


 
 

  

ABSTRACT 

Sublexical,  lexical and phonological short-term memory processes: Evaluating models of 

speech perception and short-term memory 

 by 

Heather Raye Dial 

The current research examined the processes involved in speech perception and 

the relation of speech perception to phonological short-term memory (pSTM). Contrary 

to traditional models which assume that sublexical processing necessarily precedes 

lexical processing (e.g., McClelland & Elman, 1986; Norris, 1994), several studies have 

demonstrated that patients may perform better on lexical than sublexical speech 

perception tasks (e.g., Miceli, Gainotti, Caltagirone, & Masullo, 1980). These findings 

have led to proposals of separate sublexical and lexical routes in speech perception (dual 

route models; e.g., Hickok & Poeppel, 2000). However, studies demonstrating these 

dissociations did not closely match the phonological similarity of targets and distractors 

or task demands between sublexical and lexical tasks. Experiment 1, which rectified these 

design problems, demonstrated a close correspondence between sublexical and lexical 

processing across several speech discrimination tasks for brain damaged patients and 

supported obligatory sublexical processing models of speech perception. Experiment 2 

sought to provide converging evidence by tracking patients’ eye movements while they 

performed sublexical and lexical identification tasks. As in Experiment 1, there was 

evidence a) of a close correspondence between sublexical and lexical processing and b) 

for obligatory sublexical processing. However, there were some dependent measures that 

failed to support the obligatory sublexical processing framework. Dual route models



 
 

 

additionally claim that pSTM depends on the brain regions involved in perception, 

including a sensory-motor interface region involved in rehearsal (e.g., Hickock & 

Poeppel, 2000). In contrast, traditional models of pSTM assume a phonological 

maintenance buffer separate from perceptual processes (Martin & Breedin, 1992). In 

Experiment 3 we found behavioral and structural neuroimaging (lesion-symptom 

mapping) support for the buffer approach, though no significant results were found in 

attempts to localize sublexical and lexical processing. 
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Sublexical, lexical and phonological short-term memory processes: Evaluating models of 

speech perception and short-term memory 

Chapter 1: Introduction 

Researchers have been investigating the cognitive and neural processes involved 

in speech perception for more than a century (e.g., Wernicke, 1874/1969). While most 

researchers agree that there are sublexical and lexical processes involved in speech 

perception, there is disagreement in regards to the nature and necessity of these 

processes. One prominent question is: does the perception of lexical information depend 

on the ability to map acoustic input to abstract, speech-specific sublexical 

representations, such as phonemes or syllables, or can acoustic information map directly 

to a lexical or semantic level? Many well known models of speech perception have 

assumed the former - that is, that speech sounds must pass through a language specific 

sublexical level in order to access a lexical level (e.g., Cole & Scott, 1974; McClelland & 

Elman, 1986; Luce, Goldinger, Auer & Vitevitch, 2000; Luce & Pisoni, 1998; Norris, 

1994; Norris, McQueen & Cutler, 2000; Oden & Massaro, 1978). The basic structure of 

obligatory sublexical processing models is presented in Figure 1. The details of various 

models assuming obligatory sublexical processing are discussed below. Others models 

assume holistic processing of entire words (e.g., Goldinger, 1998; Johnson, 1997; 

Pierrehumbert, 2001) or direct access to the lexical level from an auditory feature level 

(e.g., Marslen-Wilson & Welsh, 1978). More recently, researchers have proposed a dual 

route model of speech perception, arguing that there are two separate routes in speech 

perception, one for processing sublexical information for articulation and one for 

processing lexical information for accessing meaning (e.g., Hickok & Poeppel, 2000; 
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Hickok & Poeppel, 2004; Hickok & Poeppel, 2007; Hickok, 2014; Poeppel & Hickok, 

2004; Majerus, 2013; Scott & Wise, 2004; Wise, Scott, Blank, Mummery, Murphy & 

Warburton, 2001). The basic structure of dual route models is presented in Figure 2. 

Further, some researchers have even argued that there are two lexical routes for 

perception with sublexical information only being processed post-lexically as needed 

(Gow, 2012). The current research evaluates the claims of these speech perception 

models in the processes that occur after acoustic processing but before semantic 

processing - specifically the claims regarding the relationship between sublexical and 

lexical processing.  

 

Figure 1. Example of the basic structure of obligatory sublexical processing models. Note that although in 
this diagram all connections are unidirectional, some models assume feedback as well (discussed below).  

 

Figure 2. Example of the basic structure of dual route processing models.  
 

In addition to the claims regarding speech perception, those taking a dual route 

approach claim that phonological short-term memory (STM) is encapsulated within the 

speech system. Several researchers (e.g., Hickok & Poeppel, 2000; Hickok & Poeppel, 

2004; Hickok & Poeppel, 2007; Ravizza et al., 2011) have argued for a sensory view of 

phonological STM – that is, speech sounds are maintained in STM via sustained 

activation in the regions involved in their perception or via cycling of information 
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between regions involved in perception and production (i.e., rehearsal). Researchers 

taking a buffer approach to STM, on the other hand, have argued for storage buffers 

separate from speech perception and production that serve to maintain speech sounds in 

STM (e.g., Baddeley, 1992; Baddeley 2000; Baddeley, Lewis, & Vallar, 1984; Martin & 

Breedin, 1992; Martin, Lesch and Bartha, 1999). The current study assessed the claims of 

these models regarding speech perception and phonological STM using a variety of 

methods, including behavioral, eye-tracking and structural neuroimaging methods.  

 In the current paper, I will first review and point out some of the strengths and 

weaknesses of previous research and claims regarding speech perception. I will then 

present and evaluate some of the specific claims regarding the nature and processes of 

phonological STM. Finally, I will discuss the current research and findings. We predicted 

that the data from the current study would support a) models of speech perception 

assuming obligatory sublexical processing of abstract speech-specific units as a 

prerequisite for lexical processing and b) buffer approaches to phonological STM.   

Models of Speech Perception 

Standard models of speech perception have often assumed a mapping to 

sublexical units as a prerequisite to lexical processing. Critically, this class of models 

(i.e., obligatory sublexical processing models) has assumed that after speech has been 

processed for its basic acoustic features, information is encoded into abstract, speech-

specific sublexical units before being mapped onto lexical representations. The lexical 

representations subsequently provide access to semantic representations, thus completing 
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the speech perception process.1 The critical claim of such models is that a sublexical level 

exists and is necessarily accessed before a listener can access the lexical level. As such, if 

there is a complete breakdown at the sublexical level, then a listener would not be able to 

perceive or understand spoken language. Even though many models of speech perception 

have made this assumption, some models have eliminated this intermediate level 

altogether (e.g., Goldinger, 1998; Johnson, 1997; Pierrehumbert, 2001). In the following 

section, I will review some of the most influential models of speech perception, paying 

particular attention to the existence or absence of abstract, speech-specific sublexical 

levels of representation. 

In one of the earliest contemporary attempts to explain the processes involved in 

speech perception, Marslen-Wilson & Welsh (1978) proposed the COHORT model. In 

the COHORT model, all words that begin with the same acoustic-phonetic segments as 

the word that is currently being perceived (i.e., the word-initial cohort) are activated. For 

example, if you heard the word dog, words like dock, dawn, dive, etc. would initially be 

activated.2 As time unfolds and the word is fully presented, words are eliminated from the 

cohort until only the target word is left. According to the COHORT model, both bottom-

up (i.e., acoustic-phonetic features) and top-down (e.g., sentential context) factors 

influence word recognition, and there is no intermediate, abstract, speech-specific level 

(i.e., sublexical units of representation) between the acoustic-phonetic and lexical levels. 

                                                        
1 It is important to note that the basic unit of representation of the sublexical processing level may be 
phonemes (e.g., McClelland & Elman, 1986; Norris, 1994), allophones (e.g., Luce & Pisoni, 1998), 
syllables (e.g., Cole & Scott, 1974), or something else, but the current study remains agnostic in this regard. 
2 Note that acoustic-phonetic segments refer to acoustic information that can be specifically related to 
speech sounds, such as frequency or intensity, and that these segments are not abstract units of 
representation but rather are grounded in physical reality. 
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A major shortcoming of the original COHORT model was that it was not 

computationally explicit in how the process of word recognition was carried out.  

Partially in response to the COHORT model, one of the first computational 

models of speech perception was created, the TRACE model (Elman & McClelland, 

1983). With the TRACE model, researchers tried to make some of the claims of the 

COHORT model computationally explicit as well as to expand on those claims (Elman & 

McClelland, 1983; McClelland & Elman, 1986). TRACE attempts to model speech 

perception using an interactive activation model by first analyzing a word for its 

spectrotemporal signal at the feature level. Once any of the feature nodes passes a certain 

threshold of activation, activation spreads to the phoneme level where phonemes 

containing those features are activated. When a phoneme node passes a certain threshold 

of activation relative to the other phoneme nodes, activation spreads to the word level 

where all words that contain that phoneme are activated. To simulate the temporal nature 

of speech processing, information is accrued in time-slices and words are eliminated from 

the lexical network over successive slices. This continues until the entire word has been 

processed and only a single word remains active. As is clear, the TRACE model requires 

that sublexical information be processed (i.e., phoneme level) before reaching the lexical 

level (i.e., word level).  

The TRACE model is also highly interactive. McClelland and Elman (1986) were 

able to account for a wide range of psychological findings (e.g., word perception in noisy 

environments, context-sensitivity of phonemes) by implementing interactive activation 

both between and within levels, with excitatory activation occurring between levels and 

inhibitory activation occurring within levels. For example, imagine a situation where you 
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hear the word “dog.” Given excitatory activation between levels, activation consistent 

with “dog” at the word level would feed excitatory activation back to the phoneme level 

and vice versa. The same would occur between the phoneme and feature levels. However, 

within a level interactive activation is inhibitory, so, for example, within the phoneme 

level activation of /k/ in the final position would be inhibited by the appropriate 

activation of /g/.  

Although the TRACE model has been very influential, not all researchers agree 

with its assumptions. For example, some researchers have argued that interactive 

activation is not necessary to account for psychological findings in speech perception 

(e.g., Norris, 1994). These researchers have argued for autonomous, feed-forward models 

instead of interactive models (e.g., Norris, McQueen & Cutler, 2000; Pitt & McQueen, 

1998). One autonomous model, the SHORTLIST model (Norris, 1994), does not 

implement an interactive activation framework and rather uses strictly bottom-up 

processes to recognize words. In the SHORTLIST model, as in the TRACE model, input 

is first filtered through a sublexical (phoneme) level before reaching a lexical level. In 

contrast to TRACE, the SHORTLIST model does not allow information from the lexical 

level to feed back to the phoneme level and instead accounts for lexical effects on 

sublexical levels by allowing perceptual decisions to be made after lexical processing has 

occurred. In other words, these researchers argue that lexical influences on sublexical 

processing actually occur post-lexically. Although it is not the primary goal of the present 

study to evaluate the interactivity versus feed-forward claims of the TRACE and 

SHORTLIST models, we present a brief discussion of the evidence for each, as it is 

relevant for interpretation of our data. 
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Many studies have reported evidence in favor of interactive activation (e.g., 

Martin, Breedin, & Damian, 1999; Elman & McClelland, 1988; Magnuson, McMurray, 

Tanenhaus & Aslin, 2003; Mirman, McClelland & Holt, 2005; Movellan & McClelland, 

2000; Samuel, 2001; Tyler & Marslen-Wilson, 1977). For a review of evidence 

supporting interactivity between levels, see McClelland, Mirman and Holt (2006). One 

such example is a study reported by Breedin, Martin and Damian (1999). This study is 

particularly relevant to the current study because the researchers utilized patient data on 

speech perception tasks and attempted to model that data using variations of TRACE. In 

this study, the researchers attempted to localize the source of an unusual pattern of 

deficits in an aphasic patient, AP. AP presented with good phoneme perception, as 

evidenced by consonant-vowel (CV) syllable discrimination and repetition. However, he 

was quite impaired at auditory lexical decision, particularly for nonwords. He was also 

impaired at auditory discrimination of word-nonword pairs that differed by a single 

phonetic feature and at determining which item was a word in an auditorily presented 

word-nonword pair. In a word and nonword repetition task, he was mildly impaired with 

word repetition, but was severely impaired with nonword repetition, and many of his 

nonword repetition errors were lexicalizations or phonologically similar nonwords. The 

researchers found that the model that was best able to account for this pattern was 

modeled after the interactive activation framework for word reading proposed by 

McClelland and Rumelhart (1981). Martin, Breedin and Damian (1999) modified the 

model such that the visual feature level was converted to an acoustic feature level and the 

letter level was converted to a phoneme level.  
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The researchers found that the best way to model AP’s performance was by 

increasing the rate of decay at the phoneme level. When the researchers entered a non-

word into the model (e.g., darp), phonemes from phonologically similar words would 

become active (e.g., “t” from dart) while phonemes not consistent with a word (e.g., “p” 

from darp) were quickly eliminated from the set. Over successive cycles, one word would 

become dominant and feed information back to the phoneme level, leading the phonemes 

associated with that word to dominate that level. The word reading model of McClelland 

and Rumelhart (1981) differs from the speech perception model TRACE (McClelland & 

Elman, 1986) in a couple of ways. First, there is inhibitory activation between levels and 

second, there are no temporal processing parameters such as the slices of TRACE.3 The 

feed-forward model did not lead to lexicalizations due to a lack of feedback from the 

lexical to the phoneme level and thus was not able to simulate AP’s performance. 

Overall, this study supports interactive models and provides evidence against strictly 

feed-forward activation (also see Fink, Churan & Wittmann, 2006). However, other 

studies have reported evidence supporting autonomous over interactive frameworks.  

Evidence supporting autonomous claims comes from studies such as that by Pitt 

and McQueen (1998). In this study, the researchers evaluated whether interactive or 

autonomous models were better able to describe a series of findings regarding perception 

of phonemes in a coarticulatory context. Coarticulation is the phenomenon that the way a 

phoneme is produced, and the consequent auditory output, depends upon the preceding 

and following phonemes. Pitt and McQueen (1998) had participants categorize various 

                                                        
3 Breedin, Martin and Damian (1999) tried to model AP’s performance using TRACE, but TRACE was 
unable to do so. They argued that this was related to sequential vs. parallel processing of the input to the 
model, a point that is outside of the scope of this paper. Note however that both the modified McClelland 
and Rumelhart (1981) model tested in this study and the TRACE model of McClelland and Elman (1986) 
require processing of sublexical information to access lexical levels. 
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phonemes in contexts that should bias perception towards a particular phoneme (e.g., 

given /b/ /U/ /?/, determine whether the final sound is /s/ or /ʃ/, where /b/ /U/ /s/ is not a 

legal word but /b/ /U/ /ʃ/ is). According to interactive approaches, perceptual biases 

towards particular phonemes occur in given contexts because of both transitional 

probabilities between phonemes (i.e., how likely phonemes are to co-occur) and feedback 

from the lexical to the phoneme level. On the other hand, autonomous approaches predict 

that these effects are due only to transitional probabilities. Thus, interactive accounts 

predict both lexical and transitional probability effects, whereas autonomous approaches 

would predict only a transitional probability effect. The researchers found that 

transitional probabilities affected participants’ phoneme categorization in the word and 

non-word stimulus conditions whereas lexical effects did not occur. Their results thus 

supported the autonomous approach (but see Magnuson, McMurray, Tanenhaus & Aslin, 

2003).  

As mentioned previously, the goal of the current study was not to address claims 

of interactivity vs. autonomous processing, however this distinction was relevant in 

interpreting our data, hence the brief digression. Critically for the present study, despite 

the differences in claims regarding interactivity, these models reflect one central 

assumption: passage through an abstract, speech-specific sublexical level is required in 

order to reach a lexical level. In fact, the majority of speech perception models require at 

least some degree of speech-specific sublexical processing in order to access lexical 

levels (for a review, see Jusczyk & Luce, 2002). For example, Cole and Scott (1974) 

argued that speech perception is accomplished via a three-process system consisting of 

invariant cues (e.g., sound frequency), transitional cues (e.g., effects of coarticulation) 
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and cues provided by the waveform envelope (e.g., prosodic information). By integrating 

the invariant and transitional cues, perception of the proposed basic unit of speech, the 

syllable, occurred. The waveform envelope was argued to be involved in integrating the 

syllabic information acquired from the previous two levels into whole words and phrases. 

Overall, Cole and Scott (1974) proposed a model with two explicit levels of processing: a 

sublexical syllabic level, where perception is accomplished via integration of invariant 

and transitional cues, and a lexical level, where perception is accomplished via 

integration of the sublexical information into words and phrases in the waveform 

envelope.  

Another example, the Fuzzy Logic Model of Oden and Massaro (1978), proposes 

that speech perception consists of three levels. The first level is feature evaluation, where 

voicing, manner and place features are perceived independently. The next level is 

prototype matching, where input from feature evaluation, for example that the percept is 

voiced and labial, is matched with phonemes stored in long-term memory (LTM; in the 

case of a stimulus that is voiced and labial, /b/, /d/, /g/, and /p/ might all be activated). 

The final level is pattern classification, where the prototypes from the previous level are 

matched with the phoneme in LTM that is the closest to the percept among competing 

alternatives (i.e., for voiced and labial, /b/ would be chosen). This model exclusively 

deals with perception of sublexical units, emphasizing the importance of these units in 

speech perception. 

As a final example, the Neighborhood Activation Model (NAM), proposed by 

Luce and Pisoni (1998), requires passage through two levels to recognize a word. The 

first level is an acoustic-phonetic pattern activation level, where sublexical units of 
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speech are processed. The output from the pattern classification level is sent to the 

neighborhood activation level, where word identification is a function of the frequency of 

the word and the frequency and phonological neighborhood density (i.e., words created 

by adding, deleting or substituting a single phoneme) of neighboring words. This model 

was instantiated computationally in PARSYN, using allophones (i.e., audibly unique 

variants of the same phoneme which when substituted for one another do not change the 

meaning of a word but do change the pronunciation) as the basic unit of sublexical 

perception (Luce, Goldinger, Auer & Vitevitch, 2000).  

It is thus clear that a variety of models have presupposed processing at a 

sublexical level for accessing the lexical level. However, not all models of speech 

perception reflect this assumption. For example, Goldinger (1998) proposed an episodic 

theory of speech perception where words are processed in a holistic fashion (no 

sublexical level at all) based on episodic memory traces that reflect information such as 

the voice of the speaker, the contexts in which that word tends to be used, etc. (see also 

Johnson, 1997; Pierrehumbert, 2001). These so-called exemplar theories of speech 

perception emphasize data indicating the influence of specific acoustic features (e.g., 

pitch of a speaker’s voice) on perception. This information is typically considered noise 

and is filtered out in other approaches (e.g., McClelland & Elman, 1986).  

In recent years, a prominent alternative has arisen that attempts to extend the dual 

route architecture prominent in visual processing, namely the dorsal-where/how pathway 

and the ventral-what pathway (Goodale & Milner, 1992; Mishkin, Ungerleider & Macko, 

1983), to the language domain. While models assuming obligatory access to sublexical 

levels tend to focus on cognitive architecture and computational modeling approaches to 
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understanding speech perception, the dual route models focus on the relationship between 

neuroanatomical and cognitive architectures of speech perception. A prominent feature of 

the dual route framework is that sublexical and lexical processing operate independently 

and in parallel, and that sublexical processes are not involved in lexical perception to any 

meaningful extent (Gow, 2012; Hickok & Poeppel, 2000; Hickok & Poeppel, 2004; 

Hickok & Poeppel, 2007; Hickok, 2014; Poeppel & Hickok, 2004; Majerus, 2013; Scott 

& Wise, 2004; Wise, Scott, Blank, Mummery, Murphy & Warburton, 2001).  

In the most prominent of the dual route models, that of Hickok and Poeppel 

(2000), speech sounds first undergo spectrotemporal analysis before the speech stream 

branches into a meaning-based ventral route responsible for lexical processing and 

semantic access and a sound-based dorsal pathway responsible for sublexical processing 

and processing speech sounds for subsequent articulation. In other words, the ventral 

route provides access to the mental lexicon (i.e., semantics) so that the listener can access 

the meaning of the word they heard while the dorsal pathway serves as a sensory-motor 

interface where articulatory gestures are planned and mapped onto motor representations. 

The researchers argue that the dorsal pathway is not required for tasks requiring mapping 

auditory input onto concepts but instead is important for tasks such as acquiring 

language, repeating non-words that have no corresponding semantic representation and in 

tasks that explicitly require attention to sublexical units of speech4 (Hickok & Poeppel, 

2000, 2004; Hickok, 2014; Poeppel & Hickok, 2004). Additionally, Hickok and Poeppel 

                                                        
4 Hickok and Poeppel (2004) give examples such as phoneme identification and rhyming tasks. However, 
this leads one to wonder where the line is drawn between tasks explicitly drawing attention to sublexical 
units of speech and tasks that do not require that attention. It is thus difficult to infer when sublexical 
information is no longer a necessary factor in speech perception according to this model.  
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(2000, 2004, 2007) have claimed that the dorsal stream is involved in phonological STM, 

though we hold off discussion of this claim until later.  

Hickok and Poeppel (2004) remain intentionally agnostic as to what 

psycholinguistic processes may occur between the acoustic analysis of the speech signal 

and the mapping to semantic representations. As such, they do not make any claims 

regarding questions such as, is there a lexical-phonological level separate from a lexical-

semantic level? This agnosticism makes some of the claims regarding sublexical and 

lexical processing difficult to situate within a larger speech perception framework. 

Further, the exact nature of their claims appears to vary depending on the publication. In 

some instances it seems that the claim is that the abstract, speech-specific sublexical 

processing is not necessary for successful speech comprehension. For example, Hickok 

and Poeppel (2007) argue that speech comprehension, accomplished via the ventral route, 

occurs in three stages: spectrotemporal analysis, phonological processing and access to a 

lexical interface that maps the information onto concepts. As can be seen, phonological 

processing occurs between spectrotemporal analysis and the lexical interface, leading one 

to wonder, could this be sublexical processing? However, it seems that the claim is that 

this is a lexical, not sublexical, level. Hickok and Poeppel (2007) note the following in 

regards to the phonological processing level: 

[Lexical-phonological network] activation can be manipulated by the 

manipulation of psycholinguistic variables that tap phonological networks, such 

as phonological neighborhood density (the number of words that sound similar to 

a target word). (p. 398) 

Further, Vaden, Piquado and Hickok (2011) state that: 
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[sublexical] level information is only represented explicitly on the motor side of 

speech processing and…[is] not explicitly extracted or represented as a part of 

spoken word recognition. (p. 2672) 

 In other instances it seems that they are arguing that sublexical processing occurs 

before the speech processing stream branches into the dorsal and ventral streams (i.e., the 

claim is not different from the obligatory sublexical processing models’ claim) but that 

the tasks used to tap sublexical processing are problematic. For example, Hickok and 

Poeppel (2007) note that: 

the use of sublexical tasks would seem to be a logical choice for assessing these 

sublexical processes, except for the empirical observation that speech perception 

and speech recognition doubly dissociate. (p. 394) 

where speech perception refers to sublexical processing and speech recognition refers to 

lexical processing. Further, Hickok and Poeppel (2004) state that: 

patients exist who cannot accurately perform syllable discrimination/identification 

tasks, yet have normal word comprehension: if sublexical tasks isolate and 

measure early stages of the word comprehension process, deficits on sublexical 

tasks should be highly predictive of auditory comprehension deficits, yet they are 

not. What we suggest is that performance on sublexical tasks involves neural 

circuits beyond (i.e. a superset of) those involved in the normal comprehension 

process. This is an important observation because there are many studies of the 

functional anatomy of ‘speech perception’ that utilize sublexical tasks. (p. 74) 

The supposed neural circuits above and beyond normal speech perception include frontal 

regions, which Hickok and Poeppel (2004) argue are important for explicit attention to 
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sublexical components of speech, segmentation of speech percepts into these sublexical 

components, and for short-term memory (STM) and may reflect articulatory-motor 

processes (Vaden, Piquado & Hickok, 2011). According to these claims, performance on 

sublexical processing tasks would not necessarily be related to performance on lexical 

processing tasks.  

Finally, in a recent paper published by Hickok (2014), he explicitly claims that 

syllable discrimination taps the dorsal route and word recognition taps the ventral route. 

Further, he argues that the reason the dorsal route is involved in processing syllables is 

that these are the basic units of speech production, thus advancing an argument for a 

sensory-motor function of the dorsal route. In conclusion, it is not clear whether the claim 

is that sublexical and lexical processing are carried out by non-overlapping streams or 

that sublexical processing does precede lexical processing but that tasks typically used to 

tap the two levels draw on distinct cognitive processes and thus performance on the tasks 

may doubly dissociate.  

Gow (2012) proposed an alternative dual route model that does away with the 

idea of a sublexical route altogether. Gow (2012) argues that although researchers have 

generally assumed sublexical processing as a prerequisite for, or at least an important part 

of the process of, lexical processing, the literature generally does not support this claim. 

For example, Gow (2012) notes that in a review paper by Foulke and Sticht (1969) the 

authors found that participants were able to comprehend over 400 words per minute, 

which equates to roughly 30 ms per phoneme. However, Cullinan, Erdos, Schaefer and 

Tekieli (1977) found that individuals could not report the order of phonemes within a 

four-phoneme sequence if the phonemes were less than 100ms in duration. Gow (2012) 
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argues that if words are perceived as sequences of segments, then the ability to perceive 

the order of those segments would be a necessary prerequisite for word recognition and, 

further, that since individuals need at least 100ms per phoneme in order to determine the 

order but can perceive words whose constituent phonemes are only presented for 30 ms, 

sublexical levels of representation are not required for mapping onto lexical levels. It is 

important to note, however, that Foulke and Sticht (1969) found that across several 

studies, comprehension rates rapidly decline after about 275 words per minute, 

potentially negating Gow’s (2012) argument. 

In terms of its functional architecture, the Gow (2012) dual route model, instead 

of including separate sublexical and lexical routes, proposes two lexical routes, with the 

dorsal route containing a lexicon of its own. Thus, this dual route model claims two 

lexicons, one as part of the ventral pathway and one as part of the dorsal pathway. This 

model is similar to the Hickok and Poeppel model (2000, 2004, 2007) in that it first 

begins with spectro-temporal analysis of the speech signal. However, after spectro-

temporal analysis information is sent directly to both the dorsal and ventral lexicons. The 

ventral pathway is argued to be involved in translating sound to meaning, as in the 

Hickok and Poeppel model (2000, 2004, 2007), but Gow (2012) goes a bit further and 

claims that the ventral route is involved in sentence processing and the production of 

spoken words when intending to communicate meaning. The dorsal pathway is argued to 

be involved in translating sound into word forms that are specifically designed for 

articulation by means of passage through the dorsal lexicon. Because the dorsal route 

contains a lexicon of its own, information passing through this route is sensitive to lexical 

effects, such as frequency and phonological neighborhood density. Further, the dorsal 
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pathway is also argued to contain a single lexicon for input and output. This claim is 

clearly contentious, as many psycholinguistic models of speech require separate input and 

output lexicons (e.g., Levelt, Roelofs & Meyer, 1999). However, the most important 

point for the current study is that this model has no role for sublexical processing in 

speech perception. Instead, Gow (2012) argues that sublexical processing only occurs 

when explicitly required for task completion (see Footnote 4) and is a post-lexical, as 

opposed to a pre- or sublexical, process.  

Neuroanatomical Claims of Dual Route Models 

In addition to the claims regarding cognitive architecture, and unlike the 

psycholinguistic models discussed previously, the dual route models make specific 

neuroanatomical claims. Hickok and Poeppel (2000, 2004, 2007) have argued that speech 

sounds are first analyzed for spectro-temporal properties in bilateral superior temporal 

gyrus (STG; see also Scott & Wise, 2004). Note that although they claim bilateral 

processing, they state that the activation is asymmetrical with a left hemisphere bias. 

Hickok and Poeppel (2004) argue that a smaller portion of this region that is fully left-

lateralized subserves some sublexical functions (see p. 73), though they do not clearly 

specify the nature of those functions. Hickok & Poeppel (2004) also suggest that if 

sublexical impairments are caused by damage to STG, then performance on sublexical 

tasks should be at least partially predictive of performance on lexical tasks, though this is 

different than claims they have made elsewhere (e.g., Hickok & Poeppel, 2000). After 

passing through bilateral STG, the processing streams diverge into predominantly left 

lateralized dorsal and ventral streams.  
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The ventral stream departs from the STG and subsequently passes through the 

posterior superior temporal sulcus (pSTS), which Hickok and Poeppel (2004; 2007) argue 

is involved in higher level auditory processing such as phonological processing. Hickok 

and Poeppel (2007) define the relevant portion of pSTS as “bounded anteriorly by the 

most anterolateral aspect of Heschl’s gyrus and posteriorly by the posterior-most extent 

of the Sylvian fissure” (p. 398). Finally, information is transferred from the pSTS to the 

posterior middle temporal gyrus (pMTG) and the posterior inferior temporal gyrus 

(pITG). These two regions, sometimes referred to by these researchers as the posterior 

inferior temporal lobe structures (pITL), are argued to integrate the sound-based 

representations that are sent from bilateral STG and left lateralized pSTS with widely 

distributed conceptual information, thus effectively mapping sound to meaning.  

The dorsal stream departs from bilateral STG and subsequently passes through a 

region located within the Sylvian fissure at the parietal-temporal boundary (the authors 

term this region Spt). Region Spt is argued to serve as an interface between sensory 

information received from bilateral STG and motor information received from the left 

inferior frontal region and left premotor region (Hickok, Buchsbaum, Humphries & 

Muftuler, 2003; Hickok & Poeppel, 2004; Hickok & Poeppel, 2007; Scott & Wise, 2004). 

As such, the Spt is contended to be important for tasks such as learning a language and 

repeating words. Further, the Spt is argued to be crucial for phonological STM (evidence 

for and against this will be discussed in a later section). Note that Spt was first introduced 

in Hickok and Poeppel (2004), but that this location is a slight change from the claims 

made in Hickok and Poeppel (2000), where the boundary of the temporal-parietal-

occipital junction (TPJ) is claimed to be the seat of the sensorimotor interface. The left 
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inferior frontal region and the left premotor region are involved in planning the 

articulatory movements necessary for successful motor implementation of the sensory 

representations received from Spt.  

As in the Hickok and Poeppel models (2000, 2004, 2007), speech perception in 

Gow’s (2012) model begins in bilateral STG and is dedicated to spectro-temporal 

analysis of speech. The processing stream then diverges into the dorsal and ventral 

streams, and it is at this point that Gow’s (2012) model deviates from the Hickok and 

Poeppel model (2000, 2004, 2007). Within the dorsal stream, information is subsequently 

sent to the supramarginal gyrus (SMG), the location of the dorsal lexicon, and the parietal 

operculum before linking to premotor cortex, left inferior frontal gyrus (LIFG) and the 

anterior insula. He also argues that there are connections to the angular gyrus when 

needed to process sublexical units, though he notes that the processing of sublexical units 

occurs post-lexically. The ventral stream sends signals to pMTG, the location of the 

ventral lexicon, which is linked to the anterior temporal lobe and the LIFG. Figure 3 

presents the Hickok & Poeppel (2007) and Gow (2012) neuroanatomical models, 

respectively. We will now turn our attention to the evidence used to support the various 

models of speech perception presented in this section.  
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Figure 3. a) Diagram of the cortical organization of the Hickok and Poeppel (2007) dual route model of 
language. Green regions, in dorsal STG, are involved in spectrotemporal analysis. Yellow regions, in pSTS, 
are involved in phonological processes. Blue regions represent the dorsal stream, and pink regions 
represent the ventral stream. This is Figure 1A and B from Hickok & Poeppel (2007). b) Diagram of the 
cortical organization of the Gow (2012) dual route model of language. Green regions, in pSTG, are 
involved in spectrotemporal analysis. Yellow regions are the ventral lexicon, located in pMTG, and the 
dorsal lexicon, located in SMG. Red regions represent the dorsal stream, and the blue region represents the 
ventral stream. This is Figure 1 from Gow (2012). 
 

Evidence for Speech Perception Models Assuming Obligatory Sublexical 

Processing  

Although a fairly standard assumption, it is difficult to find evidence supporting 

the notion that sublexical processing is a necessary prerequisite for lexical processing. 

While considerable evidence supports the existence of sublexical and lexical levels, this 

evidence does not necessarily speak to whether one necessarily precedes the other. Some 

of the evidence that supports the distinction between sublexical and lexical levels comes 

from investigations of variables that have different effects on these levels. For example, 

researchers have investigated the effect of variables such as phonotactic probability  (i.e., 

the frequency of segments or sequences of segments in syllables and words) and 

phonological neighborhood density (i.e., the number of words that can be created by 

A B 
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adding, deleting or substituting a single phoneme) on speech perception (e.g., Luce & 

Pisoni, 1998; Vitevitch & Luce, 1998; Vitevitch & Luce, 1999; Vitevitch, Luce, Charles-

Luce & Kemmerer, 1997).  

Researchers have generally found that high phonotactic probability facilitates 

speech perception while high phonological neighborhood density inhibits speech 

perception (e.g., Luce & Pisoni, 1998; Vitevitch et al., 1997). However, researchers have 

noted that phonotactic probability and phonological neighborhood density are highly 

correlated (Landauer & Streeter, 1973). Landauer and Streeter (1973) examined high and 

low frequency words and found that high frequency words have high probability 

phonemes while low frequency words have low probability phonemes. Further, high 

frequency words are more similar to more words than low frequency words (i.e., they 

have higher phonological neighborhood density). Overall, words that have a large 

neighborhood density also have a high phonotactic probability.  

Although at first these findings may seem contradictory (i.e., that high 

phonotactic probability is facilitatory, high phonological neighborhood density is 

inhibitory, but that phonotactic probability and phonological neighborhood density are 

positively correlated), these apparently discrepant findings do make sense if the two 

variables operate at different levels of processing. To directly test this hypothesis, 

Vitevitch and Luce (1999) examined the effects of these two variables using a speeded 

same/different task of words and nonwords. The words and nonwords varied in 

phonotactic probability and phonological neighborhood density such that there were four 

conditions: high-probability, high-density words and nonwords and low-probability-low 

density words and nonwords. They found that high density, high probability nonwords 
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were responded to more quickly than low density, low probability nonwords but that low 

density, low probability words were responded to more quickly than high density, high 

probability words. Thus, the effects of phonotactic probability and phonological 

neighborhood density were different depending on the lexicality of the stimulus.  

In the absence of lexical information, as is the case of nonwords, phonological 

neighborhood density has no effect while phonotactic probability does have an effect. 

However, when lexical information is available, as is the case with words, phonological 

neighborhood density affects processing while effects of phonotactic probability are 

minimized. Vitevitch and Luce (1999) argued that the results supported a distinction 

between sublexical and lexical processing levels. However, in this study the researchers 

explicitly stated that they did not assume that sublexical processing was a necessary 

prerequisite for lexical processing. Instead, they adapted their research to a different 

model of speech perception, the adaptive resonance theory of Grossberg, Boardman and 

Cohen (1997). According to this theory, speech perception is accomplished as resonance 

is developed via excitatory, bi-directional connections between WM “items” (i.e., a 

feature cluster level where “item” nodes are phonetic) and a “list chunk” level where 

chunks are defined as anything from sub-syllabic segments to words. The exact details of 

this model, however, are beyond the scope of this paper.  

Examination of categorical perception is another method that people have used in 

attempts to measure the relationship between sublexical and lexical processing (e.g., 

McMurray, Aslin, Tanenhaus, Spivey & Subik, 2008; McMurray, Munson & Tomblin, 

2014; McMurray, Tanenhaus and Aslin, 2002). Before moving on to the way researchers 

have used categorical perception to investigate this relationship, it is important to first 
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understand the nature of categorical perception, the potential limitations of this method 

(i.e., offline measure of speech perception) and ways in which researchers have utilized 

this method while avoiding its limitations (i.e., eye-tracking). Each of these will be 

discussed in turn before turning to the studies directly examining the way this paradigm 

has been used to study the relationship between sublexical and lexical processing. The 

current study will utilize a variation of this task, so it is important to clearly lay the 

foundations of categorical perception. 

Liberman, Harris, Hoffman and Griffith (1957) were the first to report the 

phenomenon of categorical perception, namely that individuals showed a sharp boundary 

in identification data for phonemes when some featural dimension such as voice onset 

time (VOT) was varied in a continuous fashion.  Moreover, their ability to discriminate 

two stimuli along this continuum depending on the labeling.  That is, two stimuli 

consistently labeled with the same name were very difficult to discriminate whereas those 

that crossed the phoneme boundary were easy to discriminate, even when the acoustic 

change was matched in the two cases. This pattern stands in contrast to findings in other 

acoustic domains, such as tone perception, where discrimination depends on the size of 

the acoustic difference rather than how the stimulus is labeled (Pollack, 1952). In 

subsequent research, however, Pisoni and Tash (1974) found that the standard sharp 

boundary found in labeling speech stimuli contrasted with the response time data, which 

tend to be more graded than categorical.  

The contrast between the labeling and response time data provide support to 

criticisms of standard categorical perception studies (e.g., Liberman et al., 1957) which 

note that in the standard administration responses are measured off-line, after perception 
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has already occurred, and that off-line responses may not accurately reflect speech 

perception processes. One way that researchers have avoided this criticism is to measure 

speech perception processes online using eye tracking methodology (e.g., McMurray & 

Spivey, 1999; McMurray, Aslin, Tanenhaus, Spivey & Subik, 2008; McMurray, 

Tanenhaus and Aslin, 2002). Eye tracking is a useful online measure of speech 

perception because eye movements are very sensitive to the uptake of acoustic and 

phonetic information (McMurray, Tanenhaus and Aslin, 2002). For the purposes of the 

current study, it is important to note that only a few studies have used eye-tracking with 

brain damaged patients (e.g., McMurray, Munson & Tomblin, 2014; Yee, Blumstein & 

Sedivy, 2008).  

McMurray and Spivey (1999) addressed the temporal dynamics of categorical 

perception to see if online measures of speech perception (i.e., eye movements) would 

reflect strictly categorical perception, as in the identification measures of Pisoni and Tash 

(1974), or would reflect a more graded pattern, as suggested by the response time data. 

The researchers manipulated VOT on a synthetic /ba/-/pa/ continuum and had 

participants click on the syllable “ba” or “pa” on a computer screen to address this 

question. Critically, they measured participants’ eye movements to the written words 

“ba” and “pa” as the participants heard and identified the stimuli in addition to measuring 

response time and identification responses.  

The researchers found that the eye movement results for unambiguous VOT’s 

(i.e., syllables at the endpoints of the VOT continuum) indicated initial activation of both 

“ba” and “pa” but, as the speech signal temporally unfolded, the correct syllable quickly 

began to dominate fixations. Further, identification responses were highly accurate and 
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consistent. In other words, with VOT’s clearly corresponding to /ba/ or /pa/, participants’ 

eye movements quickly tended to cluster around the perceived stimulus and identification 

responses were quick and accurate. On the other hand, fixations for ambiguous VOT’s 

(i.e., syllables in the middle of the VOT continuum, near the category boundary) 

remained roughly equal for “ba” and “pa” and neither syllable ended up dominating 

fixations. Additionally, participants’ eye movements were graded such that the proportion 

of fixations to the opposite item (fixations to visually presented “ba” for auditorily 

presented /pa/, and vice versa) increased linearly the closer the VOT was to the category 

boundary. Accordingly, responses tended to maintain a categorical nature except for the 

most ambiguous stimuli (i.e., those placed at the category boundary or about one VOT-

step on either side of the boundary), where identification responses were inconsistent and 

varied between the two syllables. After running a series of models, the researchers 

concluded that the eye movements reflected simultaneous activation of the two phonemes 

with competition between the phonemes serving as the primary mechanism for 

disambiguation; the less ambiguous the stimulus, the quicker the competition was 

resolved.  

In a subsequent study, McMurray, Tanenhaus and Aslin (2002) were interested in 

using this paradigm to examine the effects of “sub-phonemic” (pp. B40) information on 

lexical processing. The researchers again varied VOT along a /b/-/p/ continuum, but 

instead of phoneme identification used a four alternative forced choice visual world 

paradigm with synthetic word stimuli, where target and competitor stimuli were pictures 

of items such as bear and pear and unrelated stimuli were pictures of items such as lamp 

and shoe. While participants performed this task, their eye-movements toward pictures of 
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the target, competitor and two unrelated pictures were tracked. The researchers found that 

the proportion of looks to the competitor picture linearly increased as VOT approached 

the category boundary. Thus, the acoustic and phonetic differences in VOT were 

maintained, rather than being removed from the perceptual process, and as such affected 

access to the lexical level. This stands in contrast to some of the assumptions of models 

such as TRACE, where this kind of information would be treated as noise and filtered out 

of the speech perception system (McClelland & Elman, 1986).  

McMurray et al. (2008) replicated this finding using natural speech stimuli. 

Additionally, McMurray et al. (2008) manipulated the number of alternative choices (2 

vs. 4), the lexicality of the stimuli (words vs. CV syllables) and the type of identification 

task (phoneme vs. word) across several experiments to expand upon the results from the 

McMurray et al (2002) study. They found that using a four alternative forced choice 

procedure was more sensitive to participants’ perceptual experiences than a two 

alternative forced choice, as evidenced by a more categorical, steeper slope in the latter 

and a more graded, shallower slope in the former. Second, they found that using word 

stimuli and word targets was the most sensitive measure of participants’ perception of 

within-category changes in VOT, with more graded, shallower slopes for words as 

compared to phoneme stimuli and targets. The researchers argued that the data supported 

claims that lexical level processes are sensitive to acoustic-phonetic information (i.e., 

VOT).  

That acoustic-phonetic information is maintained at the lexical level could have 

several potential implications for models of speech perception. First, this could indicate 

that there is no need for an intermediate, abstract speech-specific level as claimed by 
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models such as TRACE (McClelland & Elman, 1986), Shortlist (Norris, 1994) and NAM 

(Luce & Pisoni, 1998) because acoustic-phonetic information would map straight onto 

lexical levels. Recall that acoustic-phonetic information is speech-specific but not 

abstract, as this information represents the physical properties of the speech signal. 

Second, it could indicate that acoustic-phonetic information is maintained across an 

abstract, sublexical speech-specific level that feeds into a lexical level. In this case, if the 

acoustic-phonetic information does not clearly map onto a particular unit at the sublexical 

level (i.e., as is the case with ambiguous stimuli), then more than one sublexical unit will 

be activated. Multiple sublexical units might then map to the lexical level, causing the 

lexical identification process to be ambiguous as well. A third alternative is that acoustic-

phonetic information could be mapped onto units of varying sizes, sometimes sublexical 

and other times lexical, as is possible in the adaptive resonance theory proposed by 

Grossberg, Boardman and Cohen (1997), briefly described above. In line with the third 

alternative, Goldinger and Azuma (2003) have argued that the reason researchers have 

failed to find the base unit of speech perception is due to the fact that the base unit varies 

based on factors such as rate of speech.  

In sum, a distinction between sublexical and lexical processing stages is supported 

by the majority of the evidence (e.g., findings showing that sublexical and lexical factors 

exert independent contributions to word and non-word processing). In contrast, few (if 

any) studies have attempted to test directly the relationship between sublexical and 

lexical processing in speech perception. Data from behavioral and eye-tracking research 

suggest that lexical level processes are acutely sensitive to sublexical information, though 

it is not clear whether this sublexical information is speech-specific or acoustic in nature. 
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However, as mentioned previously, speech perception research has made a shift in recent 

years towards adopting a dual route framework where speech-specific sublexical 

processing may not be necessary for lexical access. Evidence used to support this claim 

will now be reviewed.  

Evidence for Dual Route Models of Speech Perception 

Hickok and Poeppel (2000, 2004, 2007) cite evidence primarily from 

neuroimaging and research in patient populations to support a dual route architecture for 

speech perception. In studies using patient populations, researchers have reported double 

dissociations between performance on tasks tapping sublexical and lexical processing 

(Basso, Casati & Vignolo, 1977; Blumstein, Baker & Goodglass, 1977; Blumstein, 

Cooper, Zurif & Caramazza, 1977; Miceli, Gainotti, Caltagirone, & Masullo, 1980) 

which Hickok and Poeppel (2000, 2004, 2007) have argued supports the distinction 

between a ventral route utilized in lexical processing and a dorsal route utilized in 

sublexical processing. However, there are limitations to these patient studies which 

prevent one from drawing strong claims from the findings. For instance, consider the 

study carried out by Miceli et al. (1980), which is often cited as demonstrating this 

dissociation between sublexical and lexical perception.   

Miceli and colleagues had individuals with aphasia perform a sublexical 

processing task involving CCVC syllable discrimination (e.g., prin-brin; prin-trin) and 

two lexical processing tasks, involving picture-word matching (with distractor pictures 

that were semantically related, phonologically related or unrelated), and a sentence 

comprehension task (where patients acted out sentences such as “Put your hands on the 

table”). The researchers found that some patients were below the range of controls on 
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CCVC discrimination but not on picture-word matching and sentence comprehension, 

and vice versa. Miceli et al. (1980) thus concluded that the relationship between the 

sublexical and lexical levels was more complicated than a simple mapping of phonemes 

to words. They argued that comprehension of auditorily presented words requires 

processes different from those involved in perceiving the constituent phonemes.  

Upon closer inspection, however, it is clear that the tasks used to assess sublexical 

and lexical processing were not closely matched in terms of task demands or 

discriminability of the targets and distractors. The sublexical task required the ability to 

make fine-grained perceptual distinctions, such as discriminating “prin-brin”, where the 

two syllables differed in a single distinctive feature of one phoneme. However, such 

distinctions were not necessary to understand the commands from the sentence 

comprehension task (e.g., “Put your hands on the table”). Although their picture-word 

matching task included phonologically related distractors, the phonological lures differed 

from the target by one or more phonemes (picture-word matching task described in detail 

in Gainotti, Caltagirone & Ibba, 1975) and when the difference was only one phoneme, 

the phoneme might differ by more than one distinctive feature from the target. Thus, 

poorer performance on the sublexical task may have derived solely from the finer 

phonetic distinctions that were required. 

One means of accommodating such findings would be to argue that while 

sublexical processing is a necessary step in lexical access, contextual or top-down 

processes contribute to performance at the lexical but not the sublexical level. This notion 

is clearly instantiated in interactive speech perception models (e.g., TRACE, McClelland 

& Elman, 1986) in which information at one level can influence processing at other 
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levels through feedback from higher to lower levels.  Such contextual effects are also 

accommodated by models that do not incorporate feedback, under the assumption that 

information from different levels is combined in making a decision about perceptual 

identity (Massaro & Cohen ,1991; Norris, McQueen & Cutler, 2000). Thus, for example, 

a patient might perform better on lexical than sublexical tasks because of the activation of 

semantic information for words (but not sublexical units) that feeds back to the lexical 

level and stabilizes lexical representations. Further, in more naturalistic tasks like 

sentence comprehension, meaning coherence or syntactic factors can restrict possible 

word recognition targets (Tyler & Marslen-Wilson, 1977).  In contrast, such top-down 

contextual factors would play a minimal role in sublexical tasks like syllable 

discrimination.  

It seems unlikely, however, that such top-down effects could account for the 

findings from studies like that of Miceli et al. (1980), as the size of the discrepancy in 

performance on lexical vs. sublexical tasks was quite large. For example, Basso, Casati 

and Vignolo (1977) note that some patients have “severe” or “very severe” (as defined on 

p. 91) phoneme identification deficits “in spite of good comprehension” (p. 93). Findings 

like this (i.e., good comprehension with severe sublexical perception deficits) would be 

difficult to accommodate purely on the basis of top-down processing. That is, a severe 

deficit at the phoneme identification level would lead to weak activation of lexical 

representations with, in turn, weak activation of semantic information.  Such weak 

semantic activation and weak feedback from a semantic level would not be expected to 

raise lexical perception to a high level.  However, if such top-down processes can account 

for the dissociations observed in prior studies, then we would expect to see substantially 
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better lexical than sublexical processing, even with stimuli that are closely matched in 

discriminability. 

Upon closer inspection, however, it is clear that the tasks from the patient studies 

used to assess sublexical and lexical processing were not closely matched in terms of task 

demands or discriminability of the targets and distractors. The sublexical task required 

the ability to make fine-grained perceptual distinctions, such as discriminating “prin-

brin”, where the two syllables differed in a single distinctive feature of one phoneme. 

However, such distinctions were not necessary to understand the commands from the 

sentence comprehension task (e.g., “Put your hands on the table”). Although Miceli et 

al.’s (1980) picture-word matching task included phonologically related distractors, the 

phonological lures differed from the target by one or more phonemes (picture-word 

matching task described in detail in Gainotti, Caltagirone & Ibba, 1975) and when the 

difference was only one phoneme, the phoneme might differ by more than one distinctive 

feature from the target. Thus, poorer performance on the sublexical task may have 

derived solely from the finer phonetic distinctions that were required. 

Other studies that have observed similar dissociations between sublexical and 

lexical processing suffer from similar limitations. Basso, Casati and Vignolo (1977) 

found that several patients with severe impairments on a sublexical processing task 

requiring discrimination of consonants differing in voice onset time (VOT) (e.g., /ba/ vs. 

/pa/, which are both bilabial stop consonants but differ in voicing) were in the normal 

range on a task of auditory comprehension which required patients to act out commands 

such as “Point to the green rectangle”. Along the same lines, Blumstein, Cooper, Zurif 

and Caramazza (1977) found no relation between patients’ performance on phoneme 
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discrimination and identification tasks using stimuli varied on VOT and performance on 

the auditory comprehension subtest of the Boston Diagnostic Aphasia Battery (BDAE; 

Goodglass, Kaplan, & Barresi, 1972). Finally, Blumstein, Baker and Goodglass (1977) 

found a similar effect comparing performance on the discrimination of words differing in 

a single distinctive feature of one phoneme (e.g., rate, raid) and degree of comprehension 

impairment on a subset of measures from the BDAE (Goodglass, Kaplan, & Barresi, 

1972) after excluding Broca’s aphasics who performed at ceiling on both. In fact, the 

patients who had the most severe deficits on the discrimination tasks had only moderate 

difficulty on the comprehension measure. These research groups concluded that word 

comprehension can occur independently of phonemic processing.  

As with the Miceli et al. (1980) study, the studies by Basso et al. (1977), 

Blumstein et al. (1977a) and Blumstein et al.  (1977b) failed to match perceptual 

discriminability of targets and distractors. In all three studies, the sublexical processing 

tasks required patients to discriminate or identify stimuli that differed by a single feature 

of a single phoneme. The auditory comprehension tasks, in contrast, did not require such 

fine-grained distinctions. Basso et al. (1977) and Blumstein et al. (1977a) required 

participants to act out commands such as “Point to the green rectangle” where the names 

of distractors items, such as a red rectangle and a green circle, were perceptually distinct 

from the target. The Blumstein et al. (1977b) study had a similar mismatch in the degree 

of perceptual discrimination demands of the phoneme and lexical perception tasks. 

It should be noted that the lack of correlation between phoneme perception and 

comprehension from these studies is due in part to some patients performing substantially 

worse on the comprehension than the phoneme perception measure.   
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This pattern of performance, i.e., impaired lexical processing in the face of preserved 

sublexical processing, is not difficult to accommodate via models assuming obligatory 

sublexical processing, as one might assume patients showing this dissociation have 

preserved sublexical processing, but a disruption at subsequent levels involving lexical 

representations, semantic representations, or the connections between the two (e.g., 

Baker, Blumstein & Goodglass, 1981).  

Task demands unrelated to speech perception abilities per se might also be the 

source of the observed dissociations. As mentioned previously, some researchers have 

noted that the tasks used to tap sublexical processing require additional processes, such as 

short-term or working memory (STM/WM), and therefore may not be appropriate for 

assessing the role of sublexical processing in comprehension. For instance, syllable 

discrimination tasks typically involve perceiving and comparing two stimuli and thus 

may require STM/WM processes that are not required in deciding if a word matches a 

picture (e.g., see Hickok & Poeppel, 2004, for discussion). Thus, patients performing 

poorly on discrimination tasks may do so due to STM/WM impairments. In line with this 

claim, Hickok and Poeppel (2007) point out that: 

speech perception tasks involve some degree of executive control and working 

memory (p. 394)  

In part because of the additional processes required by tasks used to tap sublexical 

processing (i.e., WM), Hickok and Poeppel (2007) claim that: 

speech perception does not necessarily correlate with, or predict, speech 

recognition (p. 394). 
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Note that Hickok and Poeppel (2007) define speech perception as tasks tapping 

sublexical processing (e.g., phoneme discrimination) and speech recognition as tasks 

tapping lexical processing (e.g., picture-word matching).  

In addition to the evidence from double dissociations between performance on 

sublexical and lexical processing tasks, evidence from neuroimaging has been used to 

support the claims of separate dorsal and ventral routes for sublexical and lexical 

information. For example, Vaden, Piquado and Hickok (2011) investigated the effects of 

phonotactic probability (a sublexical level variable) and phonological neighborhood 

density (a lexical level variable) on neural activation patterns. In this study, participants 

listened to a series of word and nonword stimuli that were varied orthogonally in 

phonotactic probability and phonological neighborhood density. The task required 

participants to monitor the speech stream for nonwords and to press a button whenever a 

nonword was presented. While the researchers failed to find significant activation related 

to the neighborhood density manipulation, they did find activation for the phonotactic 

probability manipulation. This activation, however, was not in auditory cortical regions 

but was located downstream in motor control regions. The fact that this activation 

occurred outside of regions normally argued to be involved in speech perception but 

rather in regions that are downstream of speech perception regions was taken as evidence 

against the need to process sublexical information in order to perceive speech.  

Gow (2012) has used evidence from neuroimaging to support the claim that the 

dorsal route includes its own lexicon. For example, in a combination fMRI and eye-

tracking study, Righi, Blumstein, Mertus and Worden (2010) had participants perform an 

auditory word-picture matching task with a four picture array where half of the trials 
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contained distractors that shared the onset with the target item (e.g., beaker-beetle). The 

researchers found increased looks to the phonologically related competitor that decreased 

over time (i.e., as the target word unfolds). Critically for the claims of Gow (2012), they 

found increased activation in the left SMG in distractor present trials. The researchers 

argued that this indicated that the left SMG was involved in lexical and conceptual level 

processing in that the task necessarily required participants to access the conceptual level 

in order to match the word to the appropriate picture. However, given that it is difficult to 

uncover the time course of neural signals using fMRI, and that the looks to the distractor 

items decreased with time, it seems to be a bit of a stretch to claim that left SMG is a 

phonological lexicon rather than just being involved in phonological processing or 

STM/WM.  

In sum, a variety of neuropsychological and neuroimaging studies have been used 

to support claims of a dual route framework for speech. However, many of these studies 

have methodological drawbacks that warrant caution in their interpretation. The current 

study will address these methodological flaws using carefully designed stimuli and tasks. 

Although we have focused thus far on speech perception, in the following section we will 

focus on claims specifically regarding phonological STM, a process assigned to the 

dorsal route in sensory and dual route frameworks, and to separate buffers in buffer 

approaches.  

Sensory vs. Buffer Accounts of STM 

As mentioned previously, Hickok and Poeppel (2000, 2004, 2007) and Hickok 

(2014) have argued that the dorsal route is responsible for the short-term maintenance of 

speech sounds. This is part of a larger argument that regions involved in perception are 
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involved in temporary maintenance of the items which they perceive (e.g., D’Esposito, 

2007). However, researchers have historically argued for a separation of processes 

involved in perceiving speech sounds and maintaining those sounds in memory for short 

periods of time (e.g., Baddeley, 1992; Baddeley, 2000; Shallice & Warrington, 1970; 

Warrington, Logue & Pratt, 1971, Warrington & Shallice, 1969). These two approaches 

to phonological STM will subsequently be referred to as sensory and buffer approaches, 

respectively. 

The dual route model argues for a sensory view of phonological STM where the 

regions involved in perceiving speech sounds are also involved in the temporary 

maintenance of those speech sounds (e.g., Buchsbaum, Olsen, Koch & Berman, 2005; 

Buchsbaum, et al., 2011; Hickok et al., 2003; Hickok & Poeppel, 2004; Hickok & 

Poeppel, 2007; Ruchkin, Grafman, Cameron & Berndt, 2003), which is argued to occur 

via the cycling of information between speech perception and speech production regions, 

with a sensorimotor interface involved in translating the auditory percept into an 

articulatory gesture which can then be used for rehearsal. One piece of evidence used to 

support this claim is that individuals with conduction aphasia (a disorder characterized by 

large numbers of phonological errors in speech production, good speech comprehension 

and, critically, specific difficulties in repeating words and non-words) have damage to 

area Spt (Buchsbaum et al., 2011), the region proposed to be involved in sensorimotor 

integration by Hickok and Poeppel (2004, 2007), suggesting that conduction aphasics 

have damage to the system that is involved in translating their auditory percepts into 

motor movements.  
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Buchsbaum et al. (2011) compared lesion locations of 14 patients diagnosed with 

conduction aphasia to the results of 105 neurally unimpaired participants in a series of 

five fMRI studies investigating phonological STM. The five studies were drawn from 

various experiments and both published and unpublished data from the labs of the various 

researchers. The researchers performed a conjunction analysis on the data from across 

these studies to find regions that were specifically implicated in both encoding and 

maintenance periods. The regions implicated by this conjunction analysis were bilateral 

pSTS and left lateralized Spt, consistent with previous claims regarding dorsal route 

functions and neuroanatomical bases (Hickok and Poeppel 2004, 2007). Finally, they 

compared these regions to the regions of maximum overlap for the 14 patients. They 

found that the region that had the highest degree of overlap closely corresponded to the 

posterior aspect of the planum temporale, area Spt. The researchers concluded that area 

Spt is a region critical for repetition via sensory-motor integration.  

There are several potential concerns that need to be recognized in interpreting the 

results of this study. First, the researchers note that area Spt is often difficult to compare 

across individuals because of large variability in its location. Accordingly, in the area 

characterized as Spt, there was a maximum overlap of 33% of participants (i.e., 35 out of 

105 participants showed activation) across the 5 fMRI studies, indicating that within Spt, 

at most, only 33% of participants showed activation in a particular set of voxels. Second, 

the 5 studies from which the fMRI data are drawn from vary in the material being 

maintained (letters, words or even Jabberwocky sentences) and in the type of task being 

performed (recognition, recall or oddball detection), thus further complicating 

comparisons across these tasks. Finally, the areas of maximum overlap in the patient 
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group were the SMG and angular gyrus, not Spt, suggesting that these regions may have 

been more important in defining their deficit than area Spt. Other researchers have 

claimed that the SMG is involved in temporary storage of items in phonological STM, 

suggesting that these data may be more in line with buffer approaches to STM (e.g., see 

Paulesu, Frith & Frackowiak, 1993 for seminal work on the neural localization of 

phonological STM).  

In contrast to the findings of Buchsbaum et al. (2011), a recent study by Jones et 

al. (2014) found evidence in a combined fMRI and lesion study that Spt is not involved in 

sensory-motor integration, but rather serves more as an auditory STM store. In the fMRI 

portion of this study, participants performed a variety of tasks designed to isolate 

processes involved in sensory-motor integration from those involved in either auditory or 

motor processing. They predicted that if Spt is important for auditory-motor integration, 

then it should show increased activation in tasks that actually require integration 

compared to tasks that only require auditory or motor processing. The researchers found 

that Spt activation in conditions that required integration (e.g., nonword repetition) was 

no different than conditions where integration was not necessary (e.g., in a naming task 

where there is no auditory component, only a motor component). Additionally, Spt 

activation was shown to be greater than activation in auditory processing regions (i.e., 

Heschl’s gyrus and primary auditory cortex) in conditions that required temporary 

maintenance of the stimuli (i.e., in a verbal 1-back task). Further, in a group of patients 

with selective deficits in repetition of words and nonwords, only one of eight patients had 

damage to Spt. In this patient group, damage to the arcuate fasciculus was a better 

predictor of repetition performance than Spt damage, though the location of damage 
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along the arcuate varied from posterior to anterior across the patients. Given the fMRI 

and lesion evidence, the researchers concluded that the Spt is better conceptualized as a 

region that is involved in short-term storage of auditory stimuli. This region may even 

overlap with area SMG, the proposed site for temporary storage of items in phonological 

STM (e.g., Paulesu, Frith & Frackowiak, 1993).  

However, other neuroimaging evidence has also been used to support the claims 

of Hickok and Poeppel (2004, 2007). For example, support comes from Buchsbaum et al. 

(2005), where researchers investigated the neural underpinnings of the short-term 

retention of words. In this study, participants concurrently saw two (or three) words and 

heard two (or three) different words, followed by a picture cue that either told them to 

remember the heard words (an ear), the seen words (an eye) or neither (two hands). The 

researchers found that delay period activity differed for the heard and seen words. For the 

heard words, there was early activation in left hemisphere STG and STS, which they 

suggested represented either echoic memory or input phonological STM. This activity 

was domain specific and, accordingly, only occurred for the heard words. For both the 

heard and seen words, there was later activation in the left hemisphere Spt region that 

showed load effects (i.e., increased activation levels for three item compared to two item 

conditions), which the authors suggested represented the increased rehearsal demands of 

larger loads. The researchers argued that the lack of domain specificity and the presence 

of load effects in Spt supported the hypotheses generated by the Hickok and Poeppel 

model (2004) regarding sensory-motor integration and rehearsal processes. Further, the 

researchers performed a functional connectivity analysis to examine the extent to which 

various brain regions are functionally connected. They found that activation in the 



 
 

 

40 

STG/STS regions was correlated with activation in the ventral prefrontal cortex, 

implicating proposed ventral stream regions, and that activation in the Spt region was 

correlated with activation in the premotor and dorsal prefrontal regions, implicating 

proposed dorsal stream regions. These findings are consistent with dual route accounts of 

ventral and dorsal stream functions and neuroanatomy.  

Other evidence for the dual route approach came from a study by Wise, Scott, 

Blank, Mummery, Murphy and Warburton (2001). Wise et al. (2001) had participants 

perform a variety of speech perception and production tasks while undergoing a PET 

scan. Critical to the claims of the dual route models, the researchers examined motor 

articulation and articulatory rehearsal by having participants either a) repeat the phrase 

“Buy Bobby a poppy” (articulation and perception of one’s own speech) or b) think about 

the phrase “Buy Bobby a poppy” (rehearsal). According to sensory views of phonological 

STM, the researchers should have found activation in an area near posterior STG that 

responded both to the overt phrase repetition task and the covert phrase repetition task, as 

both would require translating sensory percepts (in this case internally generated) into 

motor movements. Regions in right STG, bilateral mid STS and bilateral PT were active 

for perception of one’s own utterances. A region at the junction of the STG and the 

inferior parietal lobe (close to the claimed location of Spt) was found to be active for the 

motor component of the covert, but not overt, phrase repetition task. The researchers 

argued that this region is involved in sensory-motor integration, a critical component of 

the rehearsal component of phonological STM. Though repeating only a single phrase 

with no speech perception component, the researchers argued that the sensory component 

of the integration process came from an internally generated representation of the phrase. 
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However, area Spt was not found to be active for the overt repetition condition, which did 

not require articulatory planning and hence had no motor component (see Oppenheim & 

Dell, 2010 for a discussion on articulation and inner speech).  

Ravizza, Hazeltine, Ruiz and Zhu (2011) also provided neuroimaging evidence 

supporting a sensory view of STM. In this study, researchers were specifically interested 

in investigating buffer vs. sensory accounts of STM. Accordingly, they outlined 

properties that would indicate a STM buffer: a) the region must be domain-specific, b) 

the region must show activity during the delay interval and c) the region must be post-

perceptual. Further, they specifically argued that load effects (i.e., increased activation 

with increased load) are not a reliable indication of a STM store. Rather, they argue that 

blood flow to a region might occur at a continuous rate that is related to refreshing items 

in STM, which might occur one item at a time. In this study, participants had to maintain 

either 3 or 5 (load manipulation) English letters (verbal condition) or Korean letters (non-

verbal condition) across a delay. They then had to determine whether a probe list was the 

same or different. Contrary to predictions laid out by buffer accounts on STM deficits 

(e.g., Warrington, Logue & Pratt, 1971), they did not find activation in the temporal-

parietal junction (TPJ). Instead, the researchers, using a predetermined region of interest 

(ROI) analysis, found that the posterior STG, particularly a region they argue is 

homologous to Spt, was active over the delay period for the verbal compared to non-

verbal condition. They further argued that this region has also been implicated in speech 

perception, thus suggesting that this region is not post-perceptual and accordingly not 

specific to STM. This finding supports a sensory account of STM.  
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However, there are potential concerns with the conclusions drawn by Ravizza et 

al. (2011). First, the researchers point out that activation in region Spt does not remain 

significant when examined in a whole brain analysis. They offered two possible 

explanations. One is that participants might have used verbal encoding for the Korean 

letters, thus masking the verbal STM demands of letter retention. The other explanation is 

reminiscent of the arguments of the previous studies, namely that area Spt is variable 

across participants and thus often difficult to identify. Second, they found no load effects 

for the STG. It is true that these researchers argued that load effects are not an important 

hallmark of STM storage, however, this runs contrary to seminal research in the field 

(e.g., Cohen et al., 1997). Finally, the proposed locations of areas Spt and TPJ are a bit 

strange. TPJ is placed within the STG, but not exactly at the site of the temporal-parietal 

junction. Further, the researchers note that Spt is slightly more anterior than the TPJ, but 

the location of Spt is located at the temporal-parietal junction, making it difficult to 

understand why this is defined as Spt and not TPJ.  

Finally, Leff et al. (2009) replicated previous findings of neural overlap of 

perceptual processing and auditory STM for 210 patients. In this study, they compared 

participants’ performance on a digit span task to gray matter integrity and found that 

better performance was reflected by increased integrity of left lateralized posterior STG 

and STS (also see Baldo, Katseff & Dronkers, 2012). Further, they compared the 

integrity of these two regions to performance on written and spoken word comprehension 

and found that they were positively correlated. The regions implicated also overlap with 

the most posterior portion of the planum temporale, thus implicating a role for Spt. The 

researchers concluded that auditory STM and speech comprehension rely on the same 
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neural regions for processing. However, the researchers controlled for performance on 

several tasks that likely influenced their measure of auditory STM. A particular problem 

was that they factored out auditory word and non-word repetition. The latter has often 

been used as a measure of phonological STM capacity (e.g., Gathercole & Baddeley, 

1990) - thus factoring this out would minimize or potentially eliminate the STM 

components of digit span, which would only leave behind the speech perception and 

production components. Thus, it seems difficult to conclude on the basis of this study that 

the neural overlap reflected shared perceptual and STM processing.  

Historically, researchers have argued for a separation of perception and STM 

processes and of the neural regions that support each (e.g., Baddeley, 1992). For 

example, Baddeley (2000) argues that language is a LTM process that is distinct from but 

interacts with the phonological loop, the STM process. Although Baddeley (2000) does 

link the STM and LTM structures in his model, he does not do so in great detail. Rather, 

there is simply a connection drawn between the two in a box and arrow type model. 

Other models have made more explicit the relationship between STM and language. In 

these types of models, STM and language are inextricably intertwined, and (relatively) 

intact language processing is a prerequisite for the ability to maintain linguistic 

representations in STM (Caplan & Waters, 1999; Jacquemot & Scott, 2006; Martin, N. & 

Gupta, 2004; Martin, R., & Lesch, 1996; Martin, R., Lesch & Bartha, 1999; Martin, R., 

Shelton & Yaffee, 1994). For example, Martin and Gupta (2004) argued that STM is 

composed of a dedicated serial order processor that serves to maintain the order 

information for representations that have been retrieved from long-term semantic 

memory (i.e., lexical knowledge). In other words, in order to maintain representations in 
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STM, lexical knowledge must be at least relatively intact, you must be able 

access/retrieve that information and you must be able to maintain that information in the 

appropriate serial order. Critically, Martin and Gupta (2004) acknowledge that 

dissociations between language processing and short-term maintenance of that 

information exist and thus their claims are in line with buffer approaches to STM.  

A prominent model that advocates this type of account is the multiple capacities 

approach of Martin and colleagues (Martin, R., Shelton, & Yaffee, 1994; Martin, R., 

Lesch & Bartha, 1999). This approach argues that language and STM are linked but 

separable. Relevant to the current proposal, phonological STM can be divided into both 

an input and output component, each of which is directly connected with the LTM 

representations of input and output phonological segments. Evidence supporting the 

distinction between perceiving phonological segments and temporary maintenance of 

those segments comes from studies such as Martin and Breedin (1992). In this study, the 

researchers tested four patients with similar degrees of phonological processing 

impairments. All four patients were mildly impaired relative to age-matched control 

participants on a natural speech discrimination task where items differed by a single 

distinctive feature and on a lexical decision task where non-words differed from words by 

a single distinctive feature (e.g., pickle-bickle). On the other hand, the four patients 

differed in regards to their phonological STM capacities. Only one patient, EA, failed to 

show phonological similarity effects in a visual letter span task, a hallmark of 

phonological STM. EA also had a digit span of less than 4 items, lower than any of the 

other patients. Patient MP, who also showed mildly impaired speech perception, showed 

normal phonological STM. Thus, a dissociation between phonological processing and 
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phonological STM was found such that patients with roughly equal but mildly impaired 

phonological processing showed a range of performance on phonological STM that was 

not predicted based on their processing alone. One might wonder how phonological STM 

could be normal if patients had impaired phonological processing (i.e., how can a person 

maintain items they do not perceive?). However, it is important to note that these patients 

had only minor speech perception problems. In fact, these problems were only noticeable 

in tasks that required fine-grained discrimination of items differing by a single feature, 

and even for these tasks, their performance was only slightly below the range of controls. 

On a digit matching span task where they had to determine whether two lists of digits 

matched or not, all scored at 100% correct on the two-digit lists, indicating an intact 

ability to correctly perceive individual digits. However, performance broke down rapidly 

as list length increased for the patient with the phonological STM deficit. In other words, 

the patients were able to perceive the items that they needed to maintain in phonological 

STM.   

A comparison of the patients from Martin and Breedin (1992) to patient AP of 

Martin, Breedin and Damian (1999) provides further support for the multiple capacities 

account. Recall that in this study the researchers argued that decay at the phoneme level 

(within an interactive framework) was the best way to simulate the performance of 

patient AP. Importantly, AP’s phonological processing was much better than the patients 

reported in Martin and Breedin (1992) as evidenced by a phoneme discrimination task. 

However, AP’s phonological STM span was substantially lower than those patients as 

evidenced by tasks such as digit matching span. 
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Evidence from neuroimaging has also leant support to the multiple capacities 

approach. For example, Martin, Wu, Freedman, Jackson and Lesch (2003) conducted an 

fMRI study to examine neural activation patterns related to phonological and semantic 

STM. The researchers had participants perform a rhyme judgment task and a synonym 

judgment task. The participants saw either one or four words, followed by a six second 

pause and a probe item. They had to determine whether the probe item rhymed with or 

was a synonym of any of the items in the previously presented list. The researchers 

designed the tasks such that they were able to separate the period associated with 

perception and encoding of the stimuli from the period associated with maintenance, thus 

allowing them to look specifically at the maintenance period. Of particular relevance to 

the current study, the researchers found that activation in the SMG was associated with 

the maintenance period during the rhyme judgment task but not the synonym judgment 

task. One potential problem is that this region did not show increased activation for the 

low load condition (one item) compared to the high load condition (four items) and, as 

discussed previously, load effects are a fairly standard hallmark of STM. The researchers 

argued that a four-item load might not have been a large enough load to induce load 

effects. Additionally, visual presentation of items may have attenuated phonological STM 

effects because visual stimuli must first be translated into phonological form before 

entering into phonological STM. Importantly, in exploratory analyses, a direct 

comparison of the four-item rhyme judgment compared to the four-item synonym 

judgment revealed a trend towards increased activation in the SMG. Bearing on this 

issue, recent work in our lab has found that load effects are evident in the SMG (Yue & 

Martin, in preparation). This study used a higher resolution scanner than the previous 
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study, allowing for a more detailed examination of the BOLD response, and auditory 

instead of visual presentation of items, providing a more direct link between the stimuli 

and phonological STM.   

Finally, evidence from repetitive transcranial magnetic stimulation (rTMS) 

provides support for the buffer approach to STM. Deschamps, Baum and Gracco (2014) 

had participants perform a phonological processing task and a phonological STM task 

after receiving rTMS to left and right SMG. Since rTMS inhibits neural functioning for 

the regions to which it is applied, the researchers utilized this technique to determine how 

the reduction of SMG functioning would affect performance on phonological processing 

and phonological STM. The researchers had participants perform a same/different 

discrimination task to measure phonological processing and an n-back task (i.e., 

determine if an item presented n-items back is the same as the current item) to measure 

phonological STM. They hypothesized that if phonological processing and phonological 

STM rely on the same underlying mechanisms and neural regions then rTMS should 

affect them both to a similar extent. However, if phonological processing and 

phonological STM rely on different mechanisms and neural regions, then rTMS should 

only disrupt the phonological STM task. They found that application of rTMS to the 

SMG did not change accuracy or response times for the phonological processing task but 

led to a decrease in accuracy and an increase in response times for the phonological STM 

task. Thus, the researchers concluded that phonological processing and phonological 

STM rely on different neural regions which supports buffer accounts of the separable 

nature of phonological processing and STM (e.g., Baddeley, 1992).  
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Chapter 2: Current Study 

 To summarize, some of the most influential claims in the speech perception 

literature argue for either a) a separation of sublexical and lexical processes into two 

distinct, parallel pathways (Hickok & Poeppel 2000; Hickok & Poeppel 2004; Hickok & 

Poeppel 2007), or b) sublexical processing as a prerequisite for lexical processing (e.g., 

McClelland & Elman, 1986; Norris, 1994). As discussed, there is evidence to support all 

of these hypotheses to some extent but much of the evidence is problematic or 

inconclusive. In case a) , methodological issues may have led to erroneous conclusions. 

In case b), researchers have assumed, with little empirical support, that sublexical 

processing necessarily precedes lexical processing. These differences in hypotheses and 

evidence supporting the hypotheses leads one to wonder, does the perception of lexical 

information depend on the ability to perceive sublexical information or can speech 

perception be accomplished without sublexical processing?  

Experiment 1 addressed this question using a variety of sublexical and lexical 

processing tasks with carefully designed stimuli in a language-impaired population. 

These tasks included auditorily presented syllable discrimination, word discrimination, 

lexical decision, single word-picture matching and auditory-written syllable matching.  

The current study utilized a patient population because the models reviewed above make 

different predictions regarding patterns of patient performance on tasks tapping 

sublexical and lexical processing. We predicted that performance on the various tasks 

would converge on the hypothesis that lexical perception depends on sublexical 

perception, as obligatory sublexical processing models of speech perception would 

predict. Accordingly, we predicted that some patients may be worse at lexical processing 
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tasks than sublexical processing tasks due to lexical- or semantic-level deficits, but no 

patient should be substantially worse at sublexical processing tasks than lexical 

processing tasks. If instead dual route models are correct and sublexical and lexical 

processing dissociate, then performance on sublexical and lexical processing tasks could 

doubly dissociate, with some patients performing worse on lexical than sublexical 

processing tasks and vice versa.  

To provide converging evidence with the measures of sublexical and lexical 

processing used in Experiment 1, Experiment 2 used tasks provided by Bob McMurray 

(used in McMurray et al. 2002, 2008, 2014, among others). Namely, patients participated 

in an eye-tracking experiment where they performed a phoneme identification task 

(sublexical processing) and a word identification task (lexical processing). In the 

phoneme and word identification tasks, syllable or word stimuli were auditorily presented 

with written syllable or picture targets, respectively. The word identification task required 

lexical processing because participants had to access meaning in order to recognize a 

picture as the correct choice for a given word, while the phoneme identification task 

necessitated sublexical processing because participants had to match a spoken syllable 

(e.g., /ba/, /pa/) to a written target (e.g., BA, PA). 

Although there was some initial concern that we would have difficulty using this 

methodology in an impaired population, we noted that eye-tracking paradigms have been 

able to successfully measure speech perception abilities in patient samples that are similar 

to the sample in the current study (e.g., Yee, Blumstein & Sedivy, 2008). The method 

employed in the current study has also been used in a patient population before and has 
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been shown to be sensitive to deficits in language processing abilities, albeit with 

individuals who have specific language impairment (SLI; McMurray, et al., 2014).  

In that study, McMurray et al. (2014) used the visual world paradigm from 

McMurray et al. (2002, 2008) with individuals with SLI to identify the locus of their 

speech perception deficit. They made specific predictions for eye movement patterns 

(fixations to competitors) based on whether speech perception deficits in SLI arise from 

auditory-acoustic deficits, sublexical phonological deficits or lexical level deficits. The 

researchers predicted that auditory-acoustic deficits would cause individuals to be less 

sensitive to auditory changes in stimuli and to have less confidence in what was 

perceived to be the stimulus, leading to increased looks to the competitor with less graded 

responses (i.e., shallower slope). For sublexical phonological deficits, the researchers 

predicted that there would be more graded responses (i.e., steeper slope) leading to 

increased numbers of competitor fixations near the boundary due to an increased reliance 

on acoustic information. The researchers argued that a speech-specific sublexical level of 

deficit would cause category boundaries to overlap, thus characterizing the deficit as a 

reduced ability to distinguish phonemes. Given that the phonemic information would not 

be very useful to them in identifying spoken input, these individuals would thus be overly 

sensitive to fine-grained acoustic information. Finally, the researchers predicted that 

lexical level deficits would lead to an increased number of competitor fixations that did 

not interact with the gradiency of the responses (i.e., same slope) due to increased 

competition between target and distractor lexical representations that is difficult to 

resolve, potentially due to increased decay rates at the lexical level.   
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The researchers found that there was an overall increase in the number of 

competitor fixations for SLI individuals compared to typically developing age-matched 

controls, but that the slope was essentially the same for the two groups. Thus, the SLI 

sample studied was as sensitive to within-category variations in auditory-acoustic and 

phonological sublexical information as unimpaired control participants, suggesting that 

neither auditory-acoustic nor sublexical processing deficits were the cause of their word 

recognition deficits. Instead, the eye movement data suggested that their language deficit 

resided at the lexical level.  

Given the success in modeling impaired performance on this task, we predicted 

that we would be able to localize the source of speech perception deficits using the 

method described above. Further, if sublexical processing is a necessary prerequisite for 

lexical processing, we predicted that performance on the lexical identification task would 

be highly correlated with performance on the phoneme identification task. Accordingly, 

we examined the relationship between performance on the word identification task and 

performance on the phoneme identification task. If sublexical processing is not a 

prerequisite for lexical processing, then performance on phoneme identification should 

not be a good predictor of performance on lexical identification.  

Finally, in Experiment 3 we evaluated the neuroanatomical claims of the dual 

route models as well as the sensory vs. buffer accounts of STM using a lesion-symptom 

mapping technique. Although voxel-based lesion symptom mapping (VLSM) would be 

ideally suited to this task as it is designed to compare tissue damage to behavioral 

performance on a voxel-by-voxel basis, thus allowing researchers to infer brain-behavior 

relationships (Bates et al., 2003), our patient sample was too small to have the necessary 
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power to detect effects. As such, Experiment 3 compared behavioral performance to 

percent brain damage in various left hemisphere regions defined using the Automated 

Anatomical Labeling system (details in Experiment 3). For speech perception, these 

analyses were primarily exploratory and investigated the extent to which the 

neuroanatomical claims of the dual route models hold true. For example, if the pMTG 

was important for connecting lexical information to conceptual information (Hickok & 

Poeppel, 2004), then performance on tasks requiring access to concepts should decline as 

percent damage to pMTG increases.  

Further, in Experiment 3 we compared performance on measures of phonological 

STM to performance on the tasks from Experiment 1 to evaluate sensory vs. buffer 

accounts of phonological STM. Additionally, we used the same lesion-symptom mapping 

approach as we did with speech perception to attempt to localize phonological STM. We 

predicted that if sensory accounts of phonological STM are correct, then we would see a 

close relationship between speech perception and phonological STM, such that poor 

performance on one predicts poor performance on the other. Further, the brain regions 

associated with each should overlap (e.g., in region Spt). If buffer accounts of STM are 

correct, then we expected to see a dissociation between performance on the speech 

perception and phonological STM tasks such that an individual with good speech 

perception may have poor phonological STM caused by damage to the buffer. Note 

however that if an individual has exceptionally poor speech perception abilities, it would 

not be surprising that they have poor phonological STM, as it would be difficult (or 

impossible) to maintain items that were not perceived in the first place. Finally, according 
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to the buffer accounts, the brain regions associated with each should differ (e.g., 

processing in STG, phonological STM in SMG).  
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Chapter 3: Experiment 1 

Experiment 1 sought to examine whether a dissociation would be observed 

between impaired sublexical but preserved lexical speech perception for aphasic patients 

with varying degrees of speech perception deficits, once perceptual discriminability and 

task factors were controlled for between the sublexical and lexical tasks. Critically, we 

wanted to determine whether any patient would exhibit a dissociation between sublexical 

and lexical processing such that they were significantly worse at tasks tapping sublexical 

compared to lexical processing. As indicated by the foregoing discussion, it is important 

to verify the existence of this dissociation, given the implications for speech perception 

models. If lexical perception depends on sublexical perception, as claimed by models 

assuming obligatory sublexical processing, then one would expect to see a close relation 

between performance on sublexical and lexical tasks once discriminability and task 

demands, such as STM/WM demands and the presence of contextual cues, have been 

carefully controlled. Further, and most importantly, no patient should show substantially 

better lexical than sublexical processing. On the other hand, if lexical perception does not 

depend on the identification of sublexical speech units, as is argued in models assuming a 

direct association between acoustic and lexical representations, then dissociations may 

still persist with some patients showing substantially better lexical than sublexical speech 

perception performance. 

The present study took a case series approach in which 13 aphasic patients with 

varying degrees of speech perception deficits were tested on several tasks designed to 

assess sublexical or lexical processing. Multiple tasks were used in order to assess the 

influence of various factors like STM/WM demands or top-down influences and to 
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determine whether evidence would converge on a close relation between sublexical and 

lexical perception abilities, once these factors were controlled, or instead substantiate the 

dissociations assumed previously in the literature. 

In Experiment 1a, we examined patients’ performance on sublexical and lexical 

tasks where the stimuli were not closely matched on discriminability and tasks demands 

in order to demonstrate that we could replicate prior results in the literature under these 

conditions. In Experiment 1b, we used closely matched stimuli to compare sublexical and 

lexical processing. In Experiment 1b, participants performed syllable (sublexical) and 

word (lexical) discrimination tasks where the pairs of items differed by single distinctive 

feature of a single phoneme. The syllable discrimination task was created using the 

stimuli from the word discrimination task by removing either the initial or final phoneme. 

Participants also completed an auditory lexical decision task (lexical) using words from 

the word discrimination task and nonwords created by changing a single distinctive 

feature of a single phoneme of the word stimuli. 

Given that dual route models claim that the ventral route is involved in translating 

sounds for meaning, and that none of the lexical level tasks presented thus far necessitate 

accessing meaning, in Experiment 1c we had participants perform a single picture-word 

matching task (PWM) using pairs of auditory stimuli that differed by a single distinctive 

feature of a single phoneme (e.g., bear-pear). We chose to use a single PWM task rather 

than a two (or more) alternative forced-choice picture matching task given that 

researchers have argued that the use of single targets provides a more sensitive measure 

of lexical and/or semantic access (Breese & Hillis, 2004). However, PWM also involves 

a degree of top-down processing and expectation that is not involved in tasks like the 
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syllable discrimination task from Experiment 1b. That is, participants can internally name 

the picture and then determine whether the spoken target matches this internal 

representation. In order to provide a sublexical task involving similar processes, in 

Experiment 1d we used an auditory-written syllable matching task using pairs of stop-

consonant syllables that differed by a single distinctive feature of the initial phoneme 

(e.g., spoken “BA”- written “PA”). In this task, participants could generate an internal 

phonological representation of the written syllable to compare to the spoken input. 

By using multiple measures, we attempted to provide as much converging 

evidence as possible to test the hypotheses. 

We predicted that if models assuming obligatory sublexical processing were 

correct, then no patient should perform substantially better on the measures of sublexical 

processing compared to the measures of lexical processing. However, a patient might be 

worse at the lexical processing tasks due to a lexical or semantic level deficit. 

Alternatively, if sublexical processing is not a prerequisite for lexical processing, then 

patients could be better at lexical processing than sublexical processing and vice versa 

due to a direct mapping from acoustics to the lexical level (e.g., Goldinger, 1998;  Hickok 

& Poeppel, 2000; Johnson, 1997; Pierrehumbert, 2001).  

An important issue in assessing whether patients perform better than would be 

expected on lexical tasks based on their sublexical performance is the potential role of 

top-down influences that could boost performance on the lexical tasks. As previously 

discussed, some models, like TRACE (McClelland & Elman, 1986), assume feedback 

from lexical to sublexical levels that could boost performance on lexical tasks resulting in 

an auditory word superiority effect. Other models, like MERGE, do not assume feedback 
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from higher to lower levels, but instead assume that processing beyond the sublexical 

level provides access to lexical and semantic information that could be recruited in task 

performance (Norris, McQueen & Cutler, 2000).  Irrespective of whether feedback or 

purely feed-forward processing is assumed, models including such higher level 

influences would still predict a significant correlation between sublexical and lexical 

processing and the absence of dramatic dissociations between lexical and sublexical 

performance once the possible influence of top-down factors has been controlled to the 

extent possible. 

Note that some of the behavioral data obtained in Experiment 1 was used in the 

behavioral and lesion-symptom mapping analyses and presented in Experiment 3.  

General Methods 

Participants. Both patients and controls were recruited from existing participant 

databases in the Brain and Language lab at Rice University and informed consent was 

obtained in accord with the Rice University IRB regulations. The controls and all but two 

patients were screened for hearing loss using an audiometer. The two exceptions were not 

screened during the session of experimental testing and were unavailable for further 

testing, though it should be noted that one wore hearing aids. Two of the patients who 

were screened wore hearing aids, but the hearing test was administered without their 

hearing aids, providing a conservative measure of hearing thresholds. To ensure that 

hearing loss was not a limiting factor in our data, we included hearing level, defined 

using the Pure Tone Average (PTA), as a covariate in the correlation analyses (e.g., 

Dalton, Cruickshanks, Klein, Klein, Wiley & Nondahl, 2003). PTA is computed by 

averaging the dB level at which the participant reported hearing a pure tone 50% of the 
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time across the range of frequencies that contains the majority of speech sounds (i.e., 500, 

1000, 2000, 3000 and 4000 Hz). All correlation analyses are presented with and without 

inclusion of the covariate. Participants were compensated $10 per hour for participation.  

 Control participants. Control data was collected from ten self-reported neurally 

healthy age- and education-matched older adults with normal or corrected to normal 

hearing. The mean age of the participants was 75 years (range 63-79 years) and the mean 

number of years of education was 16 (range 12-19 years). 

Patients. Thirteen individuals with aphasia diagnosis following left-hemisphere 

stroke participated in the current study. Their mean age was 67 years (range 46 - 89) and 

the mean number of years of education was 15.4 (range 11-22). Patients were recruited 

from the Brain and Language Lab database. There were no selection criteria other than 

left hemisphere stroke with aphasia diagnosis, as we wanted a range of performance on 

the tasks. Table 1 contains information regarding age, years post-stroke and education for 

the patients. Appendix A contains more detailed information on the patients. 

Table 1 
Patients' Age, Years Post-Stroke and Education. 

Patient Age 
   

Years Years Of 
Post-Stroke Education 

BQ 74 15 16 
DZ 46 10 22 
DG 54 7 17 
EV 58 15 16 
HA 89 9 16 
KA 58 2 12 
MB 67 9 13 

NMA 57 6 14 
QO 69 4 20 
SH 87 10 11 
SJ 67 9 13 
SQ 74  14 6 
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SSW 69 2 16 
 

Apparatus. All of the stimuli for the following tasks were administered on an 

iMac desktop computer running PsyScope (Cohen, MacWhinney, Flatt & Provost, 1993) 

or via a paper/pencil test book. Auditory stimuli were presented via speakers with volume 

adjusted to a comfortable level for each participant. Errors were coded using raw data 

output from Psyscope. 

Procedure. All of the tasks were presented across at least four testing sessions 

over the course of several months for each of the patients. A detailed description of the 

materials, procedure and results for each of the tasks follows. 

Experiment 1a: Sublexical and Lexical Perception with Unmatched Stimuli 

As mentioned, the purpose of Experiment 1 was to determine whether the 

observed double dissociations between sublexical and lexical processing were true double 

dissociations or artifacts of unmatched stimuli and task demands. First, we wanted to 

ensure that we would observe this double dissociation in our patient sample (or at least 

observe some patients with worse performance on sublexical than lexical tasks) when 

using tasks like those in prior studies. This was important because if we did not observe 

this pattern in unmatched tasks, no conclusions could be drawn from matched tasks. In 

other words, a lack of the dissociation of worse sublexical than lexical performance on 

unmatched tasks, and a similar pattern in matched tasks, could simply indicate that our 

patient sample does not present the same pattern as in prior research. As such, 

Experiment 1a sought to replicate the findings of dissociations between sublexical and 

lexical processing using unmatched stimuli and tasks.  
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Method. Participants completed three tasks: consonant discrimination 

(sublexical), the WAB Auditory Verbal Comprehension test (lexical; Kertesz, 1982), and 

a picture-word matching task (lexical; Martin, Lesch & Bartha, 1999).5 All three tasks 

were presented in separate sessions as part of a standard battery given to all patients in 

the Brain and Language Lab.  

Materials/Procedure 

Consonant discrimination. Sublexical processing was assessed using a consonant 

discrimination task where participants were presented with pairs of consonant-vowel 

(CV) and vowel-consonant (VC) syllables and were required to determine whether the 

two items were the same or different. For the nonmatching pairs, stimuli differed by a 

single distinctive feature, (e.g., ba-pa, ap-ab), half in the initial consonant (i.e., CV 

syllables) and half in the final consonant (i.e., VC syllables). The task was blocked into a 

CV and a VC block, each with 54 trials (22 matching and 32 nonmatching). For the 

nonmatching trials, one-third differed in manner, one-third differed in place and one-third 

differed in voicing. Each auditory stimulus was spoken by a female voice and pairs of 

stimuli were presented with a 750 ms delay between the two. This task was presented via 

PsyScope (Cohen, MacWhinney, Flatt & Provost, 1993), with subject responding with a 

button press. 

WAB Auditory Verbal Comprehension. Patients completed the Auditory Verbal 

Comprehension section of the Western Aphasia Battery (WAB; Kertesz, 1982) using 

standard administration procedures. This test contains yes/no questions (e.g., “Does it 

snow in July?”), an auditory word recognition subtest, and sequential commands.  For the 

auditory word recognition subtest, participants hear words from a given category (i.e., 
                                                        
5 Note that this single PWM task is different than the single PWM created for the current study.   
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objects, shapes, letters, numbers and colors) and point to the correct item from a set of 6 

items in the same category.. They also point to objects in the room, again blocked by 

category (i.e., furniture, body parts, fingers, right-left side of the body). Note that for each 

of these categories distractors were phonologically unrelated (e.g., for objects: flower, 

cup, matches, pencil, comb, screwdriver). Finally, in the Sequential Commands subtest 

they act out commands such as “Point to the chair” and “With the book point to the 

comb.” While the Sequential Commands subtest requires abilities beyond lexical access, 

comprehension of the words in the command is required for good performance.   

Single picture-word matching. To provide an additional measure of lexical 

processing, participants were tested on a PWM task (Martin, Lesch, & Bartha, 1999) 

where they judged if a spoken word matched a single picture. This task consisted of four 

sessions where the individual was presented with 54 pictures and asked “Is this a 

_________?” Subjects responded yes or no for each trial. Each session contained an 

equal number of correct, unrelated, semantically related and phonologically related trials. 

Importantly, on the phonologically related distractors trials, the word typically differed 

by more than one feature of a single phoneme (e.g., book-hook). 

Results and discussion. The data for the three tasks are shown in Table 2. For the 

PWM task, results are shown both for overall percent correct and for just the trials with 

phonologically related distractors. As can be seen in Table 2, using tasks and stimuli 

similar to those in the studies reported in the introduction, some patients performed 

substantially better at the lexical tasks than the sublexical task (e.g., KA, NMA, SQ). This 

was confirmed using Crawford and Howell’s (1998) modified t-test. For the consonant 
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discrimination task, six of our patients (DZ, HA, KA, NMA, SH, SQ) were significantly 

impaired relative to age-matched controls (p’s < .05).  

Table 2 
Patients' Performance (Percent Correct) on Consonant Discrimination, WAB (Auditory 
Verbal Comprehension and Auditory Word Recognition) and Single PWM (Overall and 
Phonological Foils). Asterisks represent significantly impaired performance relative to 
controls (p < .05). Note that this information was not available for the WAB Auditory 
Word Recognition or single PWM tasks. 

Patient 
Consonant 

Discrimination 

WAB Auditory 
Verbal 

Comprehension 

WAB 
Auditory 

Word 
Recognition 

Single 
PWM 

Overall 

Single PWM  
Phonological 

Foils 
BQ 90 17.6 85 94 98 
DZ 85* 13.6* 72 86 96 
DG 97 16.9 75 88 98 
EV 96 17 95 95 96 
HA 79* 13.2* 67 85 89 
KA 52* 11.7* 97 86 69 
MB 93 20 100 98 98 

NMA 85* 16.8 98 97 98 
QO 94 19.6 100 100 100 
SH 82* 18.4 97 95 94 
SJ 95 18.8 98 97 98 
SQ 76* 19.1 98 99 100 

SSW 87 19.2 98 97 100 
 

For the overall WAB Auditory Verbal Comprehension Test, norms from a control 

population of 53 individuals with stroke in their language non-dominant hemisphere 

showed a mean of 18.7 and a standard deviation of 2.1 (Kertesz, 2006).  Three patients 

(DZ, HA, KA) who were impaired on the sublexical task were impaired on this task as 

well, scoring more than 2 standard deviations below the control mean (and with Crawford 

and Howell t-scores significantly lower than controls at p < .05).  However, three patients 

who were impaired on the sublexical task  (NMA, SH, SQ) scored within the control 

range on the WAB test, with one (SQ) scoring above the control mean. Norms are not 
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available separately for the Auditory Word Recognition subtest. However, we would note 

that KA, who scored below the control range on the overall test, scored 97% correct for 

the word recognition subtest, despite chance performance on consonant discrimination. 

For the picture-word matching task from our lab, neurally healthy controls score at 

ceiling.  Although none of our patients with impaired consonant discrimination obtained 

a perfect score, we would note that of those patients, SQ scored 100% for the trials with 

phonologically related distractors and was close to ceiling for the test overall (99%). 

Taken together, these data clearly show that some of our patients performed substantially 

worse on the sublexical than lexical tasks (i.e., NMA, SH and SQ).  

Furthermore, there was little correlation between performance on the sublexical 

task (consonant discrimination) and on two of the lexical task measures: WAB auditory 

word recognition, r (11) = -.04, 95% confidence interval (CI) [-.58, .52], p = .89, and 

single PWM overall, r (11) = .43, 95% CI [-.16, .79], p = .15 (after controlling for PTA, r 

(9) = .06, 95% CI [-.55, .69], p = .87 and r (9) = .45, 95% CI [-.40, .85],  p = .16, 

respectively). While there was a significant correlation between consonant discrimination 

and WAB Auditory Verbal Comprehension, r (11) = .64, 95% CI [.14, .88], p = .019, and 

single PWM phonological foils, r (11) = .85, 95% CI [.56, .95], p < .001 (even after 

controlling for PTA, r (9) = .67, 95% CI [-.12, .93], p = .023, and r (9) = .79, 95% CI [-

.50, .97], p = .004, respectively), these correlations appear to be due to one outlier (KA), 

who scored at chance on the consonant discrimination task (52%, nearly 2 standard 

deviations lower than the second lowest patient score) and did poorly on all of the other 

tests except the WAB word recognition test. When his data are excluded, the correlations 

become low and non-significant (for WAB Auditory Verbal Comprehension:  
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r (10) = .30, 95% CI [-.33, .75], p = .34, controlling for PTA, r (8) = .39, 95% CI [-.35, 

.83], p = .26; single PWM with phonological foils: r (10) =.35, 95% CI [-.28, .77], p 

=.27, controlling for PTA, r (8) = .17, 95% CI [-.69, .80], p = .64). This absence of a 

relation between sublexical and lexical tasks replicates the findings of Miceli et al. 

(1980), Basso et al. (1977), Blumstein et al. (1977a), and Blumstein et al. (1977b).  

Experiment 1b: Syllable and Word Perception with Closely Matched Stimuli 

After observing this dissociation, we wanted to determine whether it would hold 

with matched stimuli and task demands. This was the purpose of Experiment 1b. In this 

experiment, participants performed sublexical (syllable discrimination) and lexical (word 

discrimination, auditory lexical decision) tasks using stimuli that were closely matched in 

terms of discriminability. For the discrimination tasks, the two members of a pair were 

spoken by different voices (one male and one female) in order to prevent the use of a raw 

acoustic code in making the discrimination.  Due to the STM/WM requirements of the 

discrimination task, we also employed the auditory lexical decision task as an additional 

lexical processing task to determine if the correlation between sublexical and lexical tasks 

would be minimized when the lexical task had few STM/WM demands. 

Materials.  

Word discrimination (single feature). Word stimuli consisted of 90 pairs of 

single syllable words two to four phonemes in length (M=3.06) that differed from each 

other by a single distinctive feature (i.e., manner, place or voicing) in either the initial or 

final consonant (e.g., pat-bat, bat-bad). Half of the items differed in the initial consonant 

and half differed in the final consonant. Appendix C presents the 90 “different” stimulus 

pairs. For the “different” stimulus pairs, roughly a third of the stimuli differed in manner 
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(n=32), a third in place (n=29) and a third in voicing (n=29), and these were equally 

distributed between the initial and final consonant. The task consisted of 180 trials, half 

of which were the same and half of which were different. The 90 “same” trials were 

created by randomly selecting one of the items from the 90 “different” stimulus pairs.  

The stimuli were matched in terms of phonotactic probability (i.e., the frequency 

of segments or sequences of segments in syllables and words) such that the mean 

phonotactic probability for items differing in the initial consonant was .06 (SD=.02) and 

for items differing in the final consonant was .05 (SD=.01). Further, the difference in the 

mean phoneme probability between pairs of items was effectively zero (overall: 

M=.0038, SD=.013; initial consonant difference: M=.0068, SD=.014; final consonant 

difference: M=.0008, SD=.011). Note that it is important to match phonotactic probability 

as high phonotactic probability has been show to facilitate perception of speech, at least 

at the sublexical level (e.g., Vitevitch & Luce, 1999). All of the items are presented in 

Appendix B along with the following information: number of phonemes, frequency 

(Kucera & Francis, 1967), phonological neighborhood density, phonotactic probability 

and biphone frequency. The information presented in Appendix B was acquired using the 

item search tool from the Washington University Speech and Hearing Lab Neighborhood 

Database (Sommers, neighborhoodsearch.wustl.edu).  

The stimuli were presented using natural speech tokens with one item spoken by a 

male and one item spoken by a female to avoid use of raw acoustic code in discrimination 

judgments. This manipulation was critical to ensure that participants were comparing 

abstract representations rather than raw acoustic information to make the discrimination 

judgments. The two stimuli in each pair were separated by either a 50ms or 1500ms inter-
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stimulus interval (ISI). The long ISI was included because a previous study (Wolmetz & 

Rapp, 2011) suggested that some patients show refractory effects in speech perception, 

where processing of a stimulus leads to degraded or blocked access to a similar 

representation. Inclusion of the 1500ms condition would reduce the likelihood of 

refractory effects but place a greater demand on STM while the 50ms condition would 

reduce STM demands while increasing the likelihood of refractory effects. The same 

items were used for each ISI condition but counterbalanced across sessions so that the 

same items were not presented more than once during a single session. Further, none of 

the 90 “same” or 90 “different” trials repeated within a participant. 

Syllable discrimination (single feature). CV and VC syllables were created using 

the stimuli from the single feature difference word discrimination task by removing either 

the initial or final phoneme (e.g., /pæ/-/bæ/), thus creating 90 stimulus pairs. Half of the 

items differed in the initial consonant and half differed in the final consonant. The task 

consisted of 180 trials, half of which were the same and half of which were different. The 

90 “same” trials were created by randomly selecting an item from the 90 “different” 

stimulus pairs.  

The stimuli were presented using natural speech tokens with one item spoken by a 

male and one item spoken by a female to avoid use of raw acoustic code in discrimination 

judgments. As with the word discrimination task, stimulus presentation was separated by 

either a 50ms or 1500ms ISI.  

Auditory lexical decision. Stimuli for the auditory lexical decision task were 

created using 149 randomly selected stimuli from the word discrimination task. These 

stimuli served as words in the lexical decision task. To create the non-word stimuli, we 
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changed a single distinctive feature of a single phoneme of either the initial or final 

consonant of the word stimuli (e.g., bat-bap), thus totaling 298 trials, with half created by 

changing the initial consonant of a word stimulus and half created by changing the final 

consonant of a word stimulus. Of the 149 word stimuli, there were three words that 

required the phoneme to be changed by two distinctive features in order to create a non-

word, but the mean number of features changed within a word to create a non-word was 

essentially one (M=1.02). The word and non-word stimuli were presented using natural 

speech tokens spoken by a female.  

Procedure. Because there were two ISI conditions (i.e., 50ms and 1500ms) for 

the word and syllable discrimination tasks, the tasks were administered across two testing 

sessions to avoid repetition of stimuli within a single session. In the first testing session, 

participants performed the word and syllable discrimination tasks, beginning with the 

word discrimination task with 1500ms ISI. They were told that they would hear a word 

followed by a pause and a second word, and that their task was to determine whether the 

two words were the same or different. They were further told that one of the words would 

be spoken by a male and one by a female but that this should not influence their decision. 

Finally, they were told that half of the trials were the same and half were different. In all 

tasks, they were instructed to press one of two buttons that corresponded to responses of 

“same” or “different”. For all discrimination tasks, they began with five practice trials to 

ensure that they understood the instructions and subsequently completed 90 experimental 

trials. Next they performed the syllable discrimination task with 1500ms ISI. They were 

told that they would be performing a task that was similar to the task they had just 

completed except that this time they would hear syllables or pieces of words rather than 
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complete words. After completing this task, participants performed the syllable 

discrimination task with 50ms ISI, followed by the word discrimination task with 1500 

ms ISI. They were told that they would be performing the same type of tasks but with a 

shorter pause between the stimuli.  

In the second testing session, participants performed the same series of tasks in 

reverse order using the stimuli not presented in session 1. Instructions and practice trials 

for each task were the same as session 1. After completing the discrimination tasks, 

participants performed the auditory lexical decision task. In this task, participants were 

told that they would hear a series of words and nonsense words and that their task was to 

press a button indicating whether each stimulus was a word or nonsense word. They were 

told that half of the items were real words and half of the items were nonsense words, 

They completed six practice trials to ensure they understood the task before completing 

298 experimental trials. For the experimental trials, 151 were presented followed by a 

pause where they could take a break. When they felt ready to continue, they pressed the 

space bar to complete the additional 147 trials of the task.  

Results and Discussion. For the discrimination and lexical decision tasks, 

analyses used d’ to remove response bias. For the discrimination tasks, we defined hit 

rate as the proportion correct on “same” trials and the false alarm rate as the proportion 

incorrect on “different” trials. For the lexical decision task, we defined hit rate as the 

proportion of words correctly accepted as words and false alarm rate as the proportion of 

non-words incorrectly accepted as words. Given that d’ values are distorted when the hit 

rate or false alarm rate is 1 or 0, we adjusted these values using the method described by 

Stanislaw and Todorov (1999). For rates of 1, the value was replaced by (n-.5)/n, and for 
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rates of 0, the value was replaced by .5/n, where n is the number of trials going into the 

computation of hits and false alarms. 

Table 3 presents the data from age-matched control participants (n=11)6, 

collapsed across the 50ms and 1500ms ISI’s for word and syllable discrimination. Paired 

samples t-tests revealed no difference between control performance in the 50ms 

compared to 1500ms ISI for word discrimination, t(10)=-.5, p=.63, or syllable 

discrimination, t(10)=-1.03, p=.33, or when we computed the mean for each ISI collapsed 

across syllable and word discrimination, t(10)=-.83, p=.43.  

Table 3.  
Mean performance and range of age-matched controls on single feature difference 
discrimination tasks and auditory lexical decision task. 
    d' scores   

Task Mean Minimum Maximum 
 Word Discrimination  2.44 1.59 2.78 

Syllable Discrimination  2.68 1.92 3.52 
Lexical Decision  2.44 1.46 3.17 

 

The patients showed a similar pattern, with no significant difference between 50 

and 1500 ms ISI’s. Using paired-samples t-tests, this was true for syllable discrimination, 

t(13)= -.61, p=.55, and word discrimination, t(13)=.06, p=.96, and when we computed 

the mean for each ISI collapsed across syllable and word discrimination, t(13)=-.34, 

p=.747. Accordingly, subsequent analyses used the mean across the two ISI’s. Table 4 

                                                        
6 Note that there were 21 trials overall for which at least four of our initial five control subjects made errors. 
As such, those trials were excluded from further analyses, thus leaving 172 trials for word discrimination 
with 50ms ISI, 174 trials for word discrimination with 1500ms ISI, 175 trials for syllable discrimination 
with 50ms ISI and 178 trials for syllable discrimination with 1500ms ISI.  
7 Looking at the individual patient data, it appeared that DZ exhibited worse performance on 50 vs. 1500 
ms ISI (refractory access deficit) whereas NMA exhibited the opposite pattern (STM deficit). As such, we 
investigated whether the results of the correlations would differ if we looked at 50 and 1500 ms ISI’s 
separately. However, correlations across the entire group remained similar, so all analyses use data that 
were averaged across the two ISI’s.  
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presents the patient data collapsed across the ISI’s as well as the auditory lexical decision 

data.  

Table 4.  
Patient performance on the single feature discrimination tasks collapsed across 50ms 
and 1500ms ISI’s and the auditory lexical decision task. For patients with better lexical 
than sublexical task performance, bootstrapping values for the mean difference between 
lexical and sublexical task is presented, with 95% CI’s of the difference included in 
brackets.  

Patient 
Syllable 

Discrimination 
Word 

Discrimination 

Difference 
(Word-Syllable 
Discrimination) 

Auditory 
Lexical 

Decision 

Difference 
(Lexical Decision-

Syllable 
Discrimination) 

BQ 1.45 1.54 .09 [-.53, .35] 0.75  
DZ 1.86 1.74  0.66  
DG 2.09 2.15  .07 [-.41, .53] 2.38 .33 [-.17, .83] 
EV 2.45  2.76  .29 [-.29, .91] 1.84  
HA 0.93 0.87  0.77  
KA 0.56 0.74 .20 [-.22, .60] 0.23  
MB 1.11 1.38  .25 [-.17, .69] 1.00  

NMA 1.98 2.04  .06 [-.50, .60] 1.87  
QO 2.46 2.59  .11 [-.43, .65] 1.96  
SH 1.72 1.56  0.21  
SJ 2.10 1.82  1.62  
SQ 2.21 2.35  .12 [-.38, .63] 1.50  

SSW 2.07 1.94  1.84  
Means 1.77 1.81  1.28  

 

Mean performance on word discrimination and syllable discrimination did not 

differ significantly (t(12)= -.79, p= .45) whereas performance was significantly better on 

syllable discrimination than auditory lexical decision (t(12)= 3.67, p= .003).  As shown 

in Figures 4-6, there were high correlations between syllable and word discrimination, 

r(11)=.96, 95% CI [.87, .99], p<.001 (controlling for PTA, r(9)=.93, 95% CI [.86, .98], 

p<.001), syllable discrimination and auditory lexical decision, r(11)=.74, 95% CI [.32, 

.92], p=.004 (controlling for PTA, r(9)=.61, 95% CI [.03, .93], p=.047), and word 
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discrimination and auditory lexical decision, r(11)=.77, 95% CI [.38, .93], p=.002 

(controlling for PTA, r(9)=.65, 95% CI [-.14, .91], p=.03). Although the group results 

indicated that overall patients did not do better on the lexical tasks than the sublexical 

tasks, it remained possible that some individual cases did show significantly better 

performance on the lexical tasks. In other words, even given the results of the t-tests and 

the strong correlations, it is critical to show that no patient demonstrated substantially 

better lexical than sublexical performance (this logic holds for all subsequent experiments 

as well). Accordingly, for patients with d’ values that were larger on word discrimination 

or auditory lexical decision compared to syllable discrimination, we utilized a 

bootstrapping technique (n=10,000) to determine the 95% CI of the difference in d’ 

values between the sublexical and lexical task. Bootstrapping is commonly used when 

there is no prescribed formula for determining a 95% CI, and, consequently, no formula 

to determine whether two values are significantly different from each other. This was the 

case in the current study, where we needed to determine the 95% CI around differences 

between two values (i.e., d’ for syllable discrimination minus d’ for word discrimination 

or auditory lexical decision) for a single individual. Bootstrapping involves using random 

sampling with replacement of the sample data on a trial-by-trial basis, using probabilities 

of hits (“yes” trials) and false alarms (“no” trials) to create datasets with similar 

probabilities. This procedure was carried out 10,000 times to create a bootstrapped 

distribution of d’ values for each task. Finally, we calculated the difference between the 

d’ values for each task, giving us n=10,000 difference scores, which were then used to 

determine the 95% CI of the observed difference in d’ values. 
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 There were eight patients whose word discrimination d’ values were slightly 

better than their syllable discrimination d’ values. For all eight patients, the 95% CI for 

the difference between their d’ value for syllable vs. word discrimination included zero 

(see Table 4), indicating that there was no significant difference between performance on 

the lexical and sublexical processing tasks (p’s from .08 to .77). There was only one 

patient (DG) whose performance was better on auditory lexical decision than syllable 

discrimination, but bootstrapping revealed that the 95% CI for the difference between the 

two tasks included zero, again indicating that the two d’ values were not significantly 

different from each other, p = .20. In other words, critically, no patient performed 

substantially better on the word discrimination and auditory lexical decision tasks than on 

the syllable discrimination task (see Figures 4 and 5).  

  
Figure 4. Scatterplot comparing patient performance (d’) on the syllable and word 
discrimination tasks. The red dotted line indicates y=x. Note that no patient is 
substantially above this line, indicating that no patient is substantially better at the word 
than the syllable discrimination task.  
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Figure 5. Scatterplot comparing patient performance (d’) on the syllable discrimination 
task and auditory lexical decision task. The red dotted line indicates y=x. Note that no 
patient is substantially above this line, indicating that no patient is substantially better at 
the auditory lexical decision task than the syllable discrimination task. 

  

Figure 6. Scatterplot comparing patient performance (d’) on the word discrimination task 
and auditory lexical decision task. The red dotted line indicates y=x. 
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comparing a single participant’s data to a small group (see Table 5). This was done as the 

control mean d’ for the word discrimination task was lower than that for the syllable 

discrimination task, suggesting that the word discrimination task was somewhat harder 

(though this difference was far from significance, as reported above). By comparing 

patients to controls, then, we can determine whether a patient is impaired on these tasks 

while taking into account task difficulty. Importantly, there was no patient who was 

significantly impaired relative to controls on the sublexical processing task who had 

normal performance on the lexical processing tasks.  

Table 5.  
Results of Crawford and Howell’s (1998) modified t-tests for evaluating differences 
between a single participant and a small group of participants. Each patient was 
compared to the control group. Negative t-values indicate worse performance relative to 
controls.  

  Syllable Discrimination Word Discrimination Auditory  Lexical  Decision 
Patient t p t p t p 

BQ -2.46 0.03 -2.48 0.03 -2.93 0.02 
DZ -1.62 0.14 -1.92 0.08 -3.08 0.01 
DG -1.17 0.27 -0.81 0.44 -0.10 0.92 
EV -.45 0.66 0.86 0.41 -1.04 0.32 
HA -3.48 0.01 -4.30 <.001 -2.89 0.02 
KA -4.23 <.001 -4.66 <.001 -3.82 <.001 
MB -3.13 0.01 -2.92 0.02 -2.49 0.03 

NMA -1.40 0.19 -1.10 0.30 -0.98 0.35 
QO -.44 0.67 0.40 0.70 -0.83 0.43 
SH -1.92 0.08 -2.43 0.04 -3.86 <.001 
SJ -1.16 0.27 -1.70 0.12 -1.42 0.19 
SQ -.93 0.37 -0.25 0.81 -1.62 0.14 

SSW -1.21 0.25 -1.38 0.20 -1.03 0.33 
 

 Additionally, we wanted to determine whether any patient scored substantially 

better on the lexical tasks than sublexical tasks when patient scores were converted to z-

scores based on control performance, which would take into account any differences in 
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difficulty between the two tasks. Table 6 presents the z-scores for the patients on the 

syllable and word discrimination tasks and the auditory lexical decision task.  

Table 6.  
Z-scores for each patient compared to the control group for syllable discrimination, word 
discrimination and auditory lexical decision. More negative values indicate worse 
performance relative to controls.  

Patient Syllable 
Discrimination 

Word 
Discrimination 

Difference (Word-
Syllable 

Discrimination) 

Auditory 
Lexical 

Decision 

Difference (Lexical 
Decision-Syllable 
Discrimination) 

BQ -2.57 -2.59 
 

-3.06   
DZ -1.70 -2.01 

 
-3.22   

DG -1.23 -0.84 -.41 [-1.59, .76] -0.10 -1.19 [-2.15, -.22] 
EV -0.48 0.90 -1.30 [-2.94, .13] -1.09   
HA -3.64 -4.49 

 
-3.02 -.62 [-1.40, .18] 

KA -4.41 -4.87 
 

-3.99 -.48 [-1.28, .28] 
MB -3.27 -3.05 -.21 [-1.32, .86] -2.60 -.69 [-1.48, .14] 

NMA -1.46 -1.15 -.34 [-1.73, 1.02] -1.03 -.39 [-1.39, .69] 
QO -0.46 0.42 -.83 [-2.23, .50] -0.86   
SH -2.00 -2.54 

 
-4.03   

SJ -1.22 -1.78 
 

-1.48   
SQ -0.98 -0.26 -.69 [-1.99, .54] -1.69   

SSW -1.27 -1.44   -1.07 -.17 [-1.10, .74] 
 

The majority of patients had lower scores on the lexical tasks, as indexed by a 

more negative score. For those patients who performed better on the lexical tasks (for 

whom difference scores are reported in Table 6), we utilized the same bootstrapping 

technique as before, converted each score in the distribution to a z-score, and determined 

the 95% confidence interval for the difference in z-scores for the sublexical and lexical 

tasks. For syllable and word discrimination, no patient was significantly more impaired 

on the sublexical than the lexical task (p’s from .08 to .71, see Figure 7). For syllable 

discrimination and auditory lexical decision, five of the six patient’s with more negative 

z-scores on auditory lexical decision were not significantly more impaired on syllable 

discrimination than on auditory lexical decision (p’s from .09 to .71, see Figure 8). One 
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patient (DG) was significantly more impaired on the syllable discrimination task (p = 

.02).  

 
Figure 7. Scatterplot comparing patient performance (z) on the syllable and word 
discrimination tasks. The red dotted line indicates y=x. 

 

Figure 8. Scatterplot comparing patient performance (z) on the syllable discrimination 
and auditory lexical decision tasks. The red dotted line indicates y=x. 
 

Overall, the results from the discrimination and lexical decision tasks are 

consistent with theories assuming that lexical perception depends on sublexical 

perception.  For word discrimination, no patient performed significantly better on the 
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patients had lower scores relative to the syllable discrimination task, but this pattern 

could be attributed to a disruption of lexical or semantic representations per se. There was 

a single patient (DG) who was significantly more impaired on the syllable discrimination 

task relative to controls for auditory lexical decision; however, he was not significantly 

more impaired on the word discrimination task. Both the syllable and word 

discrimination tasks require the participant to maintain two items in memory and 

compare them to each other, which taxes STM/WM. In contrast, the auditory lexical 

decision task only requires the participant to maintain a single item, minimizing 

STM/WM demands. Thus, it seems likely that DG’s relatively worse performance on the 

syllable discrimination task than the lexical decision task may be due to the STM/WM 

demands of the syllable discrimination task. 

Experiment 1 c: Mapping Sound to Meaning 

Given that a critical claim of the dual route models is that the lexical route is 

involved in mapping sound to meaning, one might be concerned that the word 

discrimination and auditory lexical decision tasks used in the previous sections were not 

valid measures of lexical processing as there was no necessary requirement to map the 

sound to meaning in either of these tasks. That is, word discrimination might be done on 

the basis of sublexical codes and auditory lexical decision on the basis of a lexical 

phonological representation.  To address this concern, we created a PWM task in which 

participants decided whether a spoken word matched the name of a pictured object where 

on the non-matching trials the word differed from the appropriate name by one distinctive 

feature of one phoneme. In order to successfully determine whether a picture matches a 

spoken word, one must either access the meaning of the spoken word and compare it to 
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the meaning of the picture or use the meaning of the picture to access its name to 

compare to the spoken word.  

 Materials. Stimuli for the single PWM task were constructed from 28 pairs of 

spoken words and corresponding pictures where the words differ from each other by a 

single distinctive feature in the initial or final phoneme. Half of the items differed in the 

initial phoneme and half in the final phoneme (e.g., pear-bear; log-lock). Each picture 

was presented individually two times across the experiment, once with an auditorily 

presented word that matched the pictured item (e.g., a picture of a log presented with the 

word log) and once with an auditorily presented word that corresponded to the pair of the 

picture (e.g., a picture of a log presented with the word lock), thus totaling 112 

experimental trials. We were concerned that participants would detect the manipulation, 

namely that each picture was repeated once with the matching spoken word and once 

with the non-matching spoken word. Accordingly, we included 40 filler trials consisting 

of 10 pairs of spoken words that varied in the number of times they were presented with 

the corresponding matching and non-matching pictures. For example, a filler item may 

have been presented with the matching picture three times and the non-matching picture 

twice.  Picture and word stimuli were concurrently presented. The word stimuli were 

recorded by a female and the picture stimuli were acquired using a Google Image search.  

 Procedure. In this task, participants were presented concurrently with an auditory 

word stimulus and a single picture and told to determine whether the name of the picture 

matched the word that they heard. They were instructed to press a button corresponding 

to “yes” if the word and picture matched and a button corresponding to “no” if the word 
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and picture did not match. They were also informed that half of the trials were matching 

items and half of the trials were non-matching items. 

 Results and discussion. Two patients were not available for testing, leaving 11 

patients who completed this task. As with the discrimination tasks and lexical decision 

task presented above, performance was measured using d’ scores, with hit rate defined as 

correctly accepting a word and picture match and false alarm rate defined as incorrectly 

accepting a word and picture match. Extreme scores (i.e., hit rate and false alarm rates of 

1 or 0) were adjusted using the same criteria as previously detailed. Data are presented in 

Table 7. Note that five patients who were below the control range on auditory lexical 

decision were also below the control range on the PWM task (DZ, HA, KA, MB and SH), 

supporting the claim that some patients have impaired lexical or semantic processing 

deficits.  

Table 7. 
Patient and control performance (d’) on the single PWM task. For patients with better 
PWM than syllable discrimination task performance, bootstrapping values for the mean 
difference is presented, with 95% CI’s of the difference included in brackets.  

Patient 
Syllable 

Discrimination PWM 

Difference (PWM-
Syllable 

Discrimination) 
BQ 1.45 N/A  
DZ 1.86 2.01  .18 [-.47, .89] 
DG 2.09 2.72  .73 [-.02, 1.51] 
EV 2.45 2.71  .41 [-.37, 1.31] 
HA 0.93 0.43  
KA 0.56 .32  
MB 1.11 1.70  .64 [-.04, 1.42] 

NMA 1.98 3.34  1.37 [.56, 2.15] 
QO 2.46 3.41  1.07 [.21, 2.01] 
SH 1.72 1.47  
SJ 2.10 2.14  .11 [-.58, .85] 
SQ 2.21 1.99  

SSW 2.07 N/A  

Means 1.77 2.35  
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Controls 
(n=10)  3.42 (2.59-4.17)  

 

Overall performance on the PWM task was somewhat better than on the syllable 

discrimination task, but the difference did not reach significance (t(11)= -1.77, p= .11). 

Performance on the single PWM task was significantly correlated with: the syllable 

discrimination task, r(9)=.86, 95% CI [.59, .96], p=.001 (after controlling for PTA, 

r(8)=.79, 95% CI [.36, .95], p=.007), word discrimination task, r(9)=.88, 95% CI [.64, 

.96], p<.001 (after controlling for PTA, r(8)=.80, 95% CI [.19, .98], p=.005), and 

auditory lexical decision task, r(9)=.82, 95% CI [.49, .94], p=.002 (after controlling for 

PTA, r(8)=.73, 95% CI [-.17, .97], p=.017). However, and more importantly, as can be 

seen in Figure 9, seven patients performed somewhat better on the PWM task than the 

syllable discrimination task. In order to determine whether any patient showed 

significantly better performance on the PWM task tapping semantic access than on the 

sublexical syllable discrimination task, the same bootstrapping procedure described 

earlier (Experiment 1b) was used to compare performance on the two tasks at an 

individual level. Table 7 presents the 95% CI’s of the difference between d’ scores for 

syllable discrimination and PWM determined via bootstrapping for patients whose PWM 

d’ was larger than their syllable discrimination d’. The bootstrapping analyses indicated 

that for five of the seven patients there was no significant difference (p‘s from .06 to .79) 

whereas two patients (NMA and QO) did show significantly better PWM performance 

(p’s = .008 and .015, respectively). Note, though, that the majority of patients were still 

impaired relative to controls (results from Crawford and Howell’s (1998) modified t-test 

are presented in Table 9) and that the controls also performed better on this task (M = 
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3.42) than on the word discrimination (M = 2.44) and auditory lexical decision (M = 

2.44) tasks. Controls’ better performance on this task compared to the other lexical tasks 

suggests that participants may have benefitted from having a picture target which allowed 

them to internally generate the name of the picture which they could use as a template for 

evaluating the auditory input. In fact, a recent study by McMurray and Jongman (2015) 

demonstrated that visual input can aid in perception of auditory stimuli. In that study, 

participants were better able to predict which of four vowels would be produced with an 

isolated fricative (fricative-vowel combinations recorded with vowel subsequently edited 

out of the speech stream) when they were simultaneously presented with the written 

fricative and a face revealing the gender of the speaker than when they were presented 

with the auditory stimulus alone. The possibility of a boost in performance with visual 

input is addressed further in the next experiment.  

 

Figure 9. Scatterplot comparing patient performance (d’) on the syllable discrimination 
task and single PWM task. The red dotted line indicates y=x and the orange line indicates 
the minimum control performance on PWM.  
 
Experiment 1d: Auditory Written Syllable Matching (AWSM)  
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Given the relatively better performance by patients and controls on the single 

PWM task as compared to the single feature difference syllable discrimination task, we 

wanted to create a sublexical task that was more comparable to the PWM task in terms of 

task demands. In the single PWM task, presentation of the picture could have allowed 

patients to generate an internal phonological code (i.e., the name of the picture) that they 

could then compare to the auditorily presented word. Accordingly, for the sublexical task, 

we created a task where patients were presented with a written syllable, which allowed 

them to generate an internal phonological code that they could compare to the auditory 

syllable.  

Materials. The six stop consonants paired with /ɒ/ (i.e., /pɒ/, /bɒ/, /dɒ/, /tɒ/, /gɒ/, 

/kɒ/) were used as the auditory stimuli for the AWSM task. The written stimuli were BA, 

PA, DA, TA, GA and KA, respectively. Each spoken syllable was presented individually 

twelve times across the experiment, six times with a written syllable that matched the 

spoken syllable and six times with a written syllable that did not match (twice for 

voicing, twice for manner, twice for place), thus totaling 72 experimental trials.  

Procedure. In this task, participants were told that they would see a written 

syllable and hear a spoken syllable, which were presented simultaneously, and had to 

determine whether the two stimuli were the same or different. Before beginning the task, 

participants were presented with each written syllable and told to read it aloud. If they 

made mistakes, the experimenter corrected them and then they went through the materials 

a second time and their responses were recorded. If they were still unable to read all the 

stimuli correctly the second time around, they were not tested on the task. The eight 

patients who passed the screening then completed six practice trials with experimenter 
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feedback followed by the 72 experimental trials without feedback. They were told to 

press one button to indicate the written and spoken syllable were the same and a different 

button to indicate they were different. They were also told that half of the trials were the 

same and half were different.  

Results and discussion. Five patients were unable to complete this task. Of these, two 

were no longer available for testing (BQ and SSW) and two had no speech output (DZ 

and HA), preventing us from testing their ability to read these nonsense syllables aloud. 

The fifth patient, DG, was unable to correctly read the nonsense syllables aloud, even 

after correction, and as such was excluded from testing. As with the tasks presented 

above, performance was measured using d’ scores, with hit rate defined as correctly 

accepting a written and spoken syllable match and false alarm rate defined as incorrectly 

accepting a written and spoken syllable match. Extreme scores (i.e., hit rate and false 

alarm rates of 1 or 0) were adjusted using the same criteria as previously detailed. Data 

are presented in Table 8.  

Table 8. 
Patient and control performance on the single AWSM task.  
 

Patient d' 

BQ  N/A 
DZ N/A 
DG N/A 
EV 2.71 
HA N/A 
KA 0.58 
MB 2.41 

NMA 3.29 
QO 2.60 
SH 2.06 
SJ 1.43 
SQ 2.98 
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SSW N/A 
Mean 2.30 

Controls (n=10) 3.77 (2.6-4.4) 

 

 As with the comparison of the PWM task to the single feature difference word 

discrimination and auditory lexical decision tasks, the majority of patients and controls 

performed better on AWSM than the single feature difference syllable discrimination 

task, with 6 of 8 patients performing better on this AWSM task (see Figure 10). However, 

this difference failed to reach statistical significance, t(11)= -.98, p= .35.  

We wished to determine if PWM performance would still exceed performance on 

syllable perception when the syllable processing task also involved internal generation of 

a target. In contrast to the significant difference between PWM and syllable 

discrimination, PWM and AWSM were not significantly different, t(10)= .007, p= .99. 

As shown in Figure 11, there was a strong relation between performance on the AWSM 

and PWM task, r (6) = .78, 95% CI [.17, .96], p =.023 (after controlling for PTA, r (5) = 

.56, 95% CI [-.83, .95], p = .195). Two patients (i.e., SJ, QO) performed slightly better on 

the PWM than the AWSM task (PWM d’ was 2.14 for SJ, 3.41 for QO). Using 

bootstrapping (procedure described in Experiment 1b), we computed 95% CI’s for the 

difference in d’ values between AWSM and PWM, which failed to reach significance for 

SJ (CI: [-.29, 1.66], p = .79) and QO (CI: [-.40, 2.01], p = .19).  
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 Figure 10. Scatterplot comparing patient performance (d’) on the syllable discrimination 
task and the AWSM task. The red dotted line indicates y=x.  

 

Figure 11. Scatterplot comparing patient performance (d’) on the AWSM task and the 
PWM task. The red dotted line indicates y=x.  

 
As in Experiment 1b, patient performance was compared to controls using the 

Crawford and Howell (1998) modified t-test to determine if their performance was 

significantly worse than controls. The results of these analyses are presented in Table 9. 

Again, there was no patient who was significantly impaired relative to controls on the 

sublexical processing task who had normal performance on the lexical processing task.  

Table 9.  
Results of Crawford and Howell’s (1998) modified t-tests for evaluating differences 
between a single participant and a small group of participants. Each patient was 
compared to the control group. Negative t-values indicate worse performance relative to 
controls.  
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  t p t p 
BQ N/A N/A N/A N/A 
DZ N/A N/A -2.81 .02 
DG N/A N/A -1.38 .20 
EV -2.00 .08 -1.42 .19 
HA N/A N/A -5.95 <.001 
KA -6.04 < .001 -6.17 <.001 
MB -2.57 .03 -3.42 .01 

NMA -0.90 .39 -0.16 .88 
QO -2.21 .06 -0.01 .99 
SH -3.23 .01 -3.88 <.001 
SJ -4.43 <.001 -2.54 .03 
SQ -1.49 .17 -2.85 .02 

SSW N/A N/A N/A N/A 
 

Finally, as in Experiment 1b, we converted all patient scores to z-scores in order 

to directly compare relative levels of impairment across the tasks. Table 10 presents the 

z-scores for the patients on the AWSM and PWM tasks (plotted in Figure 12).  As shown, 

five patients were more impaired on AWSM than on PWM. In order to determine if they 

were significantly more impaired on AWSM, we utilized the same bootstrapping 

technique as before (converted to z-score, determined 95% confidence interval for 

difference in z-scores). Four of these patients were not significantly more impaired on the 

AWSM task (p’s from .06 to .68), but one patient (SJ) was (p = .03). For this patient, as 

with patient DG in Experiment 1b, there was not a consistent pattern of worse sublexical 

performance across all the tasks. SJ was not significantly more impaired on syllable 

discrimination relative to word discrimination or auditory lexical decision. More 

importantly, SJ was not significantly more impaired on syllable discrimination compared 

to PWM. Again, this suggests that the difference in performance on AWSM compared to 

PWM reflects task demands rather than a true dissociation.  For example, SJ may have a 

weaker phonological code for written syllables than for pictures. In fact, SJ is below the 
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control range on tasks involving non-word reading (e.g., PALPA 36, Kay, Lesser & 

Coltheart, 1992), but performs normally on picture naming (e.g., Philadelphia Naming 

Test, Roach, Schwartz, Martin, Grewal & Brecher, 1996).  

Overall, performance on the lexical task was roughly equal to or below that for 

the sublexical task for nearly all patients even for a lexical task that required access to 

meaning.  Thus, the results provide converging evidence with those from Experiment 1b 

in showing that there is a strong relation between sublexical and lexical processing for 

tasks matched in discrimination difficulty.  

Table 10.  
Z-scores for each patient compared to the control group for AWSM and PWM. More 
negative values indicate worse performance relative to controls.  
Patient zAWSM zPWM Bootstrapping: Mean [95% CI] 

BQ N/A N/A   
DZ N/A -2.95   
DG N/A -1.45   
EV -2.10 -1.49 -1.15 [-3.14, .60] 
HA N/A -6.24   
KA -6.33 -6.47 -.32 [-1.80, 1.27] 
MB -2.69 -3.58   

NMA -0.94 -0.17 -1.06 [-3.02, .94] 
QO -2.32 -0.01 -2.34 [-4.69, .11] 
SH -3.39 -4.07   
SJ -4.64 -2.67 -2.15 [-4.05, -.18] 
SQ -1.56 -2.99   

SSW N/A N/A   
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Figure 12. Scatterplot comparing patient performance (z) on the AWSM and PWM tasks. 
The red dotted line indicates y=x. 
 
Discussion 

 
Many models of speech perception have assumed obligatory sublexical 

processing as a prerequisite for lexical processing (e.g., Cole & Scott, 1974; McClelland 

& Elman, 1986; Luce, Goldinger, Auer & Vitevitch, 2000; Luce & Pisoni, 1998; Norris, 

1994; Norris, McQueen & Cutler, 2000; Oden & Massaro, 1978). It was thus surprising 

that patients with impaired sublexical processing but relatively intact lexical processing 

were reported in the literature (Basso et al., 1977; Blumstein et al., 1977a; Blumstein et 

al., 1977b; Miceli et al., 1980). These results led researchers to claim that either a) 

sublexical and lexical processing operate via largely independent, parallel processing 

routes (e.g., Hickok & Poeppel, 2000; Hickok & Poeppel, 2004; Hickok & Poeppel, 

2007; Hickok, 2014; Poeppel & Hickok, 2004; Majerus, 2013; Scott & Wise, 2004; Wise 

et al., 2001) or b) inappropriate tasks have been used to tap sublexical processing (e.g., 

Hickok & Poeppel, 2007). Given the theoretical importance that has been attached to the 

findings from those patient studies, we closely examined the studies and found that all of 

them failed to match the degree of phonological similarity of the target and distractor 

-8.00
-7.00
-6.00
-5.00
-4.00
-3.00
-2.00
-1.00
0.00
1.00
2.00

-8 -6 -4 -2 0 2
PW

M
 (z

)

AWSM(z)



 
 

 

89 

items between the sublexical and lexical processing tasks and many failed to match task 

demands.  

In Experiment 1a, we were able to replicate the dissociation between impaired 

sublexical and preserved lexical processing using stimuli and tasks like those from prior 

studies where close matching of stimuli and task demands was not carried out (e.g., 

Miceli et al.,1980)8. However, when we tested patients on sublexical and lexical tasks 

that were closely matched in terms of discriminability of items and task demands 

(Experiments 1b-d), we found strong and significant correlations between performance 

on sublexical tasks for six such comparisons. Although sample sizes for these 

correlations were relatively small, the likelihood of obtaining significant correlations 

across several different task comparisons if no true relation existed would be exceedingly 

small. Moreover, our claims do not rest on finding significant correlations.  In fact, as 

discussed earlier, correlations might be reduced because performance on lexical tasks was 

compromised due to lexical or semantic factors per se, with potentially little impact on 

sublexical task performance. More critical than the presence of correlations is the fact 

that no patient demonstrated substantially worse sublexical than lexical processing. Only 

two patients demonstrated significantly better lexical than sublexical performance on one 

pair of sublexical vs. lexical task comparisons, but not on others. For DG, this difference 

was only evident when comparing tasks that had different STM/WM requirements, 

suggesting that his worse performance on syllable discrimination was likely due to the 

                                                        
8 In a separate experiment not reported in this paper, we had participants perform a word discrimination 
task where items differed by three features. When we compared this to the single feature difference syllable 
discrimination task from Experiment 1b, we found that some patients were better at the lexical than 
sublexical task. This suggests that if researchers fail to match the phonological similarity of targets and 
distractors between sublexical and lexical processing tasks, even if the two tasks are matched on task 
demands, patients can present better lexical than sublexical processing.  
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increased STM/WM demands relative to auditory lexical decision. For SJ, this difference 

was manifested in the comparison of AWSM and PWM, but not in the comparison of 

syllable discrimination to word discrimination, auditory lexical decision or PWM. This 

makes it likely that she is less able to generate a stable phonological code for the written 

syllables in the AWSM task than for the picture names in the PWM task, leading to her 

worse performance.  

Overall, the data from Experiment 1 support our claim that the findings of studies 

like Miceli et al. (1980) reflect task artifacts (i.e., task demands and/or stimulus 

discriminability) rather than true double dissociations between sublexical and lexical 

processing or syllable and word perception. Further, when sublexical and lexical tasks 

were closely matched in terms of task demands and phonological similarity of targets and 

distractors, as in the current study, performance on sublexical tasks (i.e., syllable 

discrimination) was highly predictive of performance on lexical tasks (i.e., word 

discrimination, auditory lexical decision), suggesting that tasks such as syllable 

discrimination are reasonable measures of sublexical processing. Finally, our data are 

consistent with claims made by and McMurray and Jongman (2015), namely that 

individuals’ perception of auditory stimuli can be aided by simultaneous presentation of 

related visual stimuli (see also Huettig, Rommers, & Meyer, 2011, for similar suggestions 

regarding findings from the visual world paradigm). 

One question that might be raised is whether the failure to find significantly 

impaired sublexical processing co-existing with good lexical processing owes to the 

interactivity between sublexical and lexical levels in speech perception (e.g., McClelland 

& Elman, 1986) and/or, potentially, interactions between dorsal and ventral routes (e.g., 
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Cloutman, 2013; Ueno et al., 2011). According to this line of reasoning, preserved lexical 

processing boosted performance at a damaged sublexical level to bring it in line with 

performance at the lexical level. In other words, resonance between the lexical and 

sublexical levels served to clean up noisy representations at the sublexical level.  Effects 

such as the well-known phonemic restoration effect (Warren, 1970; Samuel, 1981) and 

the effect of lexical (i.e., word vs. nonword) context on phonetic categorization (Ganong, 

1980) would appear to support such a top-down hypothesis.  However, as documented by 

Samuel (1996), the phonemic restoration effect is quite fragile and strongly influenced by 

the match between the acoustic features of the missing phoneme and the noise that 

replaces it.  The influence of lexical status on phonetic categorization is subtle, involving 

a small shift in a phoneme category boundary (McClelland & Elman, 1986), rather than 

any change in accuracy. Moreover, these effects involve presentation of word stimuli 

whereas the conditions in our experiment supposedly improved by feedback involve 

presentation of sublexical stimuli (i.e., syllables). As noted by Norris, McQueen, and 

Cutler (2000), there is no evidence that lexical factors improve sensitivity in phoneme 

discrimination. As these authors discuss, feedback from the lexical to the sublexical level 

could impair performance rather than improve it. For example, suppose that a patient is 

asked to discriminate /pa/ and /ba/ but has a sublexical processing deficit which results in 

the /ba/ stimulus activating a /p/ representation more than a /b/ representation (though not 

as much as does the /pa/ stimulus). In that case, lexical representations for words 

beginning with /p/ will be more activated than those starting with /b/ for the /ba/ stimulus 

and feedback from the lexical level will only serve to reinforce the erroneous activation 

of the /p/ representation, making it more likely that the patient would make a 
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discrimination error than if no feedback had occurred.9 Thus, top down effects from the 

lexical to the sublexical level are quite weak and it is unclear that any such feedback, if it 

exists, would serve to improve sublexical perception performance. 

While the data from the current study provide support for a model of speech 

perception with sublexical processing as a prerequisite for lexical processing, it would 

only take a single patient showing substantially better performance on lexical level than 

sublexical level tasks to negate the conclusions from the current study. One recent study 

by Wolmetz, Poeppel and Rapp (2011) did report a patient that might match this 

description. Patient DMN was better at identifying word stimuli compared to nonword 

stimuli and discriminating pairs of words as opposed to nonwords. However, it is 

important to note that DMN showed a pattern of identification for words and nonwords 

that was markedly different from controls and was severely impaired at between-category 

discrimination for both words (d’=.41) and nonwords (d’=-.15) relative to a control 

population (word discrimination mean d’ ~ 2.6, nonword discrimination mean d’ ~ 2.3). 

Although this patient might seem to have substantially better lexical than sublexical 

perception, we do not view this pattern of performance as problematic for at least two 

reasons.  

First, performance on these two tasks was still related in the sense that DMN was 

essentially performing at floor – not below the normal range on one and within the 

normal range on the other. We would view a pattern of performance where a patient is 

substantially better at lexical level than sublexical level tasks (e.g., within the range of 

controls on lexical but outside the range on sublexical) as more problematic for our 

                                                        
9 Reasoning along these lines is presented by Norris, McQueen and Cutler (2000) as supporting their 
contention than speech perception does not involve feedback as it provides no benefit to perception.  
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arguments. Second, as discussed previously, top-down influences can affect processing at 

lower levels; this is an important issue to consider in assessing whether patients perform 

better on lexical tasks than would be expected based on their sublexical performance. 

Some models, like TRACE (McClelland & Elman, 1986), assume feedback from 

semantic to lexical levels (and from lexical to sublexical levels) that could boost 

performance on lexical tasks (see also Gow, 2012). Other models, like MERGE, do not 

assume feedback from higher to lower levels, but instead assume that after processing 

occurs at the sublexical level, access to lexical and semantic information can be recruited 

in task performance (Norris, McQueen & Cutler, 2000).  For DMN, the potential 

availability of lexical or semantic information for some of the word stimuli may have 

allowed him to base some of his comparisons on these codes10, leading to slightly better 

performance in the lexical task, though still far below level of controls. Note, also, that in 

Experiment 1 two of our patients performed substantially better on one of the lexical than 

sublexical processing tasks, suggesting that potential top-down factors may have been 

enough to boost their lexical performance slightly above their sublexical performance.  

In summary, Experiment 1 provides support for models of speech perception 

where processing of sublexical information is a prerequisite for processing of lexical 

information, as is the case in TRACE (McClelland & Elman, 1986), NAM (Luce & 

Pisoni, 1998) and Shortlist/MERGE (Norris, 1994; Norris, McQueen & Cutler, 2000). On 

the other hand, we failed to find support for models that do not require passage through 

sublexical levels to reach lexical levels, such as the episodic theory of speech perception 

(e.g., Goldinger, 1998) or dual route models of speech perception (Hickok & Poeppel, 

2000; Hickok & Poeppel, 2004; Hickok & Poeppel, 2007; Hickok, 2014; Poeppel & 
                                                        
10 This would have little effect on nonwords, as there is no corresponding semantic representation.  
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Hickok, 2004; Majerus, 2013; Scott & Wise, 2004; Wise et al., 2001). The purpose of 

Experiment 2 was to provide converging evidence on the hypothesis that sublexical 

processing is a necessary prerequisite for lexical processing.  
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Chapter 4: Experiment 2 

 The results of Experiment 1 support the hypothesis that lexical processing 

depends on sublexical processing; patients with sublexical processing deficits also have 

lexical processing deficits, and, critically, no patient with impaired sublexical processing 

had intact lexical processing across all lexical tasks. Thus, the results provided support 

for models of speech perception that require sublexical processing as a prerequisite for 

lexical processing. However, the tasks used in Experiment 1 suffer from two weaknesses. 

First, researchers have criticized discrimination tasks like those used in Experiment 1 

because of the STM requirement, namely that these tasks require short-term maintenance 

of two stimuli (e.g., Hickok & Poeppel, 2000; McMurray et al., 2008). Even though only 

a single patient had a significant decline in performance from the 50ms (minimal STM 

requirement) to the 1500ms ISI condition (greater STM requirement) in Experiment 1b, it 

is possible that comparing two stimuli at even a short delay taxed the patients’ STM 

capacity. The tasks used in Experiment 2 avoided this weakness by utilizing a task where 

only a single stimulus was presented at a time, thus minimizing STM demands. 

A second criticism of Experiment 1 methodology is that none of the measures 

utilized in Experiment 1 reflected online speech processing but instead reflected 

decisions made after processing had occurred. Even though identification tasks like those 

used in Experiment 1c and 1d minimize STM demands relative to discrimination tasks, 

both discrimination and identification tasks have been criticized because the dependent 

measures of accuracy and/or response times do not clearly reflect processing as it 

unfolds. Accuracy data alone provide an impoverished view of speech perception 

processes, as it is not clear to what extent competitor responses were considered before a 
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final decision was made. While response time data provide more information about the 

decision making process (e.g., more difficult decisions usually take longer), it is difficult 

to determine the cognitive processes that occurred during that time. One way that 

researchers have attempted to address these concerns is by utilizing the visual world 

paradigm. In the visual world paradigm, participants are presented with a visual scene 

and required to make some sort of response, for example, selecting a target picture among 

distractors in response to an auditorily presented word. Critically, where they look on the 

screen is monitored and recorded and is used in subsequent analyses. Eye movements in 

the visual world paradigm have been show to be extremely sensitive to online speech 

perception processes and (see McMurray & Spivey, 1999; McMurray et al., 2002; 

McMurray et al., 2008), by using eye-tracking, perception can be measured as it unfolds 

online. Additionally, one can determine exactly which stimulus a participant was 

considering during the response time interval based on which stimulus they were looking 

at, allowing the researcher the opportunity to extract fine grained information regarding 

the speech perception process.  

Experiment 2 thus sought to provide converging evidence with the findings from 

Experiment 1 using both a phoneme and a word identification task, with eye movements 

and response accuracy as the dependent measures (see McMurray et al., 2008). In 

addition to the use of a different task and different dependent measures, another major 

difference between Experiment 1 and Experiment 2 was in the stimuli presented to the 

participants. In Experiment 2 stimuli varied along a VOT continuum whereas the stimuli 

in Experiment 1 were all prototypical representations of the stimulus (in VOT continuum 

terms, they were endpoint stimuli). This may cause patients to exhibit different degrees of 



 
 

 

97 

impairment than they exhibited in Experiment 1 due to the additional difficulty in 

identifying stimuli near the category boundary; however, if we see the same pattern of 

results as Experiment 1 (i.e., no patient with normal lexical and impaired sublexical) this 

will only strengthen our arguments. In other words, if we find the same pattern with 

different stimuli, a different task, and different dependent measures, we will have a 

stronger argument overall.  

In Experiment 2, we utilized a phoneme identification task to measure sublexical 

processing, where the participant heard a consonant-vowel stimulus (i.e., /ba/, /pa/, /sha/ 

or /la/) and had to determine which of four possible choices (i.e., “ba”, “pa”, “sha”, “la”) 

matched the syllable they heard. We used a word identification task to measure lexical 

processing, where the participant heard a word and had to determine which of four 

pictures matched the word they heard. We chose to use a four alternative forced choice 

procedure given that tasks using four alternatives, as opposed to two alternatives, have 

been shown to be more sensitive to the underlying changes in VOT (McMurray et al., 

2008).  

Our predictions for Experiment 2 were heavily influenced by previous work of 

McMurray and colleagues (McMurray et al., 2008; McMurray et al., 2014). McMurray et 

al. (2008) concluded that lexical processing is extremely sensitive to pre-lexical 

processes, including auditory and sublexical level processing. Further, McMurray et al. 

(2014) argued that specific predictions can be generated for the eye tracking data 

depending on whether a patient has an auditory, sublexical or lexical deficit (see 

Introduction). Our predictions were thus as follows.  
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If a patient has a deficit at the level of auditory processing, they will perform 

poorly on both the phoneme and lexical identification tasks and will exhibit a pattern of 

performance that is less graded and less accurate than that for healthy age-matched 

controls (i.e., a shallower slope along with a greater number of trials where the 

competitor item is chosen relative to age-matched controls). This prediction is the same 

for speech perception models assuming obligatory sublexical processing and dual route 

models.  

For patients with sublexical processing deficits, there are two sets of predictions 

depending on whether sublexical processing is required for lexical processing. If 

sublexical processing is required, then patients with sublexical processing deficits should 

have difficulty with both tasks (as evidenced by accuracy of the response and fixations to 

competitors) and should show eye movement patterns that are increasingly graded as the 

category boundary is approached (i.e., a steeper slope relative to age-matched controls). 

However, if sublexical and lexical processing operate independently, as proposed by dual 

route models, then patients with sublexical processing deficits could have difficulty only 

with the phoneme identification task and only show eye movement patterns predicted by 

sublexical level impairments on the sublexical task but potentially normal eye movement 

patterns on the lexical task. That is, they should perform like age-matched control 

participants on the word identification task unless they have lexical level deficits as well.  

Predictions for patients with deficits at the lexical level do not differ between the 

models assuming obligatory sublexical processing and dual route models. If patients have 

deficits only at the lexical level, they should have particular difficulty with the word 

identification task and should show overall more looks to the competitor and more 
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competitor responses relative to age-matched controls (i.e., a general increase in 

competitor fixations and responses to the competitor regardless of VOT with no change 

in the slope relative to age-matched controls).  

Method 

Participants.  

 Age-matched controls. Ten neurally healthy older adults were recruited from the 

Brain and Language Lab database and compensated $10 per hour for participating in 

Experiment 2. The purpose of testing age-matched controls was to provide a baseline 

level of performance against which to compare patient performance. The mean age of the 

participants was 71 years and the mean number of years of education was 16.4. Informed 

consent was obtained in accordance with Rice University IRB protocol.  

 Patients. Eight patients who were able to read written syllables and words 

participated in Experiment 2. Five patients from Experiment 1 were selected to 

participate based on their ability to read the syllables from the auditory-written syllable 

matching task and an ability to read the words used in the lexical identification portion of 

Experiment 2. Although eight patients completed the auditory-written syllable matching 

task from Experiment 1, two were no longer available for testing and one has a very 

severe speech perception deficit, making it difficult for him to complete the extensive 

testing required in Experiment 2. The other three patients were selected based on an 

ability to read the written syllables used in Experiment 2 and an ability to read the words 

used in the lexical identification portion of Experiment 2. The mean age of the patients 

was 62.5 years and the mean number of years of education was 15.4. 

Apparatus.  
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All of the visual stimuli were presented on a Dell desktop computer (display 

resolution 1920 x 1080) running Experiment-Builder (SR Research Ltd). The auditory 

stimuli were presented via Mutant MIG-NC102 noise canceling headphones and adjusted 

to a comfortable listening level for each participant. Participants’ eye movements were 

recorded using the tower mounted EyeLink 1000 Plus (SR Research Ltd) eye-tracker, 

using a 500 Hz sampling rate (i.e., gaze position is sampled 500 times per second) with a 

mean spatial accuracy of <0.5°. We chose to use the tower mount to help to stabilize 

participants’ heads during the task, allowing the most accurate eye tracking. A drift-

correction procedure was run every eighteen trials to ensure accurate eye tracking 

measurements. A large discrepancy between a participant’s fixation position and the 

fixation point on the screen indicated that the calibration measurements were off and the 

camera had to be recalibrated.  

Materials.  

All auditory and visual materials were acquired from Bob McMurray (U. of 

Iowa). 

 Auditory and visual stimuli: phoneme identification. Synthetic /ba/-/pa/ stimuli 

were acquired that varied along a nine-step VOT continuum. McMurray et al. (2008) 

created the stimuli using KlattWorks (McMurray, 2008). The stimuli were created so that 

all stimuli began with 5 ms of frication in order to simulate the release burst (i.e., the 

burst of air that is released after the initial occlusion of the air tract that is common to 

stop consonants). A VOT of zero indicated that a stimulus was fully voiced. For VOT 

zero, the researchers created the stimuli such that the periodic energy (i.e., low frequency 

energy that only occurs for voiced stop consonants during the initial occlusion of the air 
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tract) began at the same time as the frication. For all VOT’s greater than zero, the initial 

onset of voicing was varied by adding a delay of 5 ms increments, replaced by 60 

decibels of aspiration (i.e., an elongation of the release burst, or burst of breath following 

occlusion of the air tract), up to a maximum VOT of 40 ms (i.e., 9 unique VOT’s from 

zero to forty ms). This simulates natural speech, where voiceless stop consonants, such as 

/p/, are typically aspirated and voiced stop consonants, such as /b/, are not. The vowel 

attached to the /p/ and /b/ stimuli was /a/, such that stimuli varied on a /ba/-/pa/ 

continuum. In addition, two filler stimuli that were unrelated to the /ba/ and /pa/ stimuli 

were created by McMurray et al. (2008; i.e., /la/ and /sha/).  

The visual stimuli were four written syllables that corresponded to all of the 

possible auditory stimuli (i.e., “BA”, “PA”, “LA” and “SHA”). Each letter was 631 

pixels (width) by 422 pixels (height) with the boundaries extended by 100 pixels to 

account for any noise in the eye movements and was positioned in a single quadrant. 

Quadrant-letter pairings and the location of the target relative to the competitor stimulus 

were pseudo-randomized across blocks in order to account for effects of screen 

placement on looking times. For example, participants are more likely to fixate the top 

left corner compared to any other quadrant of the screen and are more likely to fixate a 

competitor when it is placed in vertical as opposed to diagonal alignment with the target 

(McMurray, personal communication).  

Auditory stimuli: lexical identification. Six synthetic /b/- and /p/- initial minimal-

pairs word stimuli were acquired that varied along a nine-step VOT continuum from 0 ms 

to 40 ms (i.e., bale/pail, beach/peach, butter/putter, bear/pear, bomb/palm and 

bump/pump). Six /l/- initial (i.e., ladder, lamp, leg, lip, leaf and lock) and six /sh/- initial 
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word stimuli (i.e., shoe, shark, sheep, shell, ship and shirt) served as filler items. All 

stimuli were originally constructed by McMurray et al. (2002) by modifying synthetic 

speech tokens using the same method as described in the phoneme identification 

materials section above. 

 Visual stimuli: lexical identification. All stimuli were colored line drawings that 

McMurray, Samuelson, Lee and Tomblin (2010) had created to minimize differences in 

brightness, salience and other visual features. These stimuli were created by taking a 

variety of clip art images corresponding to each auditory stimulus, presenting these 

images to a series of young adults to determine the most prototypical image for each 

auditory stimulus and editing the stimulus that was rated as the most prototypical 

according to rater suggestions. Suggestions included removal of distracting elements and 

ways to make the images as prototypical as possible. McMurray and colleagues have 

found that using these stimuli reduces noise in the data as compared to using 

photographs. Quadrant-picture pairings and the location of the target relative to the 

competitor stimulus were pseudo-randomized across blocks as in the phoneme 

identification ask. Each picture was 631 pixels (width) by 422 pixels (height) with the 

boundaries extended by 100 pixels to account for any noise in the eye movements and 

was positioned in a single quadrant.  

Procedure.  

 Each testing session began with calibration and validation of the eye-tracker for 

each participant via presentation of a 3x3 dot matrix. Participants were then presented 

with the instructions for the task on the computer screen and the experimenter worked 

through the instructions with the participant to ensure that they understood the task. 
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Additionally, the phoneme identification task had several practice trials and the lexical 

identification task had a brief training session before the participant performed the task 

(described in more detail below). Each participant participated in a single session for 

phoneme identification and two sessions for lexical identification.  

Phoneme identification. Several practice trials were given to each participant 

before beginning the experiment. First, each written syllable was presented individually 

and the participant was asked to read the syllable aloud. If necessary, the experimenter 

corrected the participant one time, at which time the participant repeated the written 

syllable back to the experimenter. After initial presentation of the four stimuli, each of the 

four written syllables was presented again and the participant read them aloud without the 

experimenter’s assistance. All patients and controls were able to repeat the syllables 

aloud without the experimenter’s assistance during the second presentation of the written 

stimuli.   

After reading the four written syllables, the participant completed twelve practice 

trials. All four written stimuli were presented on the screen, one in each quadrant. In the 

center of the screen a blue circle appeared for 500ms before turning red. Participants 

clicked on the red circle to trigger presentation of the auditory stimulus. This ensured the 

participant’s gaze was focused on the center of the screen. Each of the two filler stimuli 

and the two endpoints for the target stimuli were auditorily presented three times in 

pseudo-random order and the participant had to click on the appropriate written stimulus. 

These practice trials were meant to ensure that they understood the task and the 

experimenter corrected any errors the participant made. The participant then began the 

experiment.   
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Experimental trials began with presentation of the blue circle surrounded by the 

four written syllable stimuli. The blue circle turned red after 500ms and the participant 

clicked on the red circle, triggering the auditory stimulus to be presented via headphones. 

The position of the written syllables on the screen was counterbalanced across blocks as 

follows. Given four written stimuli, there are 24 unique layouts possible. For the 

experimental trials, each of the 24 visual displays was presented once with each of the 

nine VOT’s. Across the 216 filler trials, each of the 24 visual displays was presented nine 

times. Thus, overall, each of the 24 possible visual display combinations was presented 

18 times. After hearing the spoken syllable, the participant clicked on the written syllable 

that best represented their auditory percept, ending the trial and triggering the blue circle 

or drift correction (depending on the trial number). Participants were encouraged to 

respond at a pace that felt natural to them, though they were also informed that if they did 

not respond within three seconds, the task would automatically proceed to the next trial in 

order ensure that they would be able to complete the large number of required trials. 

Further, they were informed that the position of the four letters would change from block 

to block and that they should wait to click on the red circle until they had familiarized 

themselves with the current layout. All testing was completed within a single session, 

with each of the nine VOT steps presented 24 times and each of the two filler items 

presented 108 times, for a total of 432 trials (as in McMurray et al., 2008).  

 Lexical identification. The lexical identification task began with a training 

session to familiarize the participants with the picture stimuli. All 24 images were shown 

one at a time with their name printed below. The experimenter read each word aloud to 

the participant as each image was presented. After initial presentation of the items, 
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participants were presented with the layout of the task (i.e., four pictures presented on a 

computer screen). For this training phase, participants were initially presented with four 

pictures, one in each quadrant, and a blue circle in the center of the screen which turned 

red after 500 ms. The participant was instructed to click on the red circle, after which a 

printed word appeared in its place. The participant was instructed to click on the picture 

that corresponded to the printed word. Each of the 24 visual stimuli appeared twice 

during this training for a total of 48 trials. Neither controls nor patients made any errors 

during this training phase. Finally, to further familiarize participants with the task, 

participants performed the same practice but with a spoken word being presented instead 

of a written word after clicking the red circle. For the /b/ and /p/ initial words, endpoint 

stimuli were presented. The experimenter corrected the participant if they made any 

errors, though note that all patients and controls had an accuracy rate of at least 92% for 

this practice phase. 

During the testing phase, each trial began with a blue circle in the center of the 

screen surrounded by four picture stimuli, one in each quadrant. After 500 ms, the blue 

circle turned red and the participant clicked on the red circle to initiate the trial. Again, 

the experimenter indicated that the participant should not click the red circle until they 

were familiar with the layout of the pictures on the screen. At this point, the auditory 

stimulus was presented. Each of the nine VOT’s for each of the six word pairs was 

presented ten times for a total of 540 experimental trials. There were also 540 filler trials 

(i.e., 12 fillers words presented 45 times each). Note that filler stimuli that were 

semantically related to target stimuli were never presented on the same trial (e.g., beach 

and shark or shell never co-occurred). 



 
 

 

106 

As with the phoneme identification task, the picture stimuli placement within the 

four quadrants was counterbalanced according to the location of the /b/ and /p/ stimuli 

and the relationship between the two  (i.e., horizontally, vertically and diagonally 

aligned); however, a complete counterbalancing was not possible given the number of 

trials that would require (i.e., twelve possible arrangements by six word pairs by nine 

VOT’s by ten presentations of each VOT per word pair). Instead, we ensured that each of 

these twelve placements was presented an equal number of times (five) for each VOT 

step. Within each of the six word pairs, ten of the twelve placements was presented. The 

task included 60 blocks overall, with 18 trials per block. Within each block (i.e., between 

drift corrections), the same b-p word pair and fillers were presented and the layout 

remained constant. Further, within a block there was one presentation of each of the nine 

VOT steps for that word pair and nine fillers. Finally, all blocks for a word pair were 

completed in succession before moving on to the next word pair. Due to the total number 

of trials (1,080), the task was broken into two one-hour sessions, each containing 30 

blocks (540 trials), with the same training phase occurring before each session. Half of 

the word pairs were presented during the first experimental session and half were 

presented during the second experimental session, though the practice and training phases 

were the same across the two testing sessions.  

Results 

All of the following was done separately for the phoneme and lexical 

identification tasks. Only the experimental stimuli (i.e., /b/-/p/) were analyzed. 

Identification data. We first analyzed the mouse click responses (i.e., 

identification data) as this was a prerequisite for analysis of the eye movement data. 
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Following McMurray et al. (2014), control participants were excluded if they scored less 

than 80% correct on the endpoint stimuli (VOT 0 ms and VOT 40 ms). Only one 

participant fell below this criterion, selecting the /p/ stimulus on only 25% of trials at the 

/p/ endpoint. An additional control participant was tested to replace these data. For 

patients, not surprisingly, there was wide variability in endpoint accuracy (see Table 11) 

due to their speech perception deficits11, with several scoring below 80% accuracy on 

endpoint stimuli for either phoneme or word identification. Of course, patients were not 

excluded on these grounds, as we were interested in studying the impact of their speech 

perception deficits on eye-tracking responses 

Table 11 
Patient accuracy to endpoint stimuli (VOT 0ms for /b/ and VOT 40ms for /p/) for 
phoneme and lexical identification tasks for all word pairs and when excluding those 
poorly fit (described in detail below).  

  Phoneme   
Lexical: All 
Word Pairs   

Lexical: 
Excluding 
Poorly Fit 

Word Pairs   

Patient 
VOT 
0ms 

VOT 
40ms VOT 0ms 

VOT 
40ms VOT 0ms VOT 40ms 

QO 92 100 95 97 95 97 
NMA 65 96 83 88 83 88 

SH 91 29 63 70 93 73 
MB 71 82 65 85 80 90 
EV 82 96 74 80 88 76 
NJ 67 91 79 86 79 86 
HO 100 100 98 98 98 98 
CA 87 90 83 64 79 89 

Control 
Mean 97 100 98 99 N/A N/A 

 

                                                        
11 In order to be sure that the poor performance was related to speech perception deficits, we correlated 
performance with the two identification tasks from Experiment 1c and 1d—PWM and AWSM.  
Performance on the phoneme identification task was correlated with AWSM, r (6) = .66, p = .07, and the 
lexical identification task was correlated with PWM, r (6) = .75, p = .03 (excluding poorly fit word pairs, r 
(6) = .48, p = .23). 
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Additionally, we excluded trials where a filler picture was chosen, as we only 

wanted to include within-category responses, and trials where no response was made 

before the cut off point (3,000 ms). If the participant made a response before the trial had 

ended, the length of the final fixation was extended as if the participant fixated that 

picture until the end of a 3,000 ms trial in order to avoid missing data problems (as in 

McMurray et al., 2008). For phoneme identification, there were only five trials where a 

control chose a filler picture (.001% of trials); patients chose a filler picture between zero 

and six times each (from 0% to .01% of trials). The number of trials that timed out for 

controls ranged from 0 to 10 (0% - 2.31%) with a mean of 3.2; for patients, trials that 

timed out ranged from  three to 23 times (.69% to 5.32%).  

For lexical identification, control participants never chose a filler picture; patients 

selected a filler picture from zero to two times (from 0% to .002% of the time). The 

number of trials that timed out for controls ranged from 0 to 21 (0% - 1.94%); for 

patients, trials that timed out between ranged from six and 64 times (.56% to 5.93%). 

Importantly, when examining both filler picture selections and trials that timed out, no 

individual had greater than 6% of trials excluded from analyses. This was true for both 

phoneme and lexical identification.  

Subsequently, identification data was fit using a four-parameter logistic function 

(i.e., nonlinear regression fitting a sigmoidal curve to the data, Equation 1) implemented 

in MATLAB (MATLAB and Statistics Toolbox Release, 2015a). Figure 13 presents the 

phoneme identification data for individual patients and the mean for controls, represented 

as the proportion of “p” responses for each VOT step and Figure 14 presents these data 

for the lexical identification task, collapsed across all word pairs.  
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                                                                      (1) 

 

Figure 13. Identification data for the phoneme identification task. 

 
Figure 14. Identification data for the lexical identification task, collapsed across word 
pairs.  
 

MATLAB provided R2 as a measure of how well the program was able to fit the 

data. We defined an adequate fit as an R2 greater than .80 (McMurray, personal 

communication).  Note that an R2 of one represents a perfect fit. The mean R2 of fit for 

phoneme and lexical identification for patients and controls is presented in Table 12. 
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R2 of fit for patients for the phoneme and lexical identification tasks.  

Patient Phoneme 
Lexical: All 
Word Pairs 

Lexical: Excluding 
Poorly Fit Word 

Pairs 
QO .987  .995 .995 

NMA .975  .980 .980 
SH .787  .992 .997 
MB .955 .983 .980 
EV .991 .980 .983 
NJ .973 .997 .997 
HO .999 .996 .996 
CA .951 .981 .984 

Control Mean .994 .999 .999 
 

As can be seen in Table 12 and Appendices D-F12, the logistic function was 

successful in fitting the control data for phoneme and lexical identification. There was 

one patient with R2 of fit that was less than .80 (SH) for the phoneme identification task. 

Further, for SH, there were two word pairs that the program was unable to fit at all, 

bump/pump and bomb/palm; accordingly, all analyses were run twice, once with this 

patient excluded and once with this patient included. When collapsing across word pairs 

in the lexical identification task, all patients’ data were successfully fit. However, when 

looking at individual word pairs for each patient, there were some word pairs that were 

not successfully fit at .80 or higher.13 Figure 15 presents the lexical identification data for 

each patient by word pair. Across all poorly fit word pairs, the root cause was little or no 

difference between the asymptotes. 

For MB, EV and CA, the logistic fits for the bale/pail continuum were poor -  .61, 

.51 and .04, respectively. For MB, this was because the identification data were more U-

shaped than sigmoidal, leading to minimal differences between the maximum and 
                                                        
12Appendices A, B and C present the observed values plotted with the predicted values. As can be seen, the 
model was quite accurate in fitting the data. 
13 Collapsing across controls, the logistic fit for each word pair ranged from .98 to 1 and the lowest R2 for a 
word pair within a single participant was .88 
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minimum asymptotes; he made pail judgments at the endpoints and bale in the middle of 

the VOT continuum. EV and CA were biased towards pail at all VOT’s, and so the 

identification lines were flat. The logistic fits for SH and MB on the beach/peach 

continuum were poor - .66 and .73, respectively. SH almost always chose beach, whereas 

MB hovered around chance (.50 for each alternative at all VOTs; i.e., flat identification 

lines). Finally, the logistic fit for CA on the bomb/palm continuum was .51 because he 

was biased towards palm at all VOTs (i.e., flat identification line). All other word pairs 

had logistic fits of .80 or higher for each patient. Given that the data were successfully fit 

after collapsing across word pairs, despite poor fits for individual word pairs for some of 

the patients, two sets of analyses were run. One set of analyses included all word pairs for 

each patient with the exception of SH, who only had four word pairs included in 

analyses. We decided to run these analyses because the poor fit for individual word pairs 

might reflect the patient’s speech perception impairment. The fit might have been poor 

because the patient was not perceiving the stimuli in the standard categorical fashion. The 

second set of analyses only included word pairs with R2 of fit larger than .80, leaving all 

six pairs for QO, NMA, NJ and HO, five pairs for EV, four pairs for MB and CA and 

three pairs for SH. We decided to run these analyses because previous research using the 

same method excluded poorly fit word pairs under the justification that there was a 

problem with using those stimuli (i.e., children in Iowa are not familiar with the word pail 

because they use the word bucket, causing confusion), rather than the pattern being 

representative of a problem in the perceptual system (McMurray et al., 2014). Table 12 

also presents the R2 of fit for the lexical identification task when excluding word pairs 
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which were poorly fit individually and Figure 16 presents lexical identification data when 

excluding these word pairs.  

Figure 17 presents the mean control data for phoneme and lexical identification 

plotted on the same chart. Figures 18 and 19 present these data individually for each 

patient and control, respectively. As can be seen, there was a marked difference in the 

shape of the curves when comparing patients to both the mean control data and individual 

control data. While the controls consistently displayed a sigmoidal curve, a hallmark of 

categorical perception (e.g., across five experiments with varying demands in McMurray 

et al., 2008), the patient data was more linear than sigmoidal for all patients except QO 

and HO. Even so, a sigmoidal function is able to fit linear data as long as the line is not 

flat or u-shaped. That is, as long as there is a difference at the two endpoints of the line, 

the four-parameter logistic function can accommodate the data. This fit can even be quite 

good, as can be seen in the patients whose data are clearly linear (e.g., NJ lexical 

identification).  

Despite the good fits of the sigmoidal function to the data, the linear pattern 

displayed by many of the patients was quite striking, indicating that they were not 

perceiving the stimuli in a categorical way. We attempted to quantify this finding by 

fitting a line to the data and computing the R2 of fit for each control participant and 

patient. Although there was no case where the linear function was better able to fit the 

data than the sigmoidal function, this makes sense. Even though one might think that 

given the linear nature of the patient data that a linear function would necessarily provide 

a better fit than a sigmoidal function, this is not necessarily the case. This is due to the 

fact that there are more degrees of freedom in a 4-parameter (sigmoidal) compared to a 2-
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parameter (linear) function; this leads to a better fit of the sigmoidal function to linear 

data. More importantly, though, is whether the linear function is better able to fit the data 

for the patients as compared to the controls. For phoneme identification, the control range 

for R2 of fit using a linear function was .68 to .89 (M = .81). There were two patients 

whose data were better fit, as compared to the control group, using the linear function: 

EV (R2 = .99) and CA (R2 = .91). For lexical identification, the control range for R2 of fit 

using a linear function was .81 to .94 (M = .87). There were four patients whose data 

were better fit, as compared to the control group, using the linear function: QO (R2 = .94), 

NMA (R2 = .96), SH (R2 = .96)  and NJ (R2 = .95). Further, for those patients whose data 

appeared to be particularly linear (e.g., EV on phoneme discrimination), the slopes were, 

in general, much shallower than the slopes for individuals who clearly displayed a 

sigmoidal pattern. 

The more linear, less categorical pattern for the patients was not an anticipated 

outcome. The possible sources of this less categorical pattern will be considered in the 

General Discussion.
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Figure 15. Identification data for the lexical identification task by word pair for patients and controls. The legend for word pairs can 
be seen in the control figure in the upper left and is the same for each figure. 
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Figure 16. Identification data for the lexical identification task excluding poorly fit word 
pairs, collapsed across the remaining word pairs. 

 

 

Figure 17. Mean control data for phoneme and lexical identification tasks. 
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Figure 18. Identification data for phoneme and lexical identification tasks for controls.  
 

 
 

Figure 19. Identification data for phoneme and lexical identification tasks for patients.  
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After ensuring that the program was able to fit the data, we extracted the 

individual parameters for subsequent analyses. As seen in Equation 1, the logistic 

function provided us with an estimate of the maximum and minimum asymptotes (max 

and min, respectively), the slope of the identification function and the category boundary 

(boundary). In the next few sections, I will describe what each parameter represents and, 

where applicable, present statistical analyses. Each subsequent analysis was run four 

separate times: a) with all word pairs and all patients, b) with all word pairs but excluding 

SH, c) with all patients but excluding poorly fit word pairs and d) excluding SH and all 

poorly fit word pairs. There was no known data to suggest which of these analyses made 

the most sense, so we included them all and addressed discrepancies where needed. First, 

I will present the asymptotes, then the slope and finally the category boundary. Then, I 

will move on to discuss the eye movement data, which was adjusted based on each 

participant’s category boundary (discussed below).  

Asymptotes. The maximum and minimum asymptotes represent the proportion of 

the time that a participant responds “ba” or “pa” as the VOT approaches /ba/ or /pa/ (i.e., 

as x approaches +/- infinity). For example, if a participant always responded “ba” when 

on the /ba/ side of the VOT continuum (determined via individual participant category 

boundaries, discussed below) and always responded “pa” on the /pa/ side of the 

continuum, then they would have a maximum asymptote of one and a minimum 

asymptote of zero. The choice of a four-parameter, rather than two-parameter, logistic 

function was based on the fact that not all participants have asymptotes at zero or one, 

which is especially true for impaired populations, and the four-parameter function 

allowed us to estimate the asymptotes. For analyses, we computed the difference between 
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the maximum and minimum asymptotes (amplitude) across the control group and for 

each patient. Table 13 contains the asymptotes and amplitudes for patients and controls.  

Table 13 
Asymptotes and amplitudes for phoneme and lexical identification tasks for patients and 
controls. The minimum and maximum asymptotes and amplitudes for the lexical 
identification task excluding poorly fit word pairs are presented in parentheses.  
 

  Phoneme     Lexical     
Patient Minimum Maximum Amplitude Minimum Maximum Amplitude 

QO .14 .94 .80 .09 (.09) .95 (.95) .86 (.86) 
NMA .22 .92 .70 .18 (.18) .88 (.88) .69 (.69) 

SH .09 .29 .20 .37 (.7) .72 (.76) .35 (.69) 
MB .20 .87 .67 .35 (.27) .81 (.88) .46 (.61) 
EV .18 .96 .77 .22 (.08) .74 (.70) .52 (.62) 
NJ .24 .89 .65 .21 (.21) .85 (.85) .64 (.64) 
HO .0 1 1 .20 (.20) .97 (.97) .95 (.95) 
CA .13 .95 .82 .10 (.12) .60 (.86) .50 (.74) 

Control 
Mean 

(Range) .3 (0-.14) .98 (.94-1) 
.95 (.86-

.99) .2 (0-.5) 
.99 (.96-

1) 
.97 (.92-

1) 
 

In order to determine if there was a relationship between phoneme and lexical 

identification amplitudes (see Figure 20), we computed correlations. When including all 

patients and word pairs, there was a high correlation between the two, r (6) = .72, p = 

.043; excluding SH led to an even stronger correlation, r (5) = .86, p = .013. When 

including all patients but excluding poorly fit word pairs, the correlation failed to reach 

significance, r (6) = .51, p = .19; excluding SH again led to a stronger correlation, r (5) = 

.62, p = .13, though it still failed to reach significance. The correlation in the control 

group also failed to reach significance, r (8) = .53, p = .113, likely due to the small 

amount of variability in the control group. Overall, though each correlation was quite 

high and there was a consistent trend towards a positive relationship between the 

phoneme and lexical amplitudes.  
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Figure 20. Lexical identification amplitudes plotted as a function of phoneme 
identification amplitudes. 

 

In order to determine whether each patient was impaired on either (or both) of the 

two tasks, we compared amplitudes between control participants and patients using the 

Crawford and Howell (1998) modified t-test (see Appendix G for detailed results of these 

analyses). Seven of the eight patients were impaired relative to controls on phoneme 

identification (p’s from <.001 to .03) and, importantly, these seven patients were also 

impaired on the lexical identification task (p’s <.001). The same pattern was found when 

excluding poorly fit word pairs. To determine relative levels of impairment, we converted 

all patient scores to z-scores relative to the control group. The degree of impairment, as 

indexed by z-scores, was much larger for the lexical task than the phoneme task across 

the seven patients when all word pairs were included; when excluding poorly fit word 
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pairs, the pattern remained mostly the same with the exception of SH, whose z-score for 

the lexical task was somewhat smaller than the phoneme task (see Appendix H). There 

was also one patient whose amplitudes were not significantly different from controls on 

either task. Overall, no patient had significantly impaired amplitudes relative to controls 

on phoneme identification with normal lexical identification amplitudes, and the degree 

of impairment was typically more severe in the lexical than the phoneme task.   

Slope. The four-parameter logistic function also gave us an estimate of the slope 

of the sigmoidal curve, which represents the rate of transition between “ba” and “pa” 

responses as a function of VOT. It is important to note that the slope was derived from 

the midpoint (i.e., the category boundary), independently of the asymptotes, as one might 

be concerned that the degree of difference between the asymptotes would necessarily be 

highly correlated with slope. However, by deriving the slope at the midpoint, any false 

correlation between the asymptotes and the slope was eliminated. In other words, the 

slope provides unique information that is not provided by the asymptotes (McMurray, 

personal communication). The slopes are presented in Table 14.  

Table 14 
Slopes for phoneme and lexical identification tasks for patients and controls. The slopes 
for the lexical identification task excluding poorly fit word pairs are presented in 
parentheses. 
 

Patient Phoneme Lexical 
QO 0.92 .28 (.28) 

NMA 0.86 .13 (.13) 
SH 0.03 .08 (.15) 
MB 0.21 .56 (.51) 
EV 0.14 .19 (.22) 
NJ 0.24 .16 (.16) 
HO 0.57 .33 (.33) 
CA 0.15 .14 (.20) 

Control Mean 
(Range) .80 (.40-1) .50 (.26-.98) 
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To determine if there was a relationship between phoneme and lexical 

identification slopes, we computed correlations between the two (see Figure 21). When 

including all patients and word pairs, we did not find a significant relationship between 

slopes for patients, r (6) = .09, p = .83; excluding SH did not drastically change the 

finding, r (5) = -.10, p  = .83. When including all patients but excluding poorly fit word 

pairs, the correlation was effectively zero, r (6) = -.006, p = .99; after excluding SH the 

correlation remained very small, r (5) = -.16, p = .74. The relationship was also close to 

zero for controls, r (8) = -.065, p = .858.  

 

Figure 21. Lexical identification slopes plotted as a function of phoneme identification 
slopes. 
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In addition to using the phoneme identification slopes to predict the lexical 

identification slopes, we utilized the Crawford and Howell (1998) modified t-test to 

compare slopes for the phoneme and lexical identification tasks for each patient to the 

control group to determine if a patient’s slope was significantly different from controls 

(see Appendix I). Five patients’ slopes were significantly different from the control group 

for phoneme identification (SH, MB, EV, NJ, CA; p’s from .01 to .05). For lexical 

identification, there were five patients (NMA, SH, EV, NJ, CA) who were outside the 

range of controls, however, no patients’ slopes were significantly different from the 

control group due to the large amount of variability in the control data (p’s from .14 to 

.83), even after excluding poorly fit word pairs (p’s from .19 to .98). Given that no 

patient was significantly different from controls on the lexical identification slopes, there 

was no need to compute z-scores to measure relative levels of impairment.  

Category boundary. Finally, the four-parameter logistic function gave us an 

estimate of the category boundary, or the point on the VOT continuum that separates /ba/ 

percepts from /pa/ percepts.14 For example, a category boundary of 20ms indicates that 

items from 0ms to about 20ms are generally identified as /ba/ while items on the opposite 

side of the 20ms boundary are generally identified as /pa/. The analysis of eye 

movements was only done within-category and hence depended critically on the category 

boundary. That is, we only analyzed fixations for those trials in which the mouse click 

                                                        
14 Although it is not completely clear what it would indicate if a patient’s category boundary was different 
from controls, we note that all patients’ category boundaries were within the control range for phoneme 
identification, lexical identification including all word pairs and lexical identification excluding poorly fit 
word pairs. As an exploratory analysis we also examined the relationship between phoneme and lexical 
boundaries. There were no significant relationships for patients, p’s > .5, but the phoneme and lexical 
category boundaries were significantly correlated for controls, r (8) = .85, p = .002.  
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response was for the item on the same side of the boundary as the auditory stimulus for 

each participant’s category boundary.  

Eye-movement data. Eye-movement data were used to determine the proportion 

of looks to a competitor response as a function of VOT (determined relative to each 

participant’s category boundary, adjustment explained in more detail below). Eye-

movement recording began 300ms after the participant clicked on the red circle, because 

each sound file had 100ms of silence before the auditory stimulus played and the standard 

amount of time required to initiate an eye movement is 200ms. Recording ended when 

the participant made their response (i.e., mouse click on one of the stimuli, recorded 

using Experiment-Builder). Eye-movement data were binned into 4ms time windows, and 

Experiment-Builder (SR Research Ltd) automatically parsed the eye-movement data into 

saccades, fixations and blinks. Note that there was no overlap between the four pictures 

on the screen, thus allowing distinct classification of the proportion of looks (defined 

below) to each visual stimulus.  

Next, we calculated relative VOT steps (rStep) for each participant by subtracting 

the category boundary (see above) from the VOT step of the stimulus (see McMurray, 

Munson & Tomblin, 2014). For example, if a participant’s category boundary was 25 ms, 

rSteps for 20 ms and 30 ms would be -1 and 1, 15 ms and 35 ms rSteps would be -2 and 

2, etc. We only included fixation data in the analyses for rSteps on the voiced side when 

the /b/-initial stimulus was selected and rSteps on the voiceless side when the /p/-initial 

stimulus was selected. For phoneme identification, after removing the total number of 

trials where a distractor was ultimately chosen or where the trial timed out, exclusion of 

alternate category selections accounted for 3.4% of the data for controls (range = .93% to 
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8.2%) and between 5.6% and 21.3% for patients; for lexical identification, this accounted 

for 3.8% of the data for controls (range = 1.6% to 6.6%) and between 4.7% and 18.5% 

for patients. 

We then determined the proportion of looks to the competitor as a function of 

VOT (rStep), with “look” defined as the amount of time that passed from the onset of a 

saccade to the end of the following fixation (e.g., see McMurray et al., 2008; McMurray 

et al., 2014). Control data for phoneme and lexical identification are presented below. For 

phoneme identification on the /b/ side (Figure 22), controls were more likely to fixate 

“pa” as VOT approached the category boundary except for at rStep -2. It is not clear why, 

but they were least likely to fixate the competitor at rStep -2. For phoneme identification 

on the /p/ side (Figure 23), controls were consistently more likely to fixate “ba” as VOT 

approached the category boundary. For lexical identification on the /b/ side of the 

boundary (Figure 24), controls were more likely to fixate the /p/ stimulus close to the 

category boundary, although at rStep’s -4 and -5 there was a slight increase in looks to 

the competitor. For lexical identification on the /p/ side (Figure 25), controls were more 

likely to fixate the /b/ stimulus close to the boundary, although again there was a slight 

increase in looks to the competitor at the two outermost steps, rStep’s 5 and 6. It is not 

completely clear why there was this slight increase in competitor fixations at the least 

ambiguous steps, though it may be due to the fact that at these steps there were fewer data 

points contributing.  

It is important to note that, because we are averaging across controls participants, 

the total number of rSteps in each figure do not necessarily add up to nine, which is the 

total number of VOT steps presented to each participant. That is, even though there are 



 
 

 

125 

nine VOT steps for each word pair, there are more than nine rSteps presented due to the 

variability in the category boundary across participants, as some individuals may have 

more steps on the voiced side and some may have more steps on the voiceless side. We 

only present the data for an rStep if that rStep had more than 100 contributing trials. 

Again, though, the fact that rSteps furthest from the category boundary had the fewest 

contributing data points may have skewed the figures such that it appeared that there 

were more competitor fixations at the least ambiguous steps when really this reflected 

that these were the least reliable measures. Finally, Figure 26 highlights the dependent 

variable for subsequent analyses, the area under the curve (AUC); the AUC represents the 

sum total of the proportion of looks to the competitor between 300 and 3000 ms 

(averaged across word pairs for lexical identification).  

 

Figure 22. Control looks to competitor stimulus “pa” on “ba” side of category boundary 
for phoneme identification. Each line represents a VOT step. For example, -1 is one step 
from the category boundary and is the most ambiguous. The AUC, used in data analyses, 
represents the sum of the proportion of time fixating the competitor from 300 to 3000ms.  
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Figure 23. Control looks to competitor stimulus “ba” on “pa” side of category boundary 
for phoneme identification. Each line represents a VOT step. For example, 1 is one step 
from the category boundary and is the most ambiguous. The AUC, used in data analyses, 
represents the sum of the proportion of time fixating the competitor from 300 to 3000ms.  

 
Figure 24. Control looks to competitor stimuli beginning with “p” on “b” side of 
category boundary for lexical identification. Each line represents a VOT step. For 
example, -1 is one step from the category boundary and is the most ambiguous. The 
AUC, used in data analyses, represents the sum of the proportion of time fixating the 
competitor from 300 to 3000ms.  
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Figure 25. Control looks to competitor stimuli beginning with “b” on “p” side of 
category boundary for lexical identification. Each line represents a VOT step. For 
example, 1 is one step from the category boundary and is the most ambiguous. The AUC, 
used in data analyses, represents the sum of the proportion of time fixating the competitor 
from 300 to 3000ms. 
 

 
Figure 26. Control looks to competitor stimuli beginning with “p” at rStep -1 for lexical 
identification. In order to emphasize the dependent measure for eye-tracking analyses, the 
AUC has been colored blue. 
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knows that an auditory stimulus is /ba/ (or /pa/), how strongly are they considering the 

competitor as a function of VOT (rSTEP)? We answered this question in two ways.15 

First, we examined the AUC by summing across time and VOT’s and a) computed 

correlations between the phoneme and lexical tasks and b) compared the area under the 

curve (AUC) for each patient to the control group using the Crawford and Howell (1998) 

modified t-test.  Second, we looked at the AUC as a function of VOT for the voiced and 

voiceless sides of the boundary separately and fit a line to each side. This line gave us an 

estimate of the slope (the rate of increase of looks to competitor as a function of VOT) 

and the intercept (how often they look at the competitor at the boundary). We then a) 

computed correlations between the phoneme and lexical slopes and intercepts and b) 

compared the slope and intercepts for each patient to the control group using the 

Crawford and Howell (1998) modified t-test. 

AUC. Because it takes about 200 ms to generate an eye movement, the time 

window for the AUC analyses started at 200 ms after the offset of the auditory stimulus, 

and we compared the AUC’s for the entire trial (i.e., 300 ms until the end of the trial at 

3000 ms). We also explored other time windows (300 ms to 1000 ms, 300 ms to 2000 ms, 

1000 ms to 3000 ms and 1800 ms to 3000 ms), though the results of these analyses were 

not substantially different from the time window chosen for subsequent analyses.16  The 

AUC for patients and controls is presented in Table 15.  

                                                        
15 Note that for raw AUC analyses we collapsed across the /b/ and /p/ sides of the boundary because the 
AUC was correlated between the two sides (phoneme: r = .35; lexical: r = .39). Further, if we looked 
separately at the /b/ and /p/ sides (collapsed across patient and control groups and including all patients and 
word pairs), the correlations between the AUC for phoneme and lexical tasks almost identical (/p/ side: r = 
.56, /b/ side: r = .57). 
16 All patients who were significantly different from controls in the 300 ms to 3000 ms time window were 
also different from controls in at least two other time windows. Further, no patient was significantly 
different from controls in the other time windows who was not different from controls in the selected time 
window.  



 
 

 

129 

Table 15 
AUC for phoneme and lexical identification tasks for patients and controls.  

Patient Phoneme 

Lexical: 
All Word 

Pairs 

Lexical: 
Excluding 
Poorly Fit 

Word 
Pairs 

QO 0.41 0.67 0.67 
NMA 1.07 1.35 1.35 

SH 0.83 1.17 0.86 
MB 0.85 0.70 0.57 
EV 0.77 0.82 0.87 
NJ 0.51 0.73 0.73 
HO 0.45 0.47 0.47 
CA 1.08 0.80 0.89 

Control Mean (Range) 
0.36 (.10-

.51) 
.38 (.22-

.59) 
.38 (.22-

.59) 
 

The AUC between the phoneme and lexical identification tasks was highly 

correlated for controls, r (8) = .67, p = .03. The same was true for patients when 

including SH, r (6) = .67, p = .068, excluding SH, r (5) = .70, p = .079, excluding all 

poorly fit word pairs, r (6) = .70, p = .05, and excluding all poorly fit word pairs and SH, 

r (5) = .698, p = .08. When comparing patients to controls using the modified t-test, five 

patients had significantly larger AUC’s for the phoneme task. The same five patients and 

two additional patients had significantly larger AUC’s for the lexical task (see Appendix 

J). When excluding poorly fit word pairs, the pattern remained the same with the 

exception of MB, whose AUC for the lexical task was not significantly different from 

controls using the modified t-test (though it was at the highest end of the control range).  

To determine relative levels of impairment, we converted all patient scores to z-

scores relative to the control group. The degree of impairment, as indexed by z-scores, 

was larger for the lexical task than the phoneme task across three of the five patients 

when all word pairs were included; MB’s and CA’s were relatively smaller for the lexical 
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than the phoneme task (MB: z phoneme= 3.56, z lexical = 2.59; CA: z phoneme= 5.19, z 

lexical = 3.40) . When excluding poorly fit word pairs, the pattern remained the same (see 

Appendix K).Thus, critically, for three of the five impaired patients, the AUC for the 

lexical task was larger relative to controls than the phoneme AUC. However, for two 

patients this was not the case. Even so, the AUC for both of these patients’ for the lexical 

task was larger than the control mean, indicating that even though the phoneme AUC’s 

were more different from controls than the lexical, the trend for lexical still leaned 

towards being impaired. In other words, there was still a trend towards impairment for the 

lexical task, albeit to a reduced degree relative to the phoneme task. 

AUC Regression. Figures 27 and 28 present the mean control data for the 

proportion of looks to the competitor stimuli as a function of rStep for the /b/ and /p/ 

sides of the boundary for phoneme and lexical identification, respectively. Only rSteps 

with at least 20% of the data were included in order to ensure that the proportion looks to 

competitor measure was reliable. This meant that for an rStep to be included there had to 

be at least two control participants in the phoneme identification task and at least 12 word 

pairs in the lexical identification task (although the data were collapsed across word pairs 

for analyses) contributing to that rStep. This led to the exclusion of several rSteps far 

from the category boundary—the further from the boundary, the fewer participants 

contributing to the data point. Even with these exclusions, it can be seen that there is an 

odd upswing at rSteps -5 and 6 for lexical identification (see Figure 28). These two 

rStep’s had relatively fewer data points contributing, so even though they met the 20% 

criteria, they were still less reliable than the other rSteps. The participants contributing to 

these rSteps might have had more looks to competitors at the other steps as well, but once 
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averaged with the other control participants, the value was lower.  Thus, the upswing is 

more likely an artifact of the data rather than representative of the true pattern. That is, 

participants were not actually more likely to fixate the competitor at rSteps -5 and 6, but 

there were just fewer participants’ data contributing.17  

For phoneme identification, I removed rStep -6 because there was only one 

participant. For lexical identification, I removed rStep’s -6 and -7, each of which only 

had two word pairs, and rStep 7, which had only four word pairs. Individual patient data 

for phoneme and lexical identification are presented in Figures 29 and 30, respectively; 

individual control data for phoneme and lexical identification are presented in Figures 31 

and 32, respectively. Because no category boundary fell on a whole step but rather fell in 

between steps (e.g., at step 4.3), we rounded so that rStep’s would be whole numbers. 

Because we were both rounding negative and positive numbers (i.e., /b/ and /p/ sides of 

the boundary), we rounded away from zero. In doing so, there were times when a 

participant did not have certain steps, per se (e.g., no rStep -1), as can be seen in the 

figures. Additionally, it can be seen that even the control participants did not exhibit the 

expected pattern where proportion looks to competitor linearly increase as rStep 

approaches the category boundary.  

Linear regression was used to fit a line to these data and utilized the same time 

window as the raw AUC analyses (i.e., 200ms after the offset of the auditory stimulus to 

the end of trial at 3000ms). We extracted the slopes and intercepts from the regression 

lines to use in subsequent analyses. Note, though, that neither the control nor patient data 

were clearly linear save for a few isolated cases, making these analyses less justifiable 

                                                        
17 In order to be sure that this “upswing” at the farther category boundaries was not skewing the results of 
analyses when comparing patients to controls, we also ran the analyses only including steps -3 to -1, steps 1 
to 3 and steps 1 to 4. This did not change the results in any meaningful way.  
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than the raw AUC analyses presented above. As such, these results should be interpreted 

with caution. 

 

Figure 27. Proportion of looks to competitor stimuli for controls on the phoneme 
identification task. Competitor looks are to the /p/ stimulus for negative rSteps and to the 
/b/ stimulus for positive rSteps. Each rStep presented in this figure had at least two 
participants contributing.  
 

 
Figure 28. Proportion of looks to competitor stimuli for controls on the lexical 
identification task, averaged across word pairs. Competitor looks are to the /p/ stimuli for 
negative rSteps and to the /b/ stimuli for positive rSteps. Each rStep presented in this 
figure had at least 20% of the data contributing.  
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Figure 29. Proportion of looks to competitor stimuli for controls on the phoneme identification task, averaged across word pairs. 
Competitor looks are to the /p/ stimuli for negative rSteps and to the /b/ stimuli for positive rSteps.  

 
Figure 30. Proportion of looks to competitor stimuli for patients on the lexical identification task, averaged across word pairs. 
Competitor looks are to the /p/ stimuli for negative rSteps and to the /b/ stimuli for positive rSteps. Note that because this is collapsed 
across word pairs, and different word pairs had different boundaries, there may be more than nine rSteps on each figure.  
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Figure 31. Proportion of looks to competitor stimuli for patients on the phoneme identification task, averaged across word pairs. 
Competitor looks are to the /p/ stimuli for negative rSteps and to the /b/ stimuli for positive rSteps.  

 
Figure 32. Proportion of looks to competitor stimuli for patients on the lexical identification task, averaged across word pairs. 
Competitor looks are to the /p/ stimuli for negative rSteps and to the /b/ stimuli for positive rSteps. Note that because this is collapsed 
across word pairs, and different word pairs had different boundaries, there may be more than nine rSteps on each figure. 
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SlopeAUC. The slopeAUC information for patients and controls is presented in Table 

16 (/b/ side) and Table 17 (/p/ side). The slopeAUC between the phoneme and lexical 

identification tasks was not correlated for controls on the /b/ side of the boundary, r (8) = 

-.12, p = .74, or the /p/ side of the boundary, r (8) = .10, p = .79. For patients the pattern 

was inconsistent (see Figures 33 and 34) and as follows: a) including all word pairs and 

SH (/b/ side of the boundary, r (6) = -.18, p = .67; /p/ side of the boundary, r (6) = -.29, p 

= .49), b) including all word pairs but excluding SH (/b/ side of the boundary, r (5) = -

.14, p = .76; /p/ side of the boundary, r (5) = .69, p = .088), c) excluding all poorly fit 

word pairs (/b/ side of the boundary, r (6) = -.05, p = .91; /p/ side of the boundary, r (6) = 

.35, p = .39) and d) when excluding SH and all poorly fit word pairs (/b/ side of the 

boundary, r (5) = .75, p = .05; /p/ side of the boundary, r (5) = .99, p < .001). The lack of 

consistency across the different correlation analyses and between the /b/ and /p/ sides of 

the boundary made this data difficult/impossible to interpret (see Discussion for an 

attempt). Note, however, that, as mentioned previously, the control group did not exhibit 

the predicted pattern of linear increase of competitor looks as approaching the category 

boundary (Figures 29 and 30), so it is not surprising that we did not find any consistent 

patterns. 

Table 16 
SlopeAUC for phoneme and lexical identification tasks for patients and controls on /b/ side 
of the boundary.  

Patient Phoneme 

Lexical: 
All Word 

Pairs 

Lexical: 
Excluding 
Poorly Fit 

Word 
Pairs 

QO 0.012 -0.001 -0.001 
NMA 0.003 0.006 0.006 

SH 0.004 -0.014 0.010 
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MB -0.034 0.017 0.014 
EV 0.016 0.013 0.002 
NJ -0.015 -0.005 -0.005 
HO -0.010 0.005 0.005 
CA 0.019 0.009 0.016 

Control 
Mean 

.006 (.001 
to .05) 

.008 (-.003 
to .02) 

.008 (-.003 
to .02) 

 
Table 17 
SlopeAUC for phoneme and lexical identification tasks for patients and controls on /p/ side 
of the boundary.  

Patient Phoneme 

Lexical: 
All Word 

Pairs 

Lexical: 
Excluding 
Poorly Fit 

Word 
Pairs 

QO -0.008 -0.008 -0.008 
NMA -0.002 -0.005 -0.005 

SH 0.031 -0.035 -0.013 
MB -0.018 0.001 0.003 
EV 0.004 -0.003 0.000 
NJ -0.026 -0.009 -0.009 
HO -0.019 0.000 0.000 
CA -0.081 -0.014 -0.018 

Control 
Mean 

-.01 (-.02 
to .002) 

-.003 (-
.008 to 
.003) 

-.003 (-
.008 to 
.003) 

 

 

Figure 33. SlopeAUC for lexical identification plotted as a function of phoneme 
identification on the /b/ side of the boundary. 
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Figure 34. SlopeAUC for lexical identification plotted as a function of phoneme 
identification on the /p/ side of the boundary. 
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/p/ side of the boundary, r (6) = .38, p = .35), and d) excluding SH and all poorly fit word 

pairs (/b/ side of the boundary, r (5) = .61, p = .15; /p/ side of the boundary, r (5) = .46, p 

= .30).  

Table 18 
InterceptAUC for phoneme and lexical identification tasks for patients and controls on /b/ 
side of the boundary.  

Patient Phoneme 
Lexical: All 
Word Pairs 

Lexical: 
Excluding 

Poorly Fit Word 
Pairs 

QO 0.10 0.07 0.07 
NMA 0.14 0.18 0.18 

SH 0.11 0.11 0.14 
MB 0.01 0.12 0.08 
EV 0.16 0.13 0.10 
NJ 0.03 0.09 0.09 
HO 0.04 0.08 0.08 
CA 0.17 0.09 0.13 

Control 
Mean 

.057 (.02 to 
.13) 

.05 (.03 to 
.09) .05 (.03 to .09) 

 

Table 19 
InterceptAUC for phoneme and lexical identification tasks for patients and controls on /p/ 
side of the boundary.  

Patient Phoneme 
Lexical: All 
Word Pairs 

Lexical: 
Excluding 

Poorly Fit Word 
Pairs 

QO 0.06 0.09 0.09 
NMA 0.14 0.14 0.14 

SH 0.05 0.20 0.11 
MB 0.17 0.07 0.06 
EV 0.06 0.09 0.10 
NJ 0.09 0.08 0.08 
HO 0.11 0.04 0.04 
CA 0.34 0.15 0.14 

Control 
Mean 

.069 (.01 to 
.11) 

.05 (.03 to 
.09) .05 (.03 to .09) 
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Figure 35. InterceptAUC for lexical identification plotted as a function of phoneme 
identification on the /b/ side of the boundary. 
 

 
 
Figure 36. InterceptAUC for lexical identification plotted as a function of phoneme 
identification on the /p/ side of the boundary. 
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task, NMA, MB and CA were significantly different from controls on the /p/ side of the 

boundary whereas NMA, EV and CA were different on the /b/ side. For lexical 

identification including all word pairs, QO, NMA, SH, EV and CA were different on the 

/p/ side of the boundary and NMA, SH, MB, EV and CA were different on the /b/ side of 

the boundary. When excluding poorly fit word pairs, QO, NMA, SH, EV and CA were 

different on the /p/ side of the boundary and NMA, SH, EV and CA were different on the 

/b/ side. Finally, in order to determine relative levels of impairment, patient scores were 

converted to z-scores relative to the control group (see Appendix P and Q for /b/ and /p/ 

sides, respectively). On the /p/ side of the boundary, there were two patients (MB and 

CA) who were much more impaired on the phoneme than the lexical task. On the /b/ side, 

the majority of patients were more impaired on lexical than phoneme, but patient CA was 

slightly more impaired on the phoneme task; note, however, that although he was more 

impaired on the phoneme task (about four standard deviations from the control range), he 

was still more than 2.5 standard deviations from the control range on the lexical task. 

Level of deficit analyses. We had also proposed that we would evaluate the 

pattern of patient performance relative to controls by comparing the slopes and overall 

looks to the competitor to the control group to determine whether we could determine the 

level of a patient’s deficit using the predictions laid out by McMurray et al. (2014). 

However, the data were not conducive to this type of analysis due to the lack of 

consistent patterns in the slopes for controls or patients and, relatedly, a lack of 

differentiation of the slope patterns between controls and patients.. One major reason why 

differentiation did not occur in the present study but could be observed in the McMurray 

et al. (2014) study, was that the McMurray et al. study tested these predictions across an 
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entire group of SLI children compared to a group of control children. As indicated in the 

individual patient and control data, these slopes are too noisy at an individual level to 

make comparisons at the single subject level.  

Discussion 

 Experiment 2 sought to provide converging evidence with the findings from 

Experiment 1. We expected that if the results from Experiment 2 supported obligatory 

sublexical processing models, as did the findings from Experiment 1, then a strong 

correlation would be observed between the phoneme and lexical identification and eye 

tracking measures and, critically, no patient would have normal lexical processing with 

impaired sublexical processing. Whereas the results from Experiment 1 were clear and 

consistent in their support of the obligatory sublexical processing model, the same could 

not be said for Experiment 2 as the findings were quite mixed. For some of the measures, 

Experiment 2 provided some evidence in support of the obligatory sublexical processing 

model. On the other hand, there were several variables that failed to support the 

obligatory sublexical processing model; however, these measures suffered from various 

issues (described below). Thus, the failure of some of the dependent measures of 

Experiment 2 to support obligatory sublexical processing models does not appear to 

indicate support for alternative models but, rather, appears to be due to problems with the 

measures themselves. The conclusions that can be drawn from each of the dependent 

measures (identification: slope and amplitude; eye movements: AUC, slopeAUC and 

intercept AUC) will be discussed in the following paragraphs before discussing the main 

conclusions that can be drawn from Experiment 2.  
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First, we found that both amplitude and AUC clearly supported the obligatory 

sublexical processing model. For both of these measures, there were strong correlations 

between the phoneme and lexical identification tasks for controls and patients (across all 

four correlation analyses). Although in some cases this failed to reach statistical 

significance, the trend was apparent in all analyses (amplitude minimum r = .51, AUC 

minimum r = .67). Further, and more importantly, there was no patient who was 

significantly different from controls on the phoneme task but normal on the lexical task. 

This was true across all seven impaired patients for amplitude and all five impaired 

patients for AUC (though when excluding poorly fit word pairs MB was in the normal 

range on the lexical task for AUC but outside the range for phoneme). 

As a stronger test of our hypothesis we also investigated relative levels of 

impairment. If obligatory sublexical processing is required for lexical processing, then we 

would expect that the level of impairment would either be quite close between phoneme 

and lexical measures or higher on the lexical measure. This was the case for amplitude, 

where the level of impairment was larger for the lexical task than the phoneme task for all 

of the patients when including all word pairs. However, for SH this pattern reversed when 

excluding problem pairs (phoneme z = -15.6, lexical z = -10.81). Clearly, though, SH was 

still quite impaired on both the lexical and phoneme tasks—not normal on lexical with 

impaired phoneme. As discussed in Experiment 1, we do not view this pattern of 

performance as particularly problematic for obligatory sublexical processing models, 

especially if one assumes interactivity in the system. If SH had been substantially more 

impaired on the phoneme task with good lexical processing, this would be problematic; 

however, he was impaired on both tasks and only slightly more impaired on the phoneme 
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task. Accordingly, it is possible that his lexical or semantic system was in some way able 

to boost performance on the lexical task just enough to make it slightly better than would 

be predicted based on the phoneme task. Thus, despite this one exception, the majority of 

evidence from the amplitude measure supports obligatory sublexical processing models 

of speech perception.  

For AUC, the results were a bit less consistent but still supported the obligatory 

sublexical processing approach fairly strongly. We found that the AUC was larger for the 

lexical task than the phoneme task for six of the eight patients, with MB and CA showing 

the opposite pattern. For MB and CA, as with SH on the amplitude measure, the z for 

phoneme AUC was quite close to the z for lexical AUC (MB: phoneme z = 3.56, lexical z 

= 2.59, lexical excluding poorly fit word pairs z = 1.50; CA: phoneme z = 5.19, lexical z 

= 3.40, lexical excluding poorly fit word pairs z = 4.16). As discussed above (and in 

Experiment 1), however, we do not view this pattern as particularly problematic because 

both patients are still impaired on both measures.  

The identification slope, slopeAUC and interceptAUC provided conflicting evidence 

in regards to the obligatory sublexical processing account. There were no consistent 

patterns in the correlation data for any of these three measures: the identification slopes 

were never correlated between phoneme and lexical tasks and the slope’sAUC and 

intercept’sAUC were correlated in some analyses but not others (and sometimes on the /p/ 

side of the boundary and not the /b/ side, and vice versa). When examining whether 

patients were impaired relative to controls, there were also no consistent trends within the 

three measures. For identification slopes, several patients were impaired on phoneme but 

none were impaired on lexical. However, when looking at the control data, the variability 
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in the lexical slopes (range = .26 to .98) was greater than the phoneme slopes (range = .40 

to 1). In fact, it would have been impossible for a patient’s slope to differ from controls in 

that task. Even a slope of zero or one (the minimum and maximum slopes possible) 

would not be significantly different from the control group! For slopeAUC, there was no 

consistent pattern between levels of impairment on the phoneme and lexical tasks (or 

between the /b/ and /p/ sides of the boundary). Finally, for interceptAUC, when comparing 

patient’s to the control group on the /b/ side of the boundary, patients who were 

significantly different on the phoneme task were also different on the lexical task and 

were more impaired on lexical than phoneme. On the /p/ side of the boundary the 

findings were less consistent. Two of the three patients impaired on phoneme were also 

impaired on lexical, however one patient (MB) was within the normal range on the 

lexical task. Further, two patients were much more impaired on the phoneme than the 

lexical task. In CA’s case, he was about six standard deviations outside of the control 

range on the lexical task but more than twelve on the phoneme task.  

In summary, across the amplitude and AUC measures, there was strong support 

for the obligatory sublexical processing approach to speech perception. On the other 

hand, there were no consistent patterns across the identification slope, slopeAUC and 

interceptAUC data—some of the data supported and some of the data failed to support the 

obligatory sublexical processing approach. Why would there be a discrepancy between 

the pattern for amplitude and AUC compared to the identification slope, slopeAUC and 

interceptAUC? One possibility is that the amplitude and AUC measures were more direct 

reflections of the actual data. Amplitude is essentially the difference in responses to the 

endpoint stimuli, and as such was highly correlated with endpoint accuracy (when 
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averaging accuracy between the 0 and 40ms conditions, r = .95 for phoneme and r = .99 

for lexical). For AUC, it is a direct measure of competitor looks. On the other hand, the 

identification slope, slopeAUC and interceptAUC were derived from the data, but were not a 

direct reflection of the data. Given that the patient data were quite noisy in many cases 

and had fewer data points contributing than controls, this could indicate that, even with a 

good fit, these measures did not accurately reflect the data. In fact, the regression very 

rarely was able to significantly fit the data, indicating specific problems for the slopeAUC 

and interceptAUC measures. Thus, in the remainder of this paper, I will refer only to the 

results from the amplitude and AUC analyses, as they appear to be the only reliable 

measures in the current study. 

The amplitude and AUC measures clearly supported obligatory sublexical 

processing models. But, what does it mean that a patient’s amplitude was smaller than 

controls or that their AUC was larger? In order to address these questions, it is important 

to revisit what processes are involved in categorical perception tasks, particularly 

identification tasks like the one used in Experiment 2. The classic assumption is that 

individuals first encode the features of the perceived stimulus, then map those features to 

a category, and finally make a response (e.g., Repp, 1984).  

First, it seems that many of our patients, not surprisingly, have difficulty with 

speech perception processes, as evidenced by the decreased amplitude. However, a 

question remains regarding the amplitude measure, particularly in regard to what stage in 

the process amplitude maps onto. In other words, what does it mean for a patient’s 

amplitude to be significantly different from controls? McMurray (personal 

communication) has argued that amplitude reflects the response stage—any amplitude 
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deviations from one are argued to reflect noise at that stage. However, McMurray, Spivey 

and Aslin (2000) have suggested that the amplitude represents “category goodness” (pp. 

224). Category goodness has been studied by asking participants how prototypical a 

given stimulus is (e.g., Miller, 1997; Allen & Miller, 2001). In this task, participants are 

presented with stimuli that vary on a feature continuum (e.g., VOT) and are asked to rate 

how well the current stimulus represents a specific phonemic category (e.g., /b/ or /p/). 

Generally, there is a small range where the participant’s are highly likely to identify the 

stimulus as a good exemplar of a given phonemic category, which led Miller (1997) to 

state that “systematic within-category variation in perceived goodness thus appears to be 

a general property of phonetic categories” (pp. 866). Accordingly, if amplitude represents 

category goodness, and a patient has an amplitude outside of the range of controls, this 

indicates that the patient is not perceiving the stimulus to be as good of an example of a 

category as the control group. This could indicate that the representations for those 

categories are degraded for that patient, which could be due to noise in the system. In 

support of this hypothesis, McMurray, Spivey and Aslin (2000) have also noted that 

amplitude could be construed as “some measure of noise or unbiased competition in the 

system” (pp. 250). Thus, it seems that for these patients there is noise in their perceptual 

system which leads to degraded representations for the units that make up the phoneme 

and lexical stimuli. 

At the same time, many of these patients are also more likely to fixate a 

competitor stimulus, as evidenced by the AUC measure. This supports the hypothesis that 

these patients have less distinct representations for these stimuli, and that perhaps the 

representations overlap in perceptual space. This means that they are more likely to fixate 
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the competitor, because they are having difficulty determining which one they have 

heard. But, why would two of our patients have smaller amplitudes but AUC’s within the 

normal range? The answer to this question is not clear. It could reflect that these patients’ 

deficits are different from the other patients, though in what ways this would be the case 

are not immediately clear from examining the data. It could also reflect some sort of 

difference in strategy between these two patients and the others though, again, it is not 

immediately clear why this would be the case.  

When comparing the results of Experiment 2 to those of Experiment 1, we found 

that some patients who were unimpaired on Experiment 1 tasks were impaired on 

Experiment 2 tasks (EV, QO and NMA). While EV and QO were both impaired on the 

AWSM task from Experiment 1, NMA was not impaired on any Experiment 1 task. Even 

so, all three patients exhibited significantly smaller amplitudes and significantly larger 

AUC’s than controls in Experiment 2. The other patients tested either showed the same 

pattern as Experiment 1 (SH and MB) or were not tested in Experiment 1 (NJ, HO, CA). 

Why would EV, QO and NMA display different patterns of impairment between 

Experiment 1 and Experiment 2? There are at least two reasons for this difference. First, 

as mentioned in the introduction to Experiment 2, there are several differences in the 

stimuli between the two experiments. The stimuli in Experiment 1 were natural speech 

tokens whereas those from Experiment 2 were synthetic speech stimuli. Additionally, 

Experiment 1 stimuli were prototypical representations whereas Experiment 2 stimuli 

varied on a VOT continuum. Further, the stimulus pairs from Experiment 2 differed on 

VOT whereas a variety of distinctive features differences were assessed in Experiment 1. 
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Thus, these patients may have had particular difficulty with synthetic stimuli, with 

ambiguous stimuli and/or with the /b/ - /p/ stop consonants in particular.  

Second, it is possible that the dependent measures in Experiment 2 are more 

sensitive to impairments than the measures used in Experiment 1. In this case, it could be 

that the patients have speech perception deficits that were too subtle to notice using the 

standard paradigms presented in Experiment 1. As such, using categorical perception and 

the visual world paradigm might be a more sensitive test of speech perception deficits.  

It is also important to note the ways in which the control data compare to previous 

work using the same paradigm. First, the current data confirmed the pattern of a more 

graded identification pattern in the lexical identification task compared to the phoneme 

identification task (McMurray et al., 2008). This was evidenced by the shallower slopes 

in the lexical task compared to the phoneme task for nine out of ten of our control 

participants. However, this does not necessarily indicate that lexical processing maintains 

acoustic-phonetic information without the need to map to sublexical categories, as 

claimed by McMurray et al. (2002, 2008). Instead, there is evidence that performance in 

the lexical task was still related to performance in the sublexical task in the category 

boundaries. For controls, there was a strong correlation between the category boundaries, 

suggesting that category boundaries for /b/ and /p/ stimuli are maintained across 

sublexical identification. Thus, although there is a discrepancy in the slopes between the 

sublexical and lexical tasks, it seems that the categorical information is more or less 

maintained. It is not clear, though, why there would be a difference in the conclusions 

drawn from the slopes as compared to the category boundary.  



 
 
 

 

149 

 Most importantly, though, in regards to the original questions regarding 

obligatory sublexical processing, the amplitude and AUC data clearly support models that 

require obligatory sublexical processing (e.g., Cole & Scott, 1974; McClelland & Elman, 

1986; Luce, Goldinger, Auer & Vitevitch, 2000; Luce & Pisoni, 1998; Norris, 1994; 

Norris, McQueen & Cutler, 2000; Oden & Massaro, 1978) and fail to support models 

where sublexical processing is not required for successful lexical perception (e.g., 

Goldinger, 1998; Gow, 2012; Hickok & Poeppel, 2000; Hickok & Poeppel, 2004; Hickok 

& Poeppel, 2007; Johnson, 1997; Marslen-Wilson & Welsh, 1978; Pierrehumbert, 2001). 

More research is needed to determine the relationship between perception of endpoint 

stimuli (i.e., amplitude) and consideration of competitor stimuli in interpretation of 

auditory input (AUC).  
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Chapter 5: Experiment 3 

 Experiment 3 sought to provide converging evidence with Experiments 1 and 2 

using a lesion-symptom mapping approach to evaluate the extent to which the same (or 

different) brain regions are involved in sublexical and lexical processing. Further, 

Experiment 3 evaluated the extent to which the same (or different) brain regions are 

involved in speech perception  and phonological STM. Together, this allowed us to 

address the neuroanatomical claims of dual route models as well as sensory vs. buffer 

accounts of phonological STM.  

In the current study, we compared percent damage in specific brain regions to 

behavioral measures of sublexical, lexical and phonological STM processes to determine 

the relationship between brain and behavior. Each patient’s performance on a given task 

or set of tasks was compared to percent brain damage in regions defined using Automated 

Anatomical Labeling (AAL), where percent damage is determined by comparing the 

number of damaged voxels in a region to the number of voxels that are contained in AAL 

space. We compared this information to the behavioral data using correlation analyses to 

determine the relationship between damage and behavior.  

To reiterate the predictions laid out previously, dual route models would predict 

that sublexical processing would be carried out by STG (Hickok & Poeppel, 2004/2007), 

SMG and LIFG (Hickok & Poeppel, 2000). For lexical processing, dual route models 

implicate pMTG and pITL (Hickok & Poeppel, 2004/2007) and left TPJ (Hickok & 

Poeppel, 2000). Sensory accounts of STM would predict that the brain regions associated 

with speech perception and phonological STM should overlap (e.g., in STG, Spt and 

SMG). Alternatively, buffer accounts would predict a dissociation between the brain 
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regions important for speech perception and phonological STM (e.g., processing in STG, 

phonological STM in SMG). Note however that if an individual has poor speech 

perception abilities, it would not be surprising that they have poor phonological STM—

you cannot temporarily maintain auditorily presented speech if you cannot perceive that 

speech. Thus, the comparison of phonological STM and brain damage was performed 

after accounting for speech perception deficits. If there is a unique neural substrate for 

phonological STM, then we should see this after factoring out performance on speech 

perception tasks (discussed in greater detail below).  

Method 

Participants.  

 Patients. The same thirteen patients from Experiment 1 participated in the 

behavioral portion of Experiment 3. For the lesion-symptom mapping analyses of speech 

perception, only twelve of these patients’ data were included as we did not have a scan 

for one patient (SSQ). In the phonological STM lesion-symptom mapping analyses, we 

also included data from seven patients who did not participate in Experiment 1. The data 

from these seven patients was archival and collected as part of the Brain and Language 

Lab standard battery of testing. 

Materials/Procedure.   

 Speech perception. The speech perception lesion-symptom mapping analyses 

used tasks from Experiment 1. To represent sublexical processing, we used the consonant 

discrimination and syllable discrimination tasks from Experiments 1a and 1b, 

respectively. To represent lexical processing, we used word discrimination, auditory 

lexical decision and PWM from Experiments 1b and 1c.  
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For use as a covariate in the phonological STM lesion symptom mapping 

analyses, we utilized archival data. To represent sublexical processing, we used the 

consonant discrimination task (presented in Experiment 1a). Lexical processing was 

represented by performance on the single PWM task overall and performance on single 

PWM trials containing phonological foils (presented in Experiment 1a) and, to provide an 

additional measure of lexical processing, we utilized performance on an auditory lexical 

decision task that was different from that of Experiment 1b (described below).  

 Auditory lexical decision. The auditory lexical decision task (Martin & Breedin, 

1992) consisted of 6 practice trials and 120 experimental trials (60 word trials and 60 

nonword trials). The words had a frequency range of 35 to 40 per million (Kucera & 

Francis, 1967). Nonwords were created by changing a single phonetic feature of either 

the initial or final phoneme of the word stimuli. Half of the stimuli were single syllables 

and half were two syllables. The participant was told that they would hear a series of 

words and nonsense words and had to determine whether the auditory stimulus they 

heard was a word. They first completed the practice trials and were given feedback 

before beginning the 120 experimental trials.  

Phonological STM.  

Digit matching. In this task, participants heard a list of digits, followed by a pause 

and a subsequent list of digits. The experimenter read each series of digits at a rate of 

approximately one digit per second and paused for approximately one second between 

the two lists. Digits used in this task ranged from 0-9. The participant’s task was to 

determine whether the two series of digits were exactly the same and in the same order. 

Half of the trials were the same and half were different. “Different” trials were created by 
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swapping the position of two adjacent digits. The participant verbally responded “yes” or 

“no.” For participant’s who have severe language production deficits (i.e., HA and DZ), a 

piece of paper was placed in front of them with the words “yes” and “no” printed in large 

letters and they pointed to the word “yes” or the word “no” to indicate their response. 

After performance dropped to or below 75%, they were told that the experiment was 

completed.   

The list length began at 2 (e.g., 1-6…1-6, yes trial) and subsequently progressed 

to lists lengths of 3, 4, etc. until performance dropped to or below 75% accuracy. For 

“different” trials, the location of the swapped digits was counterbalanced across the lists 

for each list length. A participant’s digit matching span was determined to be the 

estimated list length at which they perform at 75% accuracy. If, for example, a participant 

is 80% accurate on list length 2 and 70% accurate on list length 3, their span is 

determined via linear interpolation to be 2.5.  

Digit span. Participants’ digit spans were assessed using the forward digit span 

task from WAIS-R (Wechsler, 1981). In this task, participants heard a list of digits and 

repeated them back to the experimenter in order. Digits used in this task ranged from 0-9 

and each list length contained two trials. They began with lists of 2 digits and progressed 

until they reached a list length where they produced incorrect responses to both lists. A 

participant’s span was calculated as the longest list for which they get both trials correct. 

If they only got one of the two trials correct, their span is equal to that list length minus 

.5. Thus, a span of 4 indicated that the participant got both lists correct for each list length 

through list length 4 while a span of 4.5 indicated that the participant got both lists 

correct for list length 4 and one of the two lists correct at list length 5.  
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 For this task, participants were instructed that they would hear a series of digits 

and would be required to repeat back that series of digits in the exact order in which it 

was presented. The experimenter read the digits at a rate of approximately one digit per 

second and then the participant repeated the digits. The experimenter recorded the 

participants’ responses. After the participant reached a list where they incorrectly 

responded to both items, the experimenter told them that they had completed the task.  

Data analysis. 

Lesion tracing/pre-processing. Lesions were manually traced by HRD and ACH 

on each patient’s T1-weighted scan in native space using either the AFNI “Draw Dataset” 

plugin (Cox, 1996) or the draw VOI function in MRIcron (Rorden & Brett, 2000). 

Lesions were identified on a slice-by-slice basis in 2mm resampled scans and then 

converted back to 1mm after tracing was complete. To minimize any differences in 

tracing between HRD and ACH, reliability was assessed using dice overlap in VOXBO 

by comparing n=10 lesion masks between HRD and ACH. Dice overlap of .80 or greater 

was considered reliable, and once reliability of tracing was established, lesion masks 

created by either HRD or ACH were used for the lesion-symptom mapping analysis. 

Patient’s T1-weighted scans and lesion masks were then normalized to MNI space 

using AFNI’s Advanced Normalization Tools (ANTs). Finally, the MNI masks were 

warped to AAL space for the analyses using AFNI’s 3dresample function. For the 

analyses, we only included brain regions where at least three patients had 10% or more 

damage.   

Behavioral composites. The behavioral composite score for speech perception 

was created using d’ values for the tasks from Experiment 1, listed above, and the 
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composite for phonological STM was created using digit matching span and digit span. 

All behavioral measures were converted to z-scores relative to the patient group. The 

speech perception composite was created by averaging z-scores for the syllable and word 

discrimination tasks (at 50ms delay), the auditory lexical decision task and the single 

PWM task from Experiment 1b. The phonological STM composite was created by 

averaging the z-scores for digit matching and digit span. Correlation analyses between 

the speech perception and phonological STM composites were used to compare the 

extent to which speech perception processes could predict phonological STM span.  

Lesion-symptom mapping composites. Lesion data was compared to behavioral 

data using correlation analyses to determine the extent to which brain damage to a 

particular region leads to a decrease in performance on a particular task. This was done 

both across the whole-brain and using ROI analyses. Lesion information was represented 

as percent damage in a brain region, where brain regions were defined using AAL and 

where percent damage was determined by comparing the number of damaged voxels in a 

region to the number of voxels that are contained in AAL space. Overall lesion size was 

also entered as a covariate in the both the speech perception and STM analyses to control 

for overall severity of deficit. Finally, to correct for multiple comparisons, a Bonferonni 

correction was applied to determine α.  

Composites for speech perception analyses. For the speech perception analyses, 

we created a sublexical composite and a lexical composite using data from Experiment 1. 

The sublexical composite was created by averaging z-scores on syllable discrimination at 

50 ms delay and consonant discrimination (presented in Experiment 1a). The lexical 

composite was created by averaging z-scores from word discrimination at 50 ms delay, 
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auditory lexical decision and PWM. The lexical and sublexical measures were correlated 

separately with the percent damage to brain regions, though note that the sublexical and 

lexical composites were highly correlated, r (12)= .88, p < .001. 

Composites for phonological STM analyses. For the STM analyses, we used the 

same phonological STM composite as presented above for the behavioral analyses. We 

created a speech perception composite consisting of tasks tapping both sublexical (z-

scores on consonant discrimination) and lexical (z-scores on single PWM matching and 

single PWM phonological foils from Experiment 1a and an older auditory lexical 

decision task, described above, from our standard patient assessment battery) processing. 

Given that STM would be expected to be impaired for those with significant speech 

perception deficits, we correlated percent damage to brain regions with the STM 

composite while including the speech perception composite as a covariate.  

Results 

Speech perception: lesion-symptom mapping. We ran correlation analyses 

between the sublexical and lexical composites and damage to various brain regions. After 

excluding all right hemisphere regions, regions where less than three patients had more 

than 10% damage, and olfactory and occipital regions, eighteen regions remained that 

were included in analyses; Appendix R contains a complete list of the brain regions that 

were included and excluded from the analyses and Figure 37 shows the lesion overlap 

map for patients included in the speech perception analyses. Bonferonni corrections 

indicated a p-value of .003 or less was required for significance.  
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Figure 37. Lesion overlap map for patients included in the speech perception analyses. 
Note that although there was one patient with right hemisphere damage, this was not 
included in analyses as it did not meet our inclusion criteria. Blue indicates only a single 
participant had damage to that region and red indicates that nine patients had damage to 
that region. 
 

All correlations between sublexical processing and brain damage were either non-

significant (p’s > .08) or were in the wrong direction (i.e., positive correlations, which 

suggest that more damage to a region leads to better performance). The same was true for 

lexical processing (p’s > .56 or positive correlation).  

Even though there were no significant findings, we looked specifically at the 

predetermined ROI’s for sublexical and lexical processing to see if there were any trends 

in the right direction. Both obligatory sublexical processing accounts and Hickok and 

Poeppel (2000/2004/2007) predicted STG would be related to sublexical processing, but 

STG was not significantly correlated with the sublexical composite, r (9) = .01, p =.97 

(see Figure 38). Even when we excluded patient KA, who is 2.5 standard deviations 

below the patient average for sublexical processing and who also has difficulty with non-

speech auditory tasks, the correlation still failed to reach significance, r (8) = -.20, p = 

.58. Hickok and Poeppel (2000/2004/2007) would have additionally predicted that LIFG 

(pars triangularis and pars opercularis) and SMG would be involved in sublexical 

processing. Pars opercularis damage was not significantly related to the sublexical 

processing composite, r (9) = -.05, p =.89, nor was degree of damage to the pars 
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triangularis, r (9) = -.30, p =.37.  The correlation of sublexical processing with the SMG 

was somewhat higher, though still far from significance, r (9) = .42, p =.20, and 

moreover in the opposite of the predicted direction. Finally, Gow (2012) argued that the 

angular gyrus was involved in sublexical processing, at least using the types of tasks we 

used to define sublexical processing (i.e., discrimination tasks), but the relationship was 

non-significant and in the wrong direction, r (9) = .44, p = .17. 

 

Figure 38. Scatterplot of sublexical composite as a function of percent damage to the 
STG.  

For lexical processing, from an obligatory sublexical processing perspective, one 

would expect STG to be involved if this was the seat of sublexical processing; however, 

this was not significantly related to the lexical composite, r (9) = -.13, p =.71. Further, 

even though the anterior temporal lobe would be predicted to be related to semantic 

processing of the word stimuli, it did not meet our criteria for inclusion in analyses, so we 

could not evaluate its role in the perception of lexical stimuli. Hickok and Poeppel 

(2000/2004/2007) would have predicted that the pMTG, pITL and TPJ (in this case, 

defined as the STG, SMG and angular gyrus) would be involved in lexical processing. 
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Using the AAL atlas, there is no way to isolate pMTG from anterior MTG, or pITL from 

anterior ITL, so we used the entire MTG and ITL in these analyses. As noted previously, 

STG was not significantly correlated with the lexical composite. Further, neither MTG 

(Figure 39), SMG, or angular gyrus were significantly related to the lexical composite (r 

(9) = .32, p =.34, r (9) = -.07, p =.85 and r (9) = .05, p =.89, respectively); ITL was 

significantly correlated with performance on the lexical processing tasks but this was in 

the wrong direction, r (9) = .66, p = .029. Finally, Gow (2012) would also predict that the 

SMG would be involved in lexical processing, but, as presented above, SMG was not 

significantly related to the lexical composite.  

 

Figure 39. Scatterplot of lexical composite as a function of percent damage to the MTG.  

As a final way of examining the ROI’s, we separated the patient group into two 

sub-groups for each brain region: those with more than 50% damage in that region and 

those with less than 50%. We then calculated residuals accounting for total lesion volume 

and conducted independent samples t-tests between the two groups using the residuals. 

This did not change the pattern of results from the original ROI analysis. For sublexical 
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processing, there was no significant difference between the two patient sub-groups in the 

STG, t (10) = .32, p =.76, SMG, t (10) = -1.14, p =.28, LIFG (pars triangularis, t (10) = 

1.06, p =.31, and pars opercularis, t (10) = .25, p =.80) and angular gyrus, t (10) = -1.39, 

p =.19. For lexical processing, the difference between the two patient sub-groups also 

failed to reach significance in the STG, t (10) = .24, p =.82, and MTG, t (10) = -1.35, p 

=.20. We defined TPJ as the STG and inferior parietal lobe (comprised of SMG and 

angular gyrus) since the AAL system does not have TPJ defined. As mentioned there was 

no significant difference between the two groups in STG, and the same was true for the 

inferior parietal lobe, t (10) = -.21, p =.84. Finally, there was not significant difference 

between the two groups in SMG, t (10) = .005, p =.996 . The pITL was not included in 

analyses because no patient had more than 50% damage to that region. It is important to 

note, however, that the lack of significant findings for any of the ROI’s in this analysis is 

most likely attributable to the low sample size across all groups. This was particularly 

true for the STG, as only three patients had less than 50% damage compared to nine who 

had more than 50% damage.  

Phonological STM: behavioral. Table 20 presents overall performance of the 

patients on the phonological STM tasks. Note that two patients were unable to complete 

the digit span task as they are unable to produce speech. As can be seen, there is a 

reasonable range (3 to 6) of performance on the digit matching task and the digit span 

task (3 to 5.5), a necessary requirement for meaningful correlational results. Note that 

digit matching span and digit span were highly correlated, r(9) = .64, p = .035. However, 

given that digit span is a more standard measure oh phonological STM than digit 

matching span, results for each are presented separately.  
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Table 20 
Phonological STM spans for patients on digit matching and digit span tasks 

Patient 
Digit 

Matching Digit Span 
BQ 4.22 3.5 
DZ 3.7  N/A 
DG 3.65 3 
EV 6 5.5 
HA 4.14  N/A 
KA 4 5 
MB 3 3.5 

NMA 4.72 4 
QO 3.68 4 
SH 4 3.5 
SJ 4.4 3 
SQ 6 5 

SSW 4.59 5.5 
 

In order to examine the relationship between speech perception and phonological 

STM, we compared digit matching span and digit span, separately, to the speech 

perception composite. Neither task was significantly correlated with speech perception: 

digit matching span, r(11) = .42, p = .15 (Figure 40), digit span r(9) = .12, p = .72 (Figure 

41). Critically, we found that some patients with roughly equivalent speech perception 

abilities had widely variable phonological STM spans (e.g., CA: speech perception 

composite = 1.08, digit span = 8.5, digit matching span = 6.5; EV: speech perception 

composite = 1.47, digit span = 5.5, digit matching span = 6; QO: speech perception 

composite = 1.51, digit span = 4, digit matching span = 3.68).  
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Figure 40. Scatterplot comparing patient performance on speech perception (composite) 
to digit matching span.  

     

Figure 41. Scatterplot comparing patient performance on speech perception (composite) 
to digit span.  
 

Phonological STM: lesion-symptom mapping. Given that the phonological 

STM and speech perception composites for the lesion-symptom mapping analyses were 

not identical to those used in the behavioral analyses, it was important to ensure that the 

behavioral results for the composites created for this analysis were not correlated, as was 

the case in the behavioral analyses presented above. Using the phonological STM and 
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speech perception composites from the lesion-symptom mapping analyses, some patients 

with small phonological STM spans demonstrated intact performance on speech 

perception tasks and there was little relationship between the two composites, r (17) = 

.29, p = .23. Figure 42 shows the lesion overlap map for phonological STM lesion-

symptom mapping analyses. 

 

 

Figure 42. Lesion overlap map for patients included in the phonological STM analyses. 
Note that although there was one patient with right hemisphere damage, this was not 
included in analyses as it did not meet our inclusion criteria. Purple indicates only a 
single participant had damage to that region and red indicates that fifteen patients had 
damage to that region. 

 

After controlling for speech perception and total lesion volume, there was a 

significant relationship between phonological STM and SMG, r (15) = -.68, p = .002 

(Figure 43), and the angular gyrus, r (15) = -.70, p = .002 (Figure 44). It is important to 

note, however, that damage to the SMG was highly correlated with damage to the angular 

gyrus, r (17) =.68, p = .001, making it difficult to determine the relative contributions of 

each region to phonological STM. 
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Figure 43. Scatterplot of phonological STM composite as a function of percent damage 
to the SMG. 

 

Figure 44. Scatterplot of phonological STM composite as a function of percent damage 
to the angular gyrus.  
 

In addition to correlation analyses across the whole brain, we also looked at 

specific ROI’s. First, according to the sensory view of phonological STM, after 

controlling for speech perception no brain regions should be significantly related to 

phonological STM. This was obviously not the case, as evidenced by the significant 
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relationship between phonological STM and the SMG and angular gyrus after controlling 

for speech perception and overall lesion volume. However, according to the sensory 

account, speech perception regions should be related to phonological STM and, in fact, 

STG was significantly related to the phonological STM composite, r (15) = -.54, p = 

.027, even after controlling for speech perception (Figure 45). One potential reason for 

this finding was that SMG and STG damage were highly correlated, r (17) = .65, p = 

.002. To control for the co-occurrence of damage between regions, we ran the correlation 

analyses between STG and phonological STM while controlling for SMG and vice versa; 

total lesion volume and speech perception were also entered as control variables. When 

controlling for STG, SMG and phonological STM were still highly correlated, r (14) = -

.58, p = .019; on the other hand, when controlling for SMG, STG and phonological STM 

were not significantly correlated, r (14) = -.31, p = .24. These analyses support the 

conclusion that the relationship between STG and phonological STM is likely due to the 

high rates of co-occurring damage between the two regions rather than a true relationship 

whereby STG supports phonological STM.  

In addition to the STG, the sensory account would predict that area Spt would be 

significantly correlated with phonological STM. Given that the AAL atlas does not 

contain a region Spt, we were unable to isolate Spt per se. Hickok et al. (2003) defined 

area Spt as part of the Sylvian fissure at the parietal-temporal boundary (hence Spt). 

Based on the Talairach coordinates they defined as representing Spt, I defined Spt as part 

of pSTG and the insula. As seen above, STG was related to phonological STM, though 

STG damage was confounded with damage to SMG. Insular damage was not 
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significantly related to phonological STM, r (15) = .39, p = .12. Note, though, that the 

proposed location of area Spt differs across different sources.  

Hickok, Okada and Serences (2009) defined area Spt as part of the planum 

temporale, which is comprised of pSTG and the inferior parietal lobe. Pa and Hickok 

(2008) identified peak voxels in expert piano players humming a novel melody to 

localize Spt in each individual. Spt was not in the same place across participants but was 

either in the pSTG, insula or inferior parietal lobe. In an informal blog post by Greg 

Hickok (Hickok, 2007), area Spt is defined as a sub-portion of an area referred to as Tpt 

by Galaburda and Sanides (1980), where Galaburda and Sanides (1980) defined Tpt as 

the inferior parietal lobule (Figure 1). So, to be sure we included all possible locations of 

Spt, we also defined Spt as part of the inferior parietal lobe, which was significantly 

related to the phonological STM composite, r (15) = -.63, p = .007 (Figure 46). As with 

the STG, however, there was a strong correlation between the inferior parietal lobe and 

the SMG, r (17) = .84, p < .001 (SMG is one part of the inferior parietal lobe, along with 

the angular gyrus). Correlation analyses between SMG and phonological STM 

controlling for inferior parietal lobe damage were non-significant but still quite strong, r 

(14) = -.41, p = .114; on the other hand, after controlling for SMG, the relationship 

between phonological STM and inferior parietal lobe damage shrunk considerably, r (14) 

= -.20, p = .45. Finally, according to the multiple capacities approach to phonological 

STM, the SMG should be significantly related to phonological STM. This prediction was 

borne out in the data as seen in the correlation analyses presented previously.    
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Figure 45. Scatterplot of phonological STM composite as a function of percent damage 
to the STG. 

  

Figure 46. Scatterplot of phonological STM composite as a function of percent damage 
to the inferior parietal lobe. 
 

As with the speech perception analyses presented above, we separated the patient 

group into two sub-groups for each brain region: those with more than 50% damage in 

that region and those with less than 50%. Next, we computed residuals for the 

phonological STM composite accounting for speech perception and total lesion volume. 

We then compared the phonological STM composite between the two patient groups for 
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each ROI using independent samples t-tests with the residuals as the dependent variable. 

There was a significant difference between the two patient groups in the SMG, t(17) = 

2.93, p = .009, where patients with more than 50% damage to the SMG (n=11) were 

significantly worse (M = -.40, s = .51) than those with less than 50% damage (n=8, M = 

.56, s = .91). The difference between the two patient groups in the inferior parietal lobe 

(proxy for Spt since the AAL system does not have a region that directly corresponds to 

Spt) was marginal, t(17) = 1.93, p = .07, with patients who had more than 50% damage to 

the region (n=8) performing significantly worse (M = -.41, s = .60) than those with less 

than 50% damage (n=11, M = .30, s = .89). Finally, there was a marginally significant 

difference between the two groups in the STG, t(17) = 1.76, p = .097,  with patients with 

more than 50% damage to the STG (n=13) performing worse (M = -.22, s = .65) than 

those with less than 50% damage (n=6, M = .47, s = 1.07). 

Discussion 

The purpose of Experiment 3 was twofold. First, we wanted to perform 

exploratory analyses investigating the neural substrates of sublexical and lexical 

processing. Second, we wanted to evaluate sensory and buffer accounts of phonological 

STM using behavioral and structural imaging methods. We were not successful in 

localizing the neural substrates of sublexical and lexical processing, however we found 

several brain regions that seemed to support phonological STM processes. The remainder 

of this chapter will focus on reviewing the predictions laid out by the various speech 

perception and phonological STM models and how the results relate back to these 

predictions. We will begin by turning our attention to predictions made by various 

models of speech perception.  
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For speech perception, dual route models would have predicted that performance 

on tasks requiring access to meaning (i.e., word discrimination, auditory lexical decision 

and single PWM) would be related to ventral stream regions, namely pMTG and pITL 

(Hickok & Poeppel, 2004/2007), left TPJ (Hickok & Poeppel, 2000) or pMTG (ventral 

lexicon) and SMG (dorsal lexicon; Gow, 2012), whereas performance on tasks related to 

sublexical processing such as the syllable discrimination task would have relied on either 

dorsal route regions, namely SMG and/or LIFG (Hickok & Poeppel, 2000) or the angular 

gyrus (Gow, 2012), or the initial speech processing region, pSTG (Hickok & Poeppel, 

2004/2007). For models requiring sublexical processing as a prerequisite to lexical 

processing, the STG would surely have been implicated in all tasks and anterior temporal 

regions may have been implicated in single PWM as this task required access to meaning 

(e.g., Binder et al., 2005; Dewitt & Rauschecker, 2012; Rimol, Specht, Weis, Savoy & 

Hugdahl, 2005).  

A recent review paper by Price (2012) presented a more complex picture, arguing 

that phonological processing implicates left hemisphere regions, specifically anterior STS 

(aSTS; acoustic complexity of speech), pSTG/pSTS (familiarity of speech sounds) and 

SMG (stimulus encoding, attention and categorization, not necessarily speech-specific) 

and left hemisphere premotor and pars orbitalis (involved in articulatory re-coding of 

speech input). Price suggested that these regions play a role in speech perception and that 

the network as a whole does speech-specific processing. In other words, none of these 

regions were argued to be speech-specific in isolation, but rather the interactions between 

these regions leads to speech-specific processing. Further, Price (2012) argued that 

speech comprehension, where accessing meaning is required, activates left lateralized 
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regions, specifically the anterior temporal lobe (semantic associations), pMTG and pITG 

(increasing semantic complexity and task demands), and pars orbitalis and pars 

triangularis (selection and retrieval from semantic memory). Price noted, however, that 

the “descriptions of the functional role of each region are clearly vague and insufficient” 

and the anatomical localizations are “insufficiently precise” (pp. 828).  

Surprisingly, we did not find any significant relationships or trends between any 

brain region and speech perception. This was true when looking at sublexical and lexical 

processing using correlation analyses, when looking specifically at ROI’s, and when 

comparing performance for patients divided into two group with either more or less than 

50% damage. It is particularly surprising that there were no significant relationships 

between any of our behavioral measures and damage to STG because there is little debate 

as to whether the STG plays a role in speech perception (e.g., Binder et al., 2005; Dewitt 

& Rauschecker, 2012; Hickok & Poeppel, 2004/2007; Price, 2012; Rimol, Specht, Weis, 

Savoy & Hugdahl, 2005; Ueno, Saito, Rogers & Lambon Ralph, 2011).  

There are at least three possible explanations for the lack of relationship between 

speech perception and the brain in the current study. First, although we had a reasonable 

range of STG damage (range = 0 to 89%, M = 51%, s = 32%) and speech perception 

abilities, the patient sample was quite small for lesion-symptom mapping analyses, with 

only twelve patients in the sample. It is difficult to detect a relationship between brain 

damage and behavior in such a small sample. Second, there were only 3 patients with less 

than 50% damage in STG. This posed problems in the group comparison but could also 

be problematic for the correlation analyses because the majority of our patients had at 

least 50% damage to the STG. It is possible that, although on the surface the range in the 
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current sample appears to be quite large, it is not sufficient to find any effects of STG 

damage because the majority of patients (n=9) have more than 50% damage to the STG. 

In general, the speech perception analyses suffered from the small sample size and 

relative lack of variability in damage to regions such as the STG. 

Finally, it is possible that the lack of findings reflects potential reorganization of 

neural functions following stroke. The patients tested in the current study are all in the 

chronic stage and, as such, have likely experienced neural reorganization (e.g., Saur et al., 

2006). This could indicate that the right hemisphere has taken over functions previously 

accomplished in the left hemisphere. It is also possible that the right hemisphere is 

involved in normal speech perception, as claimed by Hickok and Poeppel (2000). 

However, due to the strong left lateralization of language functions, the right hemisphere 

is not ideally suited to this task, which is why the patients still have impaired speech 

perception abilities. Further, given the variability in the location and extent of damage in 

the patient sample, there is likely variability in the degree to which the right hemisphere 

has taken over this function. The lesion-symptom mapping analysis used in the current 

study is unable to directly test this hypothesis since all except one of our patients have 

intact right hemisphere regions—whereas variable degrees of damage to a region are 

necessary for lesion-symptom mapping. Future research should utilize techniques such as 

fMRI or TMS to determine the extent to which right hemisphere regions have taken over 

speech perception in brain damaged individuals.  

 For phonological STM, sensory accounts predicted a nearly complete overlap in 

the processes and brain regions associated with speech perception and phonological STM 

(e.g., Hickok & Poeppel, 2000; Hickok & Poeppel, 2004; Hickok & Poeppel, 2007; 
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Ravizza et al., 2011). In other words, there should have been a strong relationship 

between speech perception and phonological STM abilities and overlap in the neural 

substrates that subserve the two processes, particularly in STG, SMG and Spt. 

Accordingly, the sensory view would predict that, after partialling out speech perception 

abilities, no regions should be related to phonological STM. Alternatively, buffer 

accounts predicted a dissociation between the processes and brain regions important for 

speech perception and phonological STM, for example with speech processing in STG 

and phonological STM in SMG (e.g., Baddeley, 1992; Baddeley 2000; Baddeley, Lewis, 

&Vallar, 1984; Martin & Breedin, 1992; Martin, Lesch and Bartha, 1999). According to 

this approach, after partialling out speech perception, the SMG would still be related to 

phonological STM (Paulesu, Frith & Frackowiak, 1993).  

In the current study, both behavioral and structural imaging data supported the 

buffer approach to phonological STM. Behaviorally, we found little relationship between 

speech perception and phonological STM, as evidenced by dissociations between speech 

perception and phonological STM abilities and the lack of correlation between the speech 

perception and phonological STM composites. This was true both when using speech 

perception tasks from Experiment 1 and speech perception tasks from archival data (used 

in the lesion-symptom mapping analysis). Some patients with good speech perception 

abilities had impaired phonological STM spans (e.g., HO: speech perception composite = 

.93, digit span = 3, digit matching span = 4.33) and there was a range of phonological 

STM spans associated with various levels of speech perception ability (e.g., CA, EV, 

QO). Overall, the behavioral data suggest that an individual may be able to perceive 
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speech sounds but be unable to temporarily maintain them in memory, in line with claims 

from buffer accounts of phonological STM.  

Lesion-symptom mapping analyses provided converging evidence in support of 

the buffer account of phonological STM. Various analyses (correlation, ROI, group 

analyses) converged on the hypothesis that the SMG underlies phonological STM 

processes. In correlation analyses, we found that larger amounts of damage to the SMG 

led to smaller phonological STM spans after controlling for total lesion volume and 

speech perception abilities. The same was true for the angular gyrus, though this is likely 

due to the structural proximity of the angular gyrus and SMG, leading to a strong 

correlation between damage in the two regions. Importantly, after controlling for speech 

perception abilities, there was still a significant relationship between the brain and 

phonological STM capacity. In other words, there were brain regions uniquely involved 

in phonological STM processes even after accounting for speech perception, a prediction 

of buffer, but not sensory, accounts of phonological STM.  

Despite the fact that there were neural regions correlated with phonological STM 

after controlling for speech perception, ROI analyses revealed a significant relationship 

between STG and phonological STM. Thus, a region argued to be involved in speech 

perception was significantly related to phonological STM span. This finding fits with 

sensory views of phonological STM, but not buffer accounts, as buffer accounts would 

predict that after controlling for speech perception STG should no longer be associated 

with phonological STM. However, it is possible that the tasks we used to measure speech 

perception did not capture the entire speech perception process. Further, and more 

importantly, there was a strong correlation between damage to the STG and SMG. In 
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order to determine whether the STG was truly related to phonological STM or if the 

relationship was due to the co-occurrence of damage to STG and SMG, we ran analyses 

controlling for SMG. Controlling for SMG, the relationship between STG and 

phonological STM was substantially smaller whereas after controlling for STG there was 

still a strong relationship between SMG and phonological STM. This suggests that the 

relationship between STG and phonological STM is not a true relationship but is rather 

an artifact of the high rate of co-occurrence of damage between STG and SMG whereas, 

on the other hand, the relationship between SMG and phonological STM is due to the fact 

that increased damage in SMG leads to poor phonological STM performance.   

Finally, ROI analyses revealed a mixed picture in regards to phonological STM 

and its relationship to Spt based on where Spt is defined to be located. The relationship 

between the STG and phonological STM is described above. Using the insula as the 

representative location of area Spt, we did not observe a significant relationship with 

phonological STM. Finally, if we define area Spt as part of the inferior parietal lobe, 

there was a significant relationship with phonological STM. Buffer accounts would not 

necessarily predict that the inferior parietal lobe would be involved in phonological STM 

(though buffer accounts would predict SMG to be related) whereas sensory accounts 

would. However, as with the STG and SMG, there was a strong correlation between the 

inferior parietal lobe and the SMG. Also as with STG, we ran analyses between the 

inferior parietal lobe and phonological STM controlling for SMG, and vice versa. When 

controlling for damage to the SMG, the inferior parietal lobe correlation dropped 

substantially (r = -.63 vs. r = -.20). When controlling for damage to the inferior parietal 

lobe, the SMG correlation dropped but was still quite strong (r = -.68 vs. r = -.41). 
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Overall, the relationship between the SMG and phonological STM span remained strong 

even after controlling for speech perception abilities, total lesion volume, damage to the 

STG and damage to the inferior parietal lobe. Further, of these three brain regions, only 

the SMG survived multiple comparisons in the overall analyses.  

As a final test of the relationship between the STG, SMG and inferior parietal 

lobe and phonological STM span, we compared patients with more than 50% damage to 

those with less than 50% damage. Although the only significant difference was between 

the two groups in the SMG, there was a trend for each of the other regions as well where 

those with more than 50% damage had smaller phonological STM spans than those with 

less than 50% damage. However, when taking into consideration the findings from the 

ROI analyses controlling for damage to the SMG, it is much less clear to what extent the 

differences between the two patient groups in the STG and inferior parietal lobe are due 

to effects of having damage to those regions as compared to confounding effects due to 

the high rate of co-occurrence between damage to these regions and the SMG.  

To sum up, we failed to find any clear relationship between the brain and speech 

perception abilities, though when looking quite closely there appeared to be a relationship 

with the STG. That the STG is related to speech perception is not at all surprising as 

almost all models of speech perception assume STG involvement. On the other hand, we 

were much more successful in the phonological STM analyses. In general, these analyses 

converged on the hypothesis that the SMG is the region responsible for phonological 

STM. Overall, Experiment 3 did not provide much solid evidence regarding the neural 

bases of speech perception, but did provide strong support for the buffer account of 

phonological STM. 
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Chapter 6: Summary and Conclusions 

Speech perception involves the translation of acoustic features into units that allow 

access to the meaning of what is being said. Given the relative ease with which we are 

able to perceive speech, it may seem that it would be easy to determine how this process 

is accomplished.  However, even though researchers have been attempting to determine 

these processes for at least a century (e.g., Wernicke, 1874/1969), central disagreements 

persist. A common theoretical approach posits three stages in this process; 1) mapping 

acoustic features onto abstract speech-specific sublexical representations, 2) mapping 

these abstract sublexical representations onto lexical representations, and 3) mapping 

these lexical representations onto semantic representations (e.g., McClelland & Elman, 

1986; Norris, 1994). In contrast, an alternative approach posits only two of these stages: 

1) mapping of acoustic information to a lexical level, and 2) mapping of the lexical level 

to meaning (e.g., Goldinger, 1998; Hickok & Poeppel, 2000; Johnson, 1997; 

Pierrehumbert, 2001), thereby eliminating the assumption of a necessary stage of 

accessing speech-specific sublexical representations. 

In addition to the fact that we are able to extract meaning from an acoustic signal that 

temporally unfolds and varies widely across speakers, we are able to temporarily 

maintain those speech sounds. This process is known as phonological STM and is useful 

in tasks such as language acquisition (e.g., Gathercole, Hitch, Service & Martin, 1997). 

There is debate as to whether phonological STM is accomplished entirely within the 

speech perception system (e.g., Hickok & Poeppel, 2000; Hickok & Poeppel, 2004; 

Hickok & Poeppel, 2007; Ravizza et al., 2011) or whether a separate storage system is 
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required for this process (e.g., Baddeley, 1992; Baddeley 2000; Baddeley, Lewis, & 

Vallar, 1984; Martin & Breedin, 1992; Martin, Lesch and Bartha, 1999).  

The current series of experiments sought to address two questions: whether lexical 

processing can proceed independently of sublexical processing (Experiments 1 and 2) 

and whether phonological STM is accomplished via cycling of information within the 

speech perception system (Experiment 3). In Experiment 1 we utilized a 

neuropsychological case series approach. Experiment 2 utilized a similar approach but 

additionally utilized eye-tracking methodology. Experiment 3 utilized both a behavioral 

approach and structural neuroimaging.  

In regards to the first question, many models of speech perception have assumed that 

sublexical processing is a necessary prerequisite for lexical processing (e.g., Cole & 

Scott, 1974; McClelland & Elman, 1986; Luce, Goldinger, Auer & Vitevitch, 2000; Luce 

& Pisoni, 1998; Norris, 1994; Norris, McQueen & Cutler, 2000; Oden & Massaro, 1978). 

However, evidence from aphasic populations suggests that sublexical and lexical 

processing are dissociable – that is, lexical processing can proceed independently of 

sublexical processing (Basso, Casati & Vignolo, 1977; Blumstein, Baker & Goodglass, 

1977; Blumstein, Cooper, Zurif & Caramazza, 1977; Miceli, Gainotti, Caltagirone, & 

Masullo, 1980). In part due to this evidence, researchers proposed dual route theories of 

speech perception where sublexical and lexical processing proceed relatively 

independently (Hickok & Poeppel, 2000/2004/2007; Hickok, 2014; Gow, 2012; Poeppel 

& Hickok, 2004).  

In Experiment 1, we found that the evidence suggesting one could have preserved 

lexical processing but impaired sublexical processing reflected task artifacts rather than a 



 
 
 

 

178 

true dissociation. We were able to replicate this finding using similar tasks to those of 

previous studies, however, when using tasks closely matched in terms of task demands 

and phonological discriminability of targets and distractors, we found a close 

correspondence between sublexical and lexical processing. Tasks tapping the two 

processes were highly correlated and, importantly, there was no patient with impaired 

sublexical processing but preserved lexical processing. These data supported models of 

speech perception that require sublexical processing as a prerequisite to lexical 

processing. If lexical processing could proceed independently of sublexical processing, 

then the dissociation between lexical and sublexical processing found in Experiment 1a 

should have extended to Experiments 1b-d as well.  

As a side note, Experiment 1 was also able to address concerns regarding the use of 

discrimination tasks in tapping sublexical processing. Some researchers have argued that 

syllable discrimination utilizes a network that extends beyond the speech perception 

network, including processes such as STM/WM, and, as such, is not well suited for 

measuring sublexical processing (e.g., Hickok & Poeppel, 2004). While the fact that 

syllable discrimination utilizes STM/WM processes is almost certainly the case, this does 

not necessarily indicate that the task is not useful in measuring sublexical processing. We 

found a close correspondence between syllable discrimination and auditory lexical 

decision and, critically, did not observe a pattern of impairment on syllable 

discrimination with spared auditory lexical decision. If syllable discrimination did not 

reflect the speech perception process but instead reflected STM/WM, one would expect 

relatively worse performance on syllable discrimination because the majority of patients 

in the current sample have impaired phonological STM and auditory lexical decision has 
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minimal STM/WM requirements. Further, one would not anticipate a strong correlation 

between the two tasks. However, the current data did not reflect either of these patterns. 

Instead, Experiment 1 supports the use of syllable discrimination in measuring sublexical 

processing.  

In Experiment 2, we obtained converging evidence for the obligatory sublexical 

processing approach using different tasks and methodology from Experiment 1. In 

Experiment 2, we found a close relationship between identification of sublexical and 

lexical stimuli. This was evidenced by a strong correlation between amplitude and AUC 

measures. Patients with impairments in perceiving sublexical endpoint stimuli also 

presented impairments in perceiving lexical endpoint stimuli and the perception of 

endpoint stimuli, measured using amplitude, were highly correlated between the phoneme 

and lexical identification tasks. Additionally, many patients were more likely to fixate the 

competitor stimuli relative to the control group and there was a strong correlation 

between competitor fixations in the two tasks. Critically, if a patient was more likely to 

fixate competitors in the phoneme task, they exhibited the same pattern in the lexical 

identification task. As an additional note, there were several patients in Experiment 2 

who were impaired relative to the control group who were not in Experiment 1. This 

indicates that the tasks and stimuli used in Experiment 2 may be more sensitive to speech 

perception deficits than the tasks used in Experiment 1. Importantly, the results from 

Experiment 2 converge on the obligatory sublexical processing account of speech 

perception and fail to support the dual route models.  

Though dual route models like that of Hickok and Poeppel have been proposed 

relatively recently (Hickok & Poeppel, 2000), the concept of a dual route framework for 
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language processes is not new and has been applied to various language domains, 

including word and nonword repetition (e.g., Dell, Martin & Schwartz, 2007; Geschwind, 

1965; Hanley, Dell, Kay & Baron, 2004; Hanley & Kay, 1997; Lichtheim, 1885; 

McCarthy & Warrington, 1984; Nozari, Kittredge, Dell & Schwartz, 2010; Wernicke, 

1874/1969). Although repetition is a process that has typically been discussed in terms of 

speech production, repetition necessarily requires speech perception (i.e., you cannot 

repeat a word that you cannot perceive). The dual route models of repetition have posited 

a lexical-semantic route and a non-lexical route (e.g., Dell, Martin & Schwartz, 2007; 

Hanley, Dell, Kay & Baron, 2004; Hanley & Kay, 1997; Hillis & Caramazza, 1991; 

McCarthy & Warrington, 1984; Nozari, Kittredge, Dell & Schwartz, 2010). The non-

lexical route maps input representations directly onto output phonological 

representations, bypassing any lexical or semantic representations. The lexical-semantic 

route maps the sublexical representations onto a lexical level, and these lexical 

representations are then mapped onto an output phonological level. It should be clear that 

we are not arguing that perception for articulation and perception for accessing meaning 

utilize the exact same processes. The crux of the argument is that sublexical processing is 

shared by and must be accomplished before branching into separate routes. Critically, the 

repetition models outlined above assume that sublexical processing is shared between the 

two routes and the routes are not active until after sublexical processing occurs. 

One aspect of Experiment 2 that was surprising was the finding that many of the 

patients exhibited linear identification patterns- not the sigmoidal identification pattern 

that is standard in categorical perception. One possible reason for this finding is that the 

patients may not be mapping the auditory-acoustic information to categories—they may 
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be relying heavily on the auditory information and with each step away from the endpoint 

they are linearly more likely to choose the competitor stimulus. Although we were unable 

to utilize eye-tracking data to test the level of deficit hypotheses described in McMurray 

et al. (2014), the identification data do match the predictions of the pattern expected 

given a sublexical level deficit—a more graded response. Although the predictions laid 

out by McMurray et al. (2014) do not explicitly say anything about asymptotes, one 

might imagine that in the most graded circumstances asymptotes would not exist. In fact, 

this is what is reflected in the current data. Although the slopes using the sigmoidal 

function do not correlate between phoneme and lexical identification for the patients, 

when computing slopes using a linear function, there was a very strong correlation 

between patient slopes in the phoneme and lexical identification tasks, r (7) = .93, p < 

.001. Thus, the linear pattern of performance in the patient sample likely reflects that the 

patients are relying quite heavily on the auditory-acoustic information and fail to map this 

information onto a categorical representation.  

One further question is, what might be the cause of these sublexical deficits? One 

possibility is that the patients have damage to a competition resolution mechanism which 

allows categorical perception of sublexical representations. Evidence for this comes from 

a paper by McMurray, Aslin & Toscano (2009) in which they used computational 

modeling to investigate the processes involved in phonetic category acquisition in infants. 

They found that statistical learning was not enough to lead to accurate categorization of 

phonetic input, but an additional competition mechanism was required. That is, without 

the competition mechanism, categorical perception did not occur; instead of arriving at 

the correct two-category solution of the model input (in this case bilabial stop consonants 
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/b/ and /p/ varied on a VOT continuum), the model, on average, arrived at a 12 category 

solution. When adding in a winner-takes-all competition mechanism, 97/100 models 

arrived at the two-category solution. One problem in directly comparing this work to the 

current study is that McMurray et al. (2009) were studying phonetic acquisition whereas 

in the current study we were studying a group of individuals who had already acquired 

these phonetic categories but have damage to the system. Regardless, this is an 

interesting finding that may explain the source of deficit in the patient sample, but more 

research is needed to determine the extent to which this holds true.  

In Experiment 3, we attempted to localize the neuroanatomical regions associated 

with sublexical and lexical processing; however, we were largely unsuccessful in this 

process. Across all the analyses, we did not find a significant relationship between any 

brain regions and speech perception processes. Although this is likely due in large part to 

the small sample size, it is also possible that there has been reorganization of function 

such that the right hemisphere has taken over functions formerly subserved by the left 

hemisphere. The current study is unable to speak to this point, though in the future 

directions section I discuss some potential avenues for addressing this possibility.  

Although we did not find any significant relationships between brain and 

behavior, a recent meta-analysis by Turkeltaub and Coslett (2010) examining the neural 

bases of sublexical processing reported left lateralized STS activation in response to 

phonetic and phonological task manipulations. However, when looking specifically at 

categorical perception tasks - that is, tasks that contrasted within- to between-phonemic 

category discrimination - neural activation patterns converged on the left SMG and 

angular gyrus. Surprisingly, these regions were not observed in the sublexical 
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discrimination and identification tasks that did not specifically test categorical perception, 

a finding that indicates that there are processes involved in categorical perception tasks 

not involved in other speech perception tasks. It is worth noting that many of the patients 

in the current sample have damage to the SMG and angular gyrus and failed to show 

evidence of categorical perception in Experiment 2 (i.e., their identification functions 

were more linear than sigmoidal). It is thus possible that this damage is what led to the 

lack of categorical identification in the current study. Turkeltaub and Coslett (2010) note, 

though, that these conclusions “should not be over interpreted” (pp. 17) due to limitations 

in their meta-analysis, namely, that they adopted a very strict criteria for inclusion of 

activated regions and so have increased the rate of Type II errors.  Also, there were few 

studies going into the meta-analysis of categorical perception. 

Overall, the current study supports obligatory sublexical processing and fails to 

support dual route accounts of speech perception. That being said, dual route models 

could easily accommodate these findings by making explicit the claim that sublexical 

processing is shared between the two processing streams and must be successfully 

accomplished in order to proceed down either path. Recall, also, that the dual route 

models make an additional claim, namely that phonological STM is accomplished via 

cycling of information within the dorsal route. The current study also sought to address 

this question: whether phonological STM is accomplished via cycling of information 

within the speech perception system (sensory account via dorsal route) or whether a 

separate storage system is required (buffer account).  

Behaviorally, there was support of the buffer account as evidenced by a 

dissociation between measures of phonological STM and speech perception. If 
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phonological STM is accomplished as sensory accounts predict, then we would have 

expected to see a strong relationship between speech perception and phonological STM. 

However, the relationship was quite small and there were patients with roughly 

equivalent speech perception abilities but variable phonological STM spans. 

Neuroanatomically, we also observed a dissociation between speech perception and 

phonological STM. After factoring out speech perception abilities, regions remained that 

were successful in predicting variation in phonological STM span. As predicted by 

previous lesion data (e.g., Warrington, Logue & Pratt, 1971), the SMG was significantly 

related to phonological STM. Sensory views of phonological STM might not have 

predicted that any regions would remain after factoring out speech perception. That is, if 

phonological STM is accomplished entirely within the speech perception system, then 

after factoring out speech perception there should be no unique regions associated with 

phonological STM. This was clearly not the case as seen in the relationship between 

phonological STM and SMG. Alternatively, if phonological STM is a dorsal route 

function and the tasks we utilized to measure speech perception were accomplished via 

the ventral route, then sensory accounts would predict that some regions would remain 

after factoring out speech perception (e.g., Spt). However, this was not the case, as 

regions predicted to be involved in phonological STM by sensory accounts were not 

related to phonological STM span (e.g., Spt). Overall, Experiment 3 provided strong 

support for the buffer approach to phonological STM.   

Limitations  

Although Experiments 1 and 2 provided evidence against the double dissociations 

between sublexical and lexical processing observed in aphasic individuals, there is other 
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evidence to which the current study cannot speak directly. One line of evidence comes 

from functional neuroimaging in which it is claimed that sublexical effects appear in the 

dorsal stream in parietal and frontal areas whereas lexical effects appear in the ventral 

stream, in temporal regions – suggesting an anatomical separation between sublexical and 

lexical processing. For example, Vaden et al. (2011) had participants passively listen to 

words which varied in phonotactic frequency, a variable believed to affect sublexical 

levels of processing. They found that activity in the left inferior frontal gyrus was most 

closely related to this manipulation, which they argued supported claims of downstream 

processing of sublexical information. However, other researchers have reported 

sublexical activity in regions earlier in the processing stream, such as superior temporal 

gyrus or superior temporal sulcus (e.g., Binder et al., 2005; Dewitt & Rauschecker, 2012; 

Rimol, Specht, Weis, Savoy & Hugdahl, 2005; see Deschamps, Baum, & Gracco, 2015, 

for a review).  For instance, Deschamps et al. (2015) found greater activation in the left 

superior temporal sulcus for pseudowords of high vs. low phonological complexity 

(based on sonority differences) during passive listening.  Activation in frontal areas for 

this complexity contrast was found only for visually presented pseudowords – which they 

attributed to automatic articulation of the visual stimuli. Moreover, they found that the 

pseudowords in this study activated many regions in common with prior studies of words. 

They suggest that differences between words and pseudowords across some prior studies 

may be due to the different types of tasks involved. Thus, clearly there is a complex set of 

results in the neuroimaging literature on speech perception that undermines claims for a 

clean dissociation between areas involved in lexical and sublexical processing (see also, 

Price, 2012).  
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Another line of evidence taken to support a direct mapping of acoustic 

information to lexical levels has come from behavioral studies of young adults. For 

example, Goldinger (1998) reported that individuals tend to imitate surface features (e.g., 

pitch) of spoken word and nonword tokens in an immediate, but not a delayed, 

shadowing task. Goldinger (1998) argued that these data support claims that episodic 

aspects of speech stimuli are represented in the speech perception stream but that these 

aspects decay with time, hence the difference in immediate versus delayed shadowing. In 

line with this claim, a computational model of speech perception based on episodic 

acoustic representations (rather than abstract phonemic representations) was able to 

accommodate these data. Note, however, that researchers have recently argued that 

speech representations can be discrete and categorical, as in sublexical phonemic 

representations, while still maintaining continuous information present in the speech 

signal (e.g., Fowler, Shankweiler, & Studdert-Kennedy, 2016; McQueen, Cutler & 

Norris, 2006; Smolensky, Goldrick & Mathis, 2014).  

For example, Fowler et al. (2016) argue that “evidence that memory [for speech] 

is episodic is orthogonal to the issue of whether or not the memories for words include 

phonetic segments” (pp. 129). This conclusion is highly significant in that it claims that 

the existence of episodic representations for speech do not undermine the existence of 

sublexical units of representation. Instead of using continuous representations, the authors 

argue that speech operates according to the “particulate principle” (pp. 129), meaning that 

word stimuli are composed of a restricted number of smaller things. An analogy is drawn 

between speech perception and the fact that molecules are composed of atoms. The crux 

of the argument is that there are speech segments that comprise all word stimuli, these are 
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restricted in number, and are distinct from each other but overlap in time as speech 

unfolds.  

Future Directions 

 As discussed, the current study was unable to address certain claims of episodic 

theories of speech perception, such as the findings in speech shadowing in younger 

adults. While researchers have claimed that these episodic features can persist while still 

maintaining discrete, categorical representations, this has not, to my knowledge, been 

empirically tested in a language-impaired population. One line of future research could 

investigate whether patients who have impaired categorical perception display any 

evidence of impaired episodic processing of speech. If continuous information and 

discrete information are both maintained in the speech stream, then we should see that at 

least some patients with impaired categorical perception would still imitate features of the 

original speaker. Alternatively, if speech is truly episodic, we should see that patients 

who are impaired on a syllable discrimination task are also impaired on shadowing tasks. 

Although patients with speech perception deficits would have difficulty with speech 

shadowing, unpublished data from the current patient sample shows that many of these 

patients are able to repeat words with at least 50% accuracy. The question, then, is would 

patients imitate features of the original speaker in their repetition, and is this dissociable 

from their ability to repeat the word forms. It might be possible to determine if patients 

are maintaining features of the original speaker even in erroneous repetition trials.   

In order to provide converging evidence on the hypothesis that the patients do not 

experience categorical perception, we could utilize fMRI and a habituation task where 

participants passively listen to stimuli, like that used in Joanisse, Zevin and McCandliss 
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(2007). In this paradigm, participants hear four speech stimuli. In the repetition condition, 

the four speech stimuli are the same. In the between-category condition, the first three 

stimuli are the same and the fourth stimulus is different from a different category. In the 

within-category condition, the first three stimuli are the same and the fourth stimulus is 

different from within the same category. In normal healthy adults, there is more activity 

in speech processing regions for the between-category condition than the within-category 

condition. We could compare this effect to patients to determine the extent to which there 

is a neural signature that is different for the between-category and within-category 

conditions. If patients are not truly perceiving speech stimuli categorically, then we 

would not expect to observe distinct neural activation patterns for the within- and 

between-category conditions.   

Another avenue for future direction would be to investigate the extent to which 

right hemisphere regions have taken over speech perception functions in our patient 

sample. In the dual route framework proposed by Hickok and Poeppel (2000, 2004, 

2007), the researchers proposed that speech perception is accomplished via bilateral 

activation of superior temporal lobe regions. If this is the case, then we should see that 

right hemisphere processing of speech input in patients with left hemisphere damage 

leads to better speech perception and we should see worse speech perception in patients 

with bilateral damage. Hickok and Poeppel (2000) note that in the most severe cases, 

where an individual cannot perceive any spoken input (pure word deafness), there is 

almost always bilateral damage. However, some patients with unilateral damage exhibit 

profound speech perception deficits characterized as pure word deafness (e.g., NL; Slevc, 

Martin, Hamilton & Joanisse, 2011).  It is thus not clear whether the right hemisphere can 
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effectively process speech and whether it would help (or possibly hurt) speech perception 

processes for language to be reorganized to the right hemisphere.  

One way to test the hypothesis that the right hemisphere is aiding in speech 

perception for patients with left hemisphere damage is to utilize TMS. TMS can be used 

to temporarily disrupt the function of right hemisphere regions and determine the 

consequences for speech perception. If the right hemisphere has taken over some 

functions, then applying TMS to right hemisphere regions should disrupt speech 

perception processes. Another way to test this hypothesis is using fMRI. By having 

patients perform the speech perception tasks presented in this paper while undergoing 

fMRI, we could determine whether there is an increase in BOLD activation in right 

hemisphere regions relative to a control group. If there is evidence of right hemisphere 

activation in the patients, this would indicate functional reorganization. Perilesional 

activation would suggest the same—that there is functional reorganization.  

Finally, it is important to understand the functional consequences of impaired 

speech perception on natural discourse. While the current study shows that most patients 

have impaired processing at sublexical and lexical levels, many of the patients live quite 

normal lives and are able to communicate more or less efficiently. To determine the 

extent to which categorical perception is involved in natural discourse, we could 

investigate the relationship between tasks like syllable discrimination and sentence 

comprehension. If categorical perception is important for sentence comprehension, then 

we should see a close relationship between the two tasks. Note, though, that patients will 

likely be better at sentence comprehension due to the additional constraints that sentences 

place on the speech recognition process (e.g., syntactic and semantic constraints; Tyler & 
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Marslen-Wilson, 1977). In order to determine the effect that the additional constraints 

have on sentence comprehension, we could manipulate the constraints and determine the 

extent to which more or less constrained sentences relate to categorical perception. We 

should see the closest relationship between the least constrained sentences and 

categorical perception if categorical perception is important for sentence processing. 
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Appendix A 

Patient Aphasia 
Type 

WAB 
Aphasia 
Quotient 

Single 
PWM* 

Philadelphia 
Naming Test 

PALPA 
24: 

Visual 
Lexical 

Decision 

Pyramids 
and 

Palm 
Trees: 3 
Pictures 

PALPA 
48: 

Written 
Word to 
Picture 

Matching 

Lesion Location** 

BQ Anomic 71.8 94 95 93 94 100 

Inferior frontal; 
insula; inferior, 

middle and superior 
temporal extending 
into Heschl's gyrus; 
inferior and superior 

parietal extending 
into supramarginal 
and angular gyri; 
middle occipital; 

pre- and post-central 
gyri 
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Patient Aphasia 
Type 

WAB 
Aphasia 
Quotient 

Single 
PWM* 

Philadelphia 
Naming Test 

PALPA 
24: 

Visual 
Lexical 

Decision 

Pyramids 
and 

Palm 
Trees: 3 
Pictures 

PALPA 
48: 

Written 
Word to 
Picture 

Matching 

Lesion Location** 

DZ Broca's 29.4 87 0 98 81 75 

Inferior and middle 
frontal; insula; 

middle and superior 
temporal extending 
into Heschl's gyrus 
and temporal pole; 

inferior and superior 
parietal extending 
into supramarginal 
and angular gyri; 

middle and superior 
occipital; pre- and 
post-central gyri 
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Patient Aphasia 
Type 

WAB 
Aphasia 
Quotient 

Single 
PWM* 

Philadelphia 
Naming Test 

PALPA 
24: 

Visual 
Lexical 

Decision 

Pyramids 
and 

Palm 
Trees: 3 
Pictures 

PALPA 
48: 

Written 
Word to 
Picture 

Matching 

Lesion Location** 

DG Conduction 71.1 88 50 98 90 88 

Inferior, middle and 
superior temporal 

extending into 
Heschl's gyrus and 

temporal pole; 
inferior and superior 

parietal 
extendinginto 

supramarginal and 
angular gyri; middle 

and superior 
occipital; fusiform 
gyrus; precentral 

gyrus 

EV Anomic 93.6 95 86 100 92 98 Inferior and middle 
frontal; insula 

HA Broca's 19.4 85 0 98 94 98 

Inferior frontal; 
insula; superior 

temporal extending 
into Heschl's gyrus 
and temporal pole; 
inferior parietal and 

supramarginal 
gyrus; pre- and post-

central gyri 
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Patient Aphasia 
Type 

WAB 
Aphasia 
Quotient 

Single 
PWM* 

Philadelphia 
Naming Test 

PALPA 
24: 

Visual 
Lexical 

Decision 

Pyramids 
and 

Palm 
Trees: 3 
Pictures 

PALPA 
48: 

Written 
Word to 
Picture 

Matching 

Lesion Location** 

KA Wernicke's 68.5 86 83 97 85 98 

Inferior frontal; left 
and right insula; 

middle and superior 
temporal; right 

inferior, middle and 
superior temporal; 

left and right 
temporal poles; left 
and right Heschl's 

gyri; right 
supramarginal and 
angular gyri;  right 
middle and superior 

occipital 

MB Conduction 94.4 98 89 98 100 100 

Inferior and superior 
parietal extending 
into supramarginal 
and angular gyri; 

middle and superior 
occipital; postcentral 

gyrus 



 
 
 

 

213 

Patient Aphasia 
Type 

WAB 
Aphasia 
Quotient 

Single 
PWM* 

Philadelphia 
Naming Test 

PALPA 
24: 

Visual 
Lexical 

Decision 

Pyramids 
and 

Palm 
Trees: 3 
Pictures 

PALPA 
48: 

Written 
Word to 
Picture 

Matching 

Lesion Location** 

NMA Conduction 83.6 97 94 100 81 100 

Middle and inferior 
frontal; insula; 

inferior, middle and 
superior temporal 

extending into 
Heschl's gyrus and 

temporal pole; 
inferior parietal and 

angular gyrus; 
inferior and middle 

occipital 

QO Anomic 95 100 98 100 98 100 
Middle and superior 

temporal; 
supramarginal gyrus 

SH Anomic 84.8 95 93 97 98 100 

Middle and supeior 
temporal extending 
into temporal pole; 

inferior parietal; 
supramarginal and 

angular gyri; middle 
and superior 

occipital 
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Patient Aphasia 
Type 

WAB 
Aphasia 
Quotient 

Single 
PWM* 

Philadelphia 
Naming Test 

PALPA 
24: 

Visual 
Lexical 

Decision 

Pyramids 
and 

Palm 
Trees: 3 
Pictures 

PALPA 
48: 

Written 
Word to 
Picture 

Matching 

Lesion Location** 

SJ Anomic 88.8 97 97 100 98 100 

Middle and superior 
temporal extending 
into Heschl's gyrus; 

Inferior parietal; 
supramarginal and 

angular gyri 

SQ Anomic 75.9 99 90 98 90 90 

Inferior, middle and 
superior frontal; 
insula; temporal 

pole; inferior 
parietal; 

supramarginal 
gyrus; pre- and post-

central gyrus and 
supplementary 

motor area 

SSW Anomic 91*** 97 88 - 94 100 No information 
available 

*the single PWM task data presented here is the same as Experiment 1a 
** All lesions are in the left hemisphere unless otherwise stated, with lesion defined as regions with at least 10% damage using 
Automated Anatomical Labelling 
***participant was not tested on the object naming portion of WAB and was not available for further testing. score reflects total out of 
88 possible points 
Pyramids and Palm Trees from Howard and Patterson (1992); PALPA from Kay, et al. (1992), Philadelphia Naming Test from Roach 
et al., 1996 
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Appendix B 

      
Biphone Frequency 

 

Word 
Stimuli 

Phonetic 
Transcription 

# of 
Phonemes Frequency  

Phonological 
Neighborhood 

Density 

Average 
Phonotactic 
Probability 

Biphone 
1 Biphone 2 

Biphone 
3 

bad b@d 3 143 30 0.06 0.01 0.00 
 bag b@g 3 42 28 0.05 0.01 0.00 
 bait Bet 3 2 33 0.05 0.00 0.00 
 bake Bek 3 12 29 0.04 0.00 0.00 
 ban b@n 3 7 30 0.08 0.01 0.01 
 base Bes 3 91 27 0.05 0.00 0.00 
 bat b@t 3 18 40 0.07 0.01 0.01 
 bent bEnt 4 34 17 0.08 0.00 0.01 0.02 

bid bId 3 22 25 0.06 0.00 0.00 
 big bIg 3 360 20 0.06 0.00 0.00 
 bill bIl 3 143 35 0.07 0.00 0.01 
 bin bIn 3 2481 27 0.08 0.00 0.01 
 bit bIt 3 101 35 0.07 0.00 0.01 
 boat Bot 3 72 32 0.06 0.00 0.00 
 bud b^d 3 9 23 0.04 0.00 0.00 
 bun b^n 3 1 30 0.06 0.00 0.01 
 bus b^s 3 35 20 0.06 0.00 0.00 
 but b^t 3 4393 35 0.05 0.00 0.00 
 buzz b^z 3 13 15 0.04 0.00 0.00 
 cab k@b 3 12 22 0.07 0.01 0.00 
 cage keJ 3 9 17 0.04 0.00 0.00 
 cake Kek 3 13 26 0.06 0.00 0.00 
 calf k@f 3 11 19 0.06 0.01 0.00 
 call Kcl 3 188 26 0.08 0.02 0.01 
 calve k@v 3 1 17 0.07 0.01 0.00 
 cap k@p 3 27 30 0.07 0.01 0.00 
 cat k@t 3 23 35 0.08 0.01 0.01 
 cave Kev 3 9 22 0.05 0.00 0.00 
 crane Kren 4 5 15 0.06 0.01 0.01 0.00 

craze Krez 4 2 11 0.05 0.01 0.01 0.00 
cup k^p 3 45 18 0.06 0.00 0.00 

 cut k^t 3 192 25 0.07 0.00 0.00 
 dad d@d 3 15 21 0.06 0.00 0.00 
 dam d@m 3 39 22 0.06 0.00 0.00 
 date Det 3 103 24 0.05 0.00 0.00 
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deed Did 3 8 18 0.04 0.00 0.00 
 dip dIp 3 6 25 0.06 0.02 0.00 
 dock Dak 3 28 22 0.06 0.00 0.00 
 dog Dcg 3 75 8 0.04 0.00 0.00 
 dole Dol 3 1 33 0.06 0.00 0.01 
 done d^n 3 321 30 0.06 0.00 0.01 
 dose Dos 3 11 12 0.06 0.00 0.00 
 dote Dot 3 1 25 0.06 0.00 0.00 
 dove Dov 3 4 16 0.04 0.00 0.00 
 doze Doz 3 1 20 0.04 0.00 0.00 
 dub d^b 3 1 22 0.04 0.00 0.00 
 duck d^k 3 9 25 0.05 0.00 0.00 
 dust d^st 4 70 8 0.06 0.00 0.00 0.02 

fair fEr 3 84 28 0.07 0.00 0.01 
 fan f@n 3 18 21 0.07 0.00 0.01 
 file fYl 3 81 27 0.03 0.00 0.00 
 fin fIn 3 3 30 0.08 0.00 0.01 
 fit fIt 3 75 28 0.07 0.00 0.01 
 found fWnd 4 536 14 0.05 0.00 0.00 0.01 

gall Gcl 3 7 24 0.05 0.00 0.01 
 gap g@p 3 17 20 0.05 0.00 0.00 
 gill gIl 3 2 28 0.07 0.00 0.01 
 goat Got 3 6 26 0.05 0.00 0.00 
 gun g^n 3 118 20 0.05 0.00 0.01 
 gut g^t 3 1 24 0.04 0.00 0.00 
 had h@d 3 5133 31 0.05 0.01 0.00 
 half h@f 3 275 18 0.05 0.01 0.00 
 halve h@v 3 3941 17 0.05 0.01 0.00 
 ham h@m 3 19 26 0.06 0.01 0.00 
 has h@z 3 2439 20 0.07 0.01 0.01 
 have h@v 3 3941 17 0.05 0.01 0.00 
 jam J@m 3 6 16 0.05 0.00 0.00 
 jest Jest 4 1 18 0.06 0.00 0.01 0.02 

just J^st 4 872 12 0.06 0.00 0.00 0.02 
kill kIl 3 63 36 0.09 0.00 0.01 

 late Let 3 179 32 0.04 0.00 0.00 
 leaf Lif 3 12 25 0.03 0.00 0.00 
 leash liS 3 3 16 0.02 0.00 0.00 
 let lEt 3 384 30 0.06 0.00 0.00 
 lick lIk 3 3 32 0.06 0.01 0.01 
 life lYf 3 715 20 0.03 0.00 0.00 
 lip lIp 3 18 29 0.06 0.01 0.00 
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live lIv 3 177 15 0.05 0.01 0.00 
 loaf Lof 3 4 16 0.03 0.00 0.00 
 lobe Lob 3 3 15 0.04 0.00 0.00 
 lone Lon 3 54 33 0.06 0.00 0.00 
 loose Lus 3 53 23 0.05 0.00 0.00 
 lose Luz 3 58 17 0.05 0.00 0.00 
 man m@n 3 1207 26 0.08 0.01 0.01 
 mess mEs 3 22 18 0.07 0.01 0.01 
 met mEt 3 132 26 0.07 0.01 0.00 
 moon Mun 3 60 21 0.05 0.00 0.00 
 need Nid 3 361 21 0.03 0.00 0.00 
 nip nIp 3 3 25 0.05 0.00 0.00 
 noon Nun 3 25 19 0.04 0.00 0.00 
 pad p@d 3 8 26 0.07 0.01 0.00 
 pair pEr 3 58 26 0.08 0.01 0.01 
 pass p@s 3 89 24 0.08 0.01 0.01 
 pat p@t 3 35 39 0.08 0.01 0.01 
 peck pEk 3 5 20 0.07 0.00 0.01 
 peg pEg 3 4 10 0.06 0.00 0.00 
 pill pIl 3 15 36 0.08 0.00 0.01 
 pin pIn 3 16 31 0.09 0.00 0.01 
 pit pIt 3 14 33 0.08 0.00 0.01 
 rage reJ 3 16 19 0.03 0.00 0.00 
 raid red 3 10 29 0.04 0.00 0.00 
 rain ren 3 80 38 0.06 0.00 0.00 
 rate ret 3 209 39 0.05 0.00 0.00 
 rave rev 3 1 26 0.03 0.00 0.00 
 rib rIb 3 1 19 0.06 0.02 0.00 
 rid rId 3 19 29 0.06 0.02 0.00 
 ring rIG 3 49 23 0.05 0.02 0.00 
 rip rIp 3 6 32 0.06 0.02 0.00 
 sack s@k 3 8 28 0.08 0.00 0.01 
 sad s@d 3 35 25 0.07 0.00 0.00 
 sag s@g 3 4 22 0.07 0.00 0.00 
 same sem 3 686 21 0.06 0.00 0.00 
 sane sen 3 8 33 0.08 0.00 0.00 
 sap s@p 3 1 27 0.07 0.00 0.00 
 sat s@t 3 150 32 0.08 0.00 0.01 
 send sEnd 4 74 18 0.08 0.01 0.01 0.01 

shake Sek 3 17 24 0.03 0.00 0.00 
 sip sIp 3 2 28 0.08 0.01 0.00 
 sit sIt 3 67 36 0.09 0.01 0.01 
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sound sWnd 4 204 10 0.06 0.00 0.00 0.01 
sub s^b 3 5 17 0.06 0.01 0.00 

 sue su 2 18 33 0.06 0.00 
  sum s^m 3 1662 23 0.06 0.01 0.01 

 sun s^n 3 278 26 0.08 0.01 0.01 
 tack t@k 3 4 37 0.06 0.00 0.01 
 tad t@d 3 

  
0.05 0.00 0.00 

 tag t@g 3 5 21 0.05 0.00 0.00 
 take tek 3 611 25 0.04 0.00 0.00 
 tap t@p 3 18 26 0.05 0.00 0.00 
 tend tEnd 4 43 16 0.07 0.00 0.01 0.01 

tin tIn 3 12 30 0.08 0.00 0.01 
 tip tIp 3 22 25 0.06 0.00 0.00 
 tub t^b 3 13 17 0.04 0.00 0.00 
 tuck t^k 3 2 28 0.05 0.00 0.00 
 tug t^g 3 3 18 0.03 0.00 0.00 
 van v@n 3 32 12 0.07 0.00 0.01 
 vase ves 3 4 16 0.04 0.00 0.00 
 vent vEnt 4 10 16 0.08 0.00 0.01 0.02 

vest vEst 4 4 19 0.06 0.00 0.01 0.02 
vile vYl 3 5 22 0.02 0.00 0.00 

 vine vYn 3 4 21 0.05 0.00 0.00 
 wade wed 3 2 24 0.03 0.00 0.00 
 wage weJ 3 56 17 0.02 0.00 0.00 
 wet wEt 3 53 29 0.05 0.00 0.00 
 win wIn 3 55 31 0.07 0.00 0.01 
 wine wYn 3 72 30 0.05 0.00 0.00 
 wing wIG 3 18 18 0.04 0.00 0.00 
 wish wIS 3 110 13 0.04 0.00 0.00 
 wit wIt 3 20 31 0.06 0.00 0.01 
 zap z@p 3 

  
0.04 0.00 0.00 

 zip zIp 3 1 14 0.05 0.00 0.00 
 zit zIt 3 

  
0.05 0.00 0.01 

 zone zon 3 
  

0.05 0.00 0.00 
 zoo zU 2 

  
0.01 0.00 
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Appendix C 

Item 1 Item 2 
ban man 
base vase 
bent vent 
bid bill 
bin win 
cab calve 
cap calf 

craze crane 
dam jam 
date late 
deed need 
doze dole 
dub dove 
dust just 
fan van 
had has 
have ham 
lobe loaf 
met mess 
pair fair 
pat pass 
pin fin 
raid rain 
sub sum 
take shake 
tend send 
tip sip 

vine wine 
wade wage 
wit wish 
zip nip 

zone lone 
bag bad 
bake bait 
big bid 

cage cave 
cake take 
cat pat 
cut cup 
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done bun 
goat dote 
goat boat 
gun done 
jest vest 
kill pill 
late rate 

leash leaf 
let wet 

lick lip 
moon noon 
rage rave 
rid rib 

same sane 
sit fit 
sit sip 

sound found 
sum sun 
tack tap 
tin pin 
tug tub 

wing ring 
bus buzz 
but bud 
call gall 
cap gap 
cap cab 
cut gut 

dock dog 
dose doze 
file vile 
half halve 
kill gill 
life live 

loose lose 
pat bat 
pat pad 

peck peg 
pit bit 
rip rib 

sack sag 
sap zap 
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sat sad 
sit zit 
sue zoo 
tack tag 
tad dad 
tip dip 

tuck duck 
tuck tug 
tuck tug 
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Appendix D 
Actual vs. predicted values for phoneme identification 4-parameter logistic function. Data 
for the control mean and individual controls and patients are presented. The x and y axis 
labels are the same across all figures. 
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Appendix E 

Actual vs. predicted values for lexical identification (including all word pairs) 4-
parameter logistic function. Data for the control mean and individual controls and 
patients are presented. The x and y axis labels are the same across all figures.  
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Appendix F 
Actual vs. predicted values for lexical identification 4-parameter logistic function, 
excluding word pairs that were poorly fit. The x and y axis labels are the same across all 
figures. 
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Appendix G 

Results of Crawford and Howell (1998) modified t-test comparing patient’s amplitudes to 
controls.  

  Phoneme   

Lexical: 
All 

Word 
Pairs   

Lexical: 
Excluding 

Poorly Fit Word 
Pairs   

Patient t p t p t p 
QO -3.00 0.01 -4.13 0.00 -4.13 0.00 

NMA -4.96 0.00 -10.12 0.00 -10.12 0.00 
SH -14.88 0.00 -22.85 0.00 -10.31 0.00 
MB -5.55 0.00 -18.72 0.00 -13.16 0.00 
EV -3.53 0.01 -16.69 0.00 -12.81 0.00 
NJ -6.08 0.00 -12.17 0.00 -12.17 0.00 
HO 0.95 0.37 -0.74 0.48 -0.74 0.48 
CA -2.64 0.03 -17.30 0.00 -8.64 0.00 
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Appendix H 

Patient’s amplitudes converted to z-scores relative to the control group. 
 

Patient z Phoneme 

z Lexical: 
All Word 

Pairs 

z Lexical: Excluding 
Poorly Fit Word 

Pairs 
QO -3.15 -4.33 -4.33 

NMA -5.21 -10.62 -10.62 
SH -15.61 -23.97 -10.81 
MB -5.82 -19.64 -13.80 
EV -3.71 -17.51 -13.44 
NJ -6.38 -12.76 -12.76 
HO 1.00 -0.77 -0.77 
CA -2.77 -18.14 -9.06 
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Appendix I 

Results of Crawford and Howell (1998) modified t-test comparing patient’s slopes to 
controls.  

  Phoneme   

Lexical: 
All 

Word 
Pairs   

Lexical: 
Excluding 
Poorly Fit 
Word Pairs   

Patient t p t p t p 
QO 0.45 0.66 -0.85 0.42 -0.85 0.42 

NMA 0.21 0.84 -1.40 0.19 -1.40 0.19 
SH -3.12 0.01 -1.61 0.14 -1.33 0.22 
MB -2.38 0.04 0.22 0.83 0.02 0.98 
EV -2.68 0.03 -1.17 0.27 -1.09 0.30 
NJ -2.28 0.05 -1.29 0.23 -1.29 0.23 
HO -0.96 0.36 -0.65 0.53 -0.65 0.53 
CA -2.62 0.03 -1.36 0.21 -1.15 0.28 
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Appendix J 

Results of Crawford and Howell (1998) modified t-test comparing patient’s AUC to 
controls.  

  Phoneme   
Lexical: All 
Word Pairs   

Lexical: 
Excluding Poorly 

Fit Word Pairs   
Patient t p t p t p 

QO 0.35 0.74 2.23 0.05 2.23 0.05 
NMA 4.89 0.00 7.57 0.00 7.57 0.00 

SH 3.20 0.01 6.10 0.00 3.73 0.00 
MB 3.40 0.01 2.47 0.04 1.43 0.19 
EV 2.85 0.02 3.38 0.01 3.76 0.00 
NJ 1.06 0.32 2.67 0.03 2.67 0.03 
HO 0.66 0.53 0.69 0.51 0.69 0.51 
CA 4.95 0.00 3.24 0.01 3.97 0.00 
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Appendix K 

Patient’s AUC’s converted to z-scores relative to the control group. 
 

Patient z Phoneme 
z Lexical: 
All Word 

Pairs 

z Lexical: 
Excluding 
Poorly Fit 
Word Pairs 

QO 0.36 2.34 2.34 
NMA 5.13 7.94 7.94 

SH 3.36 6.40 3.91 
MB 3.56 2.59 1.50 
EV 2.99 3.54 3.95 
NJ 1.11 2.80 2.80 
HO 0.69 0.72 0.72 
CA 5.19 3.40 4.16 
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Appendix L 

Results of Crawford and Howell (1998) modified t-test comparing patient’s slopeAUC to 
controls on the /b/ side of the boundary.  
 

  Phoneme   
Lexical: All 
Word Pairs   

Lexical: 
Excluding 

Poorly Fit Word 
Pairs   

Patient t p t p t p 
QO 0.56 0.59 -1.31 0.22 -1.31 0.22 

NMA -0.33 0.75 -0.33 0.75 -0.33 0.75 
SH -0.16 0.88 -3.28 0.01 0.29 0.78 
MB -4.03 0.00 1.41 0.19 0.94 0.37 
EV 0.99 0.35 0.72 0.49 -0.90 0.39 
NJ -2.13 0.06 -1.91 0.09 -1.91 0.09 
HO -1.60 0.14 -0.52 0.61 -0.52 0.61 
CA 1.27 0.24 0.13 0.90 1.20 0.26 
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Appendix M 

Results of Crawford and Howell (1998) modified t-test comparing patient’s slopeAUC to 
controls on the /p/ side of the boundary.  
 

  Phoneme   
Lexical: All 
Word Pairs   

Lexical: Excluding 
Poorly Fit Word Pairs   

Patient t p t p t p 
QO 0.25 0.81 -0.75 0.47 -0.75 0.47 

NMA 1.16 0.28 -0.37 0.72 -0.37 0.72 
SH 6.20 0.00 -4.80 0.00 -1.44 0.18 
MB -1.14 0.28 0.55 0.60 0.97 0.36 
EV 2.07 0.07 0.05 0.96 0.51 0.62 
NJ -2.40 0.04 -0.83 0.43 -0.83 0.43 
HO -1.36 0.21 0.46 0.66 0.46 0.66 
CA -10.65 0.00 -1.71 0.12 -2.23 0.05 
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Appendix N 

Results of Crawford and Howell (1998) modified t-test comparing patient’s interceptAUC 
to controls on the /b/ side of the boundary.  
 

  Phoneme   
Lexical: All 
Word Pairs   

Lexical: 
Excluding 
Poorly Fit 
Word Pairs   

Patient t p t p t p 
QO 1.07 0.31 1.23 0.25 1.23 0.25 

NMA 2.26 0.05 7.76 0.00 7.76 0.00 
SH 1.49 0.17 3.66 0.01 5.54 0.00 
MB -1.34 0.21 3.91 0.00 1.61 0.14 
EV 2.75 0.02 4.36 0.00 2.70 0.02 
NJ -0.91 0.39 2.04 0.07 2.04 0.07 
HO -0.67 0.52 1.41 0.19 1.41 0.19 
CA 2.94 0.02 2.50 0.03 4.40 0.00 
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Appendix O 

Results of Crawford and Howell (1998) modified t-test comparing patient’s interceptAUC 
to controls on the /p/ side of the boundary.  
 

  Phoneme   
Lexical: All 
Word Pairs   

Lexical: 
Excluding 
Poorly Fit 

Word Pairs   
Patient t p t p t p 

QO -0.46 0.66 2.33 0.04 2.33 0.04 
NMA 3.04 0.01 5.40 0.00 5.40 0.00 

SH -0.76 0.47 8.73 0.00 3.35 0.01 
MB 4.43 0.00 1.18 0.27 0.50 0.63 
EV -0.44 0.67 2.47 0.04 2.82 0.02 
NJ 1.10 0.30 1.59 0.15 1.59 0.15 
HO 1.91 0.09 -0.70 0.50 -0.70 0.50 
CA 11.78 0.00 6.03 0.00 5.31 0.00 
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Appendix P 
Patient’s interceptAUC’s converted to z-scores relative to the control group on the /b/ side 

of the boundary. 
 

Patient z Phoneme 
z Lexical: 
All Word 

Pairs 

z Lexical: 
Excluding 
Poorly Fit 
Word Pairs 

QO 1.66 1.29 1.29 
NMA 3.34 8.14 8.14 

SH 2.26 3.84 5.81 
MB -1.74 4.10 1.69 
EV 4.03 4.57 2.83 
NJ -1.14 2.14 2.14 
HO -0.80 1.47 1.47 
CA 4.30 2.62 4.62 
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Appendix Q 
Patient’s interceptAUC’s converted to z-scores relative to the control group on the /p/ side 

of the boundary. 
 

Patient z Phoneme 
z Lexical: 
All Word 

Pairs 

z Lexical: 
Excluding 
Poorly Fit 
Word Pairs 

QO -0.48 2.45 2.45 
NMA 3.19 5.66 5.66 

SH -0.79 9.16 3.52 
MB 4.65 1.24 0.53 
EV -0.46 2.59 2.96 
NJ 1.16 1.66 1.66 
HO 2.00 -0.74 -0.74 
CA 12.36 6.32 5.57 
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Appendix R 
Brain regions included and excluded from speech perception lesion-symptom mapping 
analysis 

Regions Included Regions Excluded 
Precentral gyrus All right hemisphere regions 

Middle frontal gyrus Superior frontal gyrus 
Inferior frontal gyrus, 

opercularis 
Superior frontal gyrus, orbital 

part 
Inferior frontal gyrus, 

triangularis Middle frontal gyrus, orbital part 
Inferior frontal gyrus, orbital Supplementary motor area 

Rolandic operculum Olfactory cortex 
Insula Medial frontal gyrus 

Postcentral gyrus Medial orbitofrontal gyrus 
Superior parietal lobule Gyrus rectus 
Inferior parietal lobule Anterior cingulate gyrus 
Supramarginal gyrus Midcingulate area 

Angular gyrus Posterior cingulate gyrus 
Putamen Hippocampus 

Heschl's gyrus Parahippocampal gyrus 
Superior temporal gyrus Amygdala 
Superior temporal pole Calcarine sulcus 
Middle temporal gyrus Cuneus 
Inferior temporal gyrus Lingual Gyrus 

 
Superior occipital 

 
Middle occipital 

 
Inferior occipital 

 
Fusiform gyrus 

 
Precuneus 

 
Paracentral lobule 

 
Caudate 

 
Pallidum 

 
Thalamus 

 
Middle temporal pole 

 
Cerebellum 

 
Vermis 
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