


 
 

ABSTRACT 

The Role of Phonological Working Memory in Narrative 
Production: Evidence from Chronic Aphasia 

by 

Rachel Zahn 

Previous work has supported a critical role for semantic, but not phonological, 

working memory (WM) in the ability to produce multiword utterances. In narrative 

production of patients at the acute stage of stroke it was shown that correlations between 

semantic, but not phonological WM, and narrative measures of elaboration remained 

when single word production abilities were included in the model.  However, the acute 

stroke results also revealed relations between phonological WM and narrative production 

– specifically, a positive relationship between digit matching span (a phonological WM 

measure) and words per minute, and a negative relationship between digit matching span 

and proportion pronouns relative to nouns. Two hypotheses have been compared to 

explain these relationships. The first is that both digit matching span and these narrative 

measures relate to the speed and ease of phonological retrieval. The second is that there 

are separate input and output phonological WM buffers, and the output buffer plays a key 

role in fluent speech and phonological WM. In a sample of participants at the chronic 

stage of stroke two approaches, a case series and a case study approach, were used to 

address these two hypotheses. The case series approach showed evidence that single 

word retrieval abilities predicted words per minute above changes in output phonological 

WM, supporting the phonological retrieval hypothesis. However, the results for 



 
 

proportion pronouns differed between the acute and chronic stages, most likely due to 

different sources of variation in pronoun use for the two groups. The case series approach 

showed evidence for the distinction of input and output phonological WM buffers. 

Implications from the two approaches will be discussed.   
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Introduction 

The Role of Working Memory in Speech Production 

Working memory involves the short-term storage and processing of information 

(Baddeley, 1986). In speech production, working memory is thought to be used for 

planning the content words and structure of upcoming sentences (Martin & Slevc, 2014). 

One proposed model of working memory is the domain-specific view which postulates a 

distinction between retention capacities for phonological and semantic information 

(Martin & Romani, 1994). Phonological working memory involves the short-term storage 

and processing of phoneme information (Wagner & Torgesen, 1987). A person's 

phonological working memory capacity may be tested through tasks that do not require 

knowledge or storing of word meanings such as repetition of non-word or digit lists 

(which are argued to have little semantic content). One such task is the digit matching 

span task in which subjects hear two digit lists and judge whether the lists match or not 

(e.g., 2517   2157, in a non-matching trial two numbers have been transposed). Lexical- 

semantic working memory involves storing and processing information regarding 

meaning. Lexical- semantic information has been shown to play a role in short term 

memory span tasks. It has been shown that span is greater for words than non-words 

(Hulme, Maughan, & Brown, 1991) and that span is greater for words within the same 

semantic category than words in different semantic categories (Poirier & Saint-Aubin, 

1995). A person’s semantic working memory span can be tested with tasks that require 

the storing of semantic information. An example is the category probe task in which 

subjects hear a list of words and judge whether a probe word was in the same semantic 

category as any of the list words (e.g., list: chair rose bicycle, probe: tulip).  
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Models of speech production have positioned the selection of lexical-semantic 

representations prior to the stages of phonological planning and articulation. In Bock & 

Levelt’s (1994) model the functional processing stage of lexical selection comes before 

the phonological encoding stage. This implies that semantic working memory may be 

involved in holding onto these lexical-semantic representations while speech is being 

produced. The demands on semantic working memory capacity during this process 

depend on the scope of lexical-semantic planning.  Early evidence regarding the scope of 

language planning came from evaluating speech errors (Fromkin, 1971; Garrett, 1975; 

Shattuck-Hufnagel & Klatt, 1979). These speech errors showed a difference between 

planning at the lexical level and at the phonological level. It was seen that errors 

involving whole words such as word exchange errors like “I left the briefcase in my 

cigar” usually occur between words in the same clause and preserve the grammatical 

elements of the intended utterance (Garrett, 1975). This supports a clausal scope of 

planning at the lexical encoding level because it suggests that both words, briefcase and 

cigar, were planned before utterance onset and inserted into the wrong slot in the 

sentence frame. At the phonological encoding level, the evidence from speech errors 

differs. Phonological errors, such as sound exchanges, typically occur across words that 

are closer together than whole word errors do, often these occur within the same phrase. 

An example of a sound exchange error is something like “fleaky squoor” in which the 

first segment of each word has been erroneously switched (Meyer, 1996). Phonological 

errors, such as this example, provide evidence that suggests a more incremental scope of 

planning at the phonological level of encoding than the lexical level.  
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The Scope of Lexical-Semantic Planning 

In experimental work where participants are shown pictures or videos to elicit 

utterances, rather than relying on observational analyses of speech errors, there has been 

some debate about the scope at which speakers plan ahead at the lexical-semantic level.  

Some have proposed a more incremental word-by-word scope (Griffin & Bock, 2000; 

Meyer, Sleiderink, & Levelt, 1998) while others have argued for a longer scope, 

suggesting that the phrase is the base unit of lexical planning (Martin & Freedman, 2001; 

Martin, Miller & Vu, 2004; Smith & Wheeldon, 1999, Allum & Wheeldon, 2007). 

Support for a word-by-word scope of lexical planning comes from studies using eye 

tracking evidence. Participants produced sentences based on pictures while their eye 

movements were recorded (Griffin & Bock, 2000; Meyer et al., 1998). A strong 

relationship was found between the time when an object was fixated on by a participant 

and when the participant produced the word for that fixated object. If a speaker was 

planning multiple words in advance, it would be expected that the time between fixation 

on an object and the production of the word for that object would be shorter for words 

further along in the sentence, but Griffin and Bock (2000) showed that this time remained 

fairly constant regardless of a word’s position in the sentence. They also found a link 

between word frequency and time between gaze duration and word onset, this suggests 

that speakers plan up to the phonological form of a word before moving on to planning 

the next word. More recent evidence from ERPs also supports an incremental scope of 

lexical planning (Zhao & Yang, 2016). They examined both onset latencies and ERPs for 

the first noun or second noun in sentences beginning with complex noun phrases such as 

“The chair and the boat are both red”. In Experiment 1 they presented sentences in 
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semantically related blocks where the first noun in the sentences in that block were all 

from the same semantic category (whereas the nouns in the other positions were from 

different categories) and semantically unrelated blocks where all of the nouns in the 

sentences were from different semantic categories.   This first experiment showed 

evidence of a semantic blocking effect in both the behavioral and ERP data. However, in 

Experiment 2, when the second noun in the sentence was controlled in semantically 

related and semantically unrelated blocks they did not see this same semantic blocking 

effect. This led them to conclude that the first noun was being planned before utterance 

onset but the second noun was not. A criticism of many of these early lexical-semantic 

scope of planning studies is that the utterances participants are producing have the same 

structure on every trial. This could lead to participants producing speech in a more list-

like word-by-word structure than they do during spontaneous speech, because they know 

what structure they will use each time and are just filling in the items one at a time as 

they come up. If this is the case, then the evidence found in these studies for word-by-

word lexical semantic planning may not be reflective of normal speech planning.  

Those that support a phrasal scope of lexical planning assume that the lexical 

representations for all of the content words in a phrase are planned prior to onset of 

articulation. These lexical representations are assumed to be lemmas which contain 

semantic and syntactic information but not phonological information (Levelt, 1989). 

Support for a phrasal scope of lexical planning comes from studies such as Smith and 

Wheeldon (1999) who used a moving picture paradigm in which participants saw three 

objects on a screen and had to describe the movement of the objects. There were two 

conditions, the simple-complex condition with one noun in the first phrase (“the tie 
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moves above the candle and the foot”) and the complex-simple condition with two nouns 

in the first phrase (“the tie and the candle move above the foot”). If subjects planned 

word-by-word and only the initial noun was planned before speech onset, there should be 

no difference in onset latencies since both sentence types begin with the same noun.  If 

subjects planned the entire sentence before speech onset, again no difference in onset 

latencies should be observed since the sentences contained the same words and were 

matched in structural complexity. If subjects planned the entire initial phrase, then an 

onset latency difference would be found since the initial phrase had two nouns in the 

complex-simple sentences but only one in the simple-complex sentences. The results 

corresponded to this latter outcome, with longer onset latencies for the complex-simple 

sentences, supporting a phrasal scope of lexical planning. One concern with this study is 

that in the simple-complex condition the second content word is always “moves” while in 

the complex-simple condition the second content word is less predictable. This could 

mean that the simple-complex sentences are easier to plan and have shorter onset 

latencies because of this predictability. This concern has been addressed in multiple 

follow up studies including a study done in Japanese which is a verb final language 

(Allum & Wheeldon, 2007) and a study using stationary displays to disprove the idea that 

results come from visual grouping (Martin, Crowther, Knight, Tamborello, & Yang, 

2010). These studies replicated the original results and provide support a phrasal scope of 

lexical semantic planning that is independent of lexical structure or visual grouping.  

Another source of evidence for a phrasal scope of lexical-semantic planning 

comes from case studies of individuals with aphasia. Martin and Freedman (2001) found 

that patients with semantic working memory deficits, but not those with phonological 
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working memory deficits performed poorly when asked to produce adjective-noun 

phrases. For example, they may struggle to say something such as "small green leaf," 

even though they could produce the individual words in isolation. However, these 

patients had less difficulty when asked to produce these same content words as sentences 

rather than phrases (e.g., performing better in producing “the leaf is small and green” 

than “small green leaf”).  This is thought to be due to the fact that in the sentence 

condition each phrase has fewer content words compared to the phrase condition where 

all the content words are in a single phrase. This would mean that in the sentence 

condition participants do not have to hold as many content words in semantic working 

memory at a time when planning phrase by phrase. The patient with a phonological 

working memory deficit was able to produce the adjective-noun phrases and sentences 

with high accuracy and showed a difference in onset latencies that was within the range 

of controls.  

Another case study by Martin, Miller, and Vu, (2004) found that a patient with 

semantic working memory deficits had more difficulty producing sentences with two 

nouns in the initial phrase than when there was only one noun in the initial phrase. Using 

the same materials as Smith and Wheeldon (1999) they found that the patient with a 

semantic working memory deficit had greatly exaggerated effect of the complex-simple 

vs. simple-complex condition relative to controls. The onset latency difference between 

conditions was 1000 ms for the semantic working memory patient, while the control 

range was 60-70 ms. In contrast, for the patient with a phonological working memory 

deficit this difference was within the range of controls.  
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The results from these previous case studies showed that patients with semantic 

working memory deficits had difficulty producing phrases with more than one content 

word. These results are explained as deriving from these patients’ difficulty holding 

upcoming lexical-semantic representations in semantic working memory while they 

speak and this results in producing phrases with fewer content words. This supports a 

phrasal scope of lexical-semantic planning. When there were multiple shorter phrases, 

such as in the sentence condition of Martin and Freedman’s study (2001), they were 

better able to produce the content words needed. These studies also showed that patients 

with phonological working memory deficits did not have this difficulty producing 

phrases with multiple content words. This suggests that perhaps there is no role for 

phonological working memory in planning the content words for speech production 

because the scope of phonological planning is thought to be small, perhaps even a single 

phonological word (Wheeldon & Lahiri, 1997, 2002; Meyer, 1996, Levelt, Roelofs, & 

Meyer, 1999).  

The Scope of Phonological Planning  

This smaller scope of phonological planning is supported by the evidence from 

speech errors discussed previously and has been evaluated experimentally as well. Jaeger, 

Furth, & Hillard (2012) had participants describe scenes from videos to mimic natural 

sentence production and instances where adjacent content words shared a phonological 

onset such as “hand the hammer” were coded. It was found that phonological overlap 

between words in a sentence resulted in disfluencies and slower speech rates. The fact 

that this only occurs for adjacent content words suggest that similarly to the sound 
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exchange errors in speech error analysis these phonological effects occur in a small 

scope.  Work from Meyer (1996) using a version of the picture-word interference 

paradigm also supports this smaller scope of planning. They showed participants two 

pictures which they had to name using either phrases or short sentences such as "the 

arrow and the bag" or "the arrow is next to the bag". Along with the pictures, an auditory 

distractor word was played that was either semantically related, phonologically related, or 

unrelated to either of the two pictures. Their results showed an interference effect for 

distractor words that were semantically related to either the first or second picture 

implying that both words were semantically planned ahead of speech onset. For 

phonologically related distractor words they found facilitation only when the distractor 

was related to the first noun implying that only the first noun was being phonologically 

encoded before speech onset. 

Despite this evidence for a single word scope of phonological planning, later 

work using the picture-word interference paradigm showed support for a longer 

phonological planning scope. In these studies, participants had to name pictures with 

short descriptive phrases such as "the girl jumps" or "the green clock" (Schnur, Costa, 

Caramazza, 2006; Damian & Dumay, 2007). Again, these pictures were presented with 

semantically related, phonologically related, or unrelated distractor words. In these 

studies, they found phonological facilitation for phonological distractor words related to 

the second or third content word in a phrase. This implies that phonological planning is 

not limited to a single word at a time. This extended scope of phonological planning was 

found even under time pressure (Damian & Dumay, 2007). Additionally, Damian & 

Dumay (2009) found a phonological facilitation effect even without a distractor word for 
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phrases such as “the blue bell” in which the content words shared an initial phoneme. 

This result is in contrast with the Jaeger et al. (2012) study which found disfluencies for 

sequences of words which share an initial phoneme. Jaeger et al. (2012) had participants 

producing longer utterances when describing video clips. They were not constrained to 

producing certain structures or short picture names. It may be that the disfluencies found 

by Jaeger et al. are more representative of phonological advanced planning in natural 

speech. These results are all taken to mean that the scope of phonological planning 

extends past a single word even under time pressure and in normal sentence planning 

without the experimental manipulation of distractor words. It should be noted that these 

studies which state support for a scope of phonological planning larger than a single word 

generally show effects occurring across only adjacent words. This could mean that the 

scope is still smaller than that of semantic planning. A planning scope of just a couple of 

words could still be small enough to not have a large demand on phonological working 

memory.  

The Role of a Phonological Output Buffer 

Alternatively, the apparent lack of a role for phonological working memory in 

speech planning found in the patient data may be due to a separation of input and output 

phonological buffers, involved in perception and production, respectively (Martin, Lesch, 

& Bartha, 1999). It has been suggested that there is a phonological output buffer that is 

critical for phonological planning on the output side (Allport, 1984; Romani, 1992; 

Martin et al., 1999; Shallice, Rumiati, & Zadini, 2000). Evidence for this separation 

comes from case studies of neuropsychological patients. Allport (1984) describes two 



10 
 

patients SK and RC who showed a dissociation between performance on digit matching 

and digit span. These two participants were described as having an auditory verbal short-

term memory (AVSTM) deficit. They both had a reduced digit span of about 2 items. 

However, they showed strikingly different performance on digit matching span with SK 

correctly responding to 50% of 3 item lists and RC getting 100% of trials at 4 items 

correct. This dissociation in performance was explained by the separation between input 

and output phonological buffers. It was proposed that RC had a disruption at the output 

buffer which allowed him to perform the digit matching task which does not require 

output of the phonological information held in working memory. Romani (1992) 

identifies another patient with a reported output buffer deficit. GC had decent repetition 

of single words but struggled with word lists and digit span. His digit span was 3 items 

and he repeated 50% of 3 word lists correctly and 0% of 4 word lists. This is in contrast 

to his performance on probe recognition memory tasks. On both word and nonword probe 

tasks GC performed very well, at the top of the range of controls performance. GC’s 

good performance on these probe tasks which did not require output, but poor 

performance on repetition tasks that do require output, was taken as evidence for separate 

input and output buffers. The output phonological buffer has been suggested to be critical 

for retaining the output phonological representations for planned speech. Patients with 

output buffer deficits have been shown to have difficulty producing longer utterances 

because the capacity of their output buffer is reduced (Shallice et. al., 2000).  The input 

buffer is thought to be involved in maintaining the input phonological codes from speech 

perception. A patient with an impaired input buffer but an intact output buffer would be 

predicted to show the results found in the experiments by Martin and colleagues (Martin 
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& Freedman, 2001; Martin, Miller & Vu, 2004). The impairment on tests of phonological 

working memory such as list recall could be explained as a difficulty maintaining the 

input phonological forms in order to transform them to output phonological forms for 

speech production. On the phrase elicitation tasks, the phonological working memory 

deficit patient would be able to perform well because the input buffer is not involved, and 

the output buffer is not impaired. All of this would mean that these patients with an input 

phonological buffer deficit, but not an output buffer deficit, would not be relevant for 

demonstrating the role of a phonological working memory capacity for speech 

production.  

Evidence from Acute Stroke 

Much of the previous research in language production using aphasic patients 

focuses on single case studies at the chronic stage of aphasia, three or more months post 

stroke. Recent work by Martin and Schnur (2019) examined narrative speech production 

for individuals with aphasia at the acute stage, within 72 hours post-stroke, using a 

relatively large sample size (N=36). In focusing on acute stroke, the goal was to 

investigate the immediate effects on language production before the development of 

strategies or any reorganization of function in the brain. This project used a large sample 

case series approach rather than a case study approach. A narrative production task was 

used which should provide a more naturalistic assessment of speech production than was 

provided by the constrained sentence production tasks used in previous studies. Of 

relevance to the issues at hand, this study examined the relation of these acute patients’ 
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semantic and phonological working memory capacities to features of their narrative 

production, testing predictions based on the case study findings, as elaborated below. 

Patients completed a narrative production task in order to get a measure of their 

spontaneous speech. They were recorded while they told the story of Cinderella and their 

speech was later transcribed and scored using Quantitative Production Analysis (QPA) 

(Saffran, Berndt, & Schwartz, 1989). QPA provides an objective way to compare deficits 

across patients' speech production and within patients over time (Rochon, Saffran, 

Berndt, & Schwartz, 2000). QPA focuses on the narrative words produced by the 

speaker. After removal of non-narrative words participants’ speech is evaluated on a 

number of different measures such as speech rate, mean sentence length, as well as 

counts and proportions of different classes of words.  

In order to test semantic working memory, the category probe task was used 

(Martin & Freedman, 2001; Martin, Shelton, & Yaffee, 1994; Martin & He, 2004). To 

perform this task, participants had to hold the meanings of the words in the list in 

working memory. To test phonological working memory, the digit matching span task 

was used (Martin, Shelton, & Yaffee, 1994). Since lists of random digits have little 

semantic information, the task should rely on phonological working memory and not 

semantic working memory. 

Additionally, a single word-single picture matching task was used to assess 

phonological and semantic input processing in the patients (Martin et. al., 1999). This 

task was included in order to provide control measures for patients’ semantic and 

phonological processing abilities at the single word level, which would affect their 

working memory in that domain. In this task, patients judged whether a word matched a 
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picture.  There were four different trial types: matching (picture: CAT/word: cat), 

semantically related word (CAT/dog), phonologically related word (CAT/hat), and 

unrelated word (CAT/nail). A d' measure was calculated for performance on the 

semantically related and phonologically related trials relative to the matching trials.  

Based on previous research on the role of working memory and speech 

production, three main predictions were made as to the relationship between patients’ 

working memory capacities and their narrative production. First, for semantic working 

memory, it was predicted that a deficit in the ability to store upcoming words in semantic 

working memory would lead to a decreased sentence elaboration and a shorter mean 

length of utterance. Sentence elaboration refers to the mean number of content words in 

the subject and main verb phrases, excluding the subject and main verb themselves. The 

mean length of utterance is simply the mean number of words per utterance. It was also 

predicted that those with a semantic working memory deficit should have a slower rate of 

speech, measured as words per minute. This was thought to be the case because if they 

have difficulty storing upcoming words in semantic working memory, then fewer content 

words can be planned while speech is simultaneously being produced. This would lead to 

more hesitations and pause fillers such as “um,” resulting in a slower speech rate. To 

summarize, it was predicted that patients with decreased semantic working memory 

capacity should show lower scores on the measures of sentence elaboration, mean 

utterance length, and words per minute. Next, based on the previous case studies that 

suggested there was no role for phonological working memory in planning, it was 

predicted that there should be no relationship between patients’ phonological working 

memory capacity and these three narrative measures. Lastly, the proportion of closed-
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class words was examined as a control measure. This is a measure that reflects the 

patient's ability to produce grammatical words, rather than content words. Since 

producing these words is not thought to be part of planning the content words for a phrase 

it was predicted that neither working memory capacity should relate to this narrative 

measure. 

Martin and Schnur (2019) found the predicted relationships between the measure 

of semantic working memory, category probe, and narrative measures that involve 

planning multiple content words – that is, in multiple regressions of sentence elaboration 

and mean utterance length on category probe, digit matching span, and measures of 

phonological and semantic aspects of word comprehension, category probe demonstrated 

a significant independent contribution whereas digit matching span did not. The control 

dependent measure, proportion closed-class words, was not significantly related to either 

working memory measure using the same multiple regression approach. While these 

results were in line with predictions, other results demonstrated relations with 

phonological working memory that were unexpected. Martin and Schnur (2019) had 

anticipated that speech rate in terms of words per minute would be related to category 

probe but not digit matching span, given the results from prior case studies in which the 

patient with a phonological working memory deficit showed a fluent speech rate (Martin 

et al., 1994).  However, the results of a multiple regression on words per minute showed 

an independent contribution for the phonological working memory measure of digit 

matching and no independent contribution for the semantic working memory measure of 

category probe. (See Figure 1.) Additional exploratory analyses showed that another 

narrative production measure, the proportion of pronouns produced relative to nouns plus 
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pronouns, was significantly correlated with the phonological working memory measure 

such that a lower phonological working memory span was associated with higher 

pronoun use relative to nouns. (See Figure 2.) It should be noted that this measure was 

not significantly correlated with category probe, the semantic working memory task. (See 

Figure 2.) 

 

Figure 1. In a multiple regression including category probe, digit matching, and controls 
for semantic and phonological input processing the independent contribution of digit 
matching (A) was significant while that of category probe (B) was not. 

 
Figure 2. A) Scatterplot showing the relation between proportion pronouns and 
phonological working memory (WM), r = -0.29, p = .02 (N = 62). B) Scatterplot showing 
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the relation between the proportion pronouns and semantic working memory (WM), r = -
0.21, p = .1 (N = 62). 

Thus, the findings from the acute stroke patients contradicted the findings from 

case studies showing normal speech rate and generally good sentence production for 

patients with phonological working memory deficits. My previous work has been focused 

on exploring and explaining the unexpected relationships found between phonological 

working memory and these narrative measures in a sample size almost double that of 

Martin and Schnur (2019). I have primarily considered the hypothesis that patients’ 

speech rate in narrative production and their phonological working memory span relies 

on their single word phonological retrieval abilities. To examine this hypothesis, I used 

data from the acute stroke participants’ narrative production output, working memory 

spans, single word processing, picture naming, and apraxia measures. Below I explain the 

predictions and results regarding this hypothesis with the acute data.  

The Phonological Retrieval Hypothesis 

The phonological retrieval hypothesis proposes that slow or inaccurate 

phonological retrieval at the single word level may cause both reduced span and a slow 

speech rate.  It seems clear that during spontaneous speech, more efficient phonological 

retrieval at the single word level would lead to a faster speech rate during narrative 

production.  The relation of phonological retrieval to phonological working memory is 

more indirect.  According to Baddeley’s (1986; 2000) model, one would assume that the 

digit lists from the digit matching task are held in the phonological loop, which consists 

of a store and an articulatory rehearsal process. The phonological representations of the 

digits are replayed using articulatory rehearsal, which serves to prevent decay of the digit 
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representations. In order to rehearse the digits, one needs to access their phonological 

representations from the phonological store (or from phonological long-term memory) 

and translate them into articulatory code. The separation of the phonological store and 

articulatory rehearsal process has been demonstrated in the literature (see Baddeley & 

Hitch, 2019 for review). One relevant finding is that when healthy participants carry out 

articulatory suppression during auditory list presentation and recall (i.e., repeatedly 

uttering irrelevant speech), the word length effect disappears but the phonological 

similarity effect remains (Baddeley, Lewis & Vallar, 1984). This result has been 

interpreted to show that the word length effect is a product of articulating short vs long 

words in the rehearsal mechanism while the phonological similarity effect is due to 

interference between competing representations in the phonological store. In the digit 

matching task used by Martin and Schnur (2019), the digits are presented slowly, at a rate 

of about one digit per second. Due to this slow presentation, it is not difficult to imagine 

that participants are using internal rehearsal to maintain and compare the two lists. It has 

been shown in healthy participants that articulatory suppression impaired performance on 

a digit matching task which implies that rehearsal is a strategy employed in this task 

(Schenel & Palmer, 2007). More efficient phonological retrieval abilities should thus lead 

to more efficient articulatory rehearsal of the digits and increased span. With respect to 

the negative relation between phonological working memory and pronoun ratio, I 

hypothesized that individuals with impaired phonological retrieval may rely on the 

production of pronouns rather than nouns because pronouns are generally short and 

highly frequent, which should make them easier to retrieve than nouns, which would tend 

to be longer and less frequent. Thus, impaired phonological retrieval may underlie 
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narrative speech rate, phonological working memory, and proportion pronouns produced 

in the narrative production task.  

In order to assess single word semantic and phonological retrieval abilities in the 

acute sample we used semantic and phonological errors in picture naming. An increase in 

phonological errors in picture naming was taken as an indication of single word 

phonological retrieval difficulties and an increase in semantic errors was taken as an 

indication of damage to connections between semantics and lexical representations 

(Schwartz, Faseyitan, Kim, & Coslett, 2012; Walker, Schwartz, Kimberg, Faseyitan, 

Brecher, Dell, & Coslett, 2011). In addition to picture naming, we used the score on an 

apraxia battery involving word repetition as a measure of single word production ability. 

Distinguishing between phonological errors and articulatory errors is difficult and 

requires detailed acoustic analysis (Buchwald & Miozzo, 2012). Since both types of error 

might contribute to difficulties with articulatory rehearsal (Waters, Rochon, & Caplan, 

1992; Howard & Nickles, 2005) we computed a composite of phonological errors in 

naming and apraxia score to reflect single word phonological retrieval.   If single word 

phonological retrieval abilities underlie the relationships found between phonological 

working memory and narrative measures then we should see that more phonological 

errors in single word production should be associated with lower digit matching span, a 

slower speech rate, and a higher proportion pronouns. Semantic errors in picture naming 

should not relate to these measures. The phonological error composite was significantly 

correlated with words per minute and proportion pronouns in the predicted direction, 

while the semantically related errors were not correlated with these measures. For the 

working memory measures, both semantically related errors and the phonological error 
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composite measure were significantly correlated with semantic and phonological working 

memory (See Figure 3). The relationship with both working memory measures could be 

due to several factors. The two working memory measures are highly correlated with 

each other (r = .48, p < .001) in the acute sample. When multiple regressions are run 

predicting semantically related errors from digit matching and category probe, category 

probe has a significant independent contribution while digit matching span does not 

(Category probe: β = -.007, p = .04, Digit matching span β = -.003, p = .32). When the 

same regression was run on the phonological error composite digit matching span had a 

significant independent contribution while category probe did not (Category probe: β = -

.17, p = .06, Digit matching span β = -.18, p = .03). It has also been argued that semantic 

errors can arise due to difficulty in retrieving phonological forms (Caramazza & Hillis, 

1990; Nickels, 2015). If the phonological form of the target is difficult to retrieve, an 

activated semantically related word may be produced if it is easier to retrieve. These 

correlational results provide further support for the hypothesis that single word 

phonological retrieval abilities underlie the relationship between phonological working 

memory performance and narrative production.  
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Figure 3. Scatterplots showing the relationships between the single word phonological 
and semantic retrieval measures with the narrative measures of interest and phonological 
working memory. (N = 60).  

To investigate the role of single word retrieval abilities in narrative production 

further we included the semantic and phonological error measures in multiple regressions 

replicating those from Martin and Schnur (2019). We found that even when controlling 

for single word semantic and phonological retrieval the relationships between semantic 

working memory and the narrative production measures of sentence elaboration and 

mean length of utterance remained (Zahn, Schnur, & Martin, 2021). For the relationships 

previously found between phonological working memory and words per minute and 

proportion pronouns the results were a little more complicated. For words per minute, 

neither working memory measure had a significant independent contribution while the 

phonological error composite approached significance (β = -12.01, p = .09) suggesting a 

role for single word phonological retrieval underlying performance on this measure. To 



21 
 

explore this result further and due to the multicollinearity among the predictor variables, 

we ran a stepwise regression. In this regression we entered the phonological error 

composite on its own first, given that we were interested in what other variables would 

add after single word phonological retrieval was accounted for. Phonological errors alone 

had a highly significant beta-weight (p = .006). Once this variable was in the model no 

other predictor had a significant contribution. For proportion pronouns, when single word 

production was included in the model only phonological working memory approached 

significance (p = .09). Again, we ran a stepwise regression with the phonological error 

composite entered first. On its own, phonological errors was significant (p = .025) and 

the next variable with a significant contribution was phonological working memory (p = 

.038). After these two variables were added no other variables added significantly to the 

prediction. This result, unlike the result for words per minute, suggests that both 

phonological working memory and single word phonological retrieval contribute to 

proportion pronouns in the acute sample. The contribution of each variable in these 

stepwise regressions can be seen in Table 1. 
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Table 1 

Stepwise Regression on Words per Minute and Proportion Pronouns 

Dependent variable Predictor Sums of 
Squares 

R2 Significance 

Words per Minute Phonological errors 13170.34 0.13 .006* 

 Semantic WM 4375.05 0.17 .10 

  %Correct SWSP 1716.93 0.19 .30 

 Phonological WM 573.04 0.19 .55 

 Semantic errors 354.04 0.19 .64 

     

Proportion 
Pronouns 

Phonological errors 0.0328 0.09 .025* 

 Phonological WM 0.0265 0.16 .038* 

 Semantic WM 0.0025 0.16 .52 

 %Correct SWSP 0.0008 0.17 .72 

 Semantic errors 0.0002 0.17 .87 

 

Following the assumption that participants with less efficient phonological 

retrieval rely on the use of pronouns because they are short and highly frequent making 

them easier to retrieve, then we would expect that these participants also use content 

words in their narrative production that reflect these properties of pronouns and are thus 

short and highly frequent. In order to test this, the average frequency, length in 

phonemes, and phonological neighborhood density was computed for the content words 

used by each subject, using norms from the English Lexicon Project (Balota et. al., 2007). 

The phonological neighborhood size for a word is the number of words that are one 

phoneme away from it. High neighborhood density has been shown to be detrimental in 

comprehension tasks but beneficial in production (Dell & Gordon, 2003). An increased 

reliance on pronouns was predicted to relate to a lower length and higher frequency and 
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phonological neighborhood density of content words produced.    Frequency, length, and 

phonological neighborhood density are highly correlated with each other (see Table 2 for 

the pairwise correlations between these variables), so to control for this a multiple 

regression was run predicting proportion pronouns from mean length, mean frequency, 

and mean phonological neighborhood density. Together these three variables explain 

25% of the variance (R2 = 0.25, F(3,57) = 6.34, p = .0009). The independent 

contributions of frequency and length are both significant (frequency: β = .00006, p = 

.03; length: β = -.11, p = .009) but the independent contribution of phonological 

neighborhood density was not (β = .003, p = .50). (See Figure 4.) The lack of an 

independent contribution for phonological neighborhood density could be due to the 

strong correlation between neighborhood density and length (r = -.68) and the fact that 

length had a stronger correlation with proportion pronouns, meaning phonological 

neighborhood density does not explain a significant proportion of the variance of 

proportion pronouns when length is included.   We predicted that words per minute and 

phonological working memory would show relationships with length, frequency, and 

phonological neighborhood density in the opposite direction from the relationships with 

proportion pronouns. Meaning that those with impaired phonological working memory 

and slower speech rate due to phonological retrieval difficulties would use content words 

that are shorter, higher frequency, and with larger phonological neighborhood density. 

However, the multiple regressions of content word frequency, length and phonological 

neighborhood density with phonological working memory and speech rate were not 

significant and showed no significant independent relationships (phonological working 

memory R2 = 0.02, F(3,57) = 0.37, p = .77, words per minute: R2 = 0.07, F(3,57) = 1.34, 
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p = .27). This was not consistent with our predictions, though these relations are quite 

indirect. Many things go into phonological working memory other than phonological 

retrieval including phonological storage capacity which may be unrelated to word choice 

in narrative production. For words per minute, those who had phonological retrieval 

difficulties may have reduced the effect of that on speech rate by their use of words that 

have features making them easier to retrieve.  

Table 2 

Pairwise Correlations between Content Word Measures of Frequency, Length, and 

Phonological Neighborhood Density and Proportion Pronouns, Phonological Working 

Memory, and Words per Minute. 

 Proportion 
Pronouns 

Phonological WM Words per 
Minute 

Frequency Length 

Phonological 
WM 

-0.30**     

Words per 
Minute 

-0.26** 0.33***    

 Frequency 0.35*** -0.08 -0.13   

Length -0.42*** 0.12 -0.10 -0.23*  

Phonological 
Neighborhood 
Density 

0.21* -0.11 -0.05 0.10 -0.68*** 

Note. * indicates p < .1, ** indicates p < .05, *** indicates p < .01. N = 61. 
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Figure 4. The independent contributions of average word frequency (4A), length (4B), 
and phonological neighborhood density (4C) in predicting proportion pronouns. 
Frequency: β = .00006, p = .03; length: β = -.11, p = .01; phonological neighborhood 
density: β = .0031, p = .50, (N = 61). 

Thus, several lines of evidence support the notion that difficulties with 

phonological retrieval at the single word level underlie the relations of phonological 

working memory to narrative speech rate and proportion pronouns. Difficulties with 

single word phonological retrieval as evidenced by phonological errors in picture naming 

and the apraxia score were related to a lower phonological working memory span, slower 

speech rate, and a higher proportion of pronouns relative to nouns. Additionally, there is 

the relationship between a reliance on pronouns over nouns and the average length and 

frequency of content words in narrative production. This relationship supports the 

hypothesis that people may be relying on pronouns because their short length and high 

frequency makes them easier to retrieve than the nouns they replace. However, these 

narrative content word measures did not significantly predict digit matching span or 

speech rate.  This could mean that ease of phonological retrieval is not the underlying 

explanation for the relationship found between phonological working memory and speech 

rate and proportion pronouns. 
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The Output Buffer Hypothesis 

An alternative hypothesis about the source of these relations derives from the 

notion that there are separate input and output phonological buffers and that at least some 

proportion of the patients at the acute stage of stroke have output buffer deficits (either 

alone or in addition to an input buffer deficit), whereas the case studies had solely input 

phonological buffer deficits. The phonological output buffer may also support 

performance on phonological working memory tasks such as the digit matching task. 

Even though the digit matching task does not involve overt output of the digit lists, some 

have argued that the rehearsal process used to maintain the lists is not articulatory, but 

rather depends on separate input and output phonological codes and the cycling of these 

codes between the input and output phonological working memory buffers (Burgess & 

Hitch, 1999, 2006; Howard & Franklin, 1990; Howard & Nickels, 2005). In narrative 

production, if we assume that more than a single phonological word is planned prior to 

production (consistent with some findings), then reduced output buffer capacity would 

mean patients are unable to hold as many phonological forms for planning speech ahead 

of time, resulting in a decreased speech rate. For proportion pronouns, the hypothesis is 

that those with lower digit matching spans and a decreased phonological output buffer 

capacity rely on the production of pronouns because they are shorter and easier to store in 

the output buffer than the nouns they are replacing. Some of the results reported above 

could also be seen as support for this output buffer hypothesis. Participants who produced 

more pronouns and used shorter and more frequent content words on average could have 

done so because shorter words are easier to store in the output buffer and high frequency 

words could support phonological activation in the buffer. To explore a possible role of 
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the phonological output buffer in picture naming I examined whether there was a word 

length effect in the picture naming results – that is, with more errors on longer words. To 

do this, for each subject I found the slope when regressing accuracy on each item on 

length of the item. For this analysis, length was measured in the number of phonemes. 

These slope values were related to our variables of interest:  digit matching and 

proportion pronouns. If the phonological output buffer played a role in single word 

picture naming, I expected to see that those with a greater length effect in naming had a 

lower digit matching span and higher pronoun ratio. Instead, I found no significant 

relationship between a length effect in naming and these variables. (See Figure 5.) It may 

be the case that for single word picture naming (and single word repetition), the 

phonological output buffer does not play a role. Some have claimed that single word 

retrieval involves directly accessing the lexical form of a word and does not require it 

being held in the output buffer (Romani, 1992; Romani, Galluzzi, Bureca & Olson, 

2011).

 

Figure 5. Plots showing there is no relationship between the word length effect in naming 
and proportion pronouns (A) or digit matching span (B) (N = 60). 
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The fact that we do not have a direct measure of output phonological buffer 

capacity from the participants at the acute stage has somewhat limited our ability to test 

the output buffer hypothesis fully. One way to better look at this hypothesis is by using 

data from individuals with chronic aphasia who have come into our lab to participate in 

various research projects and for whom we have database of performance on a wider 

range of tasks. These tasks include speech output tasks such as picture naming task with a 

larger number of items and word and nonword repetition tasks, which vary the number of 

items to be repeated. The goal of the current research was to evaluate the narrative 

production and working memory abilities of these individuals with aphasia at the chronic 

stage and use the greater variety of data we have to more thoroughly examine these two 

hypotheses.  This assessment included comparing performance on tasks that measure 

input phonological working memory capacity, tasks that tap output phonological working 

memory capacity, and tasks that assess single word phonological retrieval abilities.  

Performance on these measures was used to predict narrative production measures and 

determine the role that phonological retrieval abilities and output phonological buffer 

capacity play in spontaneous speech. 

Two approaches were taken to address the distinction between input and output 

phonological working memory capacities and their relation to predicting measures of 

narrative output.  One approach used a case series analysis in which performance on the 

narrative measures was regressed on all individuals in the chronic sample, including input 

and output phonological working memory measures as well as measures controlling for 

input and output phonological processing at the single word level. The other approach 

was a case study approach in which individuals who showed the most consistent evidence 
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of input vs. output phonological buffer deficits were compared on their narrative 

language performance.  The two approaches have contrasting strengths and weaknesses 

(Rapp, 2011) and using both provides the most thorough means of addressing the issues 

discriminating between the phonological retrieval hypothesis and the output buffer 

hypothesis. 

Methods 

Participants 

Participants included 41 individuals with chronic aphasia due to left hemisphere 

stroke who were at least 6 months post stroke at the time of testing. These participants 

have come into the lab over years to participate in various research projects and have 

completed multiple batteries of working memory and production tasks.  

 13 age matched controls completed the Cinderella narrative production 

task to be used for comparison.  

Materials and Procedures 

All patients included in this study have completed the Cinderella storytelling task, 

the phonological working memory measure of digit matching, and the semantic working 

memory measure of category probe as collected and described above with the acute 

participants. In addition to these tasks, participants have completed measures of input 

phonological working memory, output phonological working memory, single word 

output, and single word input phonological and semantic processing. For each of these 

five groups of tasks, principal components analysis (PCA) with imputation (to address 

missing values) was done on the correlations between the tasks for that construct to create 
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one score for each construct from the first factor of the PCA. Participants who were 

missing more than one measure from the input or output working memory tasks or either 

of the single word output tasks were not included in the final analysis.  

Spontaneous Production 

Participants completed the Cinderella storytelling task, as in the Acute Stroke 

Recovery Project. They were shown a picture book of the story of Cinderella with the 

words covered up. The book was removed, and they were asked to tell the story in their 

own words. Their production sample was recorded and then transcribed and scored 

following Quantitative Production Analysis (QPA) protocols (Rochon et. al., 2000). 

Semantic Working Memory 

Semantic working memory was measured with the category span task in which 

participants heard a list of words followed by a probe word and were asked to indicate 

yes or no as to whether the probe word was in the same semantic category as any of the 

words in the list. The list lengths increase from 1 to 7 items. The task was discontinued 

when accuracy at a list length reached or fell below 75%. Participant’s category probe 

span was calculated using linear interpolation for the estimated list length at 75% 

accuracy. 

Input Phonological Working Memory 

In order to measure patients’ input buffer capacity tasks that do not require verbal 

output were used. One such task is the digit matching task which as discussed previously 

may primarily involve the input buffer. The second is the rhyme probe task in which 
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participants hear lists of words followed by a probe word and are asked to judge whether 

the probe word rhymes with any of the words in the list they heard. If participants had a 

span of less than 1, meaning they struggled to accurately say whether two words, the 

single list item and the probe item, rhymed their performance on this task was not 

included in the analysis. Performance at that low level could not be distinguished 

between a phonological working memory capacity deficit or a misunderstanding of 

rhyme and task directions. This was the case for six participants. The last is the nonword 

probe task which is a traditional recognition memory task in which the participants hear a 

list of nonwords followed by a singular nonword and are asked to state whether or not 

that nonword was in the list they heard. Eleven participants did not have a completed 

nonword probe task.  

Output Phonological Working Memory 

To tap output phonological working memory capacity, working memory tasks 

requiring verbal output were used including digit span, Philadelphia two-word list 

repetition, and non-word repetition tasks. In the digit span task (Wechsler, 2008) 

participants hear lists of digits and have to repeat them back in the exact order in which 

they heard them. The lists increase in length every two trials from two to nine digits. 

Testing is stopped when a participant responds incorrectly to both lists at a single length. 

A participant’s score is the last list length at which they got both lists correct plus .5 for 

any additional correct list. In the Philadelphia two-word list repetition task, participants 

hear lists of 2 words and are asked to repeat them out loud. The lists are varied on 

frequency and imageability such that there are four types of word lists (high frequency-
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high imageability, high frequency-low imageability, low frequency-high imageability, 

and low frequency-low imageability). The score on this task is the proportion of correct 

lists. Errors made in this task were transcribed in International Phonetic Alphabet (IPA) 

for patients who had audio recordings of this task. This was done to compare 

phonological similarity between the target word and the error produced. The non-word 

repetition task is similar with the exception that the items are single nonsense words. The 

nonwords are varied on length in syllables and on the frequency of the English word they 

are based on. Errors on this task were also transcribed in IPA for those with audio 

recording available. Three participants did not complete the nonword repetition task. 

Word list repetition and nonword repetition are thought to involve the phonological 

output buffer due to the need to hold the output phonological codes in order to repeat the 

items correctly. For single nonword repetition, there is no lexical item to activate and 

thus, while researchers may disagree as to whether single word repetition involves and 

output buffer, they tend to agree that single nonword repetition task taps an output buffer 

to maintain the unfamiliar phoneme sequence during planning of output (Romani et al., 

2011). 

Single Word Output 

The measure of single word production abilities was made up of performance on 

picture naming and single word repetition. For picture naming, participants’ performance 

on the Philadelphia Picture Naming Task (PNT, Roach, Schwartz, Martin, Grewal, & 

Brecher, 1996) was used. This task includes 175 line drawings of objects whose names 

varied on length and frequency.  The errors of particular interest in the picture naming 
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task were the phonologically related errors. Phonologically related (PR) errors include 1) 

formal errors, where the response results in an English word that shares an initial or final 

phoneme, two or more phonemes at any position, or share phonemes at corresponding 

word positions as the target word (e.g., horse for house), and 2) non-word errors, where 

the response was not an English word (e.g., opuspus for octopus). The single word 

repetition task had a similar design as the two-word list repetition. Participants heard an 

English word and repeated it back and the words were varied on frequency and 

imageability. In this task proportion correct and IPA error transcription analysis were 

collected to evaluate patient performance. This single word repetition task is thought to 

test phonological retrieval abilities and has been shown to be correlated with 

phonological working memory (Coady & Evans, 2008).  

Phonological Input Processing  

Multiple measures were gathered to control for deficits in semantic and 

phonological input processing. These included single word to single picture matching 

(Breese & Hillis, 2004; Martin et al., 1999), the auditory lexical decision task, and a 

consonant discrimination task. In the single word to single picture matching task 

participants were shown line drawing pictures of nouns paired with one of four types of 

words, the matching word (e.g., CAT/cat), a phonological foil (e.g., CAT/hat), a semantic 

foil (e.eg., CAT/dog), or an unrelated word (e.g., CAT/nail). The picture was presented, 

and subjects were asked “Is this a ___?” and indicated yes or no if the picture matched 

the word. There were 54 pictures shown over four testing sessions with each picture 

shown with just one word type per session, for a total of 216 trials. Performance on this 
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task was used to calculate d’ measures for discriminating semantically and 

phonologically related trials from matching trials. This provided a measure of participants 

phonological and semantic processing abilities which are needed to be able to complete 

the working memory tasks (e.g., preserved semantic knowledge is needed for the 

category probe task). Two participants were excluded from the final analyses due to poor 

performance on this task. Participants also completed an auditory lexical decision task, in 

which they had to indicate yes or no if the sound played for them was an English word, 

and a consonant discrimination task, in which they heard syllable pairs and had to 

indicate if they matched or not. In the auditory lexical decision task the nonword stimuli 

were one phoneme different from English words (e.g. CALN, CALM). In the consonant 

discrimination task nonmatching trials were made up of consonant-vowel and vowel-

consonant syllables that again differ on a single phoneme (e.g. da-ga, al-ar). A binomial 

test was used to determine if participants performance was below chance on these tasks. 

The same two participants who were excluded due to poor performance on the d’ 

measures for single word-single picture matching task also performed below chance on 

these tasks, confirming their difficulties with input phonological processing. The 

phonological d’ measure along with the auditory lexical decision task and consonant 

discrimination task were used to calculate the phonological input processing PCA 

measure.  

Semantic Input Processing 

The Pyramids and Palm Trees task (Howard & Patterson, 1992) was used to 

assess participants’ abilities to access semantics and conceptual information from 
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pictures. In this task participants saw three pictures with the target picture shown above 

the two other pictures. They were asked to indicate which of the two response options 

was semantically related to the target picture. For example, when shown the target picture 

of a pyramid and the two response options of a pine tree and a palm tree, the correct 

option would be the palm tree which is semantically associated with pyramids. As can be 

seen in the example participants must also inhibit the semantic relationship between the 

two response options and choose the one that corresponds with the target. Performance 

on this task and the semantic d’ measure from the single word single picture matching 

task described above were used to calculate a semantic processing PCA measure. 

Analysis 

Two sets of analyses were carried out in this study. The first is a case series 

approach using correlational and regression analyses. In this approach I analyzed the 

narrative production measures of the chronic sample in comparison to the previous 

sample of acute participants and controls. This analysis includes multiple regressions 

similar to those done in Martin and Schnur (2019) of the QPA measures on the working 

memory and single word production and processing measures. The second set of analyses 

is a case series approach to look for participants with a selective input or output 

phonological working memory buffer deficit. In this set of analyses, I identified potential 

input and output buffer deficit cases by evaluating the input and output working memory 

PCA values and compared these potential cases on single word production, single word 

processing, and semantic working memory. In this analysis I used Crawford and Howell 

(1998) modified t-test to compare the single cases to control performance on narrative 
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production and two sample t-tests to compare the input and output case groups on 

narrative measures of interest. In addition to analysis of the case study participant’s 

narrative production I did an in-depth analysis of the phonologically related errors made 

in both single word and narrative production. 

Results and Discussion 

Case Series Approach Using Multiple Regression 

 A total of 36 chronic participants in our database had completed the 

Cinderella narrative production task, the input and output phonological working memory 

tasks, the single word production and processing tasks, and the semantic working 

memory task of category probe and were thus included in this study. For input 

phonological working memory, output phonological working memory, single word 

output, single word phonological input, and single word semantic input principal 

components with imputations were calculated to give each participant one score for each 

concept. For each construct principal components analysis was done on the correlations 

between the tasks identified for that construct and the first factor was used for the 

principal component index. The principal component index is a standardized measure that 

is the linear combination that explains the highest proportion of the variance in the 

measures going into the analysis. The principal component scores have a mean of 0 and a 

standard deviation that is the square root of the eigenvalue. The distributions, 

eigenvalues, and percent of the variance explained for each PCA index can be seen in 

Table 3. The eigenvectors for each of the tasks going into the PCA factors can be seen in 

Table 4. The phonological and semantic input measures were not used in the multiple 
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regression analysis, they were used to compare abilities on these constructs for the case 

study analyses.  

Table 3 

Descriptive Statistics for Principal Component Analysis Scores in the Chronic Sample 

 Input 
Phonological 
WM PCA 

Output 
Phonological 
WM PCA 

Single 
Word 
Output PCA 

Phonological 
Input PCA 

Semantic 
Input PCA 

M, SD 
(Range) 
 

0, 1.42 
(-2.53-3.60) 

0, 1.53 
(-2.86-3.42) 

0, 1.27 
(-4.49,1.10) 

0, 1.32 
(-3.23-1.80) 

0, 1.21 
(-2.82-
1.81) 

Eigenvalue 
 

2.11 2.31 1.62 1.76 1.46 

%Variance 
Explained 

70.29% 76.93% 80.93% 58.72% 73.22% 

 
Table 4 

Eigenvectors for the Tasks in the Principal Component Factor Score 

Construct Task Eigenvector 

Input Phonological WM  
 

Digit Matching 
Rhyme Probe 
Nonword Probe 
 

0.59 
0.63 
0.50 

Output Phonological WM 
 

Digit Span 
2 Word Repetition 
Nonword Repetition 
 

0.58 
0.58 
0.58 

Single Word Output 1 Word Repetition 
Picture Naming 

0.71 
0.71 

   
Phonological Input  
 

Phonological d’ 
Consonant Discrimination 
Auditory Lexical Decision 
 

0.46 
0.61 
0.64 

Semantic Input 3 Picture PPT 
Semantic d’ 

0.71 
0.71 
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Comparing Speech Rate and Pronoun Use and their Relation to Phonological Working 

Memory for the Acute and Chronic Samples 

The correlations among words per minute, proportion pronouns and phonological 

working memory measures in the chronic sample are shown in Table 5, with separate 

measures for input and output phonological working memory for this chronic sample.  

Table 5 

Correlations Between Phonological Working Memory (pWM), Words per Minute, and 

Proportion Pronouns in the Chronic Sample 

 Input pWM  
PCA 

Output pWM 
PCA 

Words per 
Minute 

Output pWM 
PCA 

r = .65 
p < .001* 

  

Words per 
Minute 

r = .42 
p =.015* 

r = .43 
p = .012* 

 

Proportion 
Pronouns 

r = .37 
p = .032* 

r = .04 
p = .812 

r = .28 
p =.115 

Note. N = 34. 

Similarly to the acute sample, the chronic sample demonstrated a significant 

positive relationship of wpm with phonological working memory (demonstrated for both 

input and output phonological working memory for the chronic sample). The correlations 

involving proportion pronouns on the other hand differed between the two samples. In the 

acute sample, proportion pronouns was negatively correlated with phonological working 

memory and words per minute.  Surprisingly, in the chronic sample, proportion pronouns 

was positively correlated with the input phonological working memory composite and 

showed a trend toward a positive correlation with words per minute (see Figure 6). This 

switch in the direction of the correlations strongly suggests there is something different 
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about the way the chronic participants are using pronouns compared to the acute patients 

and controls.  

 

Figure 6. Scatterplots showing the relationship between proportion pronouns and words 
per minute in the acute sample (A) and the chronic sample (B).  

To delve further into the correlations between proportion pronouns and words per 

minute with phonological working memory for the chronic participants, I examined the 

correlations between proportion pronouns and words per minute and the individual 

phonological working memory tasks that went into the two composite measures, given 

that only one measure of phonological working memory was used in the acute sample 

(digit matching span). As evident in Table 6, two of the three input phonological working 

memory tasks were positively correlated with proportion pronouns whereas the three 

output phonological working memory tasks had low and non-significant correlations with 

proportion pronouns. Thus, the differing direction of the correlations with proportion 

pronouns could not be attributed to the use of different measures of phonological working 

memory for the chronic sample. For words per minute all of the output phonological 

working memory tasks and one input phonological working memory task, digit matching, 
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were positively correlated. These four tasks involve an order component while rhyme 

probe and nonword probe do not. It could be the case that retention of order information 

is particularly important for speech output as the speaker needs to produce the words in 

the correct order (and produce the phonemes in the words in the correct order as well).  

As discussed by Zahn et. al., (2021), there is evidence for a role of rehearsal in the digit 

matching span, and thus this supposedly input task may also have an output component, 

which requires retention of order information. This ability to maintain order information 

would help with the fluency of multiword speech.   

Table 6 

Correlations Between Phonological Working Memory Tasks and Proportion Pronouns 

and Words per Minute 

 Digit 
Matching 

Rhyme 
Probe 

Nonword 
Probe 

Digit 
Span 

Nonword 
Repetition 

Two Word 
Repetition 

Proportion 
Pronouns 

N = 34 
r = .40 
p = .019* 
 

N = 30 
r = .07 
p = .71 

N = 24 
r = .42 
p =.041* 

N = 34 
r = .10 
p =.58 

N = 31 
r = -.07 
p =.71 

N = 34 
r = .09 
p =.60 

Words per 
Minute 

N = 33 
r = .49 
p = .004* 

N = 29 
r = .28 
p = .14 

N = 23 
r = .19 
p = .38 

N = 33 
r = .36 
p = .036* 

N = 31 
r = .42 
p = .014* 

N = 33 
r = .39 
p = .029* 

 

Given these differences in the correlations across samples, I examined the use of 

pronouns in their narratives between the chronic sample, the acute sample, and the 

controls, as this might relate to the direction of correlations. As shown in Table 7, the 

acute sample had a higher mean proportion pronouns than the other two groups whereas 

the chronic sample had a larger range in proportion pronouns than did the other two 

samples. In particular among the chronic sample, two individuals, EW and OC, had 
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proportion pronoun scores at or near zero whereas none in the acute or control samples 

had such low proportions.  In examining the speech of these two individuals, it was found 

that their speech conformed to a severely agrammatic pattern, consisting mainly of noun 

phrases with no well-formed sentence utterances, and few determiners and closed class 

words (e.g., EW: “smart girl, beautiful girl, young woman”; OC: “daughters two, now 

poor man, mama”).  Their speech qualified as agrammatic according to criteria from 

Saffran, Berndt, & Schwartz (1989) on measures of proportion of words in sentences, the 

ratio of nouns to verbs, the proportion of closed class words, and auxiliary verb 

complexity whereas none of the participants in the acute sample met these criteria. On the 

opposite end of the spectrum, the chronic sample includes a participant, CH, who was 

above the range of the acute sample on proportion pronouns. CH’s narrative production 

fit that of a fluent anomic speaker who has difficulty retrieving nouns and instead 

replaces them with pronouns. On the PNT he scored only 50% correct where the mean 

for the patients was 81% (SD = 20%). In his narrative, he produced 12 nouns and 44 

pronouns in 148 narrative words. (e.g., “they found whose it was, she found that it was 

hers”). The QPA method was originally developed to analyze the speech of non-fluent 

aphasic speakers and as such does not easily distinguish how these measures might be 

affected by different production difficulties associated with more fluent speech.  These 

findings suggest that different language factors contribute to the proportion pronouns 

measure and these factors varied in prominence in the chronic and acute samples. It 

seems that people with grammatical deficits and severe anomia that would affect the 

production of pronouns were present in the chronic sample and not in the acute sample.  
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Table 7 

Descriptive Statistics for Proportion Pronouns in Chronic, Acute, and Control Samples 

 Chronic 
Sample 

Acute 
Sample 

Control 
Sample 

Proportion 
Pronouns 
M, SD 
(Range) 

0.44, 0.16 
(0-0.79) 

0.49, 0.08 
(0.26-0.67) 

0.39, 0.09 
(0.23-0.48) 

 

Given these considerations about differing patterns of deficits in the two groups, I 

compared how the measure of proportion pronouns correlated with the other QPA 

measures in all three samples. In the control sample proportion pronouns was only 

significantly correlated with proportion of closed class words (r = 0.65, p = .015) and 

proportion of verbs relative to nouns (r = 0.73, p = .004), both of which are expected; 

pronouns are closed class words and both proportion pronouns and proportion verbs 

include number of nouns in their denominator. In the acute sample proportion pronouns 

was again positively correlated with proportion closed class words (r = 0.46, p < .001) 

and proportion verbs (r = 0.66, p < .001); in addition, proportion pronouns was 

negatively correlated with mean utterance length (r = -0.32, p = .012), mean sentence 

length (r = -0.30, p = .015), and words per minute (r = -0.28, p = .027). In contrast, in the 

chronic sample, proportion pronouns was positively correlated with every QPA measure 

except subject noun phrase (SNP) elaboration. SNP elaboration is a measure of the 

average number of content words in the subject noun phrase excluding the main subject. 

The lack of a relationship between SNP elaboration and proportion pronouns is likely due 

to the low variability on SNP elaboration. The correlation with words per minute showed 

a nonsignificant positive trend, as reported above. One possible explanation for these 
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differing patterns is that in the chronic sample, proportion pronouns was low for those 

showing an agrammatic pattern but higher for those who were not agrammatic speakers, 

and who thus produced more elaborated sentences where the use of pronouns was 

appropriate to reference already established parts of the sentence (e.g., “Cinderella liked 

the prince and hoped to dance with him”). 

Multiple Regressions on Speech Rate and Proportion Pronouns 

In order to distinguish the role of single word phonological retrieval and the 

output phonological working memory buffer in speech rate and proportion pronouns I ran 

multiple regressions that included measures of single word output and the input and 

output phonological working memory PCA scores. All regressions were analyzed for 

outliers using Cook’s D (Cook, 1977); no outliers were found.  

In order to be able to compare the results for the chronic sample with results for 

the acute sample. I first ran multiple regressions using the same predictors as in Zahn et. 

al. (2021) with category probe for semantic working memory, digit matching for 

phonological working memory, overall percent correct on single word-single picture 

matching for input processing, semantically related errors and phonologically related 

errors on picture naming for single word output. For words per minute, only 

phonologically related errors had a significant independent contribution (β = -171.53, p = 

.021). For proportion pronouns, digit matching was the only predictor with a significant 

independent contribution (β = 0.09, p = .011). The overall model and the estimates for 

each predictor can be seen in Table 8. These results replicate what we found in the acute 

sample for a role of single word phonological retrieval in words per minute. For 



44 
 

proportion pronouns, phonological working memory was significant for both samples 

but, importantly, in the opposite direction for the two sample, even when single word 

retrieval was accounted for. 

Table 8 

Multiple Regressions for Words per Minute and Proportion Pronouns with Single Word 

Production Included in the Model 

 Whole Model Category 
Probe 

Digit 
Matching 
Span 

%Correct 
SWSP 

Semantic 
Naming 
Errors 

Phonological 
Naming 
Errors  

Words per 
Minute 

R2 = 0.40 
F(5,27) = 3.67 
p = .012 
 

β = 4.40  
p = .39 

β = 10.66  
p = .14 

β = 12.98 
p = .95 

β = 39.71  
p = .73 

β = -171.53  
p = .021 

Proportion 
Pronouns 

R2 = 0.24 
F(5,28) = 1.79 
p = .15 
 

β = -0.04 
p = .10 

β = 0.09 
p = .012 

β = -0.09 
p = .93 

β = -0.15 
p = .79 

β = -0.09 
p = .79 

Note. %Correct SWSP is the overall percent correct on the single word-single picture 
matching task.  

Given the strong correlations between input and output phonological working 

memory measures, the significant weight for phonological working memory in the above 

analysis for proportion pronouns might be attributed to either an input or output source. 

To determine whether this role of phonological working memory is due to the output 

phonological working memory buffer, I ran multiple regressions on words per minute and 

proportion pronouns with category probe, overall percent correct on single word-single 

picture matching, the input phonological working memory PCA, the output phonological 

working memory PCA, and the single word output PCA. Here, for words per minute, the 

single word output score was the only predictor with a significant independent 

contribution (β = 13.56, p = .022). On proportion pronouns, only the input phonological 
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working memory PCA score was significant (β = 0.09, p = .002).  As in the acute sample 

the multicollinearity and number of predictor variables prompted the use of stepwise 

regressions to see if output phonological working memory added significantly after single 

word output was accounted for in the model. For words per minute the single word output 

measure was significant (p = .004) and no other predictor added significantly to the 

model, though category probe had a marginal relation: category probe (p = .061), overall 

percent correct single word-single picture matching (p = .34), input phonological working 

memory (p = .29), output phonological working memory (p = .68). These results, 

including the finding of category probe as the predictor that added the most after single 

word output, match what was found in the acute sample. Single word production 

predicted words per minute and phonological working memory did not add to that 

prediction, supporting the claim that the relationship between speech rate and 

phonological working memory may be due to single word retrieval processes that are 

involved in both. For proportion pronouns, the single word output measure was not 

significant (p = .35) when forced to enter first. Once single word output was in the model 

the next two predictors that were close to significance were the input phonological 

working memory score (p = .053) and category probe (p = .053), whereas the other 

predictors did not add significantly to the model (output phonological working memory 

(p = .23), overall percent correct single word-single picture matching (p = .23)). This did 

not match what was found in the acute sample in that the single word phonological output 

measure was not significant, though different measures were used and the weight for 

phonological input working memory was in the opposite direction.  As discussed earlier, 

differences in pronoun use between the two samples make it difficult to examine the 
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phonological retrieval and phonological output buffer hypotheses in this sample of 

chronic participants. The stepwise regression results can be seen in Table 9. 

Table 9 

Stepwise Regression on Words per Minute and Proportion Pronouns 

Dependent variable Predictor Sums of 
Squares 

R2 Significance 

Words per Minute Single Word Output 9619.34 0.24 .004* 

 Semantic WM 3437.45 0.32 .061 

  %Correct SWSP 869.65 0.35 .34 

 Input WM 1032.72 0.37 .29 

 Output WM 164.55 0.38 .68 

     

Proportion 
Pronouns 

Single Word Output 0.0225 0.03 .35 

 Input WM 0.0941 0.14 .053 

 Semantic WM 0.0859 0.24 .053 

 Output WM 0.0316 0.28 .23 

 %Correct SWSP 0.0310 0.32 .23 

Note. %Correct SWSP is the overall percent correct on the single word-single picture 
matching task.  

Discussion of Case Series Approach 

To summarize the case series analyses, I compared the relationships between words per 

minute, proportion pronouns and input and output phonological working memory to the 

relationships previously seen in the acute sample. I found that words per minute had a 

positive relationship with both input and output phonological working memory and the 

relationship between words per minute and proportion pronouns trended in the positive 

direction. These findings were similar to what was seen with the acute sample. For 

proportion pronouns however, there was a positive correlation with input phonological 
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working memory and no correlation with output phonological working memory. This was 

surprising as the direction of the relationship was the opposite of what was seen in the 

acute sample and it did not seem to rely on a potential role for an output phonological 

working memory buffer.  

 To investigate these differences between the acute and the chronic sample I 

analyzed the distribution and use of pronouns in each sample and in the sample of age 

matched controls. This showed that the chronic sample had a larger range on proportion 

pronouns than the acute or control samples. This range included some participants at the 

very low end of pronoun production who had characteristics of agrammatic speech and a 

participant at the very high end of pronoun production with fluent production and a 

reliance on pronouns instead of nouns. These types of participants were not seen in the 

acute sample and may be part of the reason for the differences seen in proportion 

pronouns with the chronic sample. 

 Finally, to distinguish between the phonological retrieval hypothesis and the 

output buffer hypothesis in explaining the relationships between phonological working 

memory and words per minute and pronoun use I ran multiple regressions which included 

single word retrieval measures and input and output phonological working memory 

measures in the model. For words per minute, we replicated what was seen in the acute 

sample; when a measure of single word output was included in the model, no other 

measures had a significant independent contribution. For proportion pronouns the results 

were less clear. It seemed that in this sample single word retrieval did not explain much 

of the variance in pronoun use and input phonological working memory, and potentially 

semantic working memory, did play a role. For semantic working memory, it could be 
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that increased semantic working memory capacity leads to an increased ability to 

elaborate on sentences and in this elaboration, pronouns are used as referents to earlier 

parts of the sentence. For input phonological working memory, it is unclear why a 

decreased input phonological working memory capacity is associated with a reduced 

production of pronouns relative to nouns.  

 The difference in pronoun use between the chronic and the acute sample meant 

that the phonological retrieval and the output buffer hypotheses could not be 

distinguished clearly for that relationship. For words per minute though, it does seem that 

the evidence replicates the acute results in supporting the phonological retrieval 

hypothesis as the underlying cause of the relationship between words per minute and 

phonological working memory. Neither the analysis of words per minute nor proportion 

pronouns suggested a role for the output phonological working memory buffer that could 

be distinguished from the input buffer, which did play a role in pronouns, despite the fact 

that words per minute did show a strong correlation with the output phonological 

working memory principal components score and the individual task performance.  

Further review of these results and how they line up with the case study approach will be 

addressed in the General Discussion section.  

Case Study Approach 

For all 34 participants I calculated the input phonological working memory and 

output phonological working memory principal components with imputations to account 

for missing values.  From these, I selected participants who fit the pattern for input or 

output buffer deficit cases. An impairment of the output phonological buffer should cause 
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impaired performance on phonological working memory tasks requiring output, while 

performance on input phonological working memory tasks and single word processing is 

spared. In contrast, an impairment of the input phonological buffer should cause impaired 

performance on all phonological working memory tasks since all of these tasks required 

input phonological processing of the list items, together with spared performance on 

single word perception and production. An examination of input versus output task 

performance highlighted nine participants as potentially having a selective deficit: 5 on 

the output side and 4 on the input side. These nine participants’ demographic information 

is shown in Table 10, their working memory composite scores, single word composite 

scores, and semantic working memory performance can be seen in Table 11. 
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Table 10 

Demographic Information for Case Study Participants 

 Deficit Gender Age at 
Testing 

Years Post 
Stroke at 
Testing 

Years of 
Education 

Occupation 

AR 
 

Output M 62-72 - 17 Engineer 

 CP 
 

Output M 75 2-3 17 Environmental 
Mitigation 
 

JT 
 

Output M 45 3-4 20 Lawyer 

KC 
 

Output M 51 3-4 17 Minister 

LC 
 

Output M 60-70 4-14 14 Owned 
Consulting 
Company 
 

CY 
 

Input F 62 2 19 Nurse 

KA 
 

Input F 63 4-5 13 Homemaker 

RT 
 

Input M 73 4 19 Teacher 

SR Input M 55 3-4 17 Computer 
Programmer 

 

 
 
 
 
 
 
 
 
 
 

 



51 
 

Table 11 

Working Memory (WM) Performance for Case Study Participants 

 Deficit Input 
WM 
PCA 

Output 
WM 
PCA 

Single 
Word 
Output 
PCA 

Single 
Word 
Phonolo
gical 
Input  
PCA 

Single 
Word 
Semantic 
Input 
PCA 

Category 
Probe 
Span 

AR Output 0.05 -1.26 0.79 1.22 0.25 1.6 
 CP Output -0.32 -2.86 -1.18 -1.87 0.45 0.83 
JT Output -0.67 -1.68 -1.60 0.20 1.11 2 
KC Output 1.12 -1.78 0.10 0.83 1.13 2.37 
LC 
 

Output -0.25 -1.27 -0.03 -0.10 1.81 2.71 

CY Input -1.45 -1.60 0.30 -3.23 0.10 1.5 
KA Input -1.18 0.54 0.77 -1.95 0.02 3 

RT Input -1.18 1.28 0.74 0.57 1.01 2.86 
SR Input -2.25 -0.51 -0.04 -1.05 -1.05 2 

 

As indicated in Table 11, those selected as potential input phonological working 

memory deficit cases had substantially worse scores on the input working memory PCA 

than those selected as having output phonological working memory deficits.  As 

discussed earlier, while those with the output phonological working memory deficits 

were required to perform better on the input working memory PCA, the two subgroups 

might show similar performance on the output working memory PCA, given that all of 

the output tasks also had an input component (e.g., hearing a list of digits to repeat). 

However, as can be seen in the table, the input deficit cases generally performed better on 

the working memory tasks requiring output than did the output cases although there was 

overlap in the two subgroups, with the input case CY scoring within the range of the 

output cases. For the single word output PCA scores, three of the output cases scored 

within the range of the input cases, though two (CP & JT) scored at a lower level, which 
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will need to be taken into consideration in evaluating the results.  On input processing, 

the input deficit cases do show lower scores on the single word phonological input PCA 

with only CP from the output cases also scoring in the same range. The two groups have 

similar performance on single word semantic input PCA except SR who scored below the 

rest of the case study subjects and may have an input processing deficit more broadly 

than the input phonological working memory buffer. The two subgroups showed a 

similar range of performance on the semantic working memory measure (category 

probe), though within each subgroup their performance ranged from very low (.83) to 

fairly high (e.g., 2.86 for RT relative to 3.4 as the bottom of the control range). The two 

participants who showed the clearest distinction between input and output phonological 

working memory deficits together with relatively preserved and matched performance on 

the other measures were KC with an output phonological working memory deficit and 

RT with an input phonological working memory deficit.  Thus, the subsequent analyses, 

while discussing the results for all, will focus on the contrast between these two 

individuals’ data. 

Case Study Narrative Production 

I used these participants to examine the predictions for input buffer and output 

buffer deficit performance on the narrative production task and repetition tasks. The case 

study participants’ and control performance on QPA measures for the Cinderella 

narrative production task can be seen in Table 12. For the narrative production task, it 

was predicted that both input and output buffer participants should not differ on QPA 

measures of elaboration such as sentence elaboration and mean utterance length, provided 
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that they scored at the high end on semantic processing and semantic working memory 

(category probe), given that semantic working memory not phonological working 

memory was previously found to be critical in predicting these measures. For sentence 

elaboration AR and JT differed significantly from controls (AR: t(12) = -2.55, p = .026, 

JT: t(12) = -2.39, p = .034). Similarly, for mean utterance length AR and JT, as well as 

SR, differ significantly from controls (AR: t(12) = -2.28, p = .041, JT: t(12) = -2.68, p = 

.020, SR: t(12) = -2.68, p = .020). While it is difficult to precisely locate the source of the 

low performance on these measures, it should be noted that AR had a low category probe 

measure and SR scored at a low level on the input semantic composite. For JT, the 

potential source is less clear, with his lowest performance on the single word output 

measure.  KC (output deficit) and RT (input deficit), the two contrasting cases of most 

relevance, both scored within the control range on the two sentence elaboration measures. 

If the output buffer hypothesis explains the relationships found between speech 

rate, phonological working memory, and proportion pronouns in the acute stroke 

participants it was predicted that those with solely an output buffer deficit should have a 

slower speech rate and an increased reliance on pronouns compared to input buffer deficit 

cases and controls, given matched performance on other measures. For words per minute, 

all case participants except RT differed significantly from controls. However, the output 

phonological buffer deficit cases (M = 56.75, SD = 16.34) had slower speech rates than 

the input phonological buffer deficit patients (M = 83.86, SD = 23.47), (t (7) = 2.05, p = 

.040). For proportion pronouns, the two subgroups looked similar, scoring within the 

range of controls, with only KC, an output deficit case, was marginally different from 
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controls with KC using more pronouns relative to nouns than controls (KC: t (12) = 1.78, 

p = .10).  

Contrasting the two input and output buffer deficit cases that were most closely 

matched, the output buffer deficit case KC had a slow speech rate, scoring substantially 

below the range of controls, whereas the input buffer deficit patient RT scored slightly 

below the bottom of the range for controls (and not significantly different from them). On 

proportion pronouns, the output buffer patient KC produced a marginally significant 

larger proportion pronouns than controls whereas the input buffer patient RT scored only 

slightly higher than the mean for controls and well within their range. The performance 

for these two cases on the QPA measures matches the predictions for how input and 

output phonological working memory deficit cases would perform on narrative 

production. KC and RT were matched on measures of elaboration and performed within 

the control range on sentence elaboration and mean utterance length. They showed 

differences on the measures previously found to relate to phonological working memory, 

words per minute and proportion pronouns with KC showing a slower speech rate and 

increased pronoun use.  
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Table 12 

QPA Performance for Case Study Participants and Controls 

 Deficit Sentence 
Elaboration 

Mean 
Utterance 
Length 

Words per 
Minute 

Proportion 
Pronouns 

Control 
Mean 
(Range) 

--- 3.09  
(1.75-4.58) 

9.76  
(6.11-
12.91) 

151.96 
(112.26-199.04) 

0.39 
(0.23-0.48) 

AR Output 0.86** 4.86** 38.81** 0.40 
 CP Output 2.37 8.13 68.55** 0.45 
JT Output 1** 4** 39.4** 0.41 
KC Output 2.54 9.9 72.4** 0.55* 
LC 
 

Output 3.36 10.45 64.58** 0.40 

CY Input 2.29 6.67 93.58 0.54 
KA Input 2.69 10.15 72.15** 0.46 

RT Input 2.64 9.96 111.48 0.41 
SR Input 1.83 4** 58.21** 0.26 

Note. * indicates a Crawford & Howell (1998) modified t-value with p < .10, ** indicates 
a Crawford & Howell modified t-value with p < .05. 

Another measure of interest in narrative production is the number of phonological 

errors made during the narrative speech sample. It was predicted that an output buffer 

deficit would cause an increase in phonological errors in connected speech due to 

difficulty maintaining the phonemes for production. For this measure, participants’ 

phonological errors were marked during transcription and a proportion of phonological 

errors over the total number of words produced in the narrative production task was 

calculated. Phonological errors included word fragments (e.g. “ta- take”), phoneme 

substitutions (e.g., “stripper” for “slipper”), phoneme deletions or additions (e.g., 

“cinerella” for “cinderella”), and nonword neologisms (e.g.,”ploes” ). This measure was 

not calculated for controls as only one control participant made any phonological errors 

in the narrative. On the whole the output buffer cases (M = 0.036, SD = 0.026) produced 
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significantly more phonological errors than the input buffer cases (M = 0.007, SD = 

0.006), (t(7) = -2.23, p = .031).  The case study participants phonological errors in 

narrative production can be seen in Table 13. As shown there, the two cases of most 

relevance showed the expected pattern: KC produced 3% phonological errors in narrative 

production whereas RT produced 1.4%.  

Table 13 

Phonological Errors in Narrative Production for Case Study Participants  

 Deficit Total Number of 
Words Produced 

Number of PR 
Errors 

Proportion of PR Errors 
over Total Words 

AR Output 249 5 0.020 

 CP Output 441 7 0.016 
JT Output 176 14 0.080 
KC Output 473 15 0.032 
LC 
 

Output 479 16 0.033 

CY Input 209 1 0.005 
KA Input 380 3 0.008 

RT Input 288 4 0.014 
SR Input 65 0 0 

 

Case Study Single Word and Nonword Repetition 

Lastly, I examined the case study participants’ nonword and one word repetition 

performance. Previous findings (Romani, 1992; Romani et. al., 2011) have suggested that 

single word production does not rely on the output phonological buffer because the 

lexical form of the word can be directly accessed for production and activation from the 

lexical representation can be used to maintain the individual phonemes in an available 

state. In the case of nonwords, there is no stored lexical representation and thus, 

maintenance of these would require the output phonological buffer to keep the set of 
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phonemes activated to support repetition. To address this issue, I assessed the length 

effect in word and nonword repetition under the logic that an output buffer deficit should 

lead to greater difficulty the longer the word or nonword to be repeated. To do so, I 

calculated a syllable slope for each case study participants nonword and one word 

repetition by regressing accuracy on length in syllables for each individual’s performance 

on the two tasks. A negative slope would indicate decreasing accuracy as length 

increased.1 If the claims that the output buffer is needed for nonword repetition but not 

one word repetition are true I would expect to see a length effect for the output buffer 

deficit cases in nonword repetition but not in one word repetition. The input buffer deficit 

cases are not expected to show a length effect in either task. The case study participants’ 

performance on nonword repetition and one word repetition, and their syllable slope for 

both tasks can be seen in Table 14.  All nine participants performed worse on nonword 

repetition than one word repetition.  Unsurprisingly, the output deficit patients performed 

substantially worse on nonword repetition, given that accuracy on nonword repetition 

was one variable going into the output phonological working memory PCA score. With 

respect to length effects, the output buffer patients KC, AR, and LC had negative values 

that are outside the range of the input deficit cases. On single word repetition, the output 

buffer deficits performed substantially better than on nonword repetition, but nonetheless 

 
 

1 There are some limitations to these slope measures, which include the fact that neither 
task balanced the items based on length. The nonword repetition task includes 34 one 
syllable items, 19 two syllable items, and 7 three syllable items. The one-word repetition 
task has no one syllable items, 92 two syllable items, and 28 three syllable items. 
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scored generally worse than the input cases, with only AR scoring within their range. 

However, on the one-word repetition task only KC shows a smaller length effect on 

words than nonwords, while AR has a very similar length effect in both tasks and LC 

shows a larger length effect in the one-word task than the nonword task. JT also shows 

this reverse pattern, though his length effect for nonword repetition is within the range of 

the input cases. CP only got two items correct on the nonword task so a length effect 

could not be reliably calculated for him.  For the two cases of most relevance, KC and RT 

showed similar slopes for word repetition while KC showed a greater slope for nonword 

repetition, even though the two had similar overall accuracy on the task.  This pattern of 

performance may be explained by Rochon and colleagues’ (1992, 2000) claim that 

nonword repetition requires the output phonological working memory buffer due to their 

lack of lexical-semantic representations. For RT, the input buffer deficit may lead to 

difficulties cycling the input phonological codes to the output phonological buffer for 

production. This difficulty at the input buffer could equally affect short and long 

nonwords contributing to the smaller slope effect for RT.  
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Table 14 

Repetition Length Effects for Case Study Participants  

 Deficit Nonword 
Repetition 
%correct 

Nonword 
Repetition 
Syllable Slope 

One Word 
Repetition 
%correct 

One Word 
Repetition 
Syllable Slope 

AR Output 15% -0.18 95% -0.15 
 CP Output 3.3% -- 54% -0.06 
JT Output 23% -0.08 61% -0.16 
KC Output 25% -0.23 83% -0.01 
LC Output 

 
17% -0.14 81% -0.25 

CY Input 37% -0.11 90%  -0.07 
KA Input 47% -0.06 94% -0.02 

RT Input 27% -0.10 97% 0.02 
SR Input 57% -0.09 92% -0.13 

Note. CP had only 2 correct trials on Nonword repetition so a syllable slope could not be 
reliably calculated.  

To look at the effects of length on accuracy in more depth I computed 

phonological similarity of the participants’ response to the target separated by item 

length. I would expect that the phonological distance of the response to the target is 

smaller for words with fewer syllables on average. This in-depth analysis could only be 

done for KC and JT because they had audio recordings for both nonword and one word 

repetition where their responses could be transcribed in IPA to calculate the phonological 

distance between their response and the target. To determine the mean of what is termed 

“phonological edit distance” at each syllable length, the Levenshtein distance for each 

response to the target was calculated using the Phonological Corpus Tools (PCT, Hall et. 

al., 2016) software which is a measure of how many phoneme changes need to be made 

between the response and the correct target. For correct responses, the Levenshtein 

distance would be zero. For trials where the participant made no response a Levenshtein 

distance was not calculated. KC and JT’s phonological edit distance by length 
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performance can be seen in Table 15. These results show that JT’s errors get more distant 

from the target as length in syllables increases in both the nonword and one word task. 

Since JT shows this effect in both tasks and his overall single word production and 

processing performance is quite low (as seen in Table 11), it seems that JT’s deficit is not 

just a phonological output buffer deficit. KC shows a length effect in the nonword task in 

accuracy, producing only one 3-syllable nonword correctly and one incorrectly: however, 

he provided no response on five of the seven 3 syllable nonword trials. Since no 

Levenshtein distance can be calculated for trials with no response this affects the average 

edit distance on the 3 syllable nonwords, in some sense underestimating the distance for 3 

syllable nonwords. Also, notably, KC does not show a difference in average phonological 

edit distance for the 2 and 3 syllable English word repetition task. These results, along 

with the narrative production results described above support the conclusion that KC is 

the case study that best fits the description and predictions of someone with a selective 

phonological output buffer deficit.   
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Table 15 

Repetition Phonological Edit Distance by Length Effects for KC and JT 

 KC JT 

Nonword    
 1 syllable 0.91 1.65 
2 syllables 1.38 2.58 
3 syllables 1.5* 3 
   
One word   

2 syllables 0.23 1.48 
3 syllables 0.32 3.04 

Note. KC provided no response on five of the seven 3 syllable nonword trials, this 
average comes from 2 trials one which was correct (a Levenshtein distance of 0) and one 
with a Levenshtein distance of 3.  

Discussion of Case Study Approach 

To summarize the case study analyses, the two cases that best show the input and 

output phonological working memory buffer dissociation are KC, with an output deficit, 

and RT with an input deficit. A summary of KC and RT’s performance can be seen in 

Table 16. KC and RT are similarly matched on semantic working memory and as 

predicted show very similar performance on sentence elaboration and mean length of 

utterance, with both scoring within the control range on those measures. I had predicted 

that if the output phonological buffer played a role in words per minute and proportion 

pronouns and was the reason for the relationships found with phonological working 

memory in the acute sample, then an output deficit case should show slower less fluent 

speech rate and an increased reliance on pronouns that are easier to store in the output 

buffer. KC showed a slower speech rate and a greater proportion of pronouns than RT 

and he differed from controls on these measures as well. Another prediction for output 

buffer deficit cases is that they would show a greater proportion of phonologically related 
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errors in narrative production due to the output buffers role in multiword production. KC 

did produce more phonological errors in narrative production than RT (3.2% vs. 1.4%).  

Finally, it was predicted that output buffer deficit cases should show a length 

effect in nonword repetition, which relies on the output buffer since nonwords do not 

have lexical representation and should not show a length effect in one-word repetition, 

since single word production is thought to use whole word retrieval rather than storage in 

the output buffer. KC and RT show similar overall performance on nonword repetition 

which might be expected since the task requires the input buffer as discussed previously. 

In accuracy KC showed a length effect that was larger than RT’s and outside the range of 

all of the input cases. Analyses of the phonological similarity to the target for KC’s 

nonword repetition errors showed some evidence for a length effect (seen in Table 15), 

though it is hard to evaluate since he only produced a response for 2 of the three syllable 

nonword items. On one-word repetition KC performed a bit worse than RT but both 

showed no evidence for a length effect in accuracy on this task, as predicted. KC showed 

no length effect in phonological edit distance for the one-word repetition task.  

The fact that I was able to find two cases that showed the distinction on input and 

output phonological working memory and were largely matched on semantic working 

memory and single word production allowed me to test our predictions about the effects 

of an output phonological working memory buffer deficit on narrative production. KCs 

performance on speech rate and pronoun use in the narrative production task matched our 

predictions for how an output buffer deficit might underlie the relationships between 

these two narrative measures and phonological working memory. This provides support 

for the separation of input and output phonological working memory buffers and for the 
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output buffer hypothesis on the role of phonological working memory in narrative 

production. An analysis of how these results compare to the case study results will be 

included in the General Discussion section.  

Table 16 

Summary of KC and RT’s Performance in Case Study Analyses 

 KC RT 

Deficit  Output Input 
Words per Minute 72.4** 111.48 
Proportion Pronouns 0.55* 0.41 
Sentence Elaboration 2.54 2.64 
Mean Utterance 
Length 

9.9 9.96 

Phonological Errors in 
Narrative 

0.032 0.014 

Nonword Repetition 
% Correct 

25% 27% 

Nonword Length 
Effect 

-0.23 -0.10 

One-word Repetition 
% Correct 

83% 97% 

One-word Length 
Effect 

-0.01 0.02 

Note. ** indicates significant difference from control performance (p < .05), * indicates 
marginally significant difference from control performance (p = .10). 

General Discussion 

The objective of this work was to explore potential explanations for the 

relationships found between the phonological working memory measure of digit 

matching span and narrative measures of words per minute and proportion pronouns. 

Specifically in the acute sample, Martin and Schnur (2019) found that phonological 

working memory had a significant positive relationship in predicting words per minute 

and Zahn et. al., (2021) found that phonological working memory had a significant 
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negative relationship with proportion pronouns. Two potential hypotheses were put forth 

to explain these relationships. The phonological retrieval hypothesis proposes that single 

word phonological retrieval play a role in supporting fluent narrative production and the 

rehearsal process in the phonological working memory task. The output phonological 

buffer hypothesis suggests that storing the output phonological code in the output buffer 

supports multiword language planning in narrative production and performance on 

phonological working memory tasks. The results from the acute sample’s narrative 

production showed that when measures of single word retrieval were included in the 

model, relationships between phonological working memory and words per minute and 

pronouns were eliminated or reduced, supporting the phonological retrieval hypothesis 

(Zahn et. al., 2021). However, there was evidence that for proportion pronouns at least, 

phonological working memory still played some role in predicting that measure. This 

finding for proportion pronouns and the lack of tests that required output from the acute 

sample led me to examine these issues further in a sample of chronic participants. In the 

acute sample I was unable to fully test the hypothesis that the relationships between 

phonological working memory and measures of narrative production were due to the 

distinction between input and output phonological working memory buffers.  

In the chronic sample I was able to gather performance on tests of phonological 

working memory that required output and tests that did not require output and to obtain 

additional measures of single word retrieval. Using the greater range of data available 

from the chronic sample, I took two approaches to addressing the question of whether the 

findings for speech rate and proportion pronouns relating to phonological working 

memory were due to phonological retrieval, or could be attributed to an output 
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phonological working memory capacity, beyond an input phonological working memory 

capacity: 1) using a case series multiple regression approach, and 2) a case study 

approach where I attempted to find patients showing the clearest dissociation between 

input and output capacities and examining their results for speech rate, proportion 

pronouns and other measures.  

Using the case series multiple regression approach, I found that for words per 

minute, when single word production was included in the regression model along with 

semantic working memory, single word processing, input and output phonological 

working memory, only single word production has a significant independent contribution. 

This held in a stepwise regression, after single word production was entered no other 

predictors add significantly to the model. This finding replicates what was seen in the 

acute sample and supports the claim of the phonological retrieval hypothesis for the 

relationship seen between words per minute and digit matching. The claim is that single 

word phonological retrieval efficiency underlies both fluency of speech in multiword 

production and the rehearsal process in phonological working memory tasks. With 

respect to proportion pronouns, the picture was more complicated. I found that in the 

chronic sample the use of pronouns differed substantially from both the acute and control 

samples. The chronic sample included a wider range of performance on this measure with 

some participants producing almost none or very few pronouns together with other 

markers of agrammatic speech, while one participant produced almost exclusively 

pronouns instead of nouns, displaying qualities of anomic aphasia. These types of 

participants were not present in the acute sample and made analyzing the role of 

phonological working memory in pronoun use difficult with respect to comparing results 
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between the chronic and acute samples. In the chronic sample digit matching and 

nonword probe, two measures of input phonological working memory, were positively 

correlated with proportion pronouns. This relationship was in the opposite direction of 

the relation seen between digit matching and proportion pronouns relative to nouns in the 

acute sample. The reason for this switch in directionality is unclear but the positive 

relation was persistently observed. In a multiple regression predicting proportion 

pronouns from the semantic working memory measure of category probe, the single word 

processing measure of single word-single picture matching, and principal component 

scores for input phonological working memory, output phonological working memory, 

and single word production, input phonological working memory had a significant 

positive independent contribution. In a stepwise regression in which single word 

production was included first to test if the other predictors added after that was accounted 

for, both input phonological working memory and semantic working memory were added 

next. The role of semantic working memory in pronoun use may come from the inclusion 

in the chronic sample of participants who used pronouns in embeddings and longer 

utterances to refer to nouns established at the beginning of the utterance.  

In the case study approach, I was able to find two cases, KC and RT, who were 

matched on semantic working memory and single word production but showed differing 

patterns on input and output phonological working memory. KC showed an output 

phonological working memory buffer deficit and RT showed an input phonological 

working memory buffer deficit. I predicted that, if the output working memory buffer 

played a role in the relationships seen between phonological working memory and 

narrative measures then those with an output working memory buffer deficit would show 
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a decreased speech rate due to limited capacity in the output buffer and an increased use 

of pronouns because they are short and easier to store in the buffer than nouns. I saw that 

KC did show a slower speech rate than RT and controls and used more pronouns than RT 

and controls as well.  

Another aspect of narrative production the output buffer was predicted to impact 

was the number of phonological errors in the narrative production task due to difficulty 

storing and ordering phonemes for production in the buffer. I saw again that KC did 

produce a greater proportion of phonological errors than RT in the Cinderella task. One 

limitation of this analysis is that participants could choose any words they wanted to 

describe the story so there were no target words and no specific number of words they 

were required to say. This means that participants could have avoided words they knew 

they struggled with and rely on words that are easier to store in the output buffer. 

In addition to narrative production, I analyzed the input and output case study 

participants for word length effects in the single word and nonword repetition tasks. 

Previous studies have suggested that the output phonological working memory buffer is 

not used in single word production. Romani et. al., (2011) examined word and nonword 

repetition in multiple output buffer deficit cases and showed no length effects in word 

repetition suggesting that single word repetition does not require use of the output buffer 

for phoneme maintenance for production. In the chronic case studies, I saw that KC, the 

output buffer deficit case, showed evidence of a length effect in nonword repetition but 

not single word repetition. The input deficit case, RT, did not show evidence of a length 

effect in either task.  
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It seems that the conclusions from the two sets of analyses provide support for 

each of the two hypotheses discussed in the introduction of this paper. Why is it that we 

can find evidence of individual cases with input and output phonological working 

memory deficits who showed the predicted effects on narrative production but in the case 

series multiple regressions, output phonological working memory has no contribution to 

the prediction of words per minute? First, words per minute is a complex measure which 

may be affected by many variables. For example, semantic working memory and the 

ability to plan and store content words prior to production likely goes into words per 

minute as was originally predicted by Martin and Schnur (2019) and there may be 

complex interactions between semantic working memory and phonological retrieval that 

were not captured in the regression models. Additionally, the naturalistic nature of the 

narrative production task meant that, as previously mentioned, participants are free to 

choose any words they want to tell the story of Cinderella. This can offset effects on 

words per minute if participants rely on shorter or easier words for them to produce and 

therefore have more fluent production than they would if they were required to produce 

target words and sentences. Lastly, input and output phonological working memory are 

highly correlated. It could be that in the chronic sample there was not enough dissociation 

between the two to be able to see differing effects of each on words per minute. This 

correlation between input and output phonological working memory has been used by 

some to claim that there are not separate buffers (Martin and Saffran, 2002). However, if 

both buffers are involved in phonological working memory tasks and rehearsal involves 

cycling between the two buffers as proposed by Howard and Nickels (2005), then one 

would expect the two types of tasks to be correlated. The fact that you can find cases 
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where they are dissociated (Allport, 1984; Romani, 1992; Martin et. al., 1999; Shallice et. 

al., 2000) provides evidence that they can be damaged separately.  

The goal of this work was to distinguish between two hypotheses, the 

phonological retrieval hypothesis and the output buffer hypothesis, for the role of 

phonological working memory in measures of narrative production found in the acute 

sample. In the chronic sample I found evidence that single word phonological retrieval 

abilities largely explain differences in speech rate in narrative production. I also found 

evidence for an output buffer deficit case study who performs better on input than output 

phonological working memory tasks and shows a reduced speech rate and increased use 

of pronouns in narrative production, supporting the idea that output phonological working 

memory underlies performance on those narrative measures. These findings suggest that 

perhaps both single word phonological retrieval efficiency and output phonological 

buffer capacity play a role in supporting multiword speech. 

To investigate the role of the output phonological working memory buffer further 

it would be valuable to do continued testing with the two case study participants, KC and 

RT. I was not able to complete further analysis of these two cases due to an inability to 

schedule reliable virtual testing sessions; however, both participants are available for 

potential in-person testing. This further testing may include testing performance on 

measures using written stimuli that tap each buffer independently and do not rely on the 

potential link between the buffers and the cycling process that may make up rehearsal. 

Written tasks that tap phonological information such as written homophone judgement or 

written rhyme judgement would allow us to further test the input and output phonological 
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working memory buffers without the use of auditory phonological input and the need for 

cycling between the buffers (Howard & Nickels, 2005). In the written homophone 

judgement task participants see two words such as “MOAN and MOWN” and have to 

determine if the two words sound the same (a non-homophone trial would be “TOWN 

and TONE”). In this task the output phonological buffer is used to store the two words 

for comparison to make a correct response. The written rhyme judgement task presents 

two words such as “SUN and ONE” and asks participants to answer whether the words 

rhyme or not. This task taps the input phonological buffer because this is where input 

phonological code is segmented into onset and rhyme (Howard & Nickels, 2005). In 

these tasks I would expect that RT would be impaired on the written rhyme judgement 

but able to perform the written homophone judgment task. This would further establish 

KC and RT as having specific output and input phonological buffer deficits respectively 

and not deficits at another part of the phonological working memory system. In addition 

to this further testing of the input and output buffers, I may want to look further at KC 

and RT’s multiword production. As discussed, it can be difficult to compare the number 

of phonological errors made in the narrative production task as participants were free to 

use any words to tell the story and could say as much or as little as they wanted to. It may 

be worth using a more constrained sentence production or picture description task with 

KC and RT to elicit multiword speech where their production and errors can be compared 

to target responses. These kinds of tasks would allow for a more precise comparison of 

the effects of input and output phonological buffer deficits on multiword language 

production abilities.  
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In addition to further work with the case study participants it would be interesting 

to further investigate the role of phonological retrieval in narrative production in healthy 

participants and particularly in healthy aging. One of the commonly noted changes in 

language with aging is word-finding difficulty, which has been reported both empirically 

and in self reports from older adults (Vogel-Eyny, Galletta, Gitterman, & Obler, 2016). A 

potential area for further study would involve using a regression approach in older vs. 

younger adults testing semantic and phonological working memory, single word 

processing and production and narrative production to determine if changes in 

phonological retrieval efficiency with age affect measures of narrative production such as 

speech rate and use of pronouns relative to nouns. The input and output phonological 

working memory distinction may be harder to differentiate in a healthy population as 

they are highly correlated. However, we may be able to isolate the two by comparing 

performance on tasks using visual input such as the written homophone judgement task 

described previously which relies solely on the output buffer and the input phonological 

working memory probe tasks used in the chronic sample which rely more on the input 

buffer.  

These further explorations with the case studies and older adults would provide a 

means of determining whether converging results can be obtained that provide further 

support for a differentiation of input and output phonological working memory. 
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Appendix A- Picture Naming Items 

1 candle 38 banana 75 cow 112 saddle 
2 ghost 39 ring 76 beard 113 pie 
3 dinosaur 40 dice 77 glove 114 pirate 
4 top 41 calendar 78 owl 115 clock 
5 bone 42 knife 79 pipe 116 pumpkin 
6 tree 43 vest 80 scale 117 sock 
7 pen 44 turkey 81 tent 118 closet 
8 cane 45 rake 82 flashlight 119 hair 
9 train 46 duck 83 camel 120 baby 

10 comb 47 fireplace 84 goat 121 bat 
11 thermometer 48 pineapple 85 fish 122 leaf 
12 well 49 fan 86 cannon 123 slippers 
13 grapes 50 window 87 shoe 124 mountain 
14 strawberries 51 lamp 88 sandwich 125 sun 
15 star 52 drum 89 spider 126 scissors 
16 chimney 53 skull 90 belt 127 mustache 
17 bread 54 bridge 91 toilet 128 ear 
18 corn 55 eskimo 92 wagon 129 door 
19 football 56 dog 93 ruler 130 house 
20 pig 57 iron 94 tractor 131 nail 
21 apple 58 cheerleaders 95 queen 132 binoculars 
22 hand 59 snake 96 church 133 celery 
23 towel 60 ambulance 97 anchor 134 vase 
24 lion 61 carrot 98 whistle 135 pencil 
25 glass 62 sailor 99 pyramid 136 elephant 
26 fireman 63 book 100 typewriter 137 bench 
27 plant 64 bus 101 rope 138 zebra 
28 garage 65 map 102 basket 139 man 
29 table 66 squirrel 103 letter 140 seal 
30 camera 67 microscope 104 nose 141 wig 
31 waterfall 68 bowl 105 horse 142 necklace 
32 king 69 van 106 key 143 desk 
33 boot 70 helicopter 107 cross 144 bell 
34 hose 71 bottle 108 crutches 145 hammer 
35 foot 72 scarf 109 cat 146 pillow 
36 snail 73 ball 110 kitchen 147 spoon 
37 chair 74 frog 111 dragon 148 can 
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149 zipper       
150 flower       
151 kite       
152 suit       
153 cake       
154 hat       
155 crown       
156 piano       
157 stethoscope       
158 bride       
159 butterfly       
160 heart       
161 skis       
162 clown       
163 volcano       
164 pear       
165 fork       
166 octopus       
167 saw       
168 bed       
169 harp       
170 broom       
171 nurse       
172 balloon       
173 eye       
174 cowboy       
175 monkey       
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Appendix B- One Word Repetition Items 

 
Frequency-

Imageability  
Target  Frequency-

Imageability 
Target 

1 L-H candy 36 L-H leopard 
2 L-H pudding 37 H-H village 
3 L-L creature 38 L-H salad 
4 L-H mosquito 39 L-L vanity 
5 L-L diffusion 40 L-H peacock 
6 H-L detail 41 L-H microscope 
7 L-L proxy 42 H-L effort 
8 H-L purpose 43 L-L discipline 
9 L-H meadow 44 L-H oven 

10 H-L humor 45 H-L justice 
11 H-L freedom 46 H-H metal 
12 H-L respect 47 H-L position 
13 H-H library 48 L-H lobster 
14 L-L hindrance 49 H-L advantage 
15 L-H arrow 50 L-L ego 
16 L-L genius 51 L-H barrel 
17 H-H artist 52 L-L friction 
18 L-L venom 53 L-H snowman 
19 L-H umbrella 54 H-L passage 
20 H-L direction 55 L-H daffodil 
21 H-H college 56 L-H elephant 
22 L-L nonsense 57 L-H blossom 
23 L-L impact 58 L-L infection 
24 L-H hammer 59 H-L product 
25 L-L errand 60 L-H apple 
26 H-L chapter 61 L-L encore 
27 H-L power 62 H-L event 
28 L-L chaos 63 H-H party 
29 H-H officer 64 L-H elbow 
30 H-H building 65 L-L prestige 
31 L-H jelly 66 L-H lemon 
32 H-L session 67 H-L wisdom 
33 L-H windmill 68 H-L reaction 
34 L-L custom 69 H-H river 
35 L-L gravity 70 H-H wagon 
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 Frequency-
Imageability  

Target  Frequency-
Imageability 

Target 

71 L-H vegetable 109 L-L jealousy 
72 H-L trouble 110 H-H professor 
73 L-H ruler 111 H-H valley 
74 H-L amount 112 L-L virtue 
75 H-H hotel 113 H-H teacher 
76 H-L tendency 114 H-H minister 
77 H-H picture 115 H-L value 
78 H-L contract 116 L-L blessing 
79 H-L salary 117 L-L contents 
80 L-H pupil 118 H-L item 
81 H-L science 119 H-H circle 
82 H-H coffee 120 H-H committee 
83 H-H money 120 H-H committee 
84 H-H body 
85 L-H pepper 
86 L-H diamond 
87 L-L hatred 
88 H-H finger 
89 L-L mischief 
90 L-H volcano 
91 H-H corner 
92 H-H missile 
93 L-L preview 
94 H-H piano 
95 H-L object 
96 H-H water 
97 L-L reminder 
98 L-L glory 
99 H-L atmosphere 

100 H-L vision 
101 L-L malice 
102 L-H eagle 
103 H-H winter 
104 H-H machine 
105 L-L folly 
106 H-H forest 
107 H-L theory 
108 H-H orchestra 
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Appendix C- Nonword Repetition Items 

 Syllables IPA transcription  Syllables IPA transcription 
1 1 fos 37 2 mɪpɛn 
2 1 zeg 38 1 hɪn 
3 1 lɛm 39 1 vat 
4 2 ʤʔbɑf 40 2 maɪnfɛn 
5 1 petʃ 41 1 ʤʌm 
6 2 ukɑl 42 1 un 
7 1 poʊnd 43 1 nɝ 
8 2 lɔɪjɛs 44 1 waʊn 
9 1 dæk 45 2 pɛkbəl 

10 2 veɪbəm 46 3 aɪləfeŋk 
11 1 ʤeɪŋg 47 1 goʊnʧ 
12 1 nuθ 48 1 bis 
13 3 bəgælə 49 2 zædɚ 
14 3 koʊpɪndɚ 50 2 mɪpɛʃ 
15 2 gɝfi 51 1 ʃʌp 
16 1 deɪp 52 1 vuk 
17 2 bævɛt 53 1 peɪʃ 
18 2 heɪpɚ 54 1 loʊt 
19 1 mʌp 55 2 ʧijunoʊ 
20 1 boʊp 56 3 bɑdɚklaɪ 
21 3 dunəpoɹ 57 3 gaʊlkoʊnaʊ 
22 2 bɪfɑl 58 3 eɪktəpɫ 
23 1 fʌl 59 1 mɛb 
24 1 ʤaɪ 60 2 kɪʃoɪ 
25 1 fɑʊp    

26 1 tipt    

27 2 kɪmɛt    

28 1 tɛlg    

29 2 tɪzɪt    

30 2 tæsɪn    

31 1 kɝʒ    

32 2 pɛɳgɚ    

33 1 voʊm    

34 1 dɪh    

35 1 doʊθ    

36 1 zɛt    
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