvermüller, 2004; Hauk et al., 2006) and between 280-335 ms at left anterior sites (e.g., 

King & Kutas, 1998). In addition, effects of target frequency have been observed at 

occipito-temporal and fronto-central electrodes between 200-300 ms in a RSVP-with-

flanker-word-presentation experiment, and between 140-300 ms in a saccadic reading 

experiment (Niefind & Dimigen, 2016). Nonetheless, in the only study that investigated 

the neural correlates of lexical frequency during natural reading (Kretzschmar et al., 2015), 

in which centro-parietal electrode sites were examined between 150-650 ms after fixation 

onset, no significant effects were observed.  One possibility for the null effects may be due 

to the electrode sites considered, as they were limited to centro-parietal areas, and results 

for occipito-temporal sites were not reported. Thus, it remains important to establish 

whether, by considering broader areas of the scalp, these effects may show their influence 

in natural reading, and if that is the case, whether they have an early or late onset. 

3.1.3 Current Research 

In the present study, we used co-registration of eye movements and EEG signal to 

investigate the time course of language processing under natural reading conditions, in 
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which both foveal and parafoveal processing occur. Using the boundary paradigm, two 

target words in each sentence were manipulated for lexical frequency (high vs. low 

frequency)4 and parafoveal preview (X string preview vs. letter string preview vs. identical 

preview) (see Figure 3.1). Participants read the single sentences for comprehension under 

normal reading conditions. 

The objectives of the current experiment were 1) to investigate the neural correlates 

of visual, orthographic and lexical PoF effects, 2) to identify the neural correlates of the 

preview effect in natural reading, and if successful, to further demonstrate that those neural 

correlates may be modulated by the degree to which the preview is related to the target 

word, 3) to explore possible neural correlates of the foveal lexical frequency effect under 

natural reading conditions (i.e., beyond the experimental situation considered by 

Kretzschmar et al., 2015). 

With respect to the first objective, since an X-string preview shares very few 

features or letters with the target (or indeed with any word), then it is very visually 

dissimilar to a word, and it is likely that participants would detect the string in the 

parafovea (Angele, Slattery, & Rayner, 2016; Slattery, Angele, & Rayner, 2011).  Thus, 

given its visual oddity and its likely parafoveal detection, disruption to processing may 

occur at the pretarget word (i.e., a visual PoF effect). An invalid preview formed of 

random letters (similar in shape to the letters of the target word) would have a less visually 

odd appearance in the parafovea, and therefore, processing at the pretarget word would be 

disrupted to a lesser degree (with any disruption reflecting an orthographic PoF effect). 

The identity preview condition, in contrast to the other two forms of preview, should 

produce no disruption to processing at the pretarget word.  Finally, as discussed above,  

                                                
4 Given the formative state of the existing literature on co-registration, we wanted to adhere to standard 

experimental techniques that have been used in the past.  For this reason, we used stimuli of the form that 

have been widely used in existing eye movement preview studies, and manipulated word frequency only, 

without manipulating other factors (e.g., orthographic neighbourhood, morphological complexity, bi-gram or 

tri-gram frequencies). 
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Figure 3.1. Illustration of the paradigm used. Participants read one-line sentences, and preview was 

manipulated for two words embedded in each sentence according to the gaze contingent boundary paradigm. 

When the participants’ eyes where looking at the pre-target word, the preview stimulus could be a string of 

Xs, a string of letters or a word identical to the target word. Left panel: conditions with high frequency target 

words (i.e., guitar and flight). Right panel: conditions with low frequency target words (i.e., kettle and 

violin). 

 
evidence for lexical PoF effects, as demonstrated by an effect of the lexical frequency of 

the preview at the pretarget word, is mixed in the literature. Certainly, a modulation of eye 

movements and FRPs based on the frequency of the parafoveal stimulus would provide 

support for a model of reading wherein more than the fixated word is fully identified in 

parallel. Alternatively, a lack of lexical PoF effects in the eye movement or in the FRP data 

would provide no evidence to support parallel processing, and would be consistent with a 

serial processing position. 

As is standard in boundary paradigm experiments such as this, for the effects at the 

target word, we predicted increased preview benefit in the identity condition, less preview 

benefit in the random letter string preview condition, and least preview benefit in the X-

string preview condition.  This is the pattern of effects that we would certainly predict for 

the eye movement measures alone (based on a wealth of existing literature).  Note, though, 

as mentioned earlier, a letter string preview is more word like than a X-string preview, and 

therefore it is possible that the FRP data at the target may reflect increased difficulty 

associated with the integration of the target with letter string previews than X-string 
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previews, as well reduced difficulty caused by feature overlap between target and preview.  

Importantly, this is the first study to use co-registration methodology to explore differences 

in FRPs between previews comprised of strings of letters and strings of Xs, and therefore, 

this is the first opportunity to explore whether different preview types have a differential 

influence on the time course of foveal processing (e.g., Hutzler et al., 2013; McClelland & 

O’Regan, 1981a, 1981b; Rayner & Slowiaczek, 1981, see also Vasilev & Angele, 2017). 

The third objective of the study was to explore the neural correlates of the foveal 

lexical frequency effect under natural reading conditions.  Based on previous research, we 

expected to replicate word frequency effects in the eye movement data. However, given 

that the neural correlates of word frequency have rarely been investigated during natural 

reading, we were less confident in our predictions for frequency effects in the FRP data. 

Recall that Kretzschmar et al. (2015) investigated frequency effects using co-registration 

during natural reading and failed to obtain reliable correlates of eye movement effects.  

Thus, if we obtained such effects in our study, it would be the first demonstration of these 

effects in a natural reading task. Alternatively, a failure to obtain such effects would be 

consistent with Kretzschmar et al., but would leave us with the difficult job of explaining 

quite why the effects did not occur.  To ensure that we were comprehensive in our attempts 

to identify any such effects, we explored processing early after fixation onset (i.e., before 

300 ms), as well as later during processing (i.e., between 300-500 ms) across a broad scalp 

distribution. 

3.2 Method 

3.2.1 Participants 

Forty-two participants (30 female) took part in the study. All participants were 

English native speakers, right handed (M= 85.38, SD= 17.05 according to the Edinburgh 

Handedness Inventory; Oldfield, 1971), with normal or corrected-to-normal vision, no 
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reading disabilities and no history of neurological disorders. Participants’ age ranged 

between 18 and 26 years (M= 19.29, SD= 1.60). All participants provided written informed 

consent and received course credits or money for taking part. 

3.2.2 Stimuli 

We selected 696 five- or six- character words from the English Lexicon Project 

(Balota et al., 2007), 348 high frequency words (between 101.12-5863.88 frequency per 

million) and 348 low frequency words (between 5.05-24.80 frequency per million). We 

matched pairs of high and low frequency targets, in order to create 174 sentence frames, 

each containing two high frequency or two low frequency target words. Twenty 

participants from the University of Southampton assessed these sentences for plausibility, 

rating each sentence on a scale from 1 to 7 (1 being very implausible and 7 being very 

plausible). Another group of 30 participants took part in a cloze predictability task, 

completing the sentence fragment up to, but not including, each target word, with the first 

word that came to mind. From the norming tests, we chose 108 sentences (M = 75.74, SD = 

4.23 characters long) that did not differ significantly in terms of plausibility (HF target 

words between 3.20-6.30, LF target words between 3.20-6.11; p = .17) and predictability 

(between 0.00-0.20 for both HF and LF target words; p = .52). The characteristics of the 

set of words used in the experiment are provided in Table 3.1. 

3.2.3 Design 

We used a 3 (parafoveal preview: X string preview vs. letter string preview vs. 

identical preview) by 2 (target word frequency: high vs. low frequency) experimental 

design, with 18 sentences and 36 target words per condition. Sentences were presented 

using the boundary paradigm (Rayner, 1975). As illustrated in Figure 3.1, two invisible 

boundaries were located within each sentence, before the space preceding the target words. 
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Table 3.1 Characteristics of Words Used in the Current Experiment 

 

Note. High Frequency (HF) and Low Frequency (LF) are reported in terms of frequency per million. Length 

is measured in number of characters. Position refers to the number of words that preceded the target word in 

the sentence. 

 

Before crossing each of the two boundaries, the target word was replaced with a parafoveal 

preview. The preview could be comprised of Xs, or strings of random letters that were 

visually similar to the letters of the original word but which did not carry any meaning (and 

were orthographically illegal).  In the final condition, the preview was identical to the 

target word. Once the participants’ eyes crossed the boundary, the preview was replaced by 

the correct target word, which was either a high frequency (left panel of Figure 3.1) or low 

frequency target word (right panel of Figure 3.1).  

3.2.4 Apparatus 

Participants were seated 70 cm from a 19-inch stimulus CRT display screen, with a 

resolution of 1024 x 768 and a refresh rate of 140 Hz. The text was presented in 14-point 

Courier New sentence case font, in black ink on a grey background. Approximately 2.19 

characters subtended one degree of visual angle. 

Viewing was binocular, but eye movements from the right eye only were recorded 

from a desktop EyeLink 1000 eye tracking system (SR Research), at a sampling rate of 

1000 Hz. A 3-point calibration procedure was completed at the beginning of each block of 

sentences, and whenever needed during the experiment. Calibration was accepted when the 

 

 Pre-Target Word 1  Target Word 1  Post-Target Word 1 

 Length  HF  LF  Length  Position  Length 

Mean 5.32  291.96  13.08  5.59  3.74  5.63 

SD 0.97  269.54  5.89  0.49  0.85  1.51 

 Pre-Target Word 2  Target Word 2  Post-Target Word 2 

 Length  HF  LF  Length  Position  Length 

Mean 5.32  386.65  12.39  5.59  9.08  6.09 

SD 0.99  650.96  5.52  0.49  1.18  1.65 
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average error was lower than 0.3° and the maximum error lower than 0.99°. Furthermore, a 

2-point drift correction check was performed at the beginning of each trial. 

The EEG signal was recorded from 64 scalp electrodes (Fast’n Easy Cap, 

Herrsching, Germany) located according to the 10-20 International system. Four EOG 

channels were also used to record the EEG signal associated with eye movements. AFz 

was used as ground electrode, and the nose as the online reference. The EEG signal was 

recorded from DC SynAmpsRT amplifiers (Compumedics Neuroscan) with a sampling 

rate of 1000 Hz, and it was low-pass filtered online at 100 Hz (with an attenuation of 

12dB/octave). 

3.2.5 Procedure 

The current experiment was approved by the University of Southampton Ethics 

Committee (study ID: 25066). 

Before starting the experiment, participants were required to complete the 

Edinburgh handedness inventory (Oldfield, 1971) in order to check that all participants 

were right handed. Next, participants were tested for their visual acuity and required to 

meet 20/20 vision on the Landolt “C” eye chart (Precision Vision, La Salle, United States), 

at 4 m viewing distance.  Lastly, a calibration procedure was performed to ensure that 

participants’ eyes could be accurately tracked. Participants who successfully completed the 

above procedures, continued with the actual experiment. 

The experimental session involved five blocks of sentences. The first block always 

comprised 10 practice trials to familiarize the participant with the procedure. The 

following four blocks were formed from one filler as the first trial and 27 experimental 

sentences, which were presented in a random order for each participant. Participants were 

asked to silently read each sentence and to answer comprehension questions for 24% of the 

trials, while their eye movements and EEG signal were simultaneously recorded. 
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Each trial began with a cross on the left side of the screen. Participants were 

required to fixate the cross for 500 ms before a sentence was displayed, with the first letter 

of the sentence located at the same position of the cross. Once participants had silently read 

the sentence to understand it to the best of their ability, they were instructed to fixate a 

cross on the right side of the screen to terminate the current trial and initiate the following 

one. 

After the experiment, participants were asked to complete a short questionnaire to 

assess their display change awareness (White, Rayner & Liversedge, 2005; Dimigen et al., 

2012). The experimental session lasted about one hour, with the opportunity for the 

participants to have breaks at the end of each block of sentences or at any point if needed. 

3.2.6 Co-registration of Eye Movements and EEG signal 

At the onset and offset of each trial the stimulus display computer (running SR 

Research Experiment Builder) sent a trigger to the computer recording the EEG signal and 

a message to the computer registering eye movements. This allowed for an accurate offline 

synchronization of eye movements and EEG signal via the EYE-EEG extension of 

EEGLAB toolbox (Dimigen et al., 2011), as confirmed by a correlation of 1 between the 

markers of both recordings, and deviations equal or shorter than 1 ms in absolute value (M 

= 0.29, SD = 0.46 ms in absolute value). 

3.2.7 Pre-Processing of Eye Movement Data 

The eye movement data were pruned via the “clean” function in DataViewer (SR 

Research) such that only fixations longer than 50 ms and shorter than 800 ms entered the 

analyses. Fixations on each interest area were excluded when the display change occurred 

early, during a fixation on the pre-boundary (i.e., pretarget) word, and when the display 

change was late (i.e., when the display change took more than 10 ms after fixation onset on 

the target). We also removed fixations with hooks, wherein the display change was 
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triggered early by a saccade that temporarily crossed the invisible boundary to finally end 

to the left of the boundary. Furthermore, we excluded from the analyses fixations on 

pretarget and target words in which participants made a blink and/or a skip. Additionally, 

only consecutive fixations, which landed first on the pretarget word and then proceeded 

onto the target word, entered the analyses. Lastly, only fixations that occurred during first-

pass reading were analysed. 

3.2.8 Pre-Processing of FRP Data 

The EEG data were band-pass filtered offline with the EEGLAB 14_1_1 (Delorme 

& Makeig, 2004) toolbox for Matlab (version R2015a), between 0.1 Hz and 30 Hz. 

Independent Component Analysis (ICA) was performed in order to identify the ocular 

artefacts. To optimise the ICA decomposition, the extended Infomax ICA algorithm (Bell 

& Sejnowski, 1995; Lee, Girolami, & Sejnowski, 1999; Makeig, Bell, Jung, & Sejnowski, 

1996) was trained on specific segments of the EEG signal (e.g., Debener, Thorne, 

Schneider, & Viola, 2010; Meyberg, Sommer, & Dimigen, 2017). These segments were 

time-locked to fixation onsets and comprised 0.1 seconds before and 0.5 seconds after 

fixation onset (i.e., a sufficiently long epoch to include previous and following saccades).  

Before segmenting to training set, the data were high-pass filtered at 1 Hz to reduce slow 

and unsteady drifts that are spatially non-stationary through time (for discussion about ICA 

assumptions and caveats, see Onton, Westerfield, Townsend, & Makeig, 2006). Next, the 

ICA weights were applied to the band-pass filtered (i.e., 0.1-30 Hz) data, the EEG signal 

was segmented into epochs of 900 ms cut around each fixation onset (-100 ms to +800 

ms), and the independent components associated with ocular artefacts identified according 

to the EYE-EEG extension (Dimigen et al., 2011). The independent components that 

shared temporal covariance higher than 1.1 with eye movements were pruned from the data 

(M = 2.98 components removed per participant, SD = 1.52) as oculomotor artefacts 

(Plöchl, Ossandón, & König, 2012) (see Figure 3.2). The artefact-free EEG segments were 
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then re-referenced against the mean of all scalp electrodes (average reference) and 

baseline-corrected by subtracting the 100 ms preceding the fixation onset on the pretarget 

word, regardless of the epochs time-locked to the fixation onset of pretarget or target word. 

The choice of this baseline is founded on the rationale that when we read we extract 

information from the parafovea (Rayner, 1998, 2009). Therefore, the time window prior to 

the fixation onset on the target word may be affected by the characteristics of the 

parafoveal information that is being extracted, and as a consequence, this may bias the 

results that are to be observed on the FRPs time-locked to the fixation onset of the target 

word.  To exclude non-ocular artefacts, segments with a peak-to-peak voltage difference 

greater than 120 µV (in absolute value) in any scalp channel were rejected (M = 5.38 

segments removed per participant, SD = 8.16). Spherical interpolation of a channel was 

performed when that channel exceeded the threshold for more than 5% of all epochs, 

which was the case for nine of our participants.  FRPs were then averaged within and then 

across participants for analyses. After eye movement and FRP pre-processing, we were left 

with a total number of 5,349 observations for the pretarget and target word. 

3.2.9 Eye Movement Statistical Analyses 

Eye movement data were analysed with linear mixed effects models within the R 

environment for statistical computing (R Core Team, 2015). We used the “lmer” function 

from the lme4 package (Bates, Mäechler, Bolker & Walker, 2015) on log transformed first 

fixation duration (i.e., the duration of the first fixation on a region during reading), single 

fixation duration (i.e., the duration of the fixation on a region when the reader only made 

one fixation on it during first pass reading) and gaze duration (i.e., the sum of all first-pass 

fixations on a region, before readers fixate another region). 

Word frequency and parafoveal preview type were coded as fixed factors and 

specified using the function “contr.sdif” from the MASS package (Venables & Ripley, 

2002). Given that the factor parafoveal preview type included three levels (identical vs.  
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Figure 3.2. Results from the FRPs pre-processing and artefact correction procedure. Scalp topographies are 

shown for specific time points to account for muscle spike potential (-10 ms), P1 (100 ms), N1 (170 ms) and 

N400 (350 ms) components for raw (Panel A) and artefact corrected (Panel B) grand averages of FRPs time-

locked to the fixation onset of the pretarget and target words. 

 

string of random letters vs. string of Xs), we used the function “relevel” to perform those 

additional a priori contrasts that we could not attain with the original model. Initially, the 

full random structure, with both random intercepts and slopes, was included for both 
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subjects and items as per Barr, Levy, Scheepers and Tily (2013). All final models reached 

convergence with a full random structure for subjects, but not for items. When the models 

failed to converge, we systematically reduced the random structure by first trimming down 

the items level correlation. If a model still did not converge, we re-ran the model excluding 

the interaction between word frequency and parafoveal preview type in the random 

structure. If the model still failed to reach convergence, both the correlation and interaction 

were removed, and if still unsuccessful, each random slope was removed one-by-one (first 

removing word frequency). The p-values were estimated using the “lmerTest” package, 

with the default Satterthwaites’s method for degrees of freedom and t-statistics 

(Kuznetsova, Brockhoff & Christensen, 2017). 

3.2.10 FRP Statistical Analyses 

To investigate the neural correlates of visual, orthographic and lexical PoF effects, 

we analysed FRP epochs time-locked to the fixation onset of the pretarget word. 

Orthographic PoF effects were previously found in semantic relatedness decision tasks 

with pairs of prime-target words around 119 ms at left occipital sites and around 140 ms at 

right central and frontal electrodes (Baccino & Manunta, 2005), and between 200-280 ms 

at occipital sites (Simola et al., 2009). However, no previous study has investigated FRP 

amplitudes associated with the processing of a word n (pretarget word) as a function of the 

visual and orthographic properties of the upcoming parafoveal word n+1 (target word) 

during natural reading.  With respect to PoF effects of lexical frequency, only one existing 

study has found evidence of these effects (Niefind & Dimigen, 2016). They observed 

significant differences between 130-140 ms at frontal electrodes (AF8 and F4), and 

between 630-640 ms at one centro-parietal electrode (CP5). However, the study involved 

saccadic reading of word lists, with the authors acknowledging that later effects may have 

been delayed due to the less natural reading paradigm.  Therefore, we decided to analyse 

FRP mean amplitudes time-locked to the fixation onset of the pretarget word over three 
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time windows, i.e., between 70-120 ms, 120-300 ms and 300-500 ms. These time-windows 

were chosen to investigate early components that are known to show effects of visual and 

orthographic manipulations, that is, P1 and N1 components, and a later component that 

typically shows effects of lexical frequency, that is, the N400 component.  To detect 

reliable differences between conditions, the FRP mean amplitudes of these conditions were 

submitted to a two-tailed non-parametric cluster-based permutation test (Maris & 

Oostenveld, 2007) using the Matlab toolbox FieldTrip (Oostenveld, Fries, Maris, & 

Schoffelen, 2011). All scalp electrodes and all time points of interest for each time window 

were included in the test.  We generated the permuted data with 5000 iterations by 

randomly assigning the condition labels of each participant’s response averages on each 

iteration. Then, for each iteration, we computed a dependent samples t-statistic for each 

sample (channel-time pair) for the difference between the conditions. If the t-statistic was 

smaller than a threshold of 0.05 and was temporally and spatially adjacent5 to another point 

with a significant t value, we assigned this t value to a cluster. For each iteration, we then 

computed the maximum (in absolute value) positive and negative cluster-level t-statistic by 

calculating the sum of all the t values within a cluster and we created the null distribution. 

For the original (observed) data, we applied the same procedure except that we did not 

shuffle the trials between conditions. The observed t-statistic was tested against the null 

distribution of the permuted data. The observed cluster-level t-statistic was considered 

significant (with a p value less than .025) when it was located beyond the determined 

threshold (i.e., the 5% of the most extreme maximum/minimum cluster-level t-statistic 

over the null distribution). This type of permutation test is a mass univariate approach that 

allows for a considerable number of univariate tests (e.g., t-tests) to be performed to 

compare the electrical activity of different conditions at each sample, that is at each of the 

multiple scalp locations and at each of the multiple time points, whilst controlling for the 

                                                
5 Spatial adjacency of electrodes was defined with the method 'triangulation' of the “ft_prepare_neighbours” 

function from the Matlab toolbox FieldTrip (Oostenveld et al., 2011). 



Parafoveal	Previews	and	Lexical	Frequency	

	 117	

multiple comparisons problem. Indeed, the assumption is that real effects will typically 

occur over multiple temporally and/or spatially adjacent time points and electrodes 

(Groppe, Urbach, & Kutas, 2011b).  Compared to other methods, the advantage of the 

cluster-based approach is to provide a good spatial and temporal resolution of the effects, 

with a strong degree of certainty in detecting the presence of an effect, yet controlling for 

the large number of comparisons performed (Groppe, Urbach, & Kutas, 2011a; Maris & 

Oostenveld, 2007). 

To examine the neural correlates of visual and orthographic preview effects and 

foveal effects of lexical frequency, we analysed the FRP epochs time-locked to the fixation 

onset of the target word. Based on the existing studies with saccadic reading and RSVP-

with-flanker-word-presentation, we expected to find similar effects of preview validity on 

the occipito-temporal electrodes between 140-200 ms (Niefind & Dimigen, 2016) and 

between 200-300 ms (Dimigen et al., 2012; Kornrumpf et al., 2016; Li et al., 2015) after 

fixation onset, and effects at the middle-central electrodes between 300-500 ms (Dimigen 

et al., 2012; Kornrumpf et al., 2016; Li et al., 2015).With respect to the lexical frequency 

of the target word, previous studies using a RSVP paradigm reported significant effects in 

early and late time windows (between 100-500 ms after stimulus onset) across different 

electrode sites (fronto-central, centro-parietal and occipital areas; see Laszlo & Federmeier, 

2014 for a review). In those studies, that have used more natural reading paradigms, such 

as RSVP-with-flanker-word-presentation and saccadic reading, effects of target frequency 

have been observed at occipito-temporal and fronto-central electrodes between 200-300 

ms, and between 140-300 ms respectively (Niefind & Dimigen, 2016). However, in the 

single co-registration study that explored the lexical frequency during natural reading 

(Kretzschmar et al., 2015), no significant effect was observed between 150-650 ms after 

fixation onset at centro-parietal electrode sites. 

Because neural correlates of preview effects have not yet been established under 
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natural reading conditions, and because the frequency effects studied with reading of 

sentences have been examined only over specific areas of the scalp, our aim was to provide 

a more comprehensive picture of such effects for normal reading. Thus, we analysed the 

FRP mean amplitudes time-locked to the fixation onset of the target word over four time 

windows, that is, between 0-70 ms, 70-120 ms, 120-300 ms and 300-500 ms on a 

millisecond by millisecond basis at all scalp electrodes using the same non-parametric 

cluster-based permutation statistics (Maris & Oostenveld, 2007) described above. As for 

the pretarget word FRP analyses, the same time windows were locked to the target fixation 

onset to investigate early (i.e., P1 and N1) and later (i.e., N400) components. We included 

an additional early time-window, between 0-70 ms, since we anticipated that preview 

information would be extracted from the target region prior to its direct fixation and this 

information could have a relatively immediate impact on processing of the target after the 

eyes had crossed the boundary. 

3.3 Results and Discussion 

3.3.1 Behavioural Data 

Accuracy.  The average accuracy for comprehension questions was 93% (SD = 

4.12), showing that participants read and understood the sentences. 

Display change awareness.  Out of the 42 participants, 37 participants reported 

having noticed that something unusual occurred on the display (33 participants reported it 

spontaneously, and four participants after being informed of the changes). Participants 

estimated on average that 32 display changes (SD = 21.01) occurred (in fact 72 display 

changes actually occurred in the experimental trials). Thirty-two of the aware participants 

perceived that one or more words in the sentence were replaced by string of Xs, whilst nine 

participants noticed that one or more words were replaced by jumbled letters.  This finding 

is consistent with a number of studies in the literature (Slattery et al., 2011; Angele et al., 
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2016) reporting that participants are able to detect changes when presented with a preview 

that differs from the target, and that sensitivity to a display change is increased if the 

preview is less word-like (e.g., string of Xs) compared to more word-like (e.g., string of 

letters). 

3.3.2 Parafoveal-on-Foveal Effects 

To examine the influence that parafoveal processing of words to the right of 

fixation can have on the processing of the foveal word, we analysed eye movements and 

FRPs time-locked to the fixation onset on the pretarget word. Given that all the words 

preceding and following the target were the same in all conditions, at the pretarget word 

any difference that we observe must be caused by the parafoveal information (i.e., the 

preview or frequency of the target word). 

Visual and Orthographic PoF Effects. One of the goals of the current study was 

to investigate the neural correlates of visual and orthographic PoF effects during natural 

reading, as to date, these effects have only been studied in relation to paradigms presenting 

word pairs (Baccino & Manunta, 2005; Simola et al., 2009) or lists of words (Dimigen et 

al., 2012). 

The eye movement data showed that reading times on the pretarget word were 

longer when the parafoveal preview was formed from Xs compared to when the preview 

was the target word itself or comprised of a string of random letters (see Table 3.2). The 

difference between X-string preview and identity preview conditions was significant at the 

pretarget word for both single fixation duration (difference of 8 ms) and gaze duration 

(difference of 21 ms) and marginally significant on first fixation duration (7 ms), whilst the 

difference between X-string previews and letter-string previews reached significance on 

gaze duration (difference of 17 ms) and was marginally significant on first fixation 

duration (difference of 8 ms) (see Table 3.3).  Interestingly, we did not observe any 
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significant difference on any measure at the pretarget word for letter-string previews 

compared with identity previews. 

The eye movement results indicate that participants were quite sensitive to visually 

unusual strings in the parafovea (i.e., string of Xs), but they were less sensitive to visually 

word-like stimuli (i.e., visually similar orthographically illegal strings of letters). These 

findings appear to be consistent with previous evidence that readers obtain at least visual 

information from words in the parafovea before fixating it (e.g., McConkie & Rayner, 

1975; Morris, Rayner, & Pollatsek, 1990), and replicate aforementioned studies that did 

not find orthographic PoF effects (e.g., White & Liversedge, 2004, 2006; though see 

Angele, Slattery, Yang, Kliegl, & Rayner, 2008; Inhoff et al., 2000; Rayner, 1975). 

Next, let us consider the FRP data time-locked to the pretarget word. The 

topographies representing the FRP grand averages are shown in Figure 3.3. The first thing 

to note is that all conditions elicited a robust P1 component, as can be seen by the positive 

brain activation over the posterior areas of the scalp6.  The latency of this P1 component is 

thought to reflect visual encoding (see Dien, 2009 for a review). This activation dissipated 

quite rapidly within the following window between 120-300 ms and developed into more 

negative brain activity over the left occipital and central areas of the scalp, providing 

evidence of a N1 component for all conditions (note, though, there are clearly differences 

in the intensity and scalp locations of this effect across conditions). Furthermore, in the 

next successive time window, that is between 300-500 ms, some evidence of a N400 

component in the central sites of the scalp was observed in the identity and letter-string 

preview conditions, but not for the X-string preview condition. We consider that this 

differential state of activation indicates that little useful processing of the parafoveal 

                                                
6 In a diametrically opposite location to the P1 component, that is, at a frontal, slightly left lateralised 

location, there is an area of negative activation.  We consider that this activation reflects the polarity of the 

brain activity that arises as a consequence of the strong posterior P1 positivity. 
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stimulus was possible for X-string previews, whereas pre-processing of the parafoveal 

stimulus could occur for letter-string and identity preview conditions. 

 

Table 3.2. Means and Standard Deviations of the Fixation Time Measures (in Milliseconds) for Pretarget 

and Target Words 

 

Note. Means and standard deviations have been calculated by subject. FFD: First fixation duration, SFD: 

Single fixation duration, GD: Gaze duration. 

 

Table 3.3. Fixed Effect Estimates from the Linear Mixed-Effects Models on the Eye Movement Data for 

Pretarget and Target Words 

 
Note. *** p < .001, ** p < .01, * p < .05, + p < .1 

 

Measure  HF Identity HF String HF X LF Identity LF String LF X 

  Pretarget Word 

FFD  228 (62) 228 (66) 238 (71) 232 (68) 229 (61) 236 (70) 

SFD  231 (56) 229 (62) 240 (67) 237 (72) 234 (61) 243 (70) 

GD  259 (93) 263 (101) 280 (105) 259 (94) 263 (96) 280 (106) 

  Target Word 

FFD  235 (69) 284 (84) 280 (80) 253 (71) 285 (88) 289 (84) 

SFD  244 (70) 308 (75) 308 (68) 263 (67) 314 (78) 325 (68) 

GD  268 (100) 327 (101) 327 (84) 289 (105) 346 (114) 353 (103) 

 

aa aa aa aa aa

Factor
b SE t Sign. b SE t Sign. b SE t Sign.

Intercept 5.40 0.02 262.14 *** 5.42 0.02 246.94 *** 5.51 0.03 220.65 ***
Frequency 0.00 0.01 0.20 0.02 0.01 1.44 0.00 0.01 -0.34
String - Identity 0.00 0.01 0.15 0.01 0.01 0.89 0.01 0.01 1.12
X - String 0.02 0.01 1.82 + 0.02 0.02 1.48 0.05 0.02 3.39 **
Identity - X -0.02 0.01 -1.77 + -0.04 0.02 -2.04 * -0.07 0.01 -4.80 ***
Frequency * String - 
Identity

<0.001 0.02 0.01 0.02 0.03 0.59 0.01 0.02 0.42

Frequency * X - String -0.01 0.02 -0.61 -0.01 0.03 -0.45 0.00 0.02 -0.09
Frequency * Identity - X 0.01 0.02 0.64 0.00 0.03 -0.06 -0.01 0.03 -0.31

Intercept 5.55 0.02 312.76 *** 5.63 0.02 275.51 *** 5.70 0.02 281.83 ***
Frequency 0.03 0.01 3.60 *** 0.05 0.01 3.97 *** 0.06 0.01 6.64 ***
String - Identity 0.15 0.02 9.66 *** 0.21 0.02 9.13 *** 0.20 0.02 12.00 ***
X - String <0.001 0.02 0.02 0.01 0.02 0.50 0.01 0.02 0.59
Identity - X -0.15 0.02 -8.08 *** -0.23 0.02 -9.25 *** -0.22 0.02 -10.01 ***
Frequency * String - 
Identity

-0.07 0.02 -3.31 ** -0.06 0.03 -2.10 * -0.03 0.02 -1.15

Frequency * X - String 0.02 0.02 0.96 0.03 0.03 0.88 0.01 0.03 0.41
Frequency * Identity - X 0.05 0.02 1.99 + 0.03 0.03 1.00 0.02 0.03 0.52

First Fixation Duration Single Fixation Duration Gaze Duration

Pretarget Word

Target Word
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The left panels of Figure 3.4 show the significant voltage differences between each 

pair of the three preview conditions found with the cluster-based permutation tests (see 

Table 3.4 for a summary of these differences). Each of the panels presents a large amount 

of information, and given this, it is important to focus on those aspects that reflect the most 

substantive differences in processing that exist across conditions.  With this in mind, it is 

evident that the greatest number of significant differences is observed when data from the 

conditions in which previews were comprised of Xs are compared with the conditions in 

which previews were identical to the target word (7,775 differences; see Figure 3.4A), and 

when the previews were strings of random letters (14,404 differences; see Figure 3.4B). 

The least number of differences is observed when comparing previews comprised of 

strings of random letters with previews identical to the target word (3,017 differences; see 

Figure 3.4C).  Without question, the identity and letter-string previews are the most 

visually similar, and both are strikingly visually dissimilar to X-string previews.  It is, 

therefore, unsurprising that the most substantive differences in activation patterns that can 

be seen across the left panels of Figure 3.4 for the pretarget word reflect these particular 

contrasts. 

Given that this study provides the opportunity to investigate whether different types 

of preview have a different influence on parafoveal processing, let us focus our attention 

on Figure 3.4A and Figure 3.4C.  These panels convey the differences in processing 

associated with with parafoveal X-strings relative to the identity string, and parafoveal 

random letter strings relative to the identity string.  Dealing first with Figure 3.4A, we can 

see that the earliest positive difference in activation occurs over the right and mid-line 

parietal and occipital areas and is sustained throughout the entire temporal window of 

analysis.  A slightly later effect, mainly rightward, can be seen to develop over frontal and 

temporal areas, and over time, this effect spreads more bilaterally before dissipating 

approximately 430-440 ms after fixation onset. With respect to the spatial characteristics of  
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Figure 3.3. Results from FRPs time-locked to the fixation onset on the pretarget word. Panel A) Grand 

average FRPs in response to ID (i.e., identical preview), ST (i.e., random letter string preview) and X (i.e., X-

string preview) conditions displayed on nine channel locations, left frontal (FC5), midline frontal (Fz), right 

frontal (FC6), left centro-parietal (CP5), midline centro-parietal (CPz), right centro-parietal (CP6), left 

parieto-occipital (PO7), midline occipital (Oz), right parieto-occipital (PO8) electrodes. Panel B) 

Topographies showing the average brain activity associated with ID, ST and X conditions for three time 

windows: between 70-120 ms, between 120-300 ms, between 300-500 ms after fixation onset on the pretarget 

word. Panel C) Grand average FRPs in response to HF (i.e., high frequency) and LF (i.e., low frequency) 

conditions displayed on the same nine channel locations as in panel A. Panel D) Topographies showing the 

average brain activity associated with HF, LF, HF ID (i.e., high frequency target word with identical 

preview), and LF ID (i.e., low frequency target word with identical preview) conditions for three time 

windows: between 70-120 ms, between 120-300 ms, between 300-500 ms after fixation onset on the pretarget 

word. 
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Figure 3.4.Raster diagrams illustrating significant FRP differences obtained with cluster-based permutation 

tests. Red and blue rectangles indicate channel/time point in which the first condition is significantly more 

positive or negative of the second condition, respectively. Channels are displayed on the y-axis and 

organised somewhat topographically. Channels on the left hemisphere (L) of the scalp are shown on the 

figure’s top grey rectangle and demarcated with horizontal lines based on their location on the frontal (LF: 

FP1, AF7, AF3, F7, F5, F3), central (LC: FC5, FC3, C5, C3, CP5, CP3), temporal (LT: FT9, FT7, T7, TP9, 

TP7), parietal (LP: P7, P5, P3) and occipital (LO: PO7, PO3, O1) regions of the scalp. Midline electrodes 

(C) (i.e., CF: FPz, F1, Fz, F2; CC: FC1, FCz, FC2, C1, Cz, C2, CP1, CPz, CP2; CP: P1, Pz, P2; CO: Oz, 

POz) are displayed in the middle. Right channels (R) are shown on the figure’s bottom grey rectangle (i.e., 

RF: FP2, AF8, AF4, F8, F6, F4; RC: FC6, FC4, C6, C4, CP6, CP4; RT: FT10, FT8, T8, TP10, TP8; RP: 

P8, P6, P4; RO: PO8, PO4, O2). The time from the onset of a fixation on the pretarget (panels A, B and C) 

and target (panels D, E and F) words is displayed on the x-axis. The vertical black lines indicate the time 

windows considered for the cluster-based permutation tests: between 70-120 ms, 120-300 ms, 300-500 ms 

for analyses of pretarget words, and between between 0-70 ms, 70-120 ms, 120-300 ms, 300-500 ms for 

analyses of target words. Panels A) FRP differences between pretarget words with previews made of Xs and 

identity previews, B) between previews made of Xs and previews made of string of letters, C) between 

previews made of string of letters and identity previews. Panels D) FRP differences between target words 

with previews made of Xs and identity previews, E) between previews made of Xs and previews made of 

string of letters, F) between previews made of string of letters and identity previews. 
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these data, the involvement of the right hemisphere (RH) is in line with the growing body 

of evidence indicating that the RH plays an important role in the extraction and processing 

of the visual form of words (e.g., Deason & Marsolek, 2005; Lindell, 2006), as well as 

processing of unpronounceable orthographically irregular items (e.g., Dickson & 

Federmeier, 2014). Furthermore, the early significant differences observed over parietal 

and occipital regions and the subsequent later activation over temporal and frontal areas of 

the scalp are consistent with previous work showing that word-related activation 

progresses from posterior to anterior regions (e.g., Friederici, 2011; Marinkovic et al., 

2003; Shtyrov & MacGregor, 2016). Considering now Figure 3.4C, there are several 

noteworthy points.  First, the differences that can be seen in this panel are small (though 

significant) and all occur at central locations.  Activation that occurs in these regions 

during processing of words is ordinarily associated with cognitive processes beyond visual 

encoding of stimuli and processing of isolated letters (e.g., Carreiras, Armstrong, Perea & 

Frost, 2014). Another noteworthy point is that our results partially replicate those of 

Simola et al. (2009) and Baccino and Manunta (2005).  Simola et al. found a negative 

difference between illegal letter combinations and real words (i.e., both for semantically 

related and unrelated words) that occurred between 200-280 ms.  Thus, there was 

similarity between Simola et al.’s results and the present results in relation to temporal 

course.  Baccino and Manunta obtained a negative difference between illegal letter 

combinations and unrelated target words at the right central and frontal electrodes.  Thus, 

these results were comparable in relation to the scalp distribution of the effects. 

In sum the FRP results confirm our predictions that processing letter strings in the 

parafovea is far more similar to processing words in the parafovea than X-strings. Random 

letter strings appear word-like in the parafovea, thus, readers engage in visual and 

orthographic processing. However, some modest disruption occurs, likely during 

orthographic, or even morphological processing of a parafoveal letter string.  In contrast, 
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parafoveal previews comprised of Xs share very few features or letters (if any) with words. 

Readers are sensitive to this visual oddity in the parafovea, and upon detection of a string 

that is so unlike a word, they desist from continued (normal) parafoveal processing of it.  

We believe that it is for this reason that we observe the greatest disruption to processing at 

the pretarget word for this condition. 

Table 3.4. Summary of the Statistical Differences between Preview Conditions Observed in the FRP Data 

with Cluster-Based Permutation Tests 

 

Lexical Parafoveal-on-Foveal Effects. As we have noted, previous studies 

investigating lexical PoF effects have been inconsistent both in the eye movement and in 

the FRP literature.  Niefind and Dimigen (2016) observed PoF effects of word frequency 

between 130-140 ms at right frontal electrodes, and between 630-640 ms at left parietal 

electrodes, in a saccadic word-list reading task. Kretzschmar et al. (2015) analysed a time 

window between 150-400 ms after fixation onset over centro-parietal sites and did not 

observe lexical PoF effects in a natural reading paradigm. Thus, our study aimed to 

understand whether the different results could be due to the choice of time windows and 

brain areas investigated, or the type of paradigm used. To address the first hypothesis, 

therefore, we decided to consider all scalp electrodes and a wider range of latencies 

compared to Kretzschmar et al.  Let us turn next to the second hypothesis, namely, that the 

paradigm may be critical in determining the nature of effects. When words are embedded 

in meaningful sentences, reading times are substantially shorter on average than when they 

aa aa aa aa aa aa

Comparison

Cluster p-value Cluster p-value Cluster p-value Cluster p-value

X - Identity NA NA 1 positive <.004 1 positive <.004 1 positive <.001
NA NA 0 negative 1 negative <.020 1 negative <.003

X - String NA NA 1 positive <.001 1 positive <.001 1 positive <.001
NA NA 1 negative <.002 1 negative <.001 1 negative <.001

String - Identity NA NA 1 negative <.020 1 negative <.008 1 negative <.002

X - Identity 1 positive <.004 1 positive <.001 1 positive <.001 1 positive <.001
0 negative 0 negative 1 negative <.001 1 negative <.001

X - String 1 positive <.001 1 positive <.001 1 positive <.001 1 positive <.001
1 negative <.001 1 negative <.005 1 negative <.001 1 negative <.001

String - Identity 1 positive <.020 1 positive <.005 1 positive <.009 1 positive <.020
1 negative <.001 1 negative <.001 1 negative <.001 0 negative

Target Word

Pre-target Word

Time Window
0 – 70 ms 70 – 120 ms 120 – 300 ms 300 – 500 ms
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are embedded in lists of words. The reason for this is very likely that when readers process 

lists of individual words, they cannot engage the natural language comprehension 

processes that occur quite automatically during natural reading.  To be clear, word list 

reading is an artificial task that does not lend itself naturally to the rapid automatized 

processes that occur spontaneously when a person reads for comprehension.  Thus, the 

artificiality of the task leads to staccato processing of words, which in turn causes a more 

stilted reading style relative to natural sentence reading.  In short, the time course of 

processing for each word will very likely be slower.  If this suggestion is correct, then 

FRPs recorded during natural reading of sentences might be less sensitive to lexical PoF 

effects because (1) the time course of processing is faster and there is insufficient 

opportunity for the extraction of lexical information from the parafovea, and (2) the 

magnitude of any lexical PoF effects may be reduced because fixations are truncated 

earlier in the former than the latter situation resulting in far weaker effects. 

Analyses of eye movement measures on the pretarget word did not reveal any 

significant main effect of target word frequency, nor an interaction between parafoveal 

preview and target word frequency (see Table 3.3). These results were confirmed by the 

FRP data. Comparisons between high and low frequency conditions did not reveal any 

significant clusters in either of the analysed time windows. We also checked the identity 

conditions alone to assess whether there was any suggestion of a PoF effect for the high 

and low frequency target words, and there was none.  Additionally, even though we 

explored a wider range of brain areas and latencies than Kretzschmar et al. (2015), we 

failed to find any evidence for extraction of lexical information from the parafovea. Our 

results here provide no evidence for PoF effects in any brain region for any time window in 
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our analyses7.  Furthermore, our results do not offer a clear explanation for the 

contradictory nature of the results obtained by Niefind and Dimigen (2016) and 

Kretzschmar et al. (2015). It remains possible that ours and Kretzschmar et al.’s failure to 

obtain such effects occurred because fixations were shorter during natural reading than 

during word-list reading, however, what we can say with some confidence is that 

Kretzschmar et al. did not fail to detect PoF effects because they examined inappropriate 

time windows and brain areas.  Further studies are needed to determine whether sentence 

reading paradigms do not elicit PoF effects of frequency at all, or whether they elicit a 

much weaker and short-lived response to parafoveal word frequency. 

Finally, if readers process words in parallel, then we expected that they should be 

sensitive to orthographically illegal letter strings in the parafovea that do not have lexical 

status.  As such, we would expect very large and significant differences in activation 

between the identity and letter string condition at the pretarget word (see Figure 3.4C).  

Our failure to obtain such effects is consistent with the suggestion that readers do not 

process words in parallel (at least to the extent that they ascertain the lexical status of a 

parafoveal string).  The current results are in line with other studies that have failed to 

obtain robust lexical PoF effects in reading (e.g., Brothers et al., 2017). 

3.3.3 Visual and Orthographic Preview Effects 

One of the aims of our study was to see whether we could replicate in natural 

reading the findings for neural correlates that have been observed in RSVP-with-flanker-

word presentation and saccadic word list reading experiments. We were particularly keen 

                                                
7 We note that word frequency effects at the pre-target word were absent even though there was a significant 

difference in the bi-gram frequency of the high (bi-gram lexical frequency by position for HF words: M = 

3227.08, SD = 1401.19) and the low (bi-gram lexical frequency by position for LF words: 2920.01, SD = 

1386.04) frequency target words. Had we obtained robust frequency effects at the pre-target word, then the 

question of whether those effects were driven by the frequency of the full word, or instead by the frequency 

of the initial bigrams would be very important. 
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to explore for the first time whether differences in neural correlates could be observed at a 

target word that was preceded by a preview of a string of random letters compared with a 

string of Xs. Recall that in previous studies (Dimigen et al., 2012; Kornrumpf et al., 2016; 

Li et al, 2015; Niefind & Dimigen, 2016), an early preview positivity effect was obtained 

such that there was an attenuation (reduced negativity) of the N1 component, as well as a 

later effect such that there was an attenuation of the N400 component, when a word was 

preceded by an identical preview relative to several forms of invalid preview. Therefore, at 

the target word, we predicted differences in those component latency ranges between the 

identity and the X-string preview conditions, and between the identity and letter string 

preview conditions.  In relation to the former comparison, we might suggest that X-string 

previews would delay any form of effective orthographic processing of the target (relative 

to processing in the identity condition) since these previews are so very visually and 

orthographically different from the target.  In relation to the random letter string preview 

condition, we were more cautious since to date there has been no work to examine how 

different forms of preview impact on neural correlates of lexical processing.  Somewhat 

tentatively, we might expect that a letter string preview would produce inhibitory effects 

due to the dissimilarity of preview and target, but to a smaller extent than X-string 

previews, due to the fact that the letter string previews were constructed using visually 

similar letters to the target, and therefore, they share common features.   

First, note that analyses of the eye movement data replicated the well-established 

preview effect. For all our eye movement measures (see Table 3.2 and Table 3.3), fixation 

durations on the target word were significantly shorter when participants received a valid 

preview in the parafovea (i.e., the target word itself) compared to when they received an 

invalid preview comprised of random letters (difference of 41ms in first fixation duration, 

57 ms in single fixation duration, 58 ms in gaze duration) or comprised of Xs (difference 

of 41 ms in first fixation duration, 63 ms in single fixation duration, 61 ms in gaze 
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duration).  Note that the magnitude of the preview benefit effect was comparable 

regardless of whether the preview was formed from random letters or an X-string (c.f., 

Vasilev & Angele, 2017). 

Next, let us consider the FRP grand averages shown in Figure 3.5.  In this figure, 

notice that we have an additional time window for our FRP analyses, namely, that between 

0-70 ms.  We analysed FRPs in this window as here one might anticipate effects that 

reflect processing associated with the preview that have spilled over and occur in the 

earliest period of the fixation on the target word.  Indeed, for the identity and random letter 

string conditions at this time window, there is some suggestion of some centralised 

negativity that may reflect processing of the preview that remains at fixation onset on the 

target.  There is no suggestion of such an effect for the X-string preview condition, and this 

is in line with our earlier suggestion that parafoveal processing cannot progress effectively 

for X-string previews.  Next, for the 70-120 ms window, in all three preview conditions we 

can see a pronounced P1 component such that positive activation at posterior sites is quite 

apparent.  Also, the component is most pronounced in the letter string preview condition, 

and we speculate that this might be so due to conflicting influences of the visually similar 

preview.  If correct, the implication here is that readers initiated orthographic processing of 

the preview prior to fixation of the target.  Finally, let us consider the remaining time 

windows together, first for the X-string preview condition, and then for the letter string and 

identity preview conditions.  For the X-string preview condition, we can see a clear N1 

component over the left temporal and occipital areas between 120 and 300 ms which is 

then sustained into the following time window.  Consistent with several studies (e.g., 

Dimigen et al., 2012; Niefind & Dimigen, 2016), this component very likely reflects 

orthographic processing of the target that became available from fixation onset.  For the 

identity and letter string preview conditions, we can also see a N1 component particularly 

so in the 120-300 ms time window, however here it is much less pronounced presumably 
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because orthographic processing was initiated earlier in these conditions relative to the X-

string conditions.  This effect is slightly dissipated and shifts to a more central location 

between 300 and 500 ms. 

Let us now turn to the permutation analyses (see Table 3.4 for a summary of the 

differences) illustrated in the raster diagrams representing the differences between preview 

conditions at the target word (Figure 3.4D-F).  As per the figures for the pretarget word, 

there were a greater number of significant voltage differences when comparisons were 

made between the X-string preview conditions and the identity condition (12,012 

differences; see Figure 3.4D), and the X-string preview conditions and the letter string 

preview condition (14,452 differences; see Figure 3.4E).  The least number of significant 

voltage differences was observed when comparisons were made between letter string 

preview condition and the identity condition (6,627 differences; see Figure 3.4F). Again, 

given that X-string previews are markedly visually different from random letter string and 

identity previews, it is unsurprising that there are correspondingly increased differences in 

neural correlates across Figures 3.4D-F. Given that one of our objectives was to investigate 

whether differences in neural correlates could be observed when the target was preceded 

by a preview of a string of random letters compared with a string of Xs, we will focus on 

Figure 3.4D and Figure 3.4F. Figure 3.4D represents the significant voltage differences 

between the X-string and the identity previews. The first point to note here are the 

differences in the right and mid-line parietal and occipital areas during the two earliest time 

windows (0-70 ms and 70-120 ms).  These differences likely indicate that in the X-string 

preview condition, it is only at fixation onset, once the target has replaced the preview, that 

visual processing of the form of the target itself is initiated.  In contrast, in the identity 

preview condition, such processing was initiated earlier (when the word was in the 

parafovea).  Thus, the differences are apparent from fixation onset and are sustained 

throughout the majority of the time windows we considered.  These results are consistent 
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with previous evidence showing that early components, for example P1, are associated 

with analysis of visual features (see Dien, 2009 for a review), over low level perceptual 

areas in the posterior regions of the brain (e.g., Heinze et al., 1994; Martinez et al., 1999). 

From Figure 3.4D we can also see very clearly that from the start of the time window 

spanning from 120-300 ms there are significant activation differences across a range of 

areas (temporal, central and frontal) that all have an onset close to 120 ms.  

In line with previous studies (Dimigen et al., 2012; Kornrumpf et al., 2016; Li et al, 

2015; Niefind & Dimigen, 2016), we obtained clear activation differences at the temporal, 

parietal and occipital regions, maximal over the left hemisphere, reflecting the early 

preview positivity effect (i.e., more positive voltage for identity preview conditions).  

These differences sustained through the 120-300 ms time window and into the 300-500 ms 

window also.  Dimigen et al. (2012) identified an early preview effect in the first time 

window over occipito-temporal regions and a later effect between 300-500 ms over the 

mid-parietal electrodes.  Clearly, the current findings replicate the early effect of Dimigen 

et al., and show that there are effects with a similar onset profile in left and right frontal 

areas as well. However, the present results show identity preview conditions to be more 

negative than X-string previews over centro-parietal regions of the scalp. This is consistent 

with the observation that in the X-string preview condition pronounced orthographic 

processing is still ongoing between 300-500 ms compared to the identity preview condition 

(see Figure 3.5B).  More research is needed to investigate the late preview effect during 

natural reading. Figure 3.4F represents the significant voltage differences between the 

random letter string and identity preview conditions. From Figure 3.4F, we again have 

positive activation differences over the right temporal, occipital and parietal areas, 

presumably reflecting differences in how the target was visually processed post fixation 

onset when the preview was a letter string relative to the identity preview condition.  At 

central locations there are negative voltage differences from fixation onset that persist 
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through all of the time windows up to approximately 250 ms post fixation onset.  As we 

suggested earlier, let us assume that these areas are associated with processing of stimuli 

beyond isolated letters. If this is the case, then these activation differences may well reflect 

processing associated with inhibition due to differences between the preview relative to the 

target in the letter string preview condition and reduced disruption due to feature overlap 

between target and preview in this condition. Voltage differences were also observed in the 

time window between 300-500 ms over parietal and occipital sites of the scalp. We believe 

this activation difference is associated with spill-over effects that derive from the target 

word. 

In sum, our FRP data suggest that differences between the identity condition and 

the X-string preview condition are more sustained than counterpart differences between the 

identity and letter string preview conditions. The reason for this is likely that the X-string 

previews prevent readers from engaging in effective parafoveal processing. Since strings 

comprised of Xs are perceived as visually unusual, further processing of the type that 

would occur naturally for a parafoveal word is inhibited, and full identification of the 

target word can only be initiated subsequently when the target becomes available in the 

fovea.  In this way, the X-string preview results in a delay to processing in the temporal 

windows we considered in relation to target word foveation. In contrast, letter string 

previews are processed, at least at an orthographic level, in the parafovea. Thus, when the 

target is fixated, pre-processing of the preview in relation to the target, leads to inhibition, 

due to conflicting information between parafoveal and foveal vision, but to a lesser extent, 

due to pre-activation of visual features of the target. 
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Figure 3.5. Results from FRPs time-locked to the fixation onset on the target word. Panel A) Grand average 

FRPs in response to ID (i.e., identical preview), ST (i.e., random letter string preview) and X (i.e., X-string 

preview) conditions displayed on nine channel locations, left frontal (FC5), midline frontal (Fz), right frontal 

(FC6), left centro-parietal (CP5), midline centro-parietal (CPz), right centro-parietal (CP6), left parieto-

occipital (PO7), midline occipital (Oz), right parieto-occipital (PO8) electrodes. Panel B) Topographies 

showing the average brain activity associated with ID, ST and X conditions for four time windows: between 

0-70 ms, 70-120 ms, 120-300 ms, 300-500 ms after fixation onset on the target word. Panel C) Grand 

average FRPs in response to HF (i.e., high frequency) and LF (i.e., low frequency) conditions displayed on 

the same nine channel locations as in panel A. Panel D) Topographies showing the average brain activity 

associated with HF, LF, HF ID (i.e., high frequency target word with identical preview), LF ID (i.e., low 

frequency target word with identical preview), HF INV (i.e., high frequency target word with invalid preview, 

that is both X-string and string of random letters), LF INV (i.e., low frequency target word with invalid 

preview, that is both X-string and string of random letters) conditions for four time windows: between 0-70 

ms, 70-120 ms, 120-300 ms, 300-500 ms after fixation onset on the target word. 
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3.3.4 Foveal Lexical Frequency Effects 

One of the benchmark findings in experimental psycholinguistics is that the 

frequency of occurrence of a word determines the time for its recognition (Rayner, 1998, 

2009). Although its existence is undoubted and very well documented in eye movement 

experiments investigating reading, with respect to ERP and FRP experimentation, the 

nature and timing of this effect is unclear (Kretzschmar et al., 2015), and may be 

influenced by specific task circumstances (see Laszlo & Federmeier, 2014). Thus, as 

mentioned earlier, an aim of the present study was to further investigate this effect under 

natural reading conditions. 

Our eye movement results showed a very clear word frequency effect. Low-

frequency words (LF) led to significantly longer reading times than high-frequency words 

(HF), and this effect increased from first fixation to gaze duration (10 ms difference 

between HF and LF words on first fixation duration, 14 ms on single fixation duration and 

22 ms on gaze duration) (see Table 3.2 and Table 3.3). The magnitude and time course of 

these effects is in line with the existing literature (e.g., Reingold, Reichle, Glaholt & 

Sheridan, 2012) and demonstrate that lexical identification of a high frequency word takes 

less time than lexical identification of a low frequency word.  This effect is unsurprising 

but reassuring.  In addition, as can be seen in Table 3.3, we found a significant interaction 

between target lexical frequency and the parafoveal preview type for first and single 

fixation durations between the identity and random letter string conditions. The lexical 

frequency effect was more pronounced when participants received a valid preview in the 

parafovea (18 ms difference between HF and LF words on first fixation duration, 19 ms on 

single fixation duration) than when the parafoveal preview was a string of random letters 

(1 ms difference between HF and LF words on first fixation duration, 6 ms on single 

fixation duration). This result fits very neatly with our preview benefit findings reported 

earlier.  Recall that a valid preview in the parafovea produced shorter target reading times 
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than an invalid preview suggesting earlier initiation of target processing for valid previews. 

In line with this suggestion, the interactive effect of preview and target frequency were 

such that frequency effects were largest for first fixations on the target after a valid than an 

invalid preview, again, suggesting that processing of the target was initiated earlier when 

the preview was valid compared to invalid. Recently, Staub & Goddard (2018) suggested 

that word frequency might affect both early orthographic and late lexical stages of 

processing. According to their hypothesis, only the early stages (as reflected, for example, 

by first fixation duration) might be dependent on whether early orthographic processing 

could be carried out parafoveally. If that is the case, this could explain why we found an 

interaction on the early (i.e., first and single fixation durations), but not later (i.e., gaze 

duration), eye movement measures. In the present experiment, readers could successfully 

retrieve the orthographic representation of the word from the parafovea in the valid 

preview condition (i.e., initiating orthographic processing of the correct orthographic 

representation of the word earlier), but once fixated, lexical access could be successfully 

carried out for both high frequency and low frequency words. 

Interestingly however, FRPs time-locked to the fixation onset of the target and 

elicited by HF words did not differ from the FRPs evoked by LF words (see Figure 3.5 for 

associated waveforms and topographies). To be very clear, in our basic analyses of the 

FRPs at the target word, there was absolutely no statistically robust evidence of any effect 

of frequency in any time window or brain area that we analysed.  The lack of FRP 

frequency effects at the target word mirror exactly the lack of FRP frequency effects at the 

pretarget word.  Note also that the lack of FRP frequency effects is in very direct contrast 

to the robust frequency effects that we obtained in the eye movement data at the target 

word.  In line with the analyses we undertook for the pretarget word, to very directly 

determine whether there were any differences between processing of high and low 

frequency target word with and without a valid preview, we undertook an analysis in 
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which we compared high and low frequency targets after a valid preview, and an analysis 

in which we compared high and low frequency targets after an invalid preview (both for 

letter-string previews and for X-string previews).  Again, none of these statistical analyses 

revealed any significant effects of frequency (see Figure 3.5). Our results are consistent 

with Kretzschmar et al. (2015) who also failed to find any significant effect in the latency 

of the P200 and N400 components.  Furthermore, in our analyses, we also examined the 

time window prior to 150 ms from fixation onset on the target word, and again, found no 

reliable FRP frequency effect.  The current findings, as well as those of Kretzschmar et al. 

both derive from natural reading experiments, and are at odds with the results of studies 

using single word presentation methodology (e.g., Dambacher et al., 2006; Dambacher et 

al., 2012; Hauk et al., 2006; Sereno et al., 1998) and saccadic word list reading (Niefind & 

Dimigen, 2016). Kretzschmar et al. explained the lack of effect in agreement with the 

bidirectional coding account (Lotze, Tune, Schlesewsky, & Bornkessel- Schlesewsky, 

2011; Tune et al., 2014). According to this approach, the N400 amplitude might reflect the 

extent to which bottom-up information and top-down predictions mismatch. Therefore, 

when words are presented within extensive context (either one word at the time or within a 

sentence), the effect of word frequency might not exert a very strong influence on the 

N400 component because under these circumstances, it is word predictability, rather than 

word frequency, that would act as a source of lexical expectation. Although this account 

might explain our null FRP effect of word frequency in the latest time window of analysis, 

it cannot fully explain the null results we observed over all the time windows analysed. It 

is clear that there remain significant unanswered questions regarding the frequency effect 

in our FRP data.  There is no question that a frequency effect occurred in this experiment.  

We can make this statement definitively on the basis of the eye movement data.  We can 

also offer possible explanations in terms of the methodological differences between those 

studies that have successfully shown FRP frequency effects, and those that have not, 
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though in our view, these explanations are not entirely satisfactory, and we can see no 

convincing reason why there should be no evidence of a frequency effect in our FRP data 

when such an effect is very apparent in the corresponding eye movement data.  Accepting 

all of this, however, the fact remains that to date there have been only two studies to 

investigate frequency effects in FRPs under natural reading conditions (that of 

Kretzschmar et al., 2015, and the present study), and neither of these has provided any 

evidence for such an effect.  Further research is required to develop our understanding of 

the experimental circumstances under which FRP frequency effects might be detectable 

during natural reading. 

3.4 Conclusions 

In the current experiment, we simultaneously recorded participants’ eye movements 

and EEG signal during a natural sentence reading task. Since to date only a handful of 

studies have used the co-registration methodology to investigate reading under natural 

conditions, we considered effects previously unexplored (i.e., visual and orthographic PoF 

and preview effects) or only occasionally examined (i.e., lexical frequency effects) during 

natural reading of sentences. 

Our results replicated the preview effects reported both in the eye movement (see 

Schotter et al., 2012 for a review) and FRP literature (i.e., RSVP-with-flanker-word 

presentation and saccadic reading studies; Dimigen et al., 2012; Kornrumpf et al., 2016; Li 

et al., 2015; Niefind & Dimigen, 2016). Previews that consist of words identical to the 

target lead to facilitation (or reduced cost) compared to X-string previews or random letter 

string previews both during parafoveal and foveal processing of the target word. In 

addition, our findings demonstrate that previews comprised of X-strings activate different 

cognitive mechanisms compared to previews comprised of strings of letters. Previews 

comprised of X-strings appear as visually odd in the parafovea, inhibiting pre-processing 
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of the preview string. This means the onset of processing is delayed until the target is 

directly fixated and disruption to reading occurs. In contrast, strings of random letters 

appear as previews that are more word-like in the parafovea. Thus, disruption is reduced 

and limited to processes beyond visual encoding of stimuli and processing of isolated 

letters (e.g., Carreiras et al., 2014). Inhibition occurs due to difficulties associated with the 

integration of inconsistent parafoveal and foveal information, but it is reduced because of 

the activation of features shared by the preview and target. We believe these findings 

contribute to the debate of costs and benefits associated with different types of preview 

(see Vasilev & Angele, 2017 for a review). 

In addition, we consider that the raster diagrams (Figure 3.4) presented in this paper 

clearly show important aspects of the time course of the processes underlying natural 

reading. We acknowledge that only significant voltage differences are shown (at a 

significance level of .025) and therefore, that other differences might occur but without 

reaching significance. Nevertheless, and for this very reason, we speculatively argue that 

the onsets of the differences we can observe in the raster diagrams represent the upper time 

limit of the onset of those effects, whilst the offsets the lower time limit of the duration of 

these effects. To be very clear, the period between the onset and offset of a significant 

effect in the raster diagrams represents an approximation of the minimum period during 

which differences in processing occurred.  Certainly, we found the raster diagrams from 

this study to be very helpful in interpreting our findings, providing us with a 

comprehensive representation of activation differences at all scalp locations over extended 

time periods.  With more studies and analyses of this type it should be possible to gain 

much greater insight into the nature and time course of neural correlates of natural reading 

processes. 

Finally, the current study highlights the necessity to explore the timing of the word 

frequency effect under ecologically valid conditions. Neither our eye movement or FRP 
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results provided evidence for extraction of word frequency from the parafovea, hence 

providing no evidence to support parallel lexical processing. At the fovea, we replicated 

the well-established frequency effects in the eye movement data, but not in the FRPs. The 

reason why frequency effects did not appear in the FRP data for the present study is not 

clear, though again, we note that these effects also did not appear in the study reported by 

Kretzschmar et al. (2015). For now, our suggestion is that rapid automatized processes that 

occur in natural reading might lead to short-lived, reduced magnitude, effects compared to 

less natural reading situations. This said, it is clear that further co-registration experiments 

using natural reading are necessary to better understand the nature of FRP responses 

associated with lexical frequency effects in eye movements. 
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Chapter 4: A Co-Registration Investigation of 

Inter-Word Spacing and Parafoveal Preview: 

Eye Movements and Fixation-Related 

Potentials 

At the time of thesis submission, the following Chapter is submitted for publication as 

Degno, F., Loberg, O., Zang, C., Zhang, M., Donnelly, N., & Liversedge, S.P. (submitted). 

A co-registration investigation of inter-word spacing and parafoveal preview: Eye 

movements and fixation-related potentials. Brain & Language. 

4.1 Introduction 

Previous research has shown that for normal reading to occur, it is essential to pre-

process upcoming words in the parafovea (e.g., Rayner, Liversedge & White, 2006; White, 

Johnson, Liversedge & Rayner, 2008). Although the nature of parafoveal processing is a 

matter of debate in the reading community (see Rayner & Reichle, 2010 for an overview of 

serial versus parallel models of reading), there is consensus on the extraction of at least 

low-level and sub-lexical information (i.e., visual, orthographic and phonological 

characteristics of a word) from the parafovea (e.g., Rayner, 1975; Inhoff, 1990; Inhoff & 

Tousman, 1990; Pollatsek, Lesch, Morris & Rayner, 1992; see Schotter, Angele & Rayner, 

2012 for a review). 

New insights on the time course of the extraction of low-level and sub-lexical 

parafoveal information come from studies conducted with co-registration methodology. 

This approach involves the simultaneous recording of participants’ eye movements and 

EEG signal, and provides a record of continuous brain activity over time while participants 

read sentences or paragraphs normally, whilst making saccadic EMs  (Degno, Loberg, 
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Zang, Zhang, Donnelly, & Liversedge, 2018; Dimigen, Sommer, Hohlfeld, Jacobs, & 

Kliegl, 2011; Henderson, Luke, Schmidt, & Richards, 2013; Kretzschmar, Bornkessel-

Schlesewsky, & Schlesewsky, 2009; Kretzschmar, Schlesewsky, & Staub, 2015; Metzner, 

von der Malsburg, Vasishth, & Rösler, 2016; Weiss, Knakker, & Vidnyánszky, 2016). In 

these circumstances, it is possible to study neural correlates of parafoveal processing, 

which cannot be investigated with the more traditional serial visual presentation paradigm, 

typically used in ERP studies of reading (see Degno et al., 2018, for a related discussion). 

In addition, when using co-registration methodology, it is possible to use gaze contingent 

presentation paradigms (see Rayner, 1998, 2009 for reviews), to manipulate what 

participants see at any particular time as they read sentences and move their eyes on the 

text presented on the screen. An example of a gaze contingent paradigm is the boundary 

paradigm (Rayner, 1975), where an invisible boundary is embedded in the text and placed 

before a target word or phrase. Prior to crossing the boundary, a preview mask is displayed 

in the parafovea. When the readers’ gaze crosses the boundary, the parafoveal mask is 

replaced by the target word. By manipulating the properties of the parafoveal mask in 

relation to the properties of the target, it is possible to investigate the nature of parafoveal 

processing in reading. 

In the present experiment we used the boundary paradigm to manipulate all words 

in the sentence for parafoveal inter-word spacing (intact spaces vs. spaces replaced by a 

random letter) and parafoveal preview (letter string preview vs. identity preview) (see 

Figure 4.1). Participants read the single sentences for comprehension while their eye 

movements and EEG signal were simultaneously recorded. We aimed to investigate how 

the availability (unavailable versus available) of spacing information in the parafovea 

affected processing of the parafoveal word when it was subsequently directly fixated, and 

to examine the neural correlates of this effect. Second, we intended to investigate how eye 

movements and neural correlates of parafoveal processing were influenced when incorrect 
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(versus correct) previews were repeatedly presented in the parafovea (i.e., successively on 

a word by word basis). Finally, we aimed to investigate the eye movement effects and 

neural correlates associated with the processing of parafoveal previews during sentence 

reading for spaced and unspaced text. 

 

Figure 4.1. Illustration of the paradigm used. Participants read one-line sentences, and the preview of each 

word of the sentence was manipulated according to the boundary paradigm. Before the participants’ eyes 

crossed the invisible boundary, a preview was displayed in parafovea. Panel A: the preview could be 

identical to the target word and with inter-word spaces kept intact (i.e., identity spaced preview condition). 

Panel B: the preview could be identical to the target word and with inter-word spaces replaced by a random 

letter (i.e., identity unspaced preview condition). Panel C: the preview could be comprised of string of letters 

with shape similar to the target word and with inter-word spaces kept intact (i.e., string spaced preview 

condition). Panel D: the preview could be comprised of a string of letters with shape similar to the target 

word and with inter-word spaces replaced by a random letter (i.e., string unspaced preview condition). 

4.1.1 Parafoveal Inter-Word Spacing 

Inter-word spaces provide visual cues of word boundaries and word length of both 

fixated and upcoming words (see Rayner, 1998, 2009; Schotter, et al., 2012 for reviews), 

and reduce lateral visual masking and visual crowding (e.g., Bouma, 1973; McGowan, 

White, Jordan, & Paterson, 2014; Townsend, Taylor, & Brown, 1971). Completely 

removing spacing information or replacing it with letters, numbers or shapes produces 

disruption to word identification and reduces the efficiency of parafoveal processing (e.g., 

Perea & Acha, 2009; Rayner & Pollatsek, 1996; Rayner, Yang, Schuett, & Slattery, 2013; 

Sheridan, Rayner, & Reingold, 2013; Spragins, Lefton, & Fisher, 1976; see also Epelboim, 

Booth, Askenazy, Talghani, & Steinman, 1997; Epelboim, Booth, & Steinman, 1994). 

Andy would eat fresh spinach everyday after his long and intense gym session.

Andy would eat fresh spinach everyday after his long and intense gym session.

Andy would eat fresh spinach everyday after his long and intense gym session.

. . .
Andy would eat fresh spinach everyday after his long and intense gym session.

Andy ucwfh ozf imcxk xqtrxod cucmphxj xiion blx icmp zmh fmicmxc jgr xoxalcr.

Andy would ozf imcxk xqtrxod cucmphxj xiion blx icmp zmh fmicmxc jgr xoxalcr.

Andy would eat imcxk xqtrxod cucmphxj xiion blx icmp zmh fmicmxc jgr xoxalcr.

. . .
Andy would eat fresh spinach everyday after his long and intense gym session.

Andyvwouldyeatlfreshhspinachyeverydaypaftermhisdlonglandzintenseygymksession.

Andy wouldyeatlfreshhspinachyeverydaypaftermhisdlonglandzintenseygymksession.

Andy would eatlfreshhspinachyeverydaypaftermhisdlonglandzintenseygymksession.

. . .
Andy would eat fresh spinach everyday after his long and intense gym session.

Andyvucwfhyozflimcxkhxqtrxodycucmphxjpxiionmblxdicmplzmhzfmicmxcyjgrkxoxalcr.

Andy wouldyozflimcxkhxqtrxodycucmphxjpxiionmblxdicmplzmhzfmicmxcyjgrkxoxalcr.

Andy would eatlimcxkhxqtrxodycucmphxjpxiionmblxdicmplzmhzfmicmxcyjgrkxoxalcr.

. . .
Andy would eat fresh spinach everyday after his long and intense gym session.
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Indeed, previous eye movement studies demonstrated that when parafoveal masks do not 

preserve spacing information in alphabetic languages like English, reading fluency, 

average saccade length and skipping rate are reduced, average fixation durations, number 

of fixations and number of regressions increase, initial landing positions are shifted closer 

to the beginning of the target word (e.g., McConkie & Rayner, 1975; McGowan et al., 

2014; Rayner & Pollatsek, 1996), the size of the preview effects is smaller (e.g., Drieghe, 

Fitzsimmons, & Liversedge, 2017; Veldre, Drieghe, & Andrews, 2017), and the onset of 

frequency and preview effects are delayed by about 20-40 ms (Sheridan, Reichle, & 

Reingold, 2016). 

The effect of parafoveal inter-word spacing has never been investigated in ERP 

research, due to the nature of the text presentation paradigms used in traditional ERP 

studies (e.g., rapid serial visual presentation, RSVP). However, in one co-registration 

experiment by Weiss et al. (2016), the effect of inter-letter spacing has been explored. The 

authors showed that altering the space between letters produced voltage differences 

between 120-175 ms (over bilateral occipito-temporal and parietal electrode sites), 230-

265 ms (over the right occipito-temporal areas of the scalp), and between 345-380 ms 

(over the left occipito-temporal and parietal regions) after fixation onset. Weiss and 

colleagues suggested that the effects in the time window between 120-175 ms might reflect 

the extraction of position-specific letter encoding and identity, and the combination of 

those identities into bigrams, the time window between 230-265 ms might be related to the 

processing of the abstract word form, and the period between 345-380 ms might be 

associated with higher levels of processing of the whole word. In addition, they found that 

an increase in foveal visual processing load (due to decreased spacing throughout the 

sentence) produced voltage changes between 155-220 ms after fixation onset, maximal 

over the occipito-temporal and parietal regions of the right hemisphere. As Weiss et al. 

pointed out, in their experiment, spacing was manipulated between letters rather than 
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between words, such that word boundaries were still well demarcated.  Also, the 

manipulation did not involve a gaze contingent paradigm, meaning that identical 

parafoveal and foveal information was provided throughout each trial. Therefore, the 

neural correlates associated with processing of inter-word spacing information from the 

parafovea remain uninvestigated. 

4.1.2 Parafoveal Preview 

There is a large body of evidence in the eye movement literature showing that the 

type of parafoveal mask influences the size of the preview benefit effect (see Vasilev & 

Angele, 2017 for a meta-analysis). Preview benefit is calculated as the difference between 

processing associated with identity previews and processing associated with invalid 

previews. The size of the effect increases when the parafoveal mask is less ‘word-like’ 

(e.g., the effect is greater for an invalid parafoveal preview comprised of X-strings than 

one comprised of letters that are visually similar to those of the identity). The reason being 

that less word-like previews, in which visual and linguistic overlap between a parafoveal 

mask and a target word is minimal, produce more interference.  Thus, it is unsurprising that 

when the overlap is maximal, as is the case with an identical parafoveal preview of the 

target word, reading times are shortest. An identity preview is estimated to speed up 

reading times on the target word by up to 50 ms compared to previews comprised of 

invalid parafoveal stimuli (Rayner, 2009). In addition, identity previews are associated 

with larger saccade lengths compared to orthographically irregular or illegal previews (e.g., 

McConkie, Underwood, Zola, & Wolverton, 1985; White & Liversedge, 2004), as well as 

reduced numbers of fixations and regressions (e.g., Angele, Slattery, Yang, Kliegl, & 

Rayner, 2008; Angele, Tran, & Rayner, 2013). 

A number of co-registration studies have shown that having an identical parafoveal 

preview of the upcoming word, compared to an invalid parafoveal preview, results in 
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voltage differences between 140 and 300 ms8 after fixation onset greatest over occipito-

temporal sites (known as an early preview positivity effect; see Dimigen, Kliegl, & 

Sommer, 2012; Kornrumpf, Niefind, Sommer, & Dimigen, 2016; Li, Niefind, Wang, 

Sommer, & Dimigen, 2015; Niefind & Dimigen, 2016 for saccadic word-list reading and 

flanker-word presentation experiments), and between 300 and 500 ms after fixation onset 

greatest over mid-parietal electrodes (a late preview positivity effect; Dimigen et al., 2012; 

Li et., 2015; Kornrumpf et al., 2016). In a recent study, we extended these findings in 

natural reading of sentences (Degno et al., 2018). The FRPs time-locked to the fixation 

onset on the target words showed different neural correlates associated with an invalid 

parafoveal mask comprised of random letter strings compared to an invalid parafoveal 

mask comprised of strings of Xs. An X-string preview produced interference over a 

prolonged period of time (i.e., the first 500 ms after fixation onset), and it appeared that 

activation reflecting orthographic encoding and lexical identification was delayed. In 

particular, X string preview conditions elicited more positive voltages than identity 

preview conditions over right and mid-line parietal and occipital areas of the scalp in the 

two earliest time windows of analysis (i.e., 0-70 ms and 70-120 ms). In the following two 

time windows (i.e., 120-300 ms and 300-500 ms), X string preview conditions elicited 

more negative voltages than identity preview conditions over temporal, parietal and 

occipital regions of the scalp, maximal over the left hemisphere (confirming the early 

preview positivity effect found in earlier saccadic word-list reading and flanker-word 

presentation experiments), as well as over frontal regions, and more positive voltages over 

centro-parietal areas of the scalp. 

In contrast, a preview comprised of a random letter string led to a reduced number 

of voltage differences. Degno et al. argued that, although letter identities were different 

between the parafoveal mask and the target word, there was still feature overlap between 

                                                
8 Specifically, between 140-200 ms (Niefind & Dimigen, 2016) and between 200-300 ms (Dimigen et al., 

2012; Kornrumpf et al., 2016; Li et al., 2015). 
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the two stimuli (i.e., similar word shape in relation to letters with ascenders and 

descenders), which led to reduced disruption. Strings of letters elicited more positive 

voltages than the identity preview conditions over the right temporal, occipital and parietal 

areas of the scalp in three time windows of analysis, between 0-70, 70-120 and 300-500 

ms, and on the left hemisphere between 120-300 ms. In addition, they elicited more 

negative voltages than the identity preview conditions at central locations in the first three 

windows of analysis (i.e., 0-70, 70-120 and 120-300 ms). 

To our knowledge, the current experiment is only the second co-registration study 

to investigate preview effects during normal sentence reading. However, in the first 

reported by Degno et al., only two words in each sentence were manipulated for parafoveal 

preview, whilst in the present study all the words in each sentence were manipulated. We 

adopted this approach for two reasons.  First, we wanted to use a paradigm that provided 

more data relating to foveal and parafoveal processing of a word for each experimental 

trial.  Using the boundary paradigm for all the words in a sentence maximises the amount 

of data that is available per trial.  Second, given that co-registration research is currently 

still in its formative stages, it remains to be established whether the neural correlates of the 

parafoveal preview effects reported in Degno et al.’s (2018) experiment can be observed 

across different experimental paradigms.  To be clear, the present study represents an effort 

to demonstrate generality of effects across experimental approaches. 

4.1.3 Predictions of the Current Experiment 

Inter-word spacing effects are well-established in the eye movement literature. 

Therefore, we expected to replicate these eye movement findings in the present study. To 

be precise, we predicted longer reading times on words that were preceded by an unspaced 

compared with a spaced preview (in which the space was replaced by a random letter), as 

well as an increased number of fixations, regressions, and shorter saccades. Altering inter-

word spaces will likely heavily influence the visual and orthographic processing of a word 
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in the parafovea, as word length cues that may facilitate word identification will be 

removed, saccadic guidance will be disrupted, and processing of the parafoveal input will 

be less efficient. With respect to the FRP results, we were less confident in our predictions, 

as the present experiment is the first one to investigate the neural correlates associated with 

the effects of parafoveal inter-word spacing. However, provided that altering inter-word 

spacing produces disruption of visual and orthographic processing of a parafoveal word, 

we anticipated increased amplitudes (e.g., Tarkiainen, Helenius, Hansen, Cornelissen, & 

Samelin, 1999), as well as delayed processing associated with the more disruptive 

conditions. In addition, we expected to observe differences between spaced and unspaced 

conditions in early time windows of analysis, during those time periods associated with 

spillover parafoveal processing, as well as early (possibly visual and orthographic) 

processing of the word in fovea. 

Similarly, the effect of parafoveal preview is well established in the eye movement 

literature and we expected to replicate this effect in the current experiment. We anticipated 

that a word preceded by a parafoveal preview comprised of a string of letters would 

receive longer reading times, more fixations, more regressions, and shorter saccades, 

compared to a word that was preceded by an identical preview. Regarding the FRPs, we 

expected to replicate previous findings on the neural correlates of parafoveal preview type, 

that is, the early preview positivity effect (i.e., attenuation of the N1 amplitude for identity 

compared to string previews) found in experiments using flanker-word presentation, 

saccadic word-list reading and natural reading of sentences. It is important to note that in 

the current study consistently inaccurate information was provided in parafovea. Therefore, 

the manipulation used in the present experiment was much stronger (and less natural) than 

the one adopted in Degno et al. (2018). For this reason, we might expect the string preview 

condition of the current experiment to broadly replicate the results associated with the most 

disruptive condition of Degno et al. (i.e., Xs preview condition). With respect to the late 
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preview positivity effect, it is important to note that the attenuation of negativity between 

300-500 ms after fixation onset has only been observed in flanker-word presentation and 

saccadic word-list reading experiments.  The effect has not been observed during sentence 

reading.  For this reason, we had no strong expectation that a late preview positivity effect 

would occur. 

Furthermore, we predicted that interactive effects could emerge both in our eye 

movement and FRP data, such that a more pronounced effect of parafoveal preview would 

likely be present in the spaced condition compared to the unspaced condition. In the 

unspaced condition, the letter replacing the space would produce disruption both when a 

word is preceded by a parafoveal preview comprised of a string of letters and when a word 

is preceded by an identical preview. In contrast, in the spaced condition, parafoveal 

processing of the preview would be disrupted only in the string preview condition. 

4.2 Method 

4.2.1 Participants 

Thirty-nine students (27 F) from the University of Southampton took part in the 

study. Participants’ age was between 18 and 26 years (M = 19.31, SD = 1.66). All 

participants were English native speakers, right handed (M = 84.18, SD = 17.30 according 

to the Edinburgh Handedness Inventory; Oldfield, 1971), with normal or corrected-to-

normal vision, no reading disabilities and no history of neurological disorders. Data from 

one additional participant were not analysed, as their data loss was high (89 trials excluded 

out of 144).  Participants received course credits or money for their participation. 

4.2.2 Stimuli and Design 

We created 144 one-line sentences which ranged in plausibility between 3.40-6.45 

in a scale from 1 to 7 (1 = very implausible, 7 = very plausible; M = 4.88, SD = 0.65). All 
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the words in each sentence were manipulated for parafoveal inter-word spacing (intact 

spaces vs. spaces replaced by a random letter) and parafoveal preview (preview comprised 

of a string of random letters vs. identical preview)9. The words (that entered the analyses) 

ranged between 3-14 characters long (M = 5.22, SD = 1.74) and between 0.38-176,328.50 

frequency per million (M = 1,5461.50, SD = 4,3591.06). Sentences were presented 

according to the boundary paradigm (Rayner, 1975). As illustrated in Figure 4.1, an 

invisible boundary was located before the space preceding each word (or the letter filling 

that space in the unspaced condition) in the sentence. Before the eyes crossed the invisible 

boundary, a preview was displayed in the parafovea. The preview could consist of strings 

of letters each with a shape similar to the original letter in the word but without carrying 

any meaning (i.e., string condition), or it could be identical to the following fixated word 

(i.e., identity condition). In addition, before the eyes crossed the invisible boundary, the 

space between words to the right of the current fixation could be replaced by a random 

letter (i.e., unspaced condition), or kept intact (i.e., spaced condition). Once the 

participants’ eyes crossed the boundary, the preview was replaced by the correct word, and 

the space between words was displayed. 

4.2.3 Apparatus 

The sentences were displayed on a 19-inch CRT computer screen (with a resolution 

of 1024 x 768 and a refresh rate of 140 Hz) and presented in black ink on a grey 

background, with characters in 14-point Courier New sentence case font. Sentences were 
                                                
9 Originally, we also manipulated one target word in each sentence for word length (short: 3-4 characters vs. 

long: 6-9 characters). We selected 372 words from the English Lexicon Project (Balota et al., 2007), 186 

short words (i.e. 3-4 characters long), and 186 long words (i.e. 6-9 characters long) matched for word 

frequency, and we paired short and long words to create the initial set of 186 sentence frames. The initial set 

of sentences was later reduced to match the contextual frames for predictability and plausibility between 

short and long target words conditions. However, due to insufficient statistical power (only one word in the 

sentence was manipulated for length, there were eight experimental conditions, and there was data loss for 

the target), these results for this manipulation were not statistically robust and for this reason, we will not 

report statistical analyses associated with word length in the present paper. 
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displayed at a viewing distance of 70 cm, and approximately 2.19 characters subtended one 

degree of visual angle. 

Viewing was binocular but only the movement of the right eye was recorded using 

a desktop EyeLink 1000 eye-tracking system, with a sampling rate of 1000 Hz. A 3-point 

calibration procedure was completed at the beginning of each block of sentences, and when 

needed during the experiment. Calibration was accepted when the average error was lower 

than 0.3° and the maximum error lower than 0.99°. Furthermore, a 1-point drift correction 

check was performed at the beginning of each trial.  

The EEG signal was recorded from 64 scalp electrodes (Fast’n Easy Cap, 

Herrsching, Germany) located according to the 10-20 International system, using DC 

SynAmpsRT amplifiers (Compumedics Neuroscan) with a sampling rate of 1000 Hz, and 

it was low-pass filtered online at 100 Hz (with an attenuation of 12dB/octave). AFz was 

used as ground electrode, and the nose as the online reference. Additionally, four EOG 

channels were used to record the EEG signal associated with eye movements. 

4.2.4 Procedure 

The present study was approved by the University of Southampton Ethics 

Committee. At the beginning of the experimental session, three tests were conducted to 

make sure that our participants met the inclusion criteria of the study. First, they were 

asked to fill the Edinburgh handedness inventory (Oldfield, 1971), to confirm that 

participants were right handed. Second, they were tested for visual acuity with the Landolt 

“C” eye chart (Precision Vision, La Salle, United States), to ensure that participants met 

20/20 vision at 4 m viewing distance. Third, a calibration procedure was performed, to 

check that participants’ eyes could be accurately tracked. All participants who successfully 

passed the three tests, took part in the experiment. 

The experimental session involved a first block of 10 practice sentences, and four 

blocks comprised of 36 experimental sentences, which were presented in a random order 
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for each subject. Participants were asked to silently read each sentence and to answer 

comprehension questions for 25% of the trials, while their eye movements and EEG signal 

were simultaneously recorded. 

Each trial began with a cross on the left side of the screen. Participants were 

required to fixate the cross for 500 ms, after which the fixation cross was replaced by the 

first letter of the sentence. Participants were instructed to silently read the sentence and to 

fixate on a cross on the right side of the screen to terminate the current trial and initiate the 

following one. 

The experimental session lasted about one hour, and participants were given the 

opportunity to take breaks at the end of each block of sentences or at any point if needed. 

4.2.5 Co-registration of Eye Movements and EEG signal 

A marker was sent at the onset and offset of each trial from the display computer 

(running SR Research Experiment Builder) to the computers recording the EEG signal and 

eye movements. An offline synchronization of eye movements and EEG signal was then 

performed via the EYE-EEG extension of EEGLAB toolbox (Dimigen et al., 2011). 

Deviations between the markers of both recordings were equal or shorter than 2 ms in 

absolute value (M = 0.35, SD = 0.48), confirming the good quality of the synchronisation. 

4.2.6 Pre-Processing of Eye Movement and FRP Data 

A different pre-processing procedure was applied to the data for global and local 

analyses. The global analysis was conducted on the EM data only, and it involved analysis 

of eye movement measures averaged across reading of the entire sentence (e.g., average 

fixation duration calculated from all fixations in a sentence). Given that the aim of the 

global analysis was to provide an overall picture of differences in patterns of eye 

movements between conditions, none of the words within each sentence were removed 

from the data for this analysis. A local analysis was conducted on both EM and FRP data, 
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involving analysis of eye movement and FRP measures associated with each word of the 

sentence. Because the aim of the local analysis was to provide details of the on-line time 

course of processing during first-pass reading, we excluded data based on the following 

criteria. We used SR Data Viewer to select only fixations longer than 50 ms and shorter 

than 800 ms to be entered in the analyses, as well as those fixations where there was no 

early or late display change (i.e., a display change during a fixation on the pre-boundary 

word, or when the display took more than 10 ms after the fixation onset on the post-

boundary word to change), hooks, blinks and/or skips. Moreover, only consecutive 

fixations, which landed first on word N-1 and then proceeded onto word N, and fixations 

that occurred during first-pass reading were analysed. In addition, only words equal or 

longer than three characters, and only those words not in the first or last position within the 

sentence were entered into the analyses. 

We used the EEGLAB 14_1_1b (Delorme & Makeig, 2004) toolbox for Matlab 

(version R2015a) to band-pass filter the EEG data offline, with a high-pass band edge 

frequency of 0.1 Hz and a low-pass band edge frequency of 30 Hz. Independent 

Component Analysis (ICA)10 was performed to identify the ocular artefacts first on trained 

segments band-pass filtered between 1-30 Hz, and then on epochs of 900 ms (-100 ms to 

+800 ms from fixation onset). The independent components associated with ocular 

artefacts were identified according to the EYE-EEG extension (Dimigen et al., 2011), and 

pruned from the data as oculomotor artefacts (M = 2.62, SD = 0.94) if they shared temporal 

covariance higher than 1.1 with eye movements (Plöchl, Ossandón, & König, 2012). In 

addition, if the difference between minimum and maximum voltage at each scalp electrode 

was greater than 150 µV (in absolute value) for more than 5% of all the EEG segments, 

then spherical interpolation of that channel was performed, which occurred for eight of our 

participants. Thereafter, the EEG signal was re-referenced against the average of all scalp 

                                                
10 The extended Infomax ICA algorithm (Bell & Sejnowski, 1995) was used. 
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electrodes and baseline-corrected by subtracting the 100 ms preceding each fixation onset. 

Furthermore, epochs with extreme values (i.e., greater than 120 µV in absolute value) in 

any scalp channel were excluded from the analyses. Lastly, FRPs were averaged within 

and then across participants for analyses. 

The final dataset included 26,428 observations in total, with an average of 169.41 

observations per participant per condition (SD = 47.24, range = 29-273). 

4.2.7 Eye Movement and FRP Statistical Analyses 

We used the “lmer” function from the lme4 package (Bates, Mächler, Bolker, & 

Walker, 2015) within the R framework for statistical computing (R Core Team, 2015) to 

run linear mixed effects models on log transformed average fixation duration (the mean 

fixation duration calculated from all fixations in a sentence), total sentence reading time 

(time from trial onset until participants fixated the cross on the right side of the screen), 

first fixation duration (the duration of the first fixation on a word during first pass reading), 

single fixation duration (the duration of the only fixation made on a word during first pass 

reading) and gaze duration (the sum of all fixations on a word during first pass-reading, 

before readers fixate another region), as well as on fixation count (the number of fixations 

made in a sentence), regressions count (the number of regressions made in a sentence), and 

average saccade amplitude (the mean number of characters the eyes moved during a 

saccade). As per Barr, Levy, Scheepers and Tily (2013), we specified a full random 

structure for subjects and items (with both random intercepts and slopes), and when the 

models failed to converge, we reduced it until convergence was reached11. All findings 

reported here are from models including both subjects and items as random variables, 

which successfully converged. To set up the levels of each fixed factor (i.e., parafoveal 

                                                
11 We first trimmed down the random structure for items, starting with removal of the random effect 

correlations between factors, then the interactions and lastly the random factors. If the model had not then 

reached convergence, the random structure for subjects was reduced according to the same logic.  
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inter-word spacing and parafoveal preview), we used the function “contr.sdif” from the 

MASS package (version 7.3-45; Venables & Ripley, 2002). The p-values were estimated 

using the “lmerTest” package (version 2.0-32, Kuznetsova, Brockhoff, & Christensen, 

2017). 

The analyses of the FRPs were conducted over four time windows: between 0-70 

ms, 70-120 ms, 120-300 ms and 300-500 ms. The earliest time-window was chosen to 

investigate the very early effects spilling over from the parafovea onto the currently fixated 

word. The following two time-windows were chosen to investigate early components that 

are known to show effects of visual and orthographic manipulations, namely, P1 and N1 

components, and a later component that typically shows effects associated to lexical (and 

post-lexical) access, that is, the N400 component. To examine the neural correlates of the 

parafoveal inter-word spacing and parafoveal preview effects, we analysed the FRP epochs 

time-locked to fixation onset for each word in the sentence. 

FRPs were analysed with a two-tailed non-parametric cluster-based permutation 

test (Maris & Oostenveld, 2007) using the Matlab toolbox FieldTrip (Oostenveld, Fries, 

Maris, & Schoffelen, 2011). By performing this type of analysis we were able to examine 

the electrical activity at each of the multiple electrode sites and time points of our time 

windows of analysis, but controlling for the multiple comparisons problem (Groppe, 

Urbach, & Kutas, 2011a; Groppe, Urbah, & Kutas, 2011b; Maris & Oostenveld, 2007). 

Hence, we computed 10,000 iterations to generate the permuted data and we included in 

the test each scalp channel and each time point within each of the time windows 

considered. For a selected sample (i.e., channel-time pair) to be included in the clustering 

algorithm, at least two neighborhood channels were required to be significant. The 

observed two-tailed cluster-level t-statistic was considered significant when the p value 

was less than 0.025 in each tail. 
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4.3 Results and Discussion 

4.3.1 Accuracy 

The average accuracy to comprehension questions was 96% (SD = 4.11), showing 

that participants read and understood the sentences. 

4.3.2 Display Change Awareness 

Out of the thirty-nine participants, all participants reported having noticed that 

something unusual occurred on the display (thirty-five participants reported it 

spontaneously, and four participants after being informed of the changes). Participants 

estimated on average that 47.53 display changes (SD = 38.92) occurred (in fact 108 display 

changes actually occurred in the experiment). Twenty-seven participants perceived that 

words in the sentence were replaced by jumbled words, whilst eighteen participants 

noticed that spaces between words were removed. This finding is consistent with a number 

of studies in the literature (Angele, Slattery, & Rayner, 2016; Slattery, Angele, & Rayner, 

2011) reporting that participants are able to detect changes when presented with visually 

unusual previews. 

4.3.3 Inter-word spacing 

One of the aims of our experiment was to investigate for the first time the neural 

correlates associated with processing of parafoveal inter-word spacing. We hypothesised 

that removing spaces between words could disrupt pre-processing of the word in parafovea 

at a visual and orthographic level. Hence, we anticipated to find eye movement results 

similar to the ones reported in the existing literature, such that reading times are shorter, 

saccades are longer, fixation and regression number smaller for spaced than unspaced 

conditions (e.g., McConkie & Rayner, 1975; McGowan et al., 2014). In addition, we 

anticipated to find a difference in the FRP data between spaced and unspaced conditions in 
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early time windows (possibly between 0-300 ms), associated with spillover effects from 

the parafovea, as well as with visual and orthographic processing. 

EM results. All global eye movement measures indicated a significant effect of 

inter-word spacing (see Table 4.1). On average words in the spaced condition received 

fixations 25 ms shorter compared to the words in the unspaced condition. In addition, total 

sentence reading times were much shorter for spaced compared to unspaced conditions 

(difference of 1,508 ms), due to the reduced average number of fixations and regressions in 

the spaced condition (difference of approximately 4 fixations and 0.31 regressions). 

Finally, the average saccade amplitude was significantly larger for spaced than unspaced 

conditions (difference of approximately 1 character). The local analysis of the EM data 

also replicated the well-established inter-word spacing effect. Reading times were 

significantly shorter when the parafoveal preview preserved the spaces between words 

compared to when the spaces were replaced by letters (difference of 30 ms in first fixation 

duration, 35 ms in single fixation duration, 98 ms in gaze duration). Taken together these 

findings confirm previous results reported in the literature (e.g., McGowan et al., 2014; 

Rayner & Pollatsek, 1996), and suggest that at a global level, readers experience difficulty 

when reading a sentence when spaces between words are filled with random letters, and 

this causes reading to proceed more slowly, with more fixations and somewhat more 

regressions, as well as shorter saccades. In addition, considering our results from the local 

analyses, these findings are consistent with the conclusion that replacing spaces with letters 

produces early disruption to eye guidance and word identification, and reduces the 

efficiency of parafoveal processing. 
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Table 4.1. Model Parameters, Observed Means and Standard Deviations for Global and Local Analyses 

 
Note: Means and standard deviations have been calculated by subject. AFD = average fixation duration, ASA 

= average saccade amplitude (in characters), FC = fixation count, RC = regression count, SRT = sentence 

reading time, FFD = first fixation duration, SFD = single fixation duration, GD = gaze duration. * p < .05. 

 

FRP results. The results from the cluster-based permutation analyses (see Table 

4.2 for a summary) are consistent with the EM data. As illustrated in the raster diagram in 

Figure 4.3A, in our first time window of analysis, between 0-70 ms after fixation onset, we 

observe negative differences over the left occipital and parietal areas of the scalp, as well 

as differences at single neighbour electrodes over the left central, left temporal and central 

occipital sites of the scalp. The differences sustain into the following time window, 

between 70-120 ms, extending to central parietal and right occipital and parietal electrodes. 

In this window of analysis, positive differences are also observed, over frontal regions,  

b SE t Sig
Identity	
Spaced

String	
Spaced

Identity	
Unspaced

String	
Unspaced

Intercept 5.428 0.014 387.250 *
Space -0.113 0.006 -17.620 *
Viewing 0.082 0.005 16.160 *
Space:	
Viewing 0.109 0.009 11.580

*

Intercept 2.511 0.059 42.381 *
Space 0.473 0.028 16.647 *
Viewing -0.164 0.028 -5.945 *
Space:	
Viewing -0.333 0.042 -7.916

*

Intercept 19.824 0.761 26.051 *
Space -4.061 0.2925 -13.884 *
Viewing 1.824 0.268 6.797 *
Space:	
Viewing 1.815 0.342 5.311

*

Intercept 2.330 0.222 10.502 *
Space -0.311 0.082 -3.803 *
Viewing 0.243 0.092 2.644 *
Space:	
Viewing -0.039 0.123 -0.316
Intercept 8.678 0.032 272.700 *
Space -0.260 0.014 -18.640 *
Viewing 0.151 0.009 16.530 *
Space:	
Viewing 0.162 0.015 11.060

*

Intercept 5.505 0.015 370.460 *
Space -0.122 0.011 -11.140 *
Viewing 0.120 0.008 15.210 *
Space:	
Viewing

0.150 0.013 11.800 *

Intercept 5.522 0.016 340.710 *
Space -0.136 0.012 -11.300 *
Viewing 0.141 0.010 14.500 *
Space:	
Viewing

0.174 0.015 11.770 *

Intercept 5.669 0.018 312.130 *
Space -0.274 0.014 -20.020 *
Viewing 0.14 0.011 13.280 *
Space:	
Viewing

0.171 0.017 10.330 *

Global	Analysis

Local	Analysis

SFD 220	(68) 274	(76) 274	(84) 289	(91)

GD 244	(97) 300	(104) 361	(181) 378	(184)

FFD 221	(69) 267	(79) 268	(85) 280	(87)

RC 2.06	(2.01) 2.29	(2.17) 2.35	(2.21) 2.62	(2.22)

SRT 4942	(1696) 6213	(1940) 6843	(2033) 7327	(2079)

ASA 6.38	(1.20) 5.66	(1.27) 4.98	(1.22) 4.98	(1.26)

FC 16	(5) 19	(6) 21	(6) 22	(6)

Model Condition

AFD 203	(21) 233	(24) 240	(25) 246	(26)
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Table 4.2. Summary of the Statistical Differences between Conditions Observed in the FRP Data with 

Cluster-Based Permutation Tests 

 

Note: Viewing*Spacing was calculated as the difference between (StNS - IdNS) and (StS - IdS). StNS: String 

No Space, IdNS: Identity No Space, StS: String Space, IdNS: Identity No Space. NA: no cluster –based 

permutation test was conducted. 

 

Comparison

Cluster p-value Cluster p-value Cluster p-value Cluster p-value

String	-	Identity positive ns positive <.002 2	positive <.001 positive <.001

<.003

negative ns negative <.02 2	negative <.001 negative <.001

<.002

No	Space-	Space positive ns positive <.003 2	positive <.001 positive ns

<.001

negative <.005 negative <.001 negative <.001 negative ns

Viewing*Spacing positive ns positive ns 2	positive <.001 positive <.02

<.01

negative ns negative <.003 2	negative <.001 negative <.001

<.01

StNS	-	IdNS NA NA NA NA positive <.001 positive ns

NA NA negative ns 2	negative <.002 negative ns

<.02

StS-	IdS NA NA NA NA 2	positive <.001 positive <.001

<.001

NA NA negative <.01 2	negative <.001 negative <.001

<.001

Time	Window

0	-	70ms 70	-	120ms 120	-	300ms 300	-	500ms
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Figure 4.2. Results from FRPs time-locked to the fixation onset on each word. Panel A: Grand average FRPs 

in response to SPACED (i.e., conditions in which the spaces as displayed in parafovea were kept intact) and 

UNSPACED (i.e., conditions in which the spaces as displayed in parafovea were replaced with a random 

letter) conditions displayed on nine channel locations, left frontal (FC5), midline frontal (Fz), right frontal 

(FC6), left centro-parietal (CP5), midline centro-parietal (CPz), right centro-parietal (CP6), left parieto-

occipital (PO7), midline occipital (Oz), right parieto-occipital (PO8) electrodes. Panel B: Topographies 

showing the average brain activity associated with SPACED condition for 20-ms time windows from 0 to 500 

ms after fixation onset. Panel C: Topographies showing the average brain activity associated with 

UNSPACED condition for 20-ms time windows from 0 to 500 ms after fixation onset. Panel D: Grand 

average FRPs in response to ID (i.e., identical preview) and ST (i.e., random letter string preview) 

conditions displayed on the same nine channel locations as in Panel A. Panel E: Topographies showing the 

average brain activity associated with ID condition for 20-ms time windows from 0 to 500 ms after fixation 

onset. Panel F: Topographies showing the average brain activity associated with ST condition for 20-ms 

time windows from 0 to 500 ms after fixation onset. 
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Figure 4.3. Raster diagrams illustrating significant FRP differences obtained with cluster-based permutation 

tests. Red and blue rectangles indicate channel/time point in which the first condition is significantly more 

positive or negative of the second condition, respectively, in cluster 1. Pink and black rectangles indicate 

channel/time point in which the first condition is significantly more positive or negative of the second 

condition, respectively, in cluster 2. Channels are displayed on the y-axis and organised somewhat 

topographically. Channels on the left hemisphere (L) of the scalp are shown on the figure’s top grey 

rectangle and demarcated with horizontal lines based on their location on the frontal (LF: FP1, AF7, AF3, 

F7, F5, F3), central (LC: FC5, FC3, C5, C3, CP5, CP3), temporal (LT: FT9, FT7, T7, TP9, TP7), parietal 

(LP: P7, P5, P3) and occipital (LO: PO7, PO3, O1) regions of the scalp. Midline electrodes (C) (i.e., CF: 

FPz, F1, Fz, F2; CC: FC1, FCz, FC2, C1, Cz, C2, CP1, CPz, CP2; CP: P1, Pz, P2; CO: Oz, POz) are 

displayed in the middle. Right channels (R) are shown on the figure’s bottom grey rectangle (i.e., RF: FP2, 

AF8, AF4, F8, F6, F4; RC: FC6, FC4, C6, C4, CP6, CP4; RT: FT10, FT8, T8, TP10, TP8; RP: P8, P6, P4; 

RO: PO8, PO4, O2). The time from the onset of a fixation on the word is displayed on the x-axis. The vertical 

black lines indicate the time windows considered for the cluster-based permutation tests: between between 0-

70 ms, 70-120 ms, 120-300 ms, 300-500 ms. Panels A) FRP differences between pretarget words with 

previews made of string of letters and identity previews, B) between previews in which the spaces were 

replaced by a random letter and previews in which spaces were kept intact, C) between previews made of 

string of letters and identity previews both in which the spaces were replaced by a random letter, D) between 

previews made of string of letters and identity previews both in which the spaces were kept intact. 
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which might reflect opposite brain polarity (i.e., more negative activation at the posterior 

regions of the scalp and more positive at the front for the unspaced condition). In Figures 

4.2A-C, the waveforms and topographies corresponding to these two time windows 

indicate that the positive activation over posterior regions of the scalp (i.e., the P1 

component) occurs earlier for the spaced compared to the unspaced condition. Differences 

in these time windows and over posterior areas of the scalp, are typically associated with 

spillover parafoveal processing, and visual processing of a word (e.g., Carreiras, 

Armstrong, Perea, & Frost, 2014). Hence, the statistically significant differences together 

with the FRP topographies suggest that the more efficient parafoveal pre-processing for the 

spaced condition resulted in faster visual encoding of the fixated word for this condition 

relative to the unspaced conditions. 

Similarly, the time window between 120 and 300 ms show that the N1 component 

is delayed for the unspaced compared to the spaced conditions (see Figures 4.2A-C). In 

this period of analysis, we observe two separate significant clusters of positive differences 

and one significant cluster of negative differences. Here, as well as later in the manuscript, 

we will describe the significant clusters in the temporal order in which they appear. 

However, note that the temporal order does not reflect the statistical weight of significance. 

The first cluster of significant differences, in terms of temporal order, is always statistically 

significant, but less robust, than the second cluster. The first cluster of positive differences 

is observed between about 130 - 200 ms, greatest over occipital and left parietal regions of 

the scalp, but showing some differences also over temporal, left central, right and mid-

parietal scalp electrodes. The second12 cluster of positive differences is seen between about 

220-300 ms over frontal and central areas of the scalp. The negative differences are 

                                                
12 The order in which we report the clusters is the order we obtained with the cluster-based permutation 

analyses, such that the p value associated with the first cluster is smaller (i.e., more significant) than the 

second cluster. However, we note that in all our analyses the first cluster occurs later in the time window of 

analysis, compared to the second cluster. 
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observed first over frontal and central electrodes, and subsequently over occipital, parietal 

and temporal regions.  

Differences in this time window and over occipital, parietal and temporal electrodes 

are considered to reflect orthographic (and possibly phonological) activation of a word 

(e.g., Dimigen et al., 2012). Thus, these findings, taken together with the FRP 

topographies, suggest that in the unspaced condition orthographic processing cannot 

proceed at a normal pace and as effectively as in the spaced condition. This causes both a 

delay in the start of the N1 component and a protraction of the orthographic processing 

associated with the unspaced condition. In contrast, in the spaced condition, orthographic 

processing can proceed normally and trigger higher levels of processing (as possibly 

shown by the start of the N400 component from about 261-280 ms onwards). In fact, in the 

spaced condition, it appears that the N1 component is strongest in the initial period of this 

time window, over parietal and occipital regions of the scalp, and this activation then 

dissipates forming a more central negativity in the later part of this time window.  

With respect to the presence of two clusters within the same time window of 

analysis and with the same direction of the effect (i.e., two positive and/or two negative 

clusters) rather than a single cluster, this result was unexpected on the basis of the existing 

FRP literature (e.g., Weiss et al., 2016), in which only single significant clusters have been 

reported. It is possible that the presence of two clusters here might be due to the nature of 

the identification procedure we (and others) adopted in the cluster-based permutation 

analyses. Spatio-temporal clusters are identified when similar effects occur over at least 

two adjacent time-electrode samples. Therefore, under specific circumstances, when even 

very small non-significant gaps (in terms of time and/or electrodes) occur, separate and 

independent significant clusters might be identified, rather than a single unified cluster. 

Our FRP data show a very limited gap, approximately between 115-120 ms, during which 

no significant difference is found. Such effects may reflect two possible situations.  One 
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possibility is that the two clusters might reflect two different stages (or aspects) of 

processing, likely to be orthographic processing for the first cluster, and lexical access for 

the second cluster. If this was the case, these findings would argue against the hypothesis 

that during the N400 time window processing prior to word recognition and semantic 

access occurs (e.g., Deacon, Dynowska, Ritter, & Grose-Fifer, 2004), and would support 

the idea that the N400 latency range is the period of time associated with post-lexical 

processing (e.g., Brown & Hagoort, 1993) or associated with the dynamic construction of 

the word meaning within a multimodal long-term neural system (e.g., Kutas & Federmeier, 

2011). In addition, if this suggestion is correct and the two clusters reflect different stages 

of processing, it will be critical for future research to establish the precise experimental 

conditions that lead to one versus two significant clusters. A second, arguably, less 

theoretically interesting hypothesis is that the unexpected presence of the two clusters 

might reflect the same underlying stage of processing, but the differences failed to 

maintain significance during the entire period of analysis, albeit for a very limited temporal 

window of approximately 10ms.  Further research is certainly needed to discriminate 

between these two possibilities, though, in our view the finding of a meaningful robust 

difference in the vast majority of the temporal window of analysis is a noteworthy result. 

In the latest time window of analysis, between 300 and 500 ms after fixation onset 

(i.e., the N400 component latency range), none of the differences observed in the FRP 

topographies reached significance in the permutation analysis. Assuming that in this 

latency range effects associated with lexical processing start to emerge, and that the inter-

word spacing manipulation affects both eye guidance and word identification, then we 

might have anticipated significant differences here (e.g., Perea & Acha, 2009; Sheridan et 

al., 2016). A possible explanation for lack of effects may be that the string spaced preview 

conditions showed an activation very similar to both the string and identity unspaced 

conditions (see Figure 4.4), and this might have cancelled out the effect on this time 
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window.  To be clear, the experimental manipulations were such that effective processing 

of words in the parafovea was not possible in three (i.e., identity unspaced, string 

unspaced, string spaced previews) out of four of the experimental conditions. Replacing 

spaces with random letters meant that identifying the letters comprising the next word was 

almost impossible. Furthermore, effective processing of an upcoming word was prevented 

with a random letter string preview. Under these circumstances, and as we observed, one 

might anticipate that effects would be comparable for these three conditions relative to the 

identity preview condition. 

Interim Summary. To sum up, our EM data confirm previous findings indicating 

that filling spaces between words with random letters disrupts eye guidance of the next eye 

movement as well as word identification of the fixated word. In the unspaced condition, 

readers need to make shorter eye movements, to fixate longer, to make more fixations, and 

to re-read in order to verify their understanding of the text and to resolve difficulty 

associated with reading of unspaced text.  All of these changes in eye movement behaviour 

serve to allow readers to form a full and comprehensive understanding of the sentence 

meaning. The FRP data extended these results, showing that altering inter-word spaces 

affects very early stages of processing. Based on our FRP findings, we argue that replacing 

spaces with random letters disrupts and delays parafoveal processing of word N+1, as well 

as (at least) visual encoding and activation of the orthographic (and likely phonological) 

representation of the fixated word. Interestingly, we observe an attenuation of the N1 

component for the spaced compared to the unspaced condition in the time window between 

120- 300 ms after fixation onset. This result seems to resemble the early preview effect 

previously found in ERP/FRP experiments investigating different types of invalid 

parafoveal preview, such as other semantically related or unrelated words, as well as 

strings of Xs (Degno et al., 2018; Dimigen et al., 2012; Li et al., 2015; Kornrumpf et al., 

2016; Niefind & Dimigen, 2016). To find a similar effect associated with inter-word 
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spaces might suggest that the preview positivity effect could reflect not only activation of 

the orthographic representation of a word, but also it could be an index of delayed or 

disrupted stages of orthographic processing (i.e., when a parafoveal preview is manipulated 

in such a way that orthographic processing cannot proceed at a normal pace or as 

effectively). 

4.3.4 Parafoveal preview 

Another objective of the current study was to examine neural correlates of 

parafoveal preview in natural reading. Only one other experiment has investigated this 

effect during reading of sentences (Degno et al., 2018). In that experiment, two words in 

each sentence were manipulated for parafoveal preview, which could be comprised of Xs, 

or a string of random letters, or which could be identical to the target word. If we consider 

the type of parafoveal preview used, both Degno et al. (2018) and the current experiment 

used parafoveal previews comprised of a string of random letters and previews identical to 

the target word. Based on the similarities of these conditions, one might expect the current 

study to produce results for these conditions that are comparable to those obtained in 

Degno et al. (2018). However, as discussed in the Introduction of this paper, differences in 

experimental design (i.e., two single manipulated words within a sentence versus all of the 

words in the sentence being manipulated) are crucial when considering the results of the 

two studies in relation to each other. In fact, if we compare the behavioral data from both 

experiments, we can see that the previews comprised of a string of letters appeared quite 

natural in the parafovea in Degno et al. (2018), as only few participants detected such 

previews, whilst previews appeared quite unusual in the current experiment, as almost all 

participants detected this type of preview manipulation. In this sense then, the string of 

random letters in the current experiment can be considered more similar to the preview 

condition with Xs used by Degno et al. In addition, due to the nature of the experimental 

manipulation used in the present study, a different baseline had to be used here compared 
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to Degno et al. In the current experiment, we used as baseline period the 100 ms preceding 

the fixation onset of each word that entered the analyses (same baseline as, for example, in 

Kornrumpf et al., 2016 and Niefind & Dimigen, 2016). In contrast, in Degno et al. the 

baseline was the 100 ms preceding the fixation onset of the pre-target word (for FRPs 

time-locked to both pre-target and target fixation onsets). Certainly, when all the words in 

a sentence are manipulated, it is more difficult to find a clean baseline, which does not 

contain pre-existing differences at the event of interest (i.e., the fixation onset). In contrast, 

it is easier when only a few words are manipulated within the sentence and matched 

between conditions, as the words preceding and following each target word are identical 

between conditions because they are not experimentally manipulated. In this respect, the 

present experiment is much more similar to previous experiments that have used saccadic 

word-list reading (e.g., Dimigen et al., 2012; Kornrumpf et al., 2016; Niefind & Dimigen, 

2016). 

EM results. A significant effect of parafoveal preview was observed on all the 

analysed global measures. When a word was preceded by an identical parafoveal preview, 

reading times were significantly shorter than when the word was preceded by a preview 

comprised of a string of random letters (difference of 18 ms for average fixation duration, 

and of 878 ms for total sentence reading time). Furthermore, words preceded by identical 

parafoveal preview received on average significant less fixations and regressions in 

comparison to the words in the string preview conditions (difference of 2 fixations and 

0.25 regressions less). Lastly, having an identical parafoveal preview led to smaller 

saccade amplitudes than having a parafoveal string preview (approximately 0.36 characters 

less). The local analysis of the eye movement data also confirmed previous findings in the 

literature. First pass reading times were significantly shorter for those words preceded by 

an identical preview relative to those words that were preceded by a preview comprised of 

a string of random letters (difference of 29 ms for first fixation duration, 35 ms for single 
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fixation duration, 37 ms for gaze duration). These results provide further evidence that 

having a valid parafoveal preview facilitates word identification (Rayner, 2009). 

Furthermore, they suggest that disruption is evident from first pass reading, and disruption 

increases with the reading of the entire sentence. Note that we consider the interactive 

effects of spacing and preview below, in section 3.5. 

FRP results. The FRP data revealed comparable results to the EMs. As can be seen 

in Figure 4.3B, the earliest statistical differences between string and identity previews 

occurred in the time window between 70-120 ms. A positive cluster was observed at all 

electrodes of occipital and left parietal areas of the scalp, as well as at single electrodes 

over left temporal and central electrodes, and centro-parietal sites. A negative cluster was 

observed over left frontal, left central, midline frontal and central, right frontal and central 

(and right temporal for a few milliseconds) areas of the scalp. The waveforms and 

topographies provided in Figure 4.2D-E indicate that the P1 component was stronger in 

this time latency for the string compared to the identity preview conditions, suggesting that 

visual processing was still being carried out for the invalid, but less so for the valid 

preview condition.  

Both clusters observed between 70-120 ms were sustained in the following time 

window, between 120-300 ms. Again, as for the results of inter-word spacing, in this 

window of analysis we observed multiple significant clusters, two for positive and two for 

negative differences. As explained for the previous findings, the presence of multiple 

clusters might reflect different cognitive processing (e.g., orthographic and lexical 

processing), or be due to gaps of time during which none of the differences reaches 

significance at any of the electrodes (here from about 175-185 ms for the positive 

differences, and between 180-200 ms for the negative differences). The earliest significant 

cluster of positive differences in this time window appears maximal over occipital, and 

both right and left temporal and parietal regions, while a significant cluster of negative 
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differences is observed over central, and both left and midline frontal sites. Similarly, the 

subsequent cluster of positive differences is seen maximally over the central, and left and 

midline frontal regions, and the second cluster of negative differences over occipital and 

both right and left temporal and parietal areas. When considering the FRP waveforms and 

topographies (see Figure 4.2D), it appears that significant differences in this time window 

can be explained by the time course of the N1 component, which was stronger and more 

extended for the string compared to the identity preview conditions. In the following time-

window, between 300 and 500 ms after fixation onset, a positive cluster was observed to 

be maximal over occipital and left parietal and central areas of the scalp, while negative 

differences were observed over right temporal, central and frontal regions. Likely due to 

the more prolonged N1 component in the string preview condition, the N400 component 

started later in the string compared to the identity preview condition. Thus, the present FRP 

data associated with the N1 and N400 components show both the early (Degno et al., 2018; 

Dimigen et al., 2012; Li et al., 2015; Kornrumpf et al., 2016; Niefind & Dimigen, 2016) 

and the late preview positivity effects (Dimigen et al., 2012; Li et al., 2015; Kornrumpf et 

al., 2016), and suggest an earlier start for the orthographic and lexical processing 

associated with the identity preview conditions relative to the string preview conditions. 

Interim Summary. In brief, our EM data provided further evidence that a parafoveal 

preview facilitates processing upon fixation of that word. Interestingly, the effect size of 

inter-word spacing was larger compared to the size of the parafoveal preview effect. This 

may indicate that when it is not possible to extract word boundaries from the parafovea, as 

is the case in the unspaced condition, it is more difficult to recover from disruption. 

Whereas when extraction of letter identities from the parafovea is incorrect, as is the case 

in the string preview conditions, some letter features can still be activated (e.g., shape of 

the word), and these features might disrupt reading to a lesser degree and recover can occur 

more rapidly, once the word is fixated. 
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The FRP data extended further the EM results. They showed that in our 

experiment, where all the words in the sentence were manipulated, the effect of parafoveal 

preview elicited differences that started slightly later than the effect of inter-word spacing 

(significant differences of parafoveal preview conditions between 70-500 ms, significant 

differences of inter-word spacing conditions between 0-300 ms). These results fit well with 

the suggestion that spaces and letters are simultaneously attended to and processed in the 

parafovea, but spaces are processed faster than letters, because they are initially processed 

more automatically at a basic visual level.  Such processing occurs with a more immediate 

time course than orthographic processing of letter form and identity (Morris, Rayner, & 

Pollatsek, 1990). 

Furthermore, as mentioned earlier, we note that when comparing these results with 

the existing literature, the current findings appear more similar to the findings observed in 

saccadic word-list reading and experiments with flanker-word presentation, rather than 

sentence reading. Indeed, differences between 0-70 ms were observed during reading of 

sentences (Degno et al., 2018), both between X-string and identity previews, and strings of 

letters and identity previews, but such differences were not investigated in previous 

saccadic word-list reading experiments (Dimigen et al., 2012; Li et al., 2015; Kornrumpf et 

al., 2016; Niefind & Dimigen, 2016), and are not found in the current experiment. In 

contrast, an attenuation of the N400 negativity was observed over centro-parietal sites in 

saccadic word-list reading and in the current study, but not during sentence reading 

(Dimigen et al., 2012; Li et al., 2015; Kornrumpf et al., 2016). One could speculate that 

such differences might be due to the naturalness of the task in which the participant is 

engaged. However, it remains to future research to establish whether this is the case, and 

beyond this, the role that different baselines play in modulating neural correlates of 

parafoveal preview type.  
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4.3.5 Interactive effects 

Finally, we also aimed to investigate the neural correlates associated with the 

processing of parafoveal previews during sentence reading under conditions of spaced and 

unspaced reading. We expected the effect of parafoveal preview type to be larger in the 

spaced compared to the unspaced conditions. The rationale here was that when the spaces 

in parafovea are filled with random letters, word boundaries cannot be extracted, and both 

eye guidance and word identification cannot proceed normally, regardless of whether the 

preview is valid or invalid. In contrast, when spaces between words remain intact, pre- 

processing of the word in the parafovea can occur. However, effective visual and 

orthographic processing can be carried out successfully for identity previews, but not for 

invalid previews (i.e., strings of random letters), and therefore under spaced conditions, 

initiation of identification of the correct orthographic word form might start earlier for 

identity than invalid parafoveal previews. 

EM results. We observed significant interactive effects on average fixation 

duration (preview benefit in the spaced vs. unspaced condition: difference of 30 ms vs. 6 

ms), total sentence reading time (1,271 ms vs. 484 ms), number of fixations (3 vs. 1 

fixations), average saccade amplitude (0.72 vs. 0 characters), first fixation duration (46 ms 

vs. 12 ms), single fixation duration (54 ms vs. 15 ms), and gaze duration (56 ms vs. 17 ms), 

but not on number of regressions (0.23 vs. 0.27) which differed between string and identity 

preview conditions very slightly in the spaced and unspaced conditions. These findings 

support previous results (e.g., Drieghe et al., 2017; Veldre et al., 2017) indicating that the 

size of the preview effect was larger for spaced relative to unspaced conditions on both 

global and local measures. 
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Figure 4.4. Results from FRPs time-locked to the fixation onset on each word. Panel A: Grand average FRPs 

in response to ID SPACED (i.e., identical and spaced previews), ST SPACED (i.e., random letter string and 

spaced preview),  ID UNSPACED (i.e., identical previews with the spaces, as displayed in parafovea, 

replaced with a random letter), ST UNSPACED (i.e., random letter string preview with the spaces, as 

displayed in parafovea, replaced with a random letter)  conditions displayed on nine channel locations, left 

frontal (FC5), midline frontal (Fz), right frontal (FC6), left centro-parietal (CP5), midline centro-parietal 

(CPz), right centro-parietal (CP6), left parieto-occipital (PO7), midline occipital (Oz), right parieto-

occipital (PO8) electrodes. Panel B-E: Topographies showing the average brain activity associated with 

each condition for 20-ms time windows from 0 to 500 ms after fixation onset. 
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FRP results. In order to conduct cluster-based permutation analyses on the 

interaction between inter-word spacing and parafoveal preview, we calculated voltage 

differences between string and identity previews in both the unspaced and spaced 

conditions. For each of the time windows of analysis, if the interaction term reached 

significance, we carried out the pairwise comparisons (see Table 4.2 for a summary). 

Consistent with our predictions, the FRP data confirmed that there was a smaller 

preview benefit in the unspaced conditions relative to the spaced conditions. The only 

significant differences between string and identity in the unspaced conditions were 

observed in the time window between 120-300 ms after fixation onset (see Figure 4.3). 

Waveforms and topographies displayed in Figures 4.4A, 4C and 4E show that the 

differences observed in this time window of analysis can be attributed to differences in the 

N1 component, which appears to be stronger and to extend for about 20 ms longer in the 

string unspaced condition, compared to the identity unspaced condition. From the cluster-

based permutation tests, we can see that two clusters of negative differences and one 

cluster of positive differences reached significance. The first cluster of negative differences 

was observed mainly over right frontal, central, temporal, parietal and occipital areas of the 

scalp, and over single electrodes of midline-central and frontal areas. There are some 

similarities between this cluster and the effects observed for the main effect of parafoveal 

preview, and for the parafoveal preview effect under the spaced conditions, in terms of 

areas and time where the differences reached significance. However, there are also some 

differences. Here, no positive differences were observed between about 120-200 ms, no 

negative difference reached significance over the left hemisphere, and only very limited 

electrodes of the central areas of the scalp showed a negative difference. Given that this is 

the first study to investigate neural correlates of parafoveal processing with unspaced text, 

it is not entirely clear what processing this second cluster might represent. However, as we 

stated earlier, the presence of two clusters might simply be due to a small number of time 



Chapter	4	

	 	 	174	

points in which no significant effect was found over adjacent electrodes. Thus, the two 

clusters might represent the same underlying processing (likely orthographic processing), 

or they might represent different levels of processing (likely orthographic and lexical 

processing).  Clearly, further work is required to adjudicate between the possibilities. The 

second cluster of negative differences was observed over occipital, parietal and temporal 

areas of both left and right hemispheres. Nearly aligned to this cluster, significant positive 

differences were observed over frontal and central, as well as centro-parietal electrodes. 

We note that the second cluster of negative and the cluster of positive differences appear 

very similar to the results obtained for the main effect of parafoveal preview, and, as we 

will see later, for the parafoveal preview effect under the spaced conditions. These two 

clusters resemble the early preview positivity effect, and suggest that facilitation occurs 

when readers successfully pre-processed the correct orthographic word form in the 

parafovea. 

In addition, it is important to note that we did not observe any significant 

differences between string and identity previews in the unspaced conditions in the other 

time windows of analysis, between 0-70 ms, 70-120 ms, and 300-500 ms. We assumed that 

the first and second time windows showed effects reflecting spillover parafoveal 

processing of the word N from word N-1, and early visual processing of word N. Thus, the 

lack of differences in these two early time windows might imply that pre-processing of 

word N could not proceed normally and efficiently in the parafovea for both conditions in 

the present experimental paradigm, and therefore no spillover effects occurred. In addition, 

these results might indicate that visual processing may have started at the same time and/or 

with the same intensity in both conditions, given that a lack of word boundaries in the 

parafovea prevented effective pre-processing of low-level visual characteristics of 

upcoming words, as for example word length information, for both valid and invalid 

previews. Effects in the last time window of analysis, between 300-500 ms, are generally 
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considered to reflect lexical processing of a word. A lack of significant differences in this 

time window might suggest that filling spaces with random letters influences not only early 

visual processing, but also impacted later word recognition. Regardless of a valid or 

invalid preview, removing the spaces between words will likely produce disruption that is 

so great that in both circumstances word recognition might be similarly slowed down. 

With respect to the spaced conditions, the cluster-based permutation analyses 

reveal very comparable, but larger, differences for the main effect of parafoveal preview. 

Similar to the main effect of parafoveal preview, negative differences were observed in the 

time window between 70-120 ms, over frontal and central areas of the scalp, as well as 

over right temporal electrodes. However, different relative to the main effect of parafoveal 

preview, no significant positive differences reached significance here in this time window 

of analysis. Between 120-300 ms we found two clusters of positive and two clusters of 

negative results. The earliest cluster of negative differences is seen maximally over frontal, 

central and temporal regions, and the earliest cluster of positive differences over left, right 

and midline occipital areas, over left and right parietal sites, and over single electrodes in 

the left central and left temporal, central-parietal, right central and temporal regions. 

Similarly, the second significant cluster of negative differences in this time window 

appears maximal over occipital, parietal and temporal regions, while a significant cluster of 

positive differences is observed over left frontal and central, and midline frontal, central 

and parietal sites. Again, these differences resemble very closely the differences found in 

relation to the main effect of parafoveal preview, but the size of the difference is larger 

here. When considering the FRP waveforms and topographies (see Figures4. 4A, 4.4B, 

4.4D), it appears that significant differences in this time window can be explained by the 

time course of the N1 component, which started and dissipated earlier for the identity 

compared to the string preview conditions. In the following time-window, between 300 

and 500 ms after fixation onset, a positive cluster was observed to be maximal over 
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occipital, as well as left and right parietal areas of the scalp, while negative differences 

were observed over right temporal, central and frontal regions. These differences might be 

explained by the time course of the N400 component, which started about 40 ms later in 

the string compared to the identity unspaced preview conditions. Again, here we observe 

both the early (Degno et al., 2018; Dimigen et al., 2012; Li et al., 2015; Kornrumpf et al., 

2016; Niefind & Dimigen, 2016) and late (Dimigen et al., 2012; Li et al., 2015; Kornrumpf 

et al., 2016) preview positivity effects. Our data seem to confirm that, in the spaced 

conditions, a valid preview leads to more efficient processing, both with respect to 

orthographic and lexical stages of processing. 

Interim Summary. Both our EM and FRP results confirmed the prediction that the 

preview effect is larger for the spaced compared to the unspaced conditions. In addition, 

our FRP data support findings by Sheridan et al. (2016) showing that the onset of preview 

effects is temporally delayed in unspaced compared to spaced text conditions. In their 

study, participants were asked to silently read sentences with inter-word spaces replaced by 

numbers, and parafoveal previews that could be identical to the target word or a 

pronounceable non-word. Sheridan and colleagues found that preview effects appeared 

about 20-40 ms earlier for spaced than unspaced conditions (155 ms vs. 133 ms in the 

survival analyses, 187 ms vs. 144 ms in simulation 3 of the study). In the present study, 

preview effects in the spaced condition were observed in the time-window between 70-120 

ms, starting at about 95 ms, whereas preview effects in the unspaced condition started in 

the following time window, at about 120 ms after fixation onset. Furthermore, the authors 

found that the empirical data were better explained in simulations where interactions 

between the spacing and parafoveal preview manipulations were due to both less efficient 

parafoveal processing and (probably consequently) slower lexical processing. The 

interactions reported in the present study offer support for this hypothesis. For the 

unspaced conditions the preview effect was observed only between 120-300 ms, while for 
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the spaced conditions the preview effect was found between 70-120 ms, 120-300 ms, 300-

500 ms. We assumed that the time window between 70-120 ms reflected early processing 

of word N, which can be initiated earlier if a successful pre-processing of word N could 

occur in the parafovea. We also considered the time window between 300-500 ms to 

reflect lexical processing.  Thus, the fact that we observed differences in these two time 

windows for the spaced, but not for the unspaced conditions might indeed indicate that 

parafoveal pre-processing was more efficient when spaces were kept intact, and in turn, 

lexical process could proceed faster in this condition relative to the unspaced condition. 

We note however, that for the main effect of inter-word spacing we also, 

unexpectedly, did not observe any significant difference between 300-500 ms. If replacing 

spaces with random letters produces disruption at both a parafoveal and lexical processing 

level, then we should have obtained such differences in this time window. We tentatively 

explain the lack of significant differences for the main effect of inter-word spacing as 

produced by the very comparable time course and magnitude of the neural activity in three 

out of four of our experimental conditions (i.e., string and identity unspaced, and string 

spaced conditions; see Figure 4.4), which might have cancelled out differences associated 

with processing of inter-word spacing in the parafovea. 

4.4 Conclusions 

In the present paper we report a co-registration experiment in which participants’ 

eye movements and EEG signal were recorded simultaneously. The aim of the study was 

to investigate the neural correlates of parafoveal processing during natural reading of 

sentences. In particular, we explored for the first time the neural correlates of parafoveal 

processing of inter-word spacing, and we examined the neural correlates of parafoveal 

preview during natural reading, when all the words in the sentence are manipulated. 
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Our eye movement results replicated the well established findings of parafoveal 

inter-word spacing and parafoveal preview (see Rayner, 1998, 2009 for reviews). Reading 

was disrupted (with longer reading times, shorter saccades, more fixations and regressions) 

both when spaces between words were filled by random letters, and when an invalid 

preview was displayed in parafovea. In addition, the FRP data showed that replacing inter-

word spaces produced disruption very early after fixation onset, earlier that the effect of 

parafoveal previews. Taken together, the eye movement and FRP results indicate that 

readers made use of low-level visual and orthographic information associated with a word 

extracted in the parafovea, but that spaces might be processed and influence earlier time 

periods within a fixation. 

Within our time windows of analyses, the FRP data examined for parafoveal 

preview showed both the early (Degno et al., 2018; Dimigen et al., 2012; Li et al., 2015; 

Kornrumpf et al., 2016; Niefind & Dimigen, 2016) and late (Dimigen et al., 2012; Li et al., 

2015; Kornrumpf et al., 2016) preview positivity effects. First, we suggest that the early 

preview positivity effect might reflect not only activation of orthographic representation of 

a word, but disrupted or less efficient activation of the orthographic word form.  Second, 

these findings appear to resemble more the results obtained during saccadic word-list 

reading experiments (Dimigen et al., 2012; Kornrumpf et al., 2016), than the only other 

experiment conducted with reading of sentences and examining parafoveal preview type 

(Degno et al., 2018). We suggest that future research might try to resolve this conundrum, 

that is whether the late preview positivity effect is observed depending on the naturalness 

(and possibly number of words manipulated) of the task, or whether it is a result of 

differences in the choice of the baseline. 

Our results also provide evidence for a modulation of the preview effect based on 

the inter-word spacing information. When spaces are kept intact, the preview effect is 

larger for both eye movement and FRP measures. However, when spaces are altered and 



Inter-Word	Spacing	and	Parafoveal	Previews	

	 179	

replaced by random letters, reading cannot proceed normally, and having a valid or invalid 

preview in parafovea is equally difficult. Under these circumstances, the only facilitation 

that is observed seems to be associated with the activation of the orthographic 

representation of the word. These results appear to provide some evidence for previous 

suggestions that interactive effects between inter-word spacing and parafoveal preview 

might be due to both efficiency of parafoveal processing and speed of lexical processing 

(Sheridan et al., 2016). 
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Chapter 5: Co-Registration of Eye Movements and 

Fixation-Related Potentials: Practical Issues of 

Experimental Design and Data Analysis 

The following Chapter is under revision as Degno, F., Loberg, O., & Liversedge, S.P. (in 

revision). Co-Registration of eye movements and fixation-related potentials: Practical 

issues of experimental design and data analysis. 

5.1 Introduction 

Since Sereno and Rayner (2003) pointed out the potential of combining eye 

movement (EM) and event-related potential (ERP) measures to enhance our understanding 

of visual word recognition, the interest in such experiments, which for simplicity we will 

henceforth term ‘co-registration’ experiments, has grown. Certainly, the possibility of 

observing continuous brain activity over time under natural reading conditions (i.e., where 

participants make EMs as they process the text normally in the absence of any secondary 

task) would be very useful to researchers wishing to explore the fine grain time-course of 

language processing.  

Despite there being clear value in the use of co-registration as a methodological 

approach, it remains the case that there are only a small number of laboratories that are 

actively utilising this technique. Probably as a consequence of this, there remain only a 

very limited number of published papers using this approach (in reading research: Baccino 

& Manunta, 2005; Degno, Loberg, Zang, Zhang, Donnelly & Liversedge, 2018; Dimigen, 

Kliegl & Sommer, 2012; Dimigen, Sommer, Hohlfeld, Jacobs, & Kliegl, 2011; Henderson, 

Luke, Schmidt & Richards, 2013; Hutzler et al., 2007; Hutzler et al., 2013; Kornrumpf 

Niefind, Sommer, & Dimigen, 2016; Kretzschmar, Bornkessel-Schlesewsky & 

Schlesewsky, 2009; Kretzschmar, Schlesewsky & Staub, 2015; López-Peréz, Dampuré, 
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Hernández-Cabrera, & Barber, 2016; Metzner, von der Malsburg, Vasishth & Rösler, 

2016; Niefind & Dimigen, 2016; Simola, Holmqvist & Lindgren, 2009; Weiss, Knakker, & 

Vidnyánszky, 2016). In our view, one of the main reasons why research in this area 

remains limited is because there are a number of significant difficulties that researchers 

face in relation to experimental design and data analysis in this approach. In recent years 

we have developed our understanding of co-registration and have started to use this 

method alongside the existing set of other experimental techniques in our laboratories. In 

doing this, we have been forced to engage with the difficulties that are intrinsic to the 

approach and in so doing, with help from colleagues in the research community, we have 

found some possible solutions to some of these difficulties. 

In the present paper, therefore, we will discuss the major issues we encountered, 

and how we have dealt with them to date. In Figure 5.1 we present a pipeline illustrating a 

sequence of decisions that we faced and dealt with as we designed our co-registration 

experiments. The order of this decision sequence may differ from laboratory to laboratory, 

but we are confident that the series of decisions as a whole will be faced by any researcher 

wishing to engage in co-registration experimentation. Our objective in this paper is to 

provide suggestions and guidance that may be of value to others who may be considering 

conducting co-registration experiments and analysing data from them. We also provide two 

scripts, one written in R and the other written in Matlab that represent our implementation 

of analysis routines that we have found useful in the analyses of the data we have carried 

out. We must point out that we do not intend to be in any way prescriptive in the solutions 

we offer in our decision pipeline and scripts. We fully acknowledge that there may be 

alternative solutions and scripts available, and we expect that alternative routines and 

software will be developed in the future. However, in our efforts to engage in co-

registration experimentation, we have read widely and whilst information is available for 

specific sub-components of the experimental process, we were unable to obtain published 
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guidance in relation to the experimental procedure as a whole. It is on this basis that we 

have provided our decision pipeline. Furthermore, whilst information was available in 

relation to sub-components of the experimental process, that information focused 

exclusively on one or other of the experimental techniques (i.e., EM or EEG 

methodology). Based on our reading, there is very little, if any, information available in the 

published literature that pertains specifically to co-registration of EMs and FRPs as an 

experimental method. In providing what we hope is a useful resource for those wishing to 

engage in co-registration research, we aim to encourage research with this method, and 

thereby advance current theoretical understanding of the processes underlying reading and 

other areas of human cognition. 

To illustrate the issues we discuss here, we will consider the decision pipeline in 

relation to a subset of the EM and FRP data from a recent study (Degno et al., 2018)13. The 

data were obtained in a sentence reading experiment. Single-line sentences were presented 

on a computer display and participants were required to silently read each sentence for 

comprehension. Two target words in each sentence were manipulated using the boundary 

paradigm (see Figure 5.2C and its legend for a brief description of this paradigm; Rayner, 

1975), whereby parafoveal preview of each of the target words was experimentally 

controlled. Prior to direct fixation, the preview of each target word was a string of Xs, a 

string of random letters, or an identity preview that was identical to the target word. Upon 

direct fixation, the target words could be high or low frequency words. The experiment 

aimed to investigate parafoveal and foveal effects of target preview mask and target word 

frequency. Participants’ EMs were recorded from the right eye only with an Eyelink 1000 

tracker (SR Research) with a sampling rate of 1000 Hz. EEG data were recorded from 64 

scalp electrodes with SynAmpsRT amplifiers (Compumedics Neuroscan) in a DC mode at 

1000 Hz and low-pass filtered online at 100 Hz. 

                                                
13 Raw data and scripts can be found at 

https://osf.io/jndvk/?view_only=e2e23282b13146178ca29feeb8dd2663 
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Figure 5.1. Pipeline of the decision process “steps” that may be followed in order to effectively acquire and 

analyse data from co-registration experiments. 
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Figure 5.2. Examples of gaze-contingent display change paradigms. Panel A shows the moving window 

paradigm (McConkie & Rayner, 1975). A normal window of text is presented around the point of fixation (in 

this example a one-word window), while the text around this window is replaced with strings of Xs (or some 

other mask). As the reader’s eyes move, a display change occurs rapidly, such that a new window of normal 

text is presented around the point of fixation in its new position. Panel B illustrates the moving mask 

paradigm (Rayner & Bertera, 1979). Here the mask covers foveal information (although it could cover 

information in both the fovea and/or the parafovea), such that the text in fovea is replaced by a mask 

comprised of Xs. Panel C shows the boundary paradigm (Rayner, 1975). An invisible boundary is embedded 

in the text. Prior to the reader’s eyes crossing the boundary, a target word is replaced by a preview (here 

comprised of Xs). When the eyes cross the boundary, the preview is replaced by the target word. 

 
The script we provide assumes eye-movement detection (e.g., saccade and fixation 

parsing), interest area assignment (e.g., pre-target and target words), as well as calculation 

of EM measures (e.g., first fixation durations) conducted with widely available 

automatized commercial software (EyeLink 1000 as the online parser and Data Viewer as 

the offline parser). However, one of the alternatives would be to detect EMs with Engbert 

and colleagues’ algorithm (Engbert & Kliegl, 2003; Engbert & Mergenthaler, 2006; as 

implemented in EYE-EEG extension of EEGLAB, http://www2.hu-berlin.de/eyetracking-

eeg, Dimigen et al., 2011), and then assign interest areas and compute EM measures with 

xx xx x xxxx clean xxxx xxxx x xxxxx xxxxx xxxxx xx xxx xxxx.

It is a very xxxxx room with a light green clock on the wall.

It is a very clean xxxx with a light green clock on the wall.

xx xx x xxxx xxxxx room xxxx x xxxxx xxxxx xxxxx xx xxx xxxx.

It is a very clean xxxx with a light green clock on the wall.

It is a very clean room with a light green clock on the wall.

A – Moving Window

B – Moving Mask

C – Boundary Paradigm
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custom scripts. Since we did not adopt this approach in our experimentation, we will not 

discuss this further in the present paper. 

5.2 Experimental Design and Data Collection (Step 1) 

The main advantage of conducting co-registration experiments to investigate 

reading is that it allows researchers to examine the neural correlates of written language 

comprehension as it occurs naturally. By natural reading, we mean situations in which (1) 

participants are presented with sequences of grammatical text (minimally a single sentence, 

and potentially longer texts), such that the visual and linguistic content of the text is 

processed in foveal and, to some extent, parafoveal vision on any particular fixation, and 

(2) participants make saccadic EMs to sample the text in the way they do when reading 

text outside the laboratory. 

Before considering co-registration in relation to natural reading, we will briefly 

discuss an experimental paradigm that has been used quite often in published co-

registration experiments, namely, the saccadic word-list reading task. Advocates of this 

approach argue that it offers an approximation of natural reading. However, in our view, 

this approach is significantly limited in its delivery of insight into natural written language 

comprehension. In a saccadic word-list reading task, a list of unrelated words (usually 

about 5 or so) is presented horizontally on the screen and participants are required to move 

their eyes from left to right, in order to silently read each word and then either judge their 

semantic category (e.g., Dimigen et al., 2012; Kornrumpf et al., 2016; Niefind & Dimigen, 

2016) or perform a recognition task (e.g., Hutzler et al., 2007; Hutzler et al., 2013). It may 

be argued that there are advantages to this paradigm: It allows for each word in the list to 

be manipulated experimentally; it removes the necessity for the inclusion of short function 

words in the list (thereby reducing problematic word skipping behavior); it (arguably) 

requires the participant to fixate each word at least once in order to perform the task; it 
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avoids confounds such as predictability effects from sentential context. However, to us, 

this approach is fundamentally limited in that readers cannot form any meaningful 

interpretation beyond the meaning of each individual word, and critically therefore, this 

approach does not allow the participant to read naturally in the absence of a secondary task 

(e.g., a memory task or a semantic category decision task). 

In our view, a much more preferable approach to study reading is to undertake co-

registration as participants read sentences or longer passages of text normally; this is an 

approach that has been adopted in a number of published articles (Degno et al., 2018; 

Dimigen et al., 2011; Henderson et al., 2013; Kretzschmar et al., 2009; Kretzschmar et al., 

2015; Metzner et al., 2016; Weiss et al., 2016). Typically, a one-line sentence is presented 

on the screen and participants are required to read the sentence to then answer 

comprehension questions. Hence, with this approach, readers can form a meaningful 

interpretation of the text beyond isolated word meaning, and all aspects of EM behaviour 

during reading (e.g., skipping), as well as the participant’s task (i.e., reading for 

comprehension without secondary tasks) are natural. Certainly, when adopting this 

approach the experimental design and analyses become a little more complex as the stimuli 

need to be carefully designed to avoid the influence of other linguistic variables (e.g., 

predictability and plausibility should be controlled between conditions, as well as the 

length of pre-target, target and post-target words, unless these variables are themselves to 

be manipulated) and a larger loss of data may occur (e.g., readers are likely to skip some of 

the words, especially function words). Nevertheless, and for this very reason, this approach 

reflects the cognitive processes that underpin natural reading, and therefore, we consider it 

the desirable approach to use if investigating visual and cognitive processing that occurs 

during natural reading. 

With respect to the experimental design of co-registration experiments, it is 

fundamental to consider a number of points when constructing the stimuli and developing 
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the experiment. First, it is important to remember that for co-registration studies a large 

number of trials is required in order to detect differences between conditions (or groups). 

The exact number of trials per conditions depends on both the number of participants and 

the size of the effect being investigated. However, increasing the number of trials per 

condition usually improves the statistical power of the study. While taking this into 

consideration, a balance between quality of the recorded data (i.e., recording data from 

subjects that are not fatigued) and time spent testing participants should also be achieved 

(see Boudewyn, Luck, Farrens, Kappenman, 2017, for a discussion). Thus, to optimise the 

signal-to-noise ratio in the EEG data for an attended visual ERP design such as reading, 

one possibility would be to create a large number of sentences, with each having embedded 

a single target word that will be experimentally manipulated in the experiment. Another 

possibility, would be to include more than one target word in each experimental sentence, 

thereby increasing the number of observations obtainable from each trial (though of 

course, the greater the number of target words in a sentence, the harder it is to construct 

text that is natural, and to some extent, meaningful). In our experiments we have found that 

having two target words per trial is about optimum. Regarding the design of the sentence 

stimuli themselves, ensuring that the pre-target, target and post-target words are at least 4 

characters long will reduce the skipping rate on those interest areas (Rayner, 1979), and 

thus, reduce data loss. In addition, as for all sentence reading experiments, cloze 

probability and plausibility of each sentence should be assessed, to avoid any differences 

between conditions (again, unless these effects themselves are to be investigated). 

Furthermore, in our experiments we have found it extremely beneficial to ask participants 

to fixate a cross on the right hand side of the screen when they have finished reading the 

sentence (or text), rather than to press a button on a response box, to terminate the current 

trial and trigger the following one. We do this to prevent the EEG signal becoming 

contaminated with any activity related to motoric preparations associated with the manual 
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response required in the use of a response box. Additionally, we present participants with a 

‘blink screen’ at the end of each trial (i.e., a screen presentation with the word “BLINK” 

presented centrally to which participants are instructed they must blink). We have found 

that this procedure substantially reduces the frequency with which participants blink during 

sentence reading. Finally, as is standard in EM research, we use a chin rest and head 

restraint to minimise head movements. However, we have modified our head restraint 

making it padded to cushion the forehead and reduce any pressure that might impact 

recordings at frontal sites. 

In this paper, we are not going to discuss the technical synchronization of eye 

tracking and EEG systems (i.e., in simple terms, how the EM and EEG systems “talk” to 

each other). This topic has been covered elsewhere (for details see the tutorial by Olaf 

Dimigen at http://www2.hu-berlin.de/eyetracking-eeg/tutorial.html, in particular “Basics: 

Connecting eye tracker & EEG” and “Basics: Synchronization signals”). However, it is 

important to note that in the data presented here, a TTL (transitor-transitor logic) pulse, or 

simply a marker, was sent at both the beginning (‘TTLon’) and the end (‘TTLoff’) of each 

trial, and recorded as a message in the EM data and as trigger in the EEG data. This TTL 

pulse is fundamental in the analyses of co-registration data, as it allows for synchronisation 

of the two data sets, and for our purposes, selection of the critical fixations (more details of 

this procedure will be discussed in Step 2a.6). Therefore, when designing a co-registration 

experiment, it is important to make sure that a sufficient number of event markers are 

included in each trial of an experiment, and we suggest that the minimum would be a 

marker at the beginning and one at the end of each trial.  

With respect to the sampling rate, we have found it useful to sample EMs and EEG 

data at 1000 Hz, thereby ensuring a perfect millisecond-by-millisecond sample 

correspondence. The 1000 Hz sampling rate satisfactorily represents known cortical 

activity related to cognitive processing and measured with EEG (roughly up to 110 Hz; 
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e.g., Muthukumaraswamy, 2013 for overview of high frequency phenomena), as Nyquist 

frequency (i.e., the highest known frequency content that can be reconstructed without 

aliasing) is 500 Hz when recording with 1000 Hz sampling rate. Some other researchers 

favour recording with reduced sample rates, and therefore, obtain smaller, more 

manageable data sets. However, if computational requirements of data processing become 

unfeasible, the data can always be downsampled to more practical sampling rates offline 

without losing information, as long as the limits set by the frequency of interesting brain 

activity and Nyquist frequency are taken into account. And of course, if the sampling rate 

of the two instruments is not the same, precision of the co-registered data will be 

determined by the least accurate device. 

5.3 Pre-Processing of Data (Step 2) 

In order to have two corresponding and meaningful EM and EEG sets of data, it is 

important to identify sources of noise and remove them appropriately. In general, the data 

that need to be discarded or retained depend on the theoretical questions that are being 

investigated, and in turn, the analysis one is conducting (e.g., in some circumstances 

fixations after regressive EMs may be discarded, whilst under other circumstances, these 

could be the focus of the experimental investigation). Let us return to the data sets from 

our illustrative experiment. Recall that we investigated both foveal and parafoveal 

processing of a target word manipulated for frequency using a gaze-contingent display 

change paradigm (Rayner, 1998 for a review). For this reason, fixation onsets on the pre-

target word, and on the target word were used as the time-locking events in the FRP data 

segments. 

In the next portion of this paper we will consider the series of steps outlined under 

Steps (2a) and (2b) in Figure 5.1 that are associated with pre-processing the EM and the 
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FRP data respectively. The R and Matlab codes for these steps are provided at the OSF 

link above (see Footnote 1). 

5.3.1 Pre-Processing of EM Data (Step 2.a) 

The code we provide for the pre-processing of the EM data was created and run in 

R. The input files include fixation, saccade and message reports (extracted from Data 

Viewer, SR Research), and the EEG event files (extracted from Neuroscan). Please note 

that each section of the code has a specific heading indicating to which procedure those 

lines of code refer.  

5.3.1.1 Consecutive Fixations (Step 2a.1) 

 In the first stage of the EM data pre-processing procedure it is necessary to identify 

critical fixations made on specific regions of interest. Note that at this stage in data 

processing we are simply identifying fixations that need to be removed (the process of 

removal will occur in a later stage of analysis). A typical pattern of EMs in reading 

includes (1) fixations, which are the periods of time when the eyes remain relatively still to 

extract useful information from the text (with an average fixation duration of about 250 

ms), (2) forward saccades, which are the movements the eyes make to bring new 

information into foveal vision (with an average saccade length of about 7-9 letter spaces 

for alphabetic languages), and (3) regressions, which are backward saccades typically 

occurring because of text or comprehension difficulties (with an average regression 

occurrence after about 10-15% of fixations) (Rayner, 2009). Given that in our experiment 

we were interested in how readers parafoveally processed a target word, and then how they 

foveally processed that word, it was critical to identify situations in which readers first 

made a fixation on the pre-target word, immediately followed by at least one fixation on 

the target word. That is to say, we needed to identify sequences of consecutive fixations on 

our critical regions. 
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As shown in Figure 5.3, readers may make patterns of consecutive fixations on the 

pre-target and target word as illustrated in Panel A. For example, it could be that readers 

make only one fixation on both pre-target and target words (first row of Figure 5.3A), or 

they might make more than one fixation on the pre-target word to then move to the target 

word (or one fixation on the pre-target word and then multiple fixations on the target word) 

(second row of Figure 5.3A), or else, make multiple fixations on the pre-target word 

(including a regression) to then fixate the target word (or one fixation on the pre-target 

word and multiple fixations on the target word, including regressions) (third row of Figure 

5.3A). In all these cases, the reader made consecutive fixations in first-pass reading on the 

pre-target and then the target word, and there was at least one fixation on the pre-target 

word, followed by at least one fixation on the target word. These trials are important in 

relation to the theoretical investigation as the data pertain directly to the issue of how the 

target word was processed parafoveally and foveally. In contrast, Figure 5.3B shows some 

of those instances of fixation pattern in which the pre-target and target words were fixated 

non-consecutively. For example, readers could make a fixation on the pre-target word, 

followed by a fixation on a previous interest area (first row of Figure 5.3B), or they might 

make a fixation on the pre-target word but then skip the target word to fixate a later interest 

area (second row of Figure 5.3B), or else, they might fixate the target word before making 

a fixation on the pre-target word (third row of Figure 5.3B). In all these cases, there were 

no consecutive fixations on pre-target and target words during first pass-reading. For this 

reason, these trials should be excluded from the analyses. 

When running a co-registration experiment to investigate both foveal and 

parafoveal processing, it is important to include in the analyses only those observations 

where there are consecutive fixations on the words of interest during first pass-reading. 

This ensures that the data really reflect foveal and parafoveal processing associated purely 

with our regions of interest. 
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Figure 5.3. Inclusion and exclusion criteria for consecutive fixations. Panel A. Examples of consecutive 

fixations that would be acceptable for analysis. Panel B. Examples of fixations that would not be acceptable 

because they involve non-consecutive sequences of fixations with respect to the pre-target and the target 

words. 

5.3.1.2 Blinks (Step 2a.2) 

Blinks or vertical EMs (that cause the eyelid to move over the eyeball to some 

extent) reflect the upward, or downward, and the nasalward movement of the upper eyelid 

over the eyeball (Collewijn, van der Steen & Steiman, 1985). Under normal viewing 

conditions, eye blinks occur every few seconds (e.g., Nakano, Kato, Morito, Itoi, 

Kitazawa, 2013) and are accompanied by suppression of visual input in spite of the 

subjective feeling of continuity of vision (Volkmann, Riggs & Moore, 1980). Blinks 

represent a source of noise in the co-registration data because (i) readers do not obtain any 

new information during blinks, on the contrary, the visual input is removed during such 

events, (ii) the signal associated with blinks is much larger in magnitude than electrical 

potentials generated by the brain (e.g., see Table 1 of Keren, Yuval-Greenberg, & Deouell, 

2010). 

To deal with this source of noise, we believe three alternative methods are 

available, which could be used all together or interchangeably, in which case priority 

should be given to the third alternative. First, researchers can reduce the probability of 

blinks with a well-controlled experimental design. We have found it beneficial to present 
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participants with a ‘blink screen’ at the end of each trial (i.e., requiring them to make a 

voluntary blink). In our experiments, this has considerably reduced the amount of blinking 

during sentence reading. Second, if blinks are present during the trial, it would be 

advantageous to identify the blinks that occurred on the interest areas, and remove the 

associated observations from the dataset. The third option would be to deal with the blinks 

directly in the pre-processing of the EEG signal (e.g., with ICA decomposition, see Step 

2b.7). Whichever option(s) are chosen, it is important to remove the noise caused by eye 

blinks to obtain meaningful data that represent the ongoing cognitive processes underlying 

reading rather than oculomotor processes. 

5.3.1.3 Word Skipping (Step 2a.3) 

On average skilled readers skip 15% of content words and 65% of function words 

(Rayner, 2009). There is consensus that when a word is skipped it is processed, to some 

extent, on the fixations prior and after the skip (e.g., Drieghe, Rayner & Pollatsek, 2005). 

Thus, if not specifically related to the research question at hand, skipping is considered 

another source of noise for co-registration data, which needs to be removed from the 

analysis. In fact, skipping any of the interest areas during first-pass reading implies that (i) 

the fixation prior to the skip might include processing of the skipped word to a different 

extent than when the upcoming word is fixated, (ii) the fixation made after the skip might 

include some spillover processing, again to a greater extent than would occur when there is 

no skip, (iii) if the words of interest are fixated for the first time during second pass 

fixations (i.e., a word is skipped and then later fixated after a regression from a word 

downstream in the sentence), the processing that occurs during such fixations is likely to 

reflect quite different cognitive processes to those that occur during first pass fixations on 

the word.  
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5.3.1.4 Early and Late Gaze-Contingent Display Changes (Step 2a.4) 

Gaze-contingent display change paradigms (Figure 5.2; see Rayner, 1998 for a 

review) allow the experimenter to make rapid changes to the visual display (e.g., a 

sentence) a participant is looking at based on their eye position. In turn, this allows us to 

understand the type of information that we process in parafoveal and peripheral vision 

during reading (or other tasks). However, for this to be possible, it is necessary that the 

display change occurs during a saccade, when visual input is suppressed (so-called 

saccadic suppression; Matin, 1974). In fact, if the display change is triggered too early 

(e.g., when the readers’ eyes are fixating the pre-boundary word in the boundary 

paradigm), the parafoveal manipulation will not be as effective. Likewise, if the display 

change occurs too late (i.e., a situation in which the mask is still present when the eyes 

fixate the target word in the boundary paradigm)14. Thus, early and late changes are 

considered a potential source of noise in the data and need to be removed. 

5.3.1.5 Hooks (Step 2a.5) 

Hooks are dynamic aspects of eye movements associated with the very end of a 

saccade. When the eye lands after a saccade, there remains a very small amount of eyeball 

rotational movement due to flex that exists in the oculomotor control system (dynamic 

overshoot, Bahill & Stark, 1975). When the eye happens to land just prior to a boundary in 

an eye contingent change experiment, if that small amount of rotational movement is 

sufficient for the point of fixation to temporarily transgress the boundary, this will trigger 

                                                
14 Late display changes are defined in terms of both the word the reader is looking at, and the timing of the 

change. Thus, to be classified as late, the change needs to occur (1) when the reader is looking at a post-

boundary word, (2) at some point after the onset of the fixation on the post-boundary word. Most often, late 

display changes occur in relation to the screen refresh rate used during the experiment. In order to evaluate 

whether a change should be categorised as late, in our experiments in the past we have used the following 

formula: (1second/Refresh Rate) + 3ms. Thus, for example, if the refresh rate was 140 Hz, then any display 

change with a delay greater than 10 ms should be removed. 
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the change. These cases are problematic in gaze contingent paradigms as hooks represent a 

source of noise that could bias the results, and so they should be removed. 

5.3.1.6 Selection of Interesting Fixations (Step 2a.6) 

At this stage in the analysis process, having identified all of the problematic 

fixations as per the criteria above, these are removed (for additional criteria see Nikolaev, 

Meghanathan, & Leeuwen, 2016). Next, as we mentioned at the beginning of Step 2, the 

final sets of EM and FRP data need to be made to correspond. Thus, once the ‘noisy’ 

fixations have been identified and removed from the EM data, the same needs to be done 

in the FRP data. To achieve this, we need to create a variable in the EM file (see below), 

which can be used later when pre-processing the FRP data. 

In order to construct this variable, we first need to consider the time at which the 

‘TTLon’ message (i.e., the marker sent at the beginning of each trial) was sent and recorded 

in the EM recording. Second, we need to consider the exact time when the first fixation on 

our word(s) of interest in the sentence (e.g., the pre-target word and/or the target word) was 

recorded with respect to the time of the ‘TTLon’ message. Given that the timings are not 

zeroed at the beginning of a trial onset, it is critical that the time difference between the 

two (the fixation onset on the word of interest and the ‘TTLon’ message) will need to be 

added to the exact time at which the ‘TTLon’ was recorded in the EEG data (called 

‘urPresentation’ in the script provided at the OSF link), in order to obtain a value (which 

we call 'TimeLockFixOnset') that will be used to work out which fixation to keep as the 

time-locking event in the FRP data, and which ones to exclude.15 

                                                
15 The same procedure can be applied to saccade onset for saccade-related potentials (see 

'TimeLockSaccOnset' in the code for the variables to use in this instance). 
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5.3.2 Pre-Processing of FRP Data (Step 2b) 

The code we provide for the pre-processing of the FRP data was created and run in 

Matlab (version R2015a), and assumes the presence of the EEGLAB extension (version 

14_1_1b; Delorme & Makeig, 2004) and the EYE-EEG toolbox (http://www2.hu-

berlin.de/eyetracking-eeg; Dimigen et al., 2011) in the Matlab path. The input files include 

the raw EM data in ASCII format (extracted from Data Viewer, SR Research), the raw 

EEG data (extracted from Neuroscan), and a channel location file. Please note that each 

section of the code has a specific heading to indicate which procedure below those lines of 

code refer to. 

5.3.2.1 Recoding of EM and EEG Data (Step 2b.1) 

In order to check the quality of the synchronisation between EM and EEG data we 

need to recode both data sets. At this point in the analyses, the EM recording includes 

‘TTLon’ and ‘TTLoff’ messages which are different depending on the number of the trial 

being displayed (e.g., ‘TTLon112’ and ‘TTLoff112’ for the trial index 112), while the EEG 

recording contains triggers with different numbers depending on the experimental 

condition of the trial (e.g., 3 for the onset and 103 for the offset of a trial in the 

experimental condition 3). Thus, the purpose of this step is to create the same values for 

the onset and offset of each trial for both the EM and EEG recordings (e.g., 601 for all 

TTLon/onset and 602 for all TTLoff/offset), regardless of trial index and experimental 

condition.  

5.3.2.2 Synchronisation of EM and EEG Data (Step 2b.2) 

A very good tool for the synchronisation of the EM and EEG data is the EYE-EEG 

toolbox of EEGLAB (Dimigen et al., 2011). Based on the result of the previous step (i.e., 

the unique values identifying onset and offset of each trial), the EYE-EEG toolbox 

provides synchronisation of the two recordings and the opportunity to plot the 
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synchronisation quality. Researchers can (and are recommended to) check the latencies of 

the shared events between EM and EEG recordings as well as the synchronisation error, 

which should be between -2 and 2 samples (with a mode of zero, which means that the two 

recordings are perfectly aligned). 

During this step we also import the events (e.g., fixations and saccades) detected 

online by the EyeLink (ASCII file) as events in the EEG data, which will be used in Step 

2b.5. It is important to note that these fixation and saccade events do not yet contain the 

features and selections identified in Step 2a.6. Please see Figure 5.4 for an illustration of 

the EEG data as they appear at the end of this step. 

5.3.2.3 Filtering of the Continuous EEG Data (Step 2b.3) 

Filtering is used to improve the signal-to-noise ratio and the statistical power of 

detecting true effects in the EEG data (e.g., Kappenman & Luck, 2010; see Luck, 2014 for 

a discussion of filters in relation to aliasing artefacts). An assumption behind filtering is 

that the EEG signal is the result of brain generated signal and noise external to the brain, 

both of which comprise different frequencies. Noise due to electrical power lines 

comprises a frequency of about 50 Hz for Europe and most of Asia, and a frequency of 

about 60 Hz for North America. Additionally, muscle activity produces frequencies above 

100 Hz, and skin potentials (due, for example, to sweating) produce frequencies lower than 

0.01 Hz (e.g., Luck, 2014). Hence, applying a filter to the EEG data is recommended to 

remove those frequencies with a non-neural origin, without distorting the real EEG 

waveform. 

There is an ongoing discussion in the literature about the use of filters (e.g., 

Acunzo, Mackenzie, van Rossum, 2012; Rousselet, 2012; vanRullen, 2011; Widmann & 

Schröger, 2012). Therefore, it is far from our intention to give strict recommendations for 

filtering, on the assumption that filter parameters need to be carefully assessed according to  
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Figure 5.4. Examples of one participant’s EEG data as they appear at the end of Step 2b.2. The coloured 

lines, with numbers at the top, represent the events that are present in the EEG data. In red, with the 

corresponding number 601, there is the marker corresponding to the onset of the trial. In green, with the 

number 602 at the top, there is the marker corresponding to the offset of the trial. The other lines are the eye 

movement events recorded from the right eye (i.e., ‘R_’) and imported during the pre-processing step 

described in Step 2b.2. Fixation onsets are in black, saccade onsets in blue, and blink onsets in purple. 

 

the specifics of the experimental data (see Widmann, Schröger & Maess, 2015, for a 

discussion of filter design). However, if it is helpful to consider an example, we can 

provide comment on the filter parameters used in our study (Degno et al., 2018). We used 
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an offline finite impulse response (FIR) bandpass filter of 0.1-30 Hz (with transition band 

width of 0.1 Hz, cut-off frequencies of 0.05-30.05 Hz with -6 dB, and zero-phase), which 

attenuates both high and low frequencies, to improve signal-to-noise ratio. The high-pass 

edge of our bandpass filter (i.e., 0.1 Hz) was selected on the basis of existing evidence by 

Kappenman and Luck (2010) and by Tanner, Morgan-Short, & Luck (2015) that this filter 

level is the optimal trade-off between benefits (i.e., signal-to-noise and statistical power 

improvement) and costs (i.e., introduction of artefactual effects in the EEG waveform)16, at 

least for late components17. The low-pass edge of our bandpass filter (i.e., 30 Hz) is a 

commonly used low-pass filter level to increase the signal-to-noise ratio (e.g., see Figure 

A5 of Rousselet, 2012, for frequencies of filter cutoffs), and it filters out the 50 Hz power 

line noise, so that no separate notch filter for electric noise needs to be implemented. 

Should researchers wish to examine for example spectral phenomena, or should their data 

require different parameters, these filter levels should be optimized for the task at hand. In 

addition, it is important to point out that filtering was applied on the continuous EEG data. 

This is because filtering creates edge artefacts at the beginning and end of the signal. 

Therefore, the application of the filters to continuous EEG data, rather than epochs or 

averages (e.g., Widmann, Schröger & Maess, 2015), will avoid these edge artefacts 

occurring at the start and end of each epoch. 

5.3.2.4 Filters, Epochs and ICA of the EEG Training Data (Step 2b.4) 

Independent component analysis (ICA) is a blind source separation method, which 

linearly decomposes the multi-channel time series data into maximally temporally 

                                                
16 However, if the recorded data is of sub-optimal quality (i.e., noisier data), a more stringent high-pass 

filtering level may be used (e.g., Maess, Schröger & Widman, 2016). 
17 To date, there is insufficient evidence regarding the optimal high-pass frequency cut-off for early ERP 

components. 
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independent signal components (Bell & Sejnowski, 1995)18. Each of these temporally 

independent components (ICs) acts as a spatial filter, such that it keeps the contribution of 

one physical source of the EEG signals, while filtering out the contributions of all the other 

sources (Makeig & Onton, 2009). The decomposition is data-driven, as this method does 

not require any a priori knowledge of the spatial and temporal properties of the ICs (Bell 

& Sejnowski, 1995). ICA is commonly used for removal of artefact signals (although it can 

be used to separate the brain sources that contribute to the scalp data as well; Jung et al., 

2000b; Jung et al., 2000a; Makeig, Bell, Jung, & Sejnowski, 1996; Onton & Makeig, 

2006). 

For a successful ICA decomposition, an adequate amount of data, both in terms of 

the number of samples and quality, needs to be computed19. It has been argued that the 

contribution of low frequencies (i.e., frequencies lower than 1 Hz) negatively affects ICA 

decomposition (Debener, Thorne, Schneider, & Viola, 2010). Indeed, these frequencies are 

associated with non-stationary signals that vary spatially and over time, which 

compromises the ICA assumptions (for discussion about ICA assumptions, see Makeig & 

Onton, 2009; Onton, Westerfield, Townsend, & Makeig, 2006). The solution that has been 

proposed to this issue is to train the ICA weights on high pass filtered data (i.e., training 

data), and then to apply these weights to the unfiltered (or less strictly filtered) data (e.g., 

Debener, Thorne, Schneider, & Viola, 2010; Meyberg, Sommer, & Dimigen, 2017). 
                                                
18 The ICA algorithm applied here was the extended Infomax ICA algorithm (Bell & Sejnowski, 1995; Lee, 

Girolami, & Sejnowski, 1999; Makeig, Bell, Jung, & Sejnowski, 1996) that is the default selection used in 

EEGLAB (Delorme & Makeig, 2004). However, there are multiple options available for ICA decomposition 

(e.g., fast ICA, etc.) that we do not cover in this article.  

	
19 A lengthy discussion on ICA optimization can be found at 

https://sccn.ucsd.edu/wiki/Chapter_09:_Decomposing_Data_Using_ICA. When the number of data samples 

is not adequate, an alternative would be to compute first Principal Component Analysis (PCA) to reduce 

dimensions of the data (e.g., Kambhatla & Leen, 1997), and then perform the ICA decomposition, thereby 

obtaining a smaller number of ICs. However, recently, arguments have been put forward suggesting that 

using PCA for dimension reduction prior to ICA should be undertaken with caution and only after careful 

evaluation of whether it is necessary (Artoni, Delorme, & Makeig, 2018).  
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Therefore, to optimise the ICA decomposition, we suggest that a higher filter for 

EEG training data be applied to select all segments of the EEG signal time-locked to the 

fixation and blink onsets (for the data provided we used 1 Hz). Once the data are filtered 

with these parameters then we extract epochs that are sufficiently long to include EMs 

(e.g., from -100 to 500 ms after fixation or blink onset, to include, for example, previous 

and following saccades) and run ICA decomposition on this separate training dataset. 

In the Matlab code we have provided, this step was set up with the epoching 

procedures of EEGLAB. However, the new, very recent, version of the EYE-EEG 

extension of EEGLAB (v0.85) includes a function to construct training data optimised for 

ICA decomposition (i.e., pop_overweightevents). The logic behind this new function is 

identical to that we have described so far, placing emphasis on the features that we wish to 

model in the training dataset. The main difference is the proportion and identity of samples 

which constitute the training data. In our custom script, new epochs are created for each 

event of interest (around R_blink and R-fixation), and the training data include only these 

new epochs. In contrast, with pop_overweightevents, researchers can decide the proportion 

of samples to be overweighted (e.g., 50% of the original data length, with epochs created 

around saccade onsets), and these samples are appended to the original data to create the 

optimised ICA training data.  

5.3.2.5 Matching the EM and EEG Data (Step 2b.5) 

As we explained at the beginning of Step 2 of this paper, to analyse comparable 

EM and FRP data, we need to select the same critical fixations in both sets of data. At the 

end of Step 2a.6 a file was created which included all the necessary information to later 

conduct statistical analyses on the EM data. The file also included a variable called 

'TimeLockFixOnset' with the onset time of all the fixations that survived the EM pre-

processing (i.e., a unique 'TimeLockFixOnset' value for each fixation of interest). At this 

point in the pre-processing of the EEG data, this file needs to be imported in the EEG event 
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structure, to select which fixation is to be used as the time-locking event in the EEG data. 

This is accomplished by matching the ‘'TimeLockFixOnset' values (from the file created in 

Step 2a.6) to the unique ‘starttime’ values of the fixations. Therefore, by the end of this 

procedure, we will have identified the same number of interesting fixations (which will 

later become epochs for EEG analysis) in both the EM and EEG data.20  

5.3.2.6 Epoching of the Continuous EEG Data (Step 2b.6) 

To study the FRP measures associated with reading it is necessary to epoch the 

continuous EEG data. Epoching involves extracting time windows that are time-locked to 

the event of interest, which in our case is the fixation onset of the pre-target and target 

words. Each epoch has a fixed length that includes a period of time before and after the 

event occurs. When extracting the epochs, one needs to consider which baseline will be 

used, and which FRP components will be investigated. For example, in Degno et al. (2018) 

we used as baseline the 100 ms preceding the fixation onset on the pre-target word, and we 

investigated P1, N1 and N400 components. Thus, we extracted time windows between -

100 ms and +800 ms from the fixation onset on the pre-target and target word as our 

epochs. It is also important to remember that at this point in the pre-processing, it can be 

helpful to extract longer epochs that extend beyond the end of the period to be examined, 

as these may be shortened at a later time. 

5.3.2.7 Detection of Ocular ICs in Training Data and Pruning from Epoched EEG 

Data (Step 2b.7) 

The identification of ICs associated with ocular artefacts has been a matter of long 

debate, and without the use of the computational techniques we will describe below, it can 

                                                
20 For each study a new fiximport.m function needs to be created in order to import the fixation values, as the 

function looks for specific columns in a specific order. We have found that using the Matlab import tool 

(https://se.mathworks.com/help/matlab/import_export/import-data-interactively.html) is an effective way of 

first creating and then modifying these scripts to suit one’s own data. 
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be considered quite a subjective practice (Plöchl, Ossandón, & König, 2012). However, a 

quite recently developed and more sophisticated tool, the EYE-EEG toolbox (Dimigen et 

al., 2011) has been implemented in EEGLAB (Delorme & Makeig, 2004), which allows 

researchers to identify the ICs in a more objective way. This approach implements the 

variance-ratio criterion proposed by Plöchl et al. (2012), such that ICs likely to reflect 

ocular artefacts show a higher temporal variance-ratio during a saccade than during a 

fixation (e.g., in the Degno et al. 2018 data, components with a temporal covariance ratio 

higher than 1.1 during a saccade are considered to be ocular artefacts. Note that 1.1 is the 

standard value used in EYE-EEG toolbox, but this could be modified if necessary). The 

use of EYE-EEG toolbox, in our view, results in the more objective detection of ICs 

associated with ocular artefacts. Once the ICs are identified in the training dataset, the ICA 

weight matrix is applied to the EEG data (here the epoched data with the less strict high 

pass filter) and the artefact components removed, which results in artefact-free EEG data. 

5.3.2.8 Bad Channels and Interpolation (Step 2b.8) 

When recording from multiple electrodes on the scalp surface, it is possible that 

one or more channels contains artefacts (detectable in the form of extreme values) due for 

example to poor contact between the channel and the scalp. Such channels prevent the 

recording of a good signal from that channel, and this in turn affects the signal-to-noise 

ratio across the whole scalp. Thus, if a bad channel affects more than 5-10 % of the data, it 

is common practice to remove the channel and perform a (linear or spherical) interpolation, 

which consists of estimating the missing signal from the signal of the other electrodes (e.g., 

Perrin, Pernier, Bertrand, & Echallier, 1989). When re-referencing the signal, bad channels 

could increase the signal variance of the other electrodes (Picton et al., 2000), though this 

effect is mitigated (i) when using an offline average re-referencing procedure (e.g., 

Bigdely-Shamlo, Mullen, Kothe, Su, & Robbins, 2015), and (ii) when the number of 
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electrodes is high (i.e., greater than 60). One should consider and deal with the issue of bad 

channels, their removal and interpolation prior to re-referencing the signal. 

The detection of extreme values can be performed in two ways. Either absolute 

values that are particularly extreme for each channel can be identified, or large differences 

between minimum and maximum voltages at each electrode can be identified. The basic 

difference between the two being that the first approach estimates whether the values of 

each channel are within certain limits, while the second approach measures whether there 

is strong change for that electrode within each epoch, regardless of the overall voltage 

limits within the epoch. The choice will depend on the specifics of the experimental data, 

however, in clean good datasets both approaches should yield very similar results.  

5.3.2.9 Average Re-Referencing (Step 2b.9) 

The voltage that we record at each scalp electrode is measured with respect to a 

reference site21, which is assumed to be electrically neutral (i.e., close to zero). In reality, 

there is no site that is strictly electrically neutral (e.g., vertex, nose, earlobes and mastoids 

are still affected by some artefacts and/or brain signal). Thus, offline re-referencing 

procedures are typically used to minimise the impact of the activity at the reference site 

upon the EEG signal recorded at different scalp electrodes. 

The choice of which reference to use is an issue of discussion in the EEG literature 

(e.g., Kayser & Tenke, 2010), and it depends on one’s experimental procedures and 

research questions. In our work, we have used the average reference (Bertrand, Perrin, & 

Perrier, 1985) as our preferred offline re-referencing procedure, which is computed as the 

average of the activity across all the scalp electrodes. This approach is considered good if 

enough electrodes are used on most of the accessible parts of the head (e.g., at least 60 sites 

across the entire scalp; Dien, 1998, Picton et al., 2000; although see also Desmedt, 

                                                
21 Specifically, the voltage that is recorded at each scalp electrode is the result of [(Active electrode – Ground 

electrode) – (Reference electrode – Ground electrode)]. 
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Chalklin, & Tomberg, 1990 for a related discussion of pitfalls of average referencing). In 

addition, this approach is recommended when the effects investigated have specific spatial 

locations. For example, in the data of Degno et al., (2018), one of our effect’s equivalent 

dipoles (i.e., the dipoles of the preview positivity effect as estimated by Dimigen et al., 

2012) was located over the inferior occipito- temporal regions. This meant that if we had 

used the linked mastoids in our re-referencing procedure, rather than adopting the 

averaging procedure, then the effect would have been attenuated (see e.g., Li, Niefind, 

Wang, Sommer, & Dimigen, 2015). 

5.3.2.10 Baseline Correction (step 2b.10) 

Baseline correction involves subtracting the average EEG activity recorded in the 

baseline time period from each channel and time point of the entire epoch (e.g., Urbach & 

Kutas, 2006). The purpose of the baseline correction is to measure changes in the EEG 

activity following the event of interest (e.g., word onset or fixation onset). Thus, for the 

baseline correction to be effective, the assumption is that activation during the baseline 

period is unaffected by the experimental manipulation. Indeed, any pre-event difference 

that might exist would lead to a false difference between conditions during the post-event 

interval, which could lead to the misinterpretation of changes in EEG activity as causal 

consequences of the event of interest. 

According to Luck (2014) a good baseline period should be about 20% of the 

overall epoch duration and a multiple of 100 ms in order to counteract the EEG oscillations 

due to alpha-frequency (~10 Hz). Nonetheless, different common practices are used. In 

ERP experiments using RSVP paradigms, it is common to consider as baseline the time-

window immediately preceding the stimulus presentation, usually the preceding 100 ms 

(e.g. Dambacher, Kliegl, Hofmann, & Jacobs, 2006; Laszlo & Federmeier, 2009). Many 

co-registration studies have used this same baseline period to date (e.g. Baccino & 

Manunta, 2005; Dimigen et al., 2011; Dimigen et al., 2012; Simola et al., 2009). However, 
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it is important to remember that the choice of an optimal baseline period depends on the 

experimental paradigm used and one’s research question. 

The 100 ms immediately preceding the stimulus presentation could represent a 

good baseline choice for single word experiments, as in these studies we are sure that the 

activity pre-stimulus is identical across conditions. However, for the co-registration 

experiments investigating the neural correlates of parafoveal processing the choice of 

baseline is a little more complicated. Given that we assume pre-processing of the word to 

the right of the fixation (i.e., parafoveal processing of the target word; see Rayner, 1998, 

2009 for reviews), the time window prior to the fixation onset of the target word would be 

different across conditions, depending on the type of information available and being 

extracted from the parafovea. For this reason, in such studies researchers investigating 

parafoveal processing might choose a cleaner baseline period, which is a period of time in 

which there should not be differences across conditions. With this in mind, we identified 

such a period in the time window preceding the fixation onset on the pre-target word in 

Degno et al. (2018). To be clear, we took our baseline from the fixation before the word 

that appeared prior to the target in the sentence, as up until this point the content of the 

sentence across conditions was identical. This approach is ideal if the investigation focuses 

on processing of a target word within a sentence. However, often paradigms are employed 

in which every word within a sentence is manipulated in some way. Although current 

practice in these situations is to adopt a baseline of 100 ms from the fixation onset of each 

word, this approach can be argued to be susceptible to the shortcomings discussed above. It 

remains an issue for future research to establish the best form of baseline (and the possible 

implications of current practice) in relation to future co-registration studies. 

A non-standard procedure involves taking a time interval immediately following 

stimulus presentation or fixation onset, generally the first 20 or 100 ms (e.g., Hutzler et al., 

2007; Rama & Baccino, 2010) as the baseline period. However, this approach is only valid 
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when it is known that the effect of interest does not occur during the baseline period 

considered (otherwise, this approach too would be susceptible to the shortcomings 

identified). To reiterate, the choice of an appropriate baseline requires very careful 

consideration in relation to the experimental design that is employed, and especially with 

respect to whether the effect of interest might be expected to persist over several fixations. 

5.3.2.11 Rejection of Epochs with Extreme Values (step 2b.11) 

There are mixed views as to whether it is more appropriate to reject epochs with 

extreme values before, or after, ICA decomposition. For example, some researchers argue 

that epochs with extreme values should be rejected before ICA decomposition (e.g., 

Debener, Thorne, Schneider, & Viola, 2010). Although we agree with this in principle, we 

argue that the absolute necessity of this is dependent on the specifics of the experimental 

procedures used and data obtained. Researchers will see that the use of a chinrest, and the 

requirement for participants to position their fingers on the response box (rather than 

holding it with the hands) will drastically reduce head and body movements that would 

otherwise impact the data. Thus, with very few extremities in the data due to such artefacts, 

we consider it unnecessary to carry out this procedure prior to ICA decomposition. In 

addition, because FRP data segments that are entered into the ICA are time-locked to the 

onset of fixation, the proportion of segments with compromised data are significantly 

reduced, and are therefore unlikely to be entered into the decomposition. As a 

consequence, ICA decomposition will be largely unaffected by epochs with extreme values. 

Epochs that still contain extreme values after re-referencing and baseline correction 

are rejected from the final set of data. As in Step 2b.8, extreme values could be detected in 

absolute value for each channel, or as a difference between a minimum and maximum 

voltage at each electrode. Again, if the detection of extreme values is mainly due to some 

‘bad’ electrodes that clearly reflect noise in the data, one could identify these channels and 
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interpolate them (as in Step 2b.8) before identifying and rejecting the epochs with extreme 

values.  

5.4 Preparation of Data for Analysis (Step 3) 

This section should be read in association with Step 4. In fact, the preparation of 

data for analysis depends on the type of statistical test one is planning to use. Here we have 

considered the preparation of data to be entered only for cluster-based permutation tests or 

linear mixed models. 

5.4.1 Preparation of EM Data (Step 3a) 

5.4.1.1 EM Data for Analysis in R (Step 3a.1) 

Once the pre-processing of the FRP data is complete, we have created a unified 

FRP and EM data set (see Step 2b.5). However, in order to statistically analyse the effects 

in the eye movements and those in the FRP record, it is now necessary to separate the data 

sets once more and treat them independently. This step involves exporting the eye 

movement variables necessary to analyse the EMs statistically in R (e.g., to run linear 

mixed models). See the corresponding section of the code provided at the OSF link above. 

5.4.2 Preparation of FRP Data (Step 3b) 

5.4.2.1 FRP Data for Analysis in Fieldtrip (Step 3b.1) 

For the FRP data to be processed with Fieldtrip (e.g., for later analysis with cluster-

based permutation tests; Oostenveld, Fries, Maris, & Schoffelen, 2011), it is sufficient to 

separate the epochs in the appropriate conditions and to compute the average signal for 

each condition first for each subject, and then across subjects. The data can be converted 

back and forth from EEGLAB to Fieldtrip readily with specific functions (e.g., 

fieldtrip2eeglab and eeglab2fieldtrip).  
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5.4.2.2 FRP Data for Analysis in R (Step 3b.2) 

For the FRP data to be processed in R (e.g., for linear mixed effect models), it is 

necessary to decide a priori which type of analysis will be conducted. First, it is essential to 

decide whether mean amplitudes or peaks, or both, will be analysed. Second, it is 

important to decide whether clusters of electrodes or single electrodes, and time windows 

or single time points are to be considered for analyses. For example, researchers could 

identify clusters of electrodes and time windows where the effects are expected, and 

average across electrodes and time windows. Alternatively, researchers could extract the 

FRP data from single electrodes and average across time windows, or else data from single 

electrodes and specific time points could be extracted. The choice of the type of data to be 

extracted will depend on the research question and whether there are existing experimental 

findings on which to generate a priori predictions for specific types of effects at specific 

scalp locations and points in time. We will discuss this more in detail in Step 4. Regardless 

of the choice though, one will obtain one observation per subject for each epoch (i.e., not 

averages across conditions). 

5.5 Statistical analyses of EM and FRP Data (Step 4) 

In this section we discuss two statistical methods that researchers might consider 

using when dealing with co-registration data. We acknowledge that the analysis of 

variance (ANOVA) is probably the most common statistical method used in psychological 

sciences, with respect to both the early studies recording EM measures, and the early and 

more recent experiments recording ERP/FRP measures. However, in recent years, both 

fields are adopting alternative statistical approaches (e.g., Ehinger & Dimigen 2018b; 

Smith & Kutas, 2015a, 2015b). Therefore, quite deliberately, we will not cover ANOVA in 

this paper. Instead, we will focus on the statistical approaches that we have been guided 
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towards via the review process with respect to our work we have published. We will deal 

with specific issues associated with the approaches we favour below.  

5.5.1 Statistical Analysis of EM Data (Step 4a) 

Linear Mixed Effects Models. This approach is a multilevel regression model in 

which both fixed (e.g., the independent variables) and multiple random (e.g., participants 

and items) factors are incorporated (Hox, 2010; Pinherio & Bates, 2004). The main 

advantages of this method are that (i) it can handle unbalanced designs, as it weights the 

contribution of each participant, (ii) it incorporates multiple random factors in one single 

model, (iii) it can easily include and deal with multiple covariates, and (iv) the independent 

variables can be either categorical or continuous factors. 

Linear mixed effects models are currently the most common type of statistical 

analysis used in EM research. In fact, data loss is a situation that commonly arises in EM 

data, due for example to a different number of blinks, skips, or bad trials between 

conditions. Typically, separate models are computed to analyse different EM measures 

(e.g., first fixation duration, gaze duration, etc.). This is ordinarily done with a quite 

specific purpose in mind, namely, to examine the time course of experimental effects 

across eye movements as they are made through the sentence and over time. To this extent, 

multiple eye movement measures are very valuable to researchers (and together different 

measures can inform theoretical understanding to a greater extent than when each is 

considered in isolation; although see von der Malsburg & Angele, 2017 for an alternative 

perspective). A variety of software packages to perform mixed effects models is now 

widely available, and among these the open source statistical programming environment R 

(Bates, 2007) is popular, being very flexible and for which good documentation is 

available. 
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5.5.2 Statistical Analysis of FRP Data (Step 4b) 

There are several appropriate approaches researchers might use to analyse 

ERP/FRP data (see Luck & Gaspelin, 2017 for a review). Here we will discuss pros and 

cons of two statistical methods that we believe would be appropriate to analyse FRP 

measures. 

 

Cluster-Based Permutation Statistics. This approach is a non-parametric mass 

univariate method in which a t-test is performed between different conditions at each 

sample, that is, at each electrode site and at each time point, whilst controlling for multiple 

comparisons (Groppe, Urbach, & Kutas, 2011a; Maris & Oostenveld, 2007). In this 

approach the basic ideas are that (1) if observations from different conditions are drawn 

from the same probability distribution, then the different observations are interchangeable, 

(2) if the EEG signal differs between experimental conditions at one electrode and at one 

point in time, it is very likely that adjacent electrodes and time points will also exhibit a 

similar effect. With respect to the first assumption, as in all non-parametric permutation 

tests, permuting the data involves assigning the actual observations randomly to 

conditions, after which the test statistic is calculated on this random data set. This process 

is performed a very large number of times (typically between 1,000 and 10,000 times), in 

order to obtain an accurate null distribution of the permuted data (i.e., the permutation 

distribution). The observed test statistic is then compared with the random test statistics 

drawn from the permutation distribution, and if the observed test statistic is larger than the 

random test statistics, the experimental hypothesis is accepted. Regarding the second 

assumption, that is, similar effects will occur over adjacent time-electrode samples, spatio-

temporal clusters are identified. Thus, t-values are computed for each (electrode-time) 

sample, and those samples with t-values larger than a threshold (e.g., 0.05) which exhibit a 

similar effect (e.g., with the same negative or positive sign) are clustered according to their 
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temporal and spatial adjacency. The sum of the t-values within each cluster forms each of 

the cluster-level statistics. The largest absolute value amongst all of the cluster-level 

statistics is then evaluated against the values within the permutation distribution, to 

establish where within that distribution it falls. Again, if the observed cluster-level statistic 

is greater than a threshold (e.g., the 95% point) in the cluster-level permuted distribution, 

then the experimental hypothesis is accepted. 

The advantages of this approach are that, first, it can handle non-normal data, in 

fact no assumption is made on the parameter estimates. On the contrary, it uses the 

properties of the actual observed data for the evaluation of statistical significance. Second, 

it is data-driven, as all electrode sites and time points can be entered into the analysis, and 

it is not necessary to pre-select specific scalp locations and time windows22. Third, it 

provides a comprehensive picture of the spatial and temporal dynamics of the effects, and a 

strong degree of certainty in detecting the presence of an effect, which also implies that it 

can reveal unexpected effects. Arguably, a disadvantage of this approach is that, given the 

large number of comparisons, then the corrections that are applied mean that the test is 

quite conservative and some small or short-lived effects may be missed. In fact, this 

method decreases the probability of Type I error (false positives) and at the same time 

increases the probability of Type II errors (false negatives). 

Researchers might consider adopting this approach when a study is sufficiently 

novel or exploratory that there are no a priori predictions concerning the expected latency 

of effects (i.e., the temporal windows for analyses) and expected locations at which the 

effects should occur (i.e., electrode sites). Beyond this, though, the technique may be 
                                                
22 Note, though, that it is perfectly possible that researchers might limit their analyses to specific time 

windows and small numbers of electrode sites on the basis of prior expectations. This will reduce the number 

of statistical tests (and thereby, the number of corrections for multiple comparisons), and increase, in turn, the 

sensitivity of the test. However, by doing so, the comprehensiveness of the test across the scalp and over time 

will be reduced. In this situation, the time windows and electrodes to be included in the analyses should be 

made in the absence of knowledge regarding the data, and a clear, a priori justification of the choice should 

be provided (e.g., Luck & Gaspelin, 2017). 
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employed in more standard experimental situations, as in these circumstances it may often 

be particularly interesting to explore the generality of an effect (or effects) spatially and 

over time. Given the nature of this statistical analysis, the approach works well with high 

density EEG caps (i.e., recording from >60 electrodes), but, if recording with less 

channels, one could still perform cluster-based permutation statistics, but it may be better 

to cluster over time only (rather than over both space and time). 

 

Linear Mixed Effects Models. This approach has become increasingly popular as a 

means of analysing eye movement data and it has great potential to also become a common 

statistical tool to analyse electrophysiological data (e.g., Baayen, Davidson & Bates, 2008; 

Bagiella, Sloan, & Heitjan, 2000). As explained in Step 4a, an advantage of linear mixed 

effects models is that they can handle unbalanced designs, deal with multiple random 

variables (e.g., participants and items) at the same time in the same model, allow for the 

inclusion of multiple covariates, and permit the use of continuous independent variables. 

All of these characteristics are valuable advantages of linear mixed models in the analysis 

of ERP and FRP measures. However, to date, few studies have analysed ERP or FRP 

measures using this approach (e.g., see Amsel, 2011; Dimigen et al., 2011; Kornrumpf et 

al., 2016 for visual word recognition studies with ERP/FRP; see Fröber, Stürmer, Frömer, 

& Dreisbach, 2017; Frömer, Stürmer, & Sommer, 2016a, 2016b for studies recording 

ERPs in other domains). Linear mixed effects models are not run on a table of means, but 

each trial for each subject is entered into the analysis as a single data point (i.e., single-trial 

event-related potential analyses). Given that EEG data take the form of a stream of 

voltages over time and at multiple channels, potentially, the amount of ERP data to be 

entered into a linear mixed model can be substantive, and this in turn could make this form 

of analysis impractical. The impracticalities would arise because of the volume of data and 



Methodological	Overview	

	 215	

the necessary computational power to handle it, as well as the possibility that Type I (false 

positives) errors would arise.  

An alternative approach would be to average the ERP signals across time windows 

and electrode clusters that are defined a priori, to reduce the complexity of the results. 

However, the drawback here would be that researchers would need to be quite confident, a 

priori, about the measurement parameters (i.e., electrode sites and latency windows) 

(Kriegeskorte, Simmons, Bellgowan, & Baker, 2009). Furthermore, since data in this type 

of analysis are necessarily averaged, the level of detail of the spatial and temporal 

dimensions of the effects would be reduced. A third scenario would be to run separate 

linear mixed effects models for a few specific electrode sites and time windows. This 

approach would avoid the need to run a large number of separate models, and at the same 

time would provide a degree of detail regarding the temporal and spatial dimensions of the 

effects. However, once again, with this approach the measurement parameters need to be 

known in advance, and the ERP/FRP measures may not provide a comprehensive picture 

of effects, as a significant proportion of the temporal window and electrodes would not be 

considered in the analyses. Therefore, perhaps this approach may be considered most 

appropriate when there are several existing studies that are quite similar in nature in the 

literature that provide a point of reference for measurement parameters. 

A recent suggestion has been to combine cluster-based permutation tests with linear 

mixed effects models (Frömer, Maier, & Rahman, 2018). The idea is to use the results 

from the cluster-based permutation analysis as a guideline for the choice of the electrode 

sites and time windows that should be entered into the ERP/FRP analyses with linear 

mixed effects models. This approach could be a good potential way forward that 

overcomes some of the current limitations of each of these statistical tools alone. However, 

as pointed out by Kriegeskorte et al. (2009), this itself could introduce the issue of circular 

analysis and ‘double dipping’. At this stage, more research needs to be conducted in order 
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to establish whether Frömer at al.’s suggestion offers a viable possibility into the future, 

and to identify alternative tools for analyses of these complex co-registration data sets. 

5.6 Conclusions 

In the present paper we shared one of the several possible pipelines that may be used 

when conducting co-registration experiments. We used an example data set and experiment 

that investigated silent reading in order to implement the pipeline, though in principle, it 

could be adapted to study other areas of human cognition. Our pipeline was not meant to 

be prescriptive, on the contrary, each step was designed to be maximally adaptable to the 

particular experimental situations and data sets that different researchers may encounter or 

anticipate as they engage in (or consider engaging in) co-registration experimentation. The 

final aim in this paper was to provide some example computational scripts that researchers 

might find a useful basis for pre-processing co-registration data should they be considering 

engaging in this kind of research. More generally, our aim in this regard is to encourage 

and expand the community of researchers using this methodology, which we hope will 

further current theoretical understanding of the neural and cognitive processes underlying 

reading, and more general human psychological function. 



General	Discussion	

	 217	

Chapter 6: General Discussion 

The present thesis set out to investigate the temporal course of the online cognitive 

processes underlying reading. Three experiments were reported here, all conducted with a 

relatively new technique, referred to as co-registration of eye movements and brain 

potentials. This methodological technique was chosen because of its potential for obtaining 

insights into the nature and time course of both parafoveal and foveal processes during 

natural reading conditions. In addition, all the three experiments adopted the invisible 

boundary paradigm (Rayner, 1975), to investigate which properties of an upcoming word 

are processed in the parafovea, and to examine the temporal course of parafoveal 

processing. Furthermore, the experimental manipulations employed in the three 

experiments were chosen because they are well documented in the eye movement and 

reading literature, and thus, they provided an ideal means to investigate neural correlates of 

parafoveal and foveal processing within and beyond an eye fixation. 

In this final chapter of the thesis I will first summarise and discuss the key findings 

observed in each of the three experiments.  I will then discuss their implications from a 

theoretical and methodological point of view. Finally, in the last section of the chapter, I 

will summarise the final conclusions of the thesis. 

6.1 Summary and Key Findings  

The first experiment reported in Chapter 2 (Degno, Soltész, Hepsomali, Donnelly, 

& Liversedge, under revision) investigated visual and lexical processing during silent 

sentence reading. One word in each sentence was manipulated for preview quality 

(degraded vs. non-degraded) and target word frequency (high vs. low frequency word). 

This study represented the first empirical work I conducted with co-registration during my 

Ph.D., as well as the first co-registration experiment run in the University of Southampton 
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Psychology Department Co-registration Laboratory. Due to the lack of shared protocols 

and the small number of co-registration studies using natural reading of sentences, the 

manipulations employed in this study were kept quite simple and strong. Indeed, the first 

objective of the study was to demonstrate the validity of the method and of the results 

obtained. Second, the experiment aimed to implement the original ideas proposed by 

Sereno and Rayner (2003) to investigate neural correlates of lexical processes within initial 

(first pass) fixation time windows. The results observed in this experiment suggested that 

combining eye movement and FRP recordings was feasible, and that the data obtained 

were meaningful. Both the eye movement and FRP results showed sensitivity to low-level 

visual properties of a word presented in the parafovea, both upon fixations on the pretarget 

and target words. The eye movement data replicated the well documented effect of 

stimulus quality, such that when a word is degraded, reading is disrupted (i.e., longer 

fixation durations occur). The FRP results indicated a corresponding disruption (i.e., 

increased FRP mean amplitudes) within the first 250 ms after fixation onset. In addition, 

the observed disruption on the FRP measures, replicated a well documented effect in the 

co-registration literature (i.e., the preview positivity effect; Dimigen et al., 2012). Taken 

together these findings suggested that our approach of simultaneously recording eye 

movements and FRPs during sentence reading was working effectively. However, the fact 

that we failed to observe a neural correlate of word frequency and knowing that this 

psycholinguistic variable did exert an influence on the eye movement data, raised some 

issues. First, the statistical power of the study was probably not optimal. The manipulation 

of a single word in each sentence was employed to adhere to the traditional eye movement 

experiments conducted to investigate reading, and to create natural reading conditions. 

Furthermore, having only one target word in each sentence resulted in the exclusion of the 

entire trial when the inclusion criteria for data analysis of the target word were not met. In 

addition, the strict criteria used during the pre-processing of the data (i.e., consecutive 
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fixations on pre-target, target and post-target words) might have resulted in the exclusion 

of a larger amount of data than necessary. Thus, even if these criteria did not affect a very 

strong manipulation such as degradation, they might have affected the power to detect 

smaller effects of word frequency (as also observed in the smaller size of the word 

frequency effects in the eye movement data compared with the size of the degradation 

effects). Second, the type of analyses conducted might have hindered the detection of these 

effects. The choice of linear mixed effects models to analyse FRP data was driven by the 

consideration that in co-registration experiments, oculomotor events, like saccades, might 

vary depending on the different experimental conditions, and that the final data set might 

not be a perfectly balanced design. Although these considerations still hold true, the large 

computational power required to comprehensively examine any effect that any 

experimental variable might exert on neural activity prevented the analyses of the effects to 

be run at each separate time point and scalp electrode. The practical solution to this 

difficulty was to group electrodes into clusters, to identify the peak of each component, and 

to compute mean peak amplitudes. However, this may have prevented a comprehensive 

picture of the neural correlates associated with both degradation and word frequency 

effects being obtained. Third, by implementing Sereno and Rayner’s (2003) ideas of 

investigating lexical effects within an eye fixation, no analysis of time windows beyond 

250 ms was conducted. Again, this meant that it was impossible to ascertain whether word 

frequency effects occurred in the remainder of the FRP data.  Feedback in relation to all of 

these issues was received in the form of peer review when we submitted a paper for 

publication based on this work to Journal of Experimental Psychology: General.  The data 

on which this manuscript was based are currently under reanalysis to deal with the 

feedback received, and the paper will be revised and resubmitted to the same journal.  With 

this feedback, and other considerations in mind, Experiments 2 and 3 were designed and 

analysed in a slightly different manner. 
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Experiment 2 (Degno, Loberg, Zang, Zhang, Donnelly, & Liversedge, 2018), 

reported in Chapter 3, investigated visual, orthographic and lexical processing during silent 

sentence reading. In this experiment two words in each sentence were manipulated for 

parafoveal preview (X-string vs. string of random letters vs. identical preview to the target 

word) and target word frequency (high vs. low frequency word). In this empirical work, 

first, I addressed an important issue in the eye movement and reading literature, that is, the 

debate in relation to which baseline to use when investigating parafoveal processing. 

Second, I further investigated the influence of word frequency on the neural activity under 

natural reading conditions within and beyond an average eye fixation. Third, by 

manipulating two words in each sentence, rather than one word as in Chapter 2, I had the 

opportunity to increase statistical power and to evaluate advantages and disadvantages of 

this experimental approach (relative to that adopted in Experiment 1). The eye movement 

results indicated that reading is disrupted both when the parafoveal preview consists of X-

strings and strings of random letters. The FRP data extended these findings showing that 

disruption is increased and more prolonged for X-strings compared with strings of random 

letters. Thus, a major contribution of this experiment is providing evidence that different 

parafoveal previews differentially modulate the efficiency of parafoveal processing, and 

showing the different temporal dynamics of this effect. Second, both the eye movement 

and FRP data failed to provide evidence that parafoveal processing extends to lexical 

properties of the upcoming word. However, evidence of lexical processing upon fixation 

was observed in our eye movement data only, not in the FRP data, neither in the early nor 

in the later time windows of analysis. Given the robust foveal effect of word frequency in 

the eye movement literature with sentence reading, and in the isolated word recognition 

ERP studies, this experiment demonstrated the value of utilising ecologically valid 

paradigms to study well established phenomena that occur as text is read naturally. Third, 

manipulating two words in each sentence, rather than one, appeared more advantageous. 



General	Discussion	

	 221	

Although the construction of the stimuli was more difficult, as the inclusion of two target 

words imposed a greater number of constraints over the construction process, the number 

of sentences could be slightly reduced, and the probability of obtaining at least one 

observation from each trial was increased. 

The third experiment of the thesis (Degno, Loberg, Zang, Zhang, Donnelly, & 

Liversedge, submitted), reported in Chapter 4, investigated visual and orthographic 

processing during silent reading of sentences. In this study all the words comprising the 

sentence were manipulated for parafoveal inter-word spacing (available v. unavailable) and 

parafoveal preview (string of random letters vs. identical preview to the target word). In 

this study, I examined for the first time neural correlates associated with processing of 

parafoveal spacing information. Second, I further investigated the neural correlates of the 

preview effect found in Chapter 2, aiming to examine generality of effects across 

experimental approaches. Third, by manipulating all the words in each sentence, rather 

than two words as in Chapter 3, I had the opportunity to further increase statistical power 

and to evaluate advantages and disadvantages of this experimental approach. As expected, 

the eye movement results confirmed that altering spacing information and letter identities 

in the parafovea produced disruption to reading. The FRP data provided the first neural 

evidence that readers extract information associated with inter-word spaces as well as letter 

form and identities from the parafovea, but that spacing information exerts an earlier 

influence on processing than do either letter form or letter identities. Second, our 

experiment suggested that when invalid information is repeatedly presented in the 

parafovea, the effects observed in the FRP data are more similar to effects detected in 

unnatural reading conditions (e.g., saccadic list reading and flanker-word-presentation 

experiments), than to effects found during natural reading conditions. Thus, although 

manipulation of all the words in a sentence definitely increases statistical power, and 
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makes stimuli construction easier, it is likely that it does not adequately reflect processing 

that occurs as text is read naturally. 

6.2 Theoretical Considerations 

Taken together, the three experiments reported in this thesis indicate that the neural 

correlates associated with processing of words within sentences might be different from 

those associated with processing of words under less natural reading conditions. 

Experiments 1 and 2 for example consistently failed to show a neural correlate of 

frequency during natural reading of sentences, similarly to what was observed by 

Kretzschmar et al. (2015) in the only other experiment investigating neural correlates of 

word frequency during sentence reading. In addition, Experiments 2 and 3 showed that the 

same manipulation (i.e., string of random letters) might produce different results depending 

on whether the manipulation is applied to few or all the words comprising the sentence. 

One explanation for these findings might be that when words are presented in isolation, in 

lists, or when all words of the sentence are manipulated, processing cannot proceed 

normally, such that reading becomes disjointed and influences from upcoming words 

cannot be used efficiently. The effect that different baselines might play in relation to the 

effects observed in these studies however, remains to be investigated. 

A second consideration that can be made is in relation to the added value of co-

registration studies to our understanding of reading. In Experiment 2, the early first-pass 

reading eye movement results associated with both X-string and letter strings preview 

conditions showed similar disruption to reading compared to the identity preview 

conditions (X-string vs. identity preview condition: difference of 41 ms in first fixation 

duration, 63 ms in single fixation duration; letter string vs. identity preview condition: 

difference of 41ms in first fixation duration, 57 ms in single fixation duration). Similarly, 

in Experiment 3, the early first-pass reading measures of the eye movement data associated 
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with both unspaced and letter strings preview conditions showed similar disruption 

(unspaced vs. spaced preview condition: difference of 30 ms in first fixation duration, 35 

ms in single fixation duration; letter string vs. identity preview condition: difference of 29 

ms for first fixation duration, 35 ms for single fixation duration). However, the FRP data 

suggest that within those fixations, the nature of the processing that occurred in the brain 

was qualitatively different. If this claim is correct, then the experiments reported in this 

thesis provide evidence to support the use of this methodology as a potentially 

advantageous approach to gain increased insight into the fine-grain time course of the 

cognitive processes underlying reading.  

It is also important to consider that the empirical data reported in this thesis indicate 

that there are both commonalities and differences between the effects detected by eye 

movement and FRP data. In particular, it appears that when words are manipulated for 

visual and orthographic properties in the parafovea, both eye movement and FRP measures 

are sensitive to their influence. In contrast, differences in sensitivity start to emerge when 

we consider linguistic manipulations, such as word frequency. In the Introduction of this 

thesis I reported a summary of the results observed to date with co-registration 

methodology (Section 1.2.3). Recall that only six co-registration studies investigated 

effects during sentence or paragraph reading (Dimigen et al., 2011; Henderson et al., 2013; 

Kretzschmar et al., 2009; Kretzschmar et al., 2015; Metzner et al., 2016; Weiss et al., 

2016). In these studies, results were consistent between eye movement and FRP measures 

for the effects of text type (Henderson et al., 2013), inter-letter spacing (Weiss et al., 

2016), predictability (Dimigen et al., 2011; Kretzschmar et al., 2009; Kretzschmar et al., 

2015), as well as syntactic and semantic violations (Metzner et al., 2016). However, 

inconsistent results were observed for PoF and foveal effects of semantic relatedness 

(Kretzschmar et al., 2009), and foveal effects of word frequency (Kretzschmar et al., 

2015). The amount of data we have to date is still quite sparse to fully explain these 
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findings. However, tentatively, it appears that when a clear expectation is not met, as for 

example with predictability and violation effects, both behavioural and neural systems 

exhibit pronounced disruption. In contrast, when more subtle, less disruptive manipulations 

are adopted, such as word frequency and semantic relatedness, it appears that processing 

can still proceed, and this might produce less consistent effects in the two systems. It is not 

at all clear though, why the neural system, but not the oculomotor system, shows PoF and 

foveal effects of semantic relatedness, while the oculomotor, but not the neural system 

shows foveal effects of word frequency. 

Finally, the empirical data of the thesis provide some insight into the temporal course 

of the processes underlying reading. Recall that in the Introduction of the thesis a 

schematic (and simplistic) representation of the types of visual and linguistic processes that 

occur during a fixation on a word that is being lexically identified was provided (Figure 

1.2). The results presented in the raster diagrams of Experiments 2 and 3 provide a 

representation of data that, arguably, may be meaningfully mapped onto that schematic. 

For example, first, they suggest that a single manipulation might produce disruption to 

processing for more than one sub-process. Second, they indicate that different 

manipulations might disrupt similar, as well as different sub-processes. Considering the 

common and different time windows affected by each of the experimental manipulations 

might indicate the time course of each of the sub-processes underlying lexical 

identification. However, it remains unclear whether separate sub-processes underlying 

lexical identification are initiated serially and run in parallel, or whether they are initiated 

in parallel. Indeed, it appears evident that to date a general model of reading, which 

combines behavioural and electrophysiological data, is missing. Current eye movement 

models of reading focus on the debate between serial (Reichle, Pollatsek, Fisher, & 

Rayner, 1998; Reichle, Warren & McConnel, 2009) and parallel (Engbert, Longtin, & 

Kliegl, 2002; Schad, & Engbert, 2012) word identification during reading, and in several 
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regards do not specify the time at which the many different sub-processes underlying 

reading occur. On the other side, electrophysiological models of reading (Friederici, 2002; 

Gaskell & Marslen- Wilson, 2002; Hagoort, 2008; Pulvermüller et al., 2009) focus on the 

time of lexical access, without specifying how parafoveal and foveal processes operate in 

relation to each other and in relation to word identification during reading. Clearly, we are 

still in the early stages of this type of research for the formulation of such a comprehensive 

model of reading, and many more co-registration studies need to be conducted before a 

general model might be formulated. The application of linked mixed models (Hohenstein, 

Matuschek, & Kliegl, 2017) to co-registration data might be a useful analytical tool for 

future research to further our understanding of the relationship between eye movement and 

FRP measures. 

6.3 Methodological Considerations 

The first methodological consideration relates to the different experimental 

approaches I have adopted in the three experiments reported in this thesis. As discussed in 

Chapter 5, I consider the experimental approach used in the second experiment (Chapter 

3), with two words manipulated in each sentence, to be the optimal approach. Indeed, the 

advantages seemed to outweigh the disadvantages. The small size of the neural signal that 

can be recorded at the scalp requires researchers to use a high number of experimental 

trials. However, the longer an experimental session lasts, more chance that the data 

recorded will be noisy, due for example, to participants being tired and bored. By 

manipulating two words in each sentence compared to one word only, researchers increase 

the chance of obtaining at least one clean observation in each trial. In addition, the number 

of experimental trials, and in turn, the duration of the experimental session, might be 

reduced. Moreover, the manipulation of two words compared to all the words in the 

sentence allows to investigate more natural reading. 
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A second consideration concerns the type of statistical analysis used in the three 

experiments. In Experiment 1 (Chapter 2) we analysed both our eye movement and FRP 

data with linear mixed effects models. In Experiment 2 (Chapter 3) and Experiment 3 

(Chapter 4) we used linear mixed effects models to analyse the eye movement data, and 

cluster-based permutation analyses to analyse the FRP data. As discussed in more detail in 

Chapter 5, each of these statistical analyses has its advantages and disadvantages. 

However, it appears that future statistical advances are needed to combine the advantages 

of both these types of analysis. On one side the linear mixed effects models would allow 

control over the effect of covariates and would weight the contribution of different 

participants in different conditions. This would be beneficial for co-registration studies, 

where some of the eye movement measures (e.g., saccades) might systematically differ 

depending on the experimental condition and where the number of observations that are 

removed from the final data set might not be equally balanced across conditions. On the 

other side, permutation analysis allows for easy correction for multiple comparisons, whilst 

providing a comprehensive picture of both the temporal and spatial (at the scalp level) 

dynamics of the reading process, without requiring an excessive amount of computational 

power. This would be extremely valuable to our understanding of the influence that each 

experimental variable exerts on parafoveal and foveal processing in reading. 

Finally, in Chapter 5 (Degno, Loberg, & Liversedge, under revision) of the present 

thesis I reported an effort to facilitate the use of co-registration as an experimental method 

for the investigation of natural reading. In that methodological chapter, I discussed the 

difficulties I faced when using co-registration experimentation, and the solutions that I 

have adopted to overcome some of these difficulties, offering practical implementation 

routines. The aim of Chapter 5 was to offer a general overview of the issues that 

researchers need to consider if engaging in co-registration research, and to provide a 

review of the state-of-the-art literature in relation to each of these issues. Although very 
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specific and technical papers can be found in the literature in relation to some of the pre-

processing and/or analysis procedures of either eye movements or ERPs alone, a broader 

consideration of (almost) all the aspects requiring consideration when running co-

registration experiments remains absent. Of course, given the very early stages of this 

methodology, it is expected that future advances might improve and extend the pipeline 

proposed in Chapter 5. For example, the pipeline we presented addresses the pre-

processing and analysis of the FRPs computed as averages of the neural signal for each 

condition and participant, and then across participants. However, regression-based 

approaches are being developed with the aim of addressing the deconvolution issue of 

overlapping potentials (e.g., Amsel, 2011; Frömer, Maier, & Abdel Rahman, 2018; 

Kristensen, Guerin-Dugué, & Rivet, 2017a; Pernet, Chauveau, Gaspar, & Rousselet, 2011; 

Smith & Kutas, 2015a, 2015b), and the first advanced toolbox23 (i.e., Unfold; Ehinger & 

Dimigen, preprint) is being developed to deal with this deconvolution issue. It is important 

to note though, that even if the order (and implementation) of some of the steps of the 

pipeline presented in Chapter 5 might change in the future, it remains very likely that all 

these steps will still require consideration.  For example, the new approaches assume that 

all the preprocessing steps should be conducted with continuous, rather than epoched, EEG 

data. This would clearly change the implementation routine to be adopted (e.g., rejection of 

epochs with extreme values), but it would not preclude a preprocessing stage.  There would 

still be a need for the preprocessing step to be addressed. Beyond this, the fact remains that 

even when researchers have “dealt with” the deconvolution issue, results can still be 

exported and analysed for use with different statistical tests, such as, for example, cluster-

based permutation analysis, or linear-mixed effects models. 

                                                
23 Other toolboxes that support deconvolution analyses exist (e.g., SPM, Litvak, Jha, Flandin, & Friston, 

2013; rERP extension for EEGLAB, Burns, Bigdely-Shamlo, Smith, KreutzDelgado, & Makeig, 2013; 

pyrERP, Smith, 2013; MNE, Gramfort et al., 2014), but they present limitations in their implementation (see 

Ehinger & Dimigen, preprint, for a discussion). 



Chapter	6	

	 	 	228	

6.4 Final Conclusions 

The research presented in this thesis represents a contribution to the field of cognitive 

sciences from both a theoretical and methodological perspective. The present thesis has 

provided evidence that co-registration of eye movements and brain potentials is a valuable 

tool in the investigation of the cognitive processes that underlie reading.  In particular, this 

method can provide a more fine-grained insight of the time course of processes in reading 

than eye movements alone, and at the same time, allows for the use of reading tasks that 

are more natural than those used with ERPs alone. Furthermore, the three experiments 

presented here show that using this method during natural reading of sentences is feasible, 

and should be encouraged to extend our understanding of both foveal and parafoveal 

processing in reading. Methodological challenges still exist, but shared protocols and 

procedures might represent the way forward in the advance of this technique. 
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