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Abstract:	 Significant	data	 suggest	 that	phonological	working	memory	 (PWM)	 is	

impaired	 in	 adults	who	 stutter	 (e.g.,	 Byrd,	McGill,	Usler,	 2015;	Byrd,	 Sheng,	Bernstein	

Ratner,	 Gkalitsiou,	 2015;	 Byrd,	 Vallely,	 Anderson,	 &	 Sussman,	 2012;	McGill,	 Sussman,	

Byrd,	2016).	Some	researchers	have	argued	that	the	differences	observed	are	driven	by	

deficits	in	auditory	processing	as	opposed	to	a	core	deficit	in	PWM	(Hampton	&	Weber-

Fox,	 2008).	 This	 exclusive	 focus	 on	 auditory	 processing	 does	 not	 take	 into	 account	

results	 from	 studies	 that	 demonstrate	 PWM	 deficits	 in	 persons	 who	 stutter	 when	

auditory	stimuli	are	not	employed	(e.g.,	McGill	et	al.,	2016;	Weber-Fox,	Spencer,	Spruill	

&	Smith,	2004).	No	study	has	investigated	PWM	in	persons	who	do	and	do	not	stutter	

on	 tasks	 that	 directly	 compare	 visual	 to	 auditory	 input	 performance	 differences.	 The	

purpose	of	this	dissertation	was	to	investigate	PWM	in	adults	who	do	and	do	not	stutter	

using	 multimodal	 nonvocal	 nonword	 conditions	 including	 visual	 to	 visual,	 visual	 to	

auditory,	and	auditory	 to	visual	 tasks.	Data	were	coded	 for	accuracy,	manual	 reaction	

time,	 and	 error	 type.	 Analyses	were	 conducted	 to	 evaluate	 the	 relationship	 between	

talker	group,	manual	reaction	time,	accuracy,	error	types,	and	speed-accuracy	tradeoff	

within	 and	 across	 conditions.	 Adults	 who	 stutter,	 compared	 to	 adults	 who	 do	 not	

stutter,	 demonstrated	 significantly	decreased	accuracy	and	 increased	manual	 reaction	

time	 on	 all	 nonvocal	 nonword	 conditions.	 Additionally,	 adults	 who	 stutter	 were	

significantly	more	 likely	to	select	a	substitution	foil	compared	to	an	accurate	response	

than	adults	who	do	not	stutter.	Finally,	neither	adults	who	stutter	nor	adults	who	do	not	

stutter	demonstrated	a	speed-accuracy	tradeoff.	Results	from	the	present	study	do	not	

support	 the	 auditory	 exclusive	 argument	 posited	 in	 previous	 research.	 Regardless	 of	
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input	modality,	PWM	appears	to	be	uniquely	impaired	for	adults	who	stutter	compared	

to	adults	who	do	not	stutter.		 	
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Chapter	1:	Introduction	

Stuttering	 is	 a	 developmental,	 multifactorial	 disorder	 characterized	 by	 an	

atypical	disruption	 in	 the	 forward	 flow	of	speech	 (e.g.,	Bloodstein	&	Bernstein	Ratner,	

2008;	Conture,	2001;	Guitar,	2013;	Smith,	1999;	Yairi	&	Seery,	2011).	Approximately	1	

percent	of	the	world’s	population	stutters	(Bloodstein	&	Bernstein	Ratner,	2008;	Howell,	

2011).	 Genetics,	 speech	 motor	 control,	 auditory	 processing,	 linguistic	 planning,	 and	

phonological	 encoding	 are	 among	 the	 many	 factors	 that	 have	 been	 identified	 as	

contributors	 to	 the	 onset	 and	 development	 of	 stuttering	 (e.g.,	 Conture,	 2001).	 Of	

particular	relevance	to	the	present	dissertation,	multiple	theoretical	accounts	attribute	

the	 difficulty	 that	 persons	 who	 stutter	 have	 establishing	 and/or	 maintaining	 fluent	

speech	to	disruptions	in	phonological	working	memory	(for	review	see	Bajaj,	2007).		

	Phonological	 working	 memory	 (PWM)	 appears	 to	 be	 impaired	 in	 adults	 who	

stutter	 (e.g.,	 Byrd,	 McGill,	 &	 Usler,	 2015;	 Byrd,	 Vallely,	 Anderson,	 &	 Sussman,	 2012;	

Coalson	&	Byrd,	2015;	McGill,	Sussman	&	Byrd,	2016).	Adults	who	stutter	are	slower	and	

less	accurate	than	their	typically	fluent	peers	when	completing	nonword	repetition	and	

phoneme	elision	tasks	(Byrd,	Vallely,	Anderson,	&	Sussman,	2012).	These	differences	in	

reaction	 time	 and	 accuracy	 in	 nonword	 repetition	 and	 phoneme	 elision	 persist	 even	

when	 overt	 production	 is	 not	 required	 (e.g.,	 Byrd,	 McGill,	 &	 Usler,	 2015).	 Taken	

together,	these	findings	suggest	that	even	when	adults	who	stutter	are	not	required	to	

vocally	 produce	 their	 responses,	 differences	 still	 exist	 in	 their	 performance	 on	 PWM	

tasks.		

However,	 some	 researchers	 have	 argued	 that	 any	 performance	 differences	 on	

PWM	tasks	are	 the	 results	of	 impaired	auditory	processing	 (Foundas,	Corey,	Hurley	&	

Heilman,	2004;	Hall	&	Jerger,	1978;	Hampton	&	Weber-Fox,	2008;	Rosenfield	&	Jerger,	

1984).		The	argument	for	impaired	auditory	processing	is	difficulty	to	debate	as	previous	
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nonword	 repetition	 and	 phoneme	 elision	 methodologies	 have	 all	 been	 restricted	 to	

auditory	stimuli.	No	study	has	directly	compared	visual	 to	auditory	 input	performance	

differences	on	PWM	tasks.	

The	purpose	of	the	current	study	 is	to	 investigate	the	speed	and	accuracy	with	

which	 adults	 who	 do	 and	 do	 not	 stutter	 can	 identify	 target	 nonwords	 among	

subsequently	 presented	 nonwords	 via	 auditory	 versus	 visual	 input.	 The	 experimental	

design	 is	 based	 on	 Byrd	 et	 al.’s	 (2015)	 nonvocal	 nonword	 repetition	 and	 phoneme	

elision	 tasks	 and	 employs	 three	 novel	 nonvocal	 nonword	 conditions:	 visual	 to	 visual,	

visual	to	auditory,	and	auditory	to	visual1.		

The	following	literature	review	will	provide	a	summary	of	the	theoretical	model	

of	working	memory	proposed	by	Baddeley	(2012)	and	prior	investigations	of	PWM	and	

auditory	processing	in	people	who	do	and	do	not	stutter.	The	literature	review	will	then	

conclude	with	the	research	question	and	hypotheses	for	the	present	study.		
	 	

                                                
1	Auditory	to	auditory	nonvocal	nonword	condition	was	previously	completed	by	Byrd,	McGill,	&	Usler	
(2015). 



 3	

Chapter	2:	Literature	Review	

2.1	WORKING	MEMORY		

A	 fundamental	 aspect	of	 cognition	 is	working	memory.	According	 to	Baddeley,	

working	 memory	 is	 a	 limited-capacity	 system	 that	 provides	 temporary	 storage	 and	

manipulation	of	 information,	allowing	various	cognitive	activities	 to	 take	place	 (2007).	

Baddeley	 (2012)	discussed	a	 four-component	model	of	working	memory	 including	 the	

central	executive,	visuospatial	sketchpad,	phonological	loop,	and	episodic	buffer.		

2.1.1	Central	Executive	

The	 first	 component	 of	 the	 working	 memory	 model	 described	 by	 Baddeley	

(2012)	 is	 the	 central	 executive.	 The	 central	 executive	 is	 the	 essential	 controller	 for	

overseeing	 and	 coordinating	 the	 other	 subsystems	 (i.e.,	 visuospatial	 sketchpad,	

phonological	 loop,	 and	 episodic	 buffer).	 The	 central	 executive	 focuses	 and	 divides	

attention,	 switches	between	 tasks,	 and	 interacts	with	working	memory	and	 long-term	

memory.	 Bajaj	 (2007)	 stated	 that	 recognizing	 the	 relationship	 between	 the	 central	

executive	 functions	 and	 stuttering	 may	 be	 necessary	 given	 that	 on	 a	 daily	 basis	 all	

speakers	 need	 to	 modify	 their	 cognitive	 and	 motor	 performances	 based	 upon	 their	

internal	and	external	environments.	Specifically,	during	conversational	interactions,	the	

central	 executive	 directs	 attention	 between	 the	 speaker	 and	 his/her	 conversational	

partner	 and	 supports	 the	 internal	 systems	 employed	 in	 lexical	 retrieval,	 phonological	

encoding,	sub-vocal	rehearsal	and	speech	output.		

2.1.2	Visuospatial	Sketchpad	

Another	component	of	working	memory	is	the	visuospatial	sketchpad	(Baddeley,	

2012).	 Logie	 (2011)	described	 the	 visuospatial	 sketchpad	 in	 terms	of	 a	 “visual	 cache”,	

the	visual	short-term	memory,	which	 is	a	temporary	storage	for	a	single	array,	and	an	

“inner	scribe”	which	retains	short	sequences	of	movements.	Without	the	 inner	scribe,	
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the	visual	codes	will	decay	in	about	two	seconds.	The	inner	scribe	internally	repeats	the	

sequences,	 thus	 allowing	 the	 visual	 codes	 to	 be	 refreshed	 and	 held	 onto	 for	 longer	

periods	 of	 time.	 The	 current	 experimental	 tasks,	 viewing	 and	 listening	 to	 nonword	

stimuli,	do	not	 involve	visual	matrix	arrays	or	movement	sequences;	 thus,	visuospatial	

sketchpad	 rehearsal	 is	 not	 relevant	 to	 the	 current	 study,	 and,	 as	 such,	 will	 not	 be	

discussed	further.		

2.1.3	Phonological	Loop		

A	component	of	the	working	memory	model	that	is	critical	to	the	present	study	

is	 the	 phonological	 loop.	 According	 to	 Baddeley	 (2003),	 the	 phonological	 loop	 is	

comprised	of	 two	distinct	systems,	 the	phonological	 store	and	the	sub-vocal	 rehearsal	

system.	 The	 phonological	 store	 temporarily	 houses	 phonological	 codes.	 These	 codes	

decay	in	approximately	two	seconds	unless	refreshed	by	the	sub-vocal	rehearsal	system.	

The	 sub-vocal	 rehearsal	 system	 or	 “inner	 speech”	 (Logie,	 2011)	 is	 a	 silent	 verbal	

repetition	 process,	 where	 one	 mentally	 repeats	 a	 sequence	 to	 maintain	 the	

phonologically	 encoded	 contents	 of	 the	 store	 for	 longer	 periods	 of	 time	 (i.e.,	 greater	

than	two	seconds).		

Baddeley	 (2003)	 described	 a	model	 of	 the	phonological	 loop	 that	 accounts	 for	

both	 visual	 and	 auditory	 input	 eventually	 arriving	 at	 the	 phonological	 output	 buffer.	

Baddeley	(2003)	posited	that	visually	presented	material	is	decoded	at	the	level	of	visual	

analysis	then	transferred	from	an	orthographic	to	a	phonological	code	to	be	temporarily	

stored	 within	 the	 phonological	 output	 buffer,	 which	 may	 either	 lead	 to	 sub-vocal	

rehearsal	 or	 spoken	 output	 (See	 Figure	 1).	 In	 the	 current	 experimental	 paradigm,	

participants	 will	 encode	 and	 transfer	 either	 visual	 or	 auditory	 information	 to	 the	

phonological	 output	 buffer.	 Sub-vocal	 rehearsal	 will	 then	 be	 employed	 while	 the	

participant	 holds	 the	 novel	 phonological	 code	 in	 his/her	 working	 memory	 and	
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systematically	 compares	 the	 target	 nonword	 to	 subsequently	 presented	 nonword	

choices.		

During	sub-vocal	rehearsal,	covert	motor	planning	processes	may	be	activated	in	

order	to	support	the	accurate	sub-vocal	rehearsal	of	phonological	information.		Wilson	

(2001)	 indicated	 motor	 processes	 are	 activated	 during	 sub-vocal	 rehearsal	 while	

nonvocally	 (i.e.,	 silently)	 reading.	 Additionally,	 studies	 conducted	 with	 adults	 who	

present	with	dysarthria	and	aphasia	showed	that	sub-vocal	rehearsal	 is	not	dependent	

on	 the	 integrity	 of	 overt	 articulation	 and	 that	 producing	 articulated	 utterances	 is	 not	

necessary	 for	 sub-vocal	 rehearsal	 to	 take	 place	 (Baddeley	 &	Wilson,	 1985;	 Caplan	 &	

Waters,	 1995).	 Baddeley	 and	 Wilson	 (1985)	 found	 that	 individuals	 with	 dysarthria	

demonstrated	 slow	 and	 inaccurate	 phonological	 encoding	 and	 sub-vocal	 rehearsal	

during	 nonword	homophone	 tasks	 that	 did	 not	 require	 overt	 speech	production.	 This	

suggests	that	difficulty	planning	speech-motor	programs	may	negatively	affect	sub-vocal	

rehearsal.	Without	the	ability	to	internally	activate	the	speech-motor	program,	there	is	

no	 critical	 information	 to	 rehearse.	 Furthermore,	 studies	 in	 articulatory	 suppression	

which	 require	 participants	 to	 retain	 target	 words	 in	 working	 memory	 while	 overtly	

repeating	words	unrelated	to	the	target	(i.e.,	“the,	the,	the”)	have	had	a	negative	impact	

on	recall	accuracy	(Baddeley,	Lewis,	&	Vallar,	1984).	These	results	demonstrate	that	sub-

vocal	rehearsal	 is	critical	for	efficient	phonological	storage	and	retrieval.	In	the	current	

study,	 participants	 are	 expected	 to	 employ	 sub-vocal	 rehearsal	 during	 nonvocal	

nonword	 tasks;	 thus,	 the	 engagement	 of	 covert	 motor	 processes	 must	 also	 be	

considered	as	a	potential	 factor	 influencing	performance	of	adults	who	do	and	do	not	

stutter.				
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2.1.4	Episodic	Buffer	

A	short-term	storage	system	with	limited	capacity,	the	episodic	buffer	integrates	

multidimensional	 code	 from	different	 sources	 such	 as	 the	 visuospatial	 sketchpad,	 the	

phonological	 loop,	 and	 long-term	 memory	 that	 bind	 together	 to	 create	 “chunks	 or	

episodes.”	 These	 “episodes”	 perceptually	 aid	 in	 short-term	 memory	 recall	 and	 may	

create	 new	 cognitive	 representations	 or	 aid	 in	 long-term	 learning	 (Baddeley,	 2012).	

Baddeley	 (2003)	 suggested	 that	 if,	 in	 fact,	 the	phonological	 store	has	 limited	capacity,	

excess	 information	may	 spill	over	 into	 the	episodic	buffer.	Thus,	 in	 the	present	 study,	

because	 the	 capacity	 of	 the	 phonological	 store	 is	 unknown,	 information	 from	 the	

phonological	 loop	 may	 overflow	 into	 the	 episodic	 buffer	 as	 participants	 attempt	 to	

complete	multimodal	nonvocal	nonword	tasks.		

2.2	PHONOLOGICAL	WORKING	MEMORY	IN	ADULTS	WHO	STUTTER	

Baddeley	 (2012)	 described	 a	 model	 of	 PWM	 that	 includes	 functions	 of	 the	

central	executive,	 the	phonological	 loop,	and,	 if	needed,	 the	episodic	buffer.	Over	 the	

past	two	decades,	a	significant	body	of	research	has	suggested	that	deficits	in	PWM	may	

contribute	 to	 stuttered	 speech	 (Anderson,	 2007;	 Anderson	 &	 Byrd,	 2008;	 Bosshardt,	

1993;	Byrd,	Conture,	&	Ohde,	2007,	Byrd,	McGill,	&	Usler,	2015;	Byrd,	Sheng,	Bernstein	

Ratner,	&	Gkalitsiou,	2015;	Byrd,	Vallely,	Anderson,	&	Sussman,	2012;	Coalson	&	Byrd,	

2015;	 Hakim	 &	 Ratner,	 2004,	 Ludlow,	 Siren,	 &	 Zikria,	 1997;	 McGill	 et	 al.,	 2016;	

Sasisekaran	&	De	Nil,	2006;	Sasisekaran,	De	Nil,	Smyth,	&	Johnson,	2006;	Sasisekaran	&	

Byrd,	2013;	Weber-Fox	et	al.,	2004;	cf.,	Nippold,	2002,	2012).	

A	 number	 of	 experimental	 paradigms	have	 been	 completed	with	 persons	who	

stutter	to	enhance	the	understanding	of	the	contribution	of	various	subsystems	of	PWM	

to	stuttered	speech.	These	experimental	designs	include	nonword	repetition,	phoneme	

elision,	phoneme	monitoring,	rhyme	judgment,	list	recall,	and	word	jumble	(e.g.,	Byrd	et	
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al.,	2015;	Byrd	et	al.,	2015;	Byrd	et	al.,	2012;	Coalson	&	Byrd,	2015;	Ludlow	et	al.,	1997;	

McGill	et	al.,	2016;	Sasisekaran,	2013;	Sasisekaran	et	al.,	2006;	Sasisekaran	&	Weisberg,	

2014).		

2.2.1	Nonword	Repetition	and	Phoneme	Elision	

Nonword	repetition	tasks	tap	into	PWM	by	requiring	phonological	encoding	and,	

potentially,	sub-vocal	rehearsal	of	a	novel	phonological	string	prior	to	repetition	without	

the	influence	of	semantic	information.	Results	from	several	nonword	repetition	studies	

have	demonstrated	that	adults	who	stutter	are	less	accurate	repeating	nonwords	than	

their	fluent	peers	(e.g.,	Byrd	et	al.,	2012,	2015;	Ludlow	et	al.,	1997;	Sasisekaran,	2013;	

Sasisekaran	&	Weisberg,	2014).		Phoneme	elision	tasks	using	nonword	stimuli	have	also	

been	used	to	investigate	the	abilities	of	persons	who	stutter	to	phonologically	encode,	

sub-vocally	 rehearse,	 and	manipulate	 novel	 phonological	 strings	 prior	 to	 producing	 a	

novel	word	(Byrd	et	al.,	2012;	Byrd	et	al.,	2015).		

Ludlow	 et	 al.	 (1997)	 completed	 one	 of	 the	 first	 investigations	 of	 nonword	

repetition	with	adults	who	stutter.	Ten	adults	who	do	and	do	not	stutter	repeated	two,	

4-syllable	nonwords	multiple	times.	Adults	who	stutter	were	significantly	 less	accurate	

than	 fluent	 controls,	 even	when	 provided	with	 additional	 opportunities	 to	 repeat	 the	

nonwords.	Ludlow	and	colleagues	interpreted	these	findings	to	indicate	that	adults	who	

stutter	have	deficits	in	their	PWM	(1997).		

Byrd	 et	 al.	 (2012)	 employed	 a	 nonword	 repetition	 task	 as	 well	 as	 a	 phoneme	

elision	task	with	adults	who	do	and	do	not	stutter.		Fourteen	adults	who	stutter	and	14	

adults	who	do	not	stutter	listened	to	48	nonwords	and	were	provided	multiple	attempts	

to	 repeat	 the	 nonword.	 In	 the	 phoneme	 elision	 task,	 participants	 were	 given	 one	

opportunity	to	repeat	a	target	nonword	with	a	designated	sound	eliminated.	There	was	

no	difference	in	performance	accuracy	on	the	phoneme	elision	task	between	adults	who	
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stutter	 and	 fluent	 controls;	 this	 task	 was	 equally	 challenging	 for	 both	 talker	 groups.	

However,	 for	 the	 nonword	 repetition	 task,	 results	 showed	 repetition	 accuracy	 was	

comparable	for	adults	who	do	and	do	not	stutter	for	their	repetitions	of	2-,	3-,	and	4-	

syllable	words,	but	the	adults	who	stutter	required	a	greater	mean	number	of	attempts	

to	 achieve	 accurate	 production	 of	 7-syllable	 words.	 The	 investigators	 attributed	 the	

significant	 findings	 for	 the	 nonword	 repetition	 task	 to	 suggest	 that	 the	 sub-vocal	

rehearsal	 system	of	adults	who	stutter	 is	 less	efficient	 than	that	of	adults	who	do	not	

stutter	(Byrd	et	al.,	2012).		

Additionally,	Sasisekaran	(2013)	tested	behavioral	and	kinematic	responses	of	18	

adults	who	do	and	do	not	stutter	during	nonword	repetition	and	nonword	reading	tasks.	

Adults	who	do	and	do	not	 stutter	did	not	differ	 in	 their	nonword	 repetition	accuracy,	

but	adults	who	stutter	demonstrated	a	higher	percentage	of	errors	in	nonword	reading	

than	fluent	controls.	However,	the	stimuli	used	in	the	nonword	repetition	task	were	1-

syllable	 to	 4-syllables	 in	 length	while	 the	 stimuli	 for	 their	 nonword	 reading	 task	were	

either	6-syllables	or	11-syllables	 long.	Thus,	 the	nonwords	used	for	 the	repetition	task	

may	not	have	been	complex	enough	to	tax	PWM	of	the	adults	who	stutter	in	a	manner	

that	would	yield	the	talker	group	differences.		

Sasisekaran	 and	Weisberg	 (2014)	 explored	 the	nonword	 repetition	 accuracy	of	

10	 adults	 who	 stutter	 when	 presented	 with	 auditory	 nonword	 stimuli	 that	 varied	 by	

complexity	 and	 phonotactic	 constraint.	 Adults	 who	 stutter	 demonstrated	 decreased	

accuracy	 repeating	 complex	 nonwords	 compared	 to	 adults	 who	 do	 not	 stutter.	

Additionally,	 adults	 who	 stutter	 exhibited	 significant	 practice	 effects	 as	 measured	 by	

reduced	movement	variability	for	3-syllable	stimuli,	but	motoric	variability	persisted	for	

the	 longer	 4-syllable	 words.	 The	 investigators	 attributed	 talker	 group	 differences	 in	
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nonword	 repetition	 accuracy	 to	 deficits	 in	 PWM	 and/or	 speech	 motor	 processes	 for	

adults	who	stutter.		

In	 an	 attempt	 to	 extend	 past	 findings	 beyond	 the	 restriction	 of	 vocal	

performance,	 Byrd	 et	 al.	 (2015)	 explored	 the	 vocal	 as	 well	 as	 the	 nonvocal	 nonword	

repetition	and	phoneme	elision	abilities	of	adults	who	stutter	compared	to	adults	who	

do	 not	 stutter.	 In	 the	 vocal	 nonword	 repetition	 task,	 participants	 listened	 to	 and	

repeated	 two	 sets	 of	 4-	 and	 7-syllable	 nonwords	 (n=12	 per	 set;	 24	 total).	 For	 the	

nonvocal	nonword	repetition	task,	participants	listened	to	the	same	set	of	24	nonwords	

and	silently	identified	each	target	nonword	from	a	subsequent	set	of	three	nonwords.	In	

the	 vocal	 phoneme	 elision	 task,	 participants	 repeated	 the	 24	 nonwords	 with	 a	

designated	phoneme	eliminated.	Similar	to	the	nonvocal	nonword	repetition	task,	in	the	

nonvocal	 phoneme	 elision	 task,	 participants	 listened	 to	 phoneme	 elision	 instructions	

and	 silently	 identified	which	 subsequently	 presented	 nonword	 accurately	 fulfilled	 the	

condition.	 In	their	 initial	attempt	to	repeat	the	nonword,	adults	who	stutter	produced	

significantly	 fewer	 accurate	 vocal	 productions	 of	 7-syllable	 nonwords	 compared	 to	

adults	 who	 do	 not	 stutter.	 There	 were	 no	 talker	 group	 differences	 for	 the	 silent	

identification	 of	 nonwords,	 but	 both	 groups	 required	 significantly	 more	 attempts	 to	

accurately	silently	identify	7-syllable	nonwords	as	compared	to	4-syllable	nonwords.	For	

the	vocal	phoneme	elision	condition,	adults	who	stutter	were	significantly	less	accurate	

than	adults	who	do	not	stutter	in	their	initial	production	and	required	significantly	more	

attempts	 to	 accurately	 produce	 7-syllable	 nonwords	 with	 a	 designated	 phoneme	

eliminated.	This	group	difference	was	also	significant	for	the	nonvocal	phoneme	elision	

condition	 for	 both	 4-	 and	 7-syllable	 nonwords.	 The	 investigators	 suggested	 that	

performance	differences	during	both	vocal	and	nonvocal	tasks	indicated	that	adults	who	

stutter	have	unique	deficits	in	PWM	that	are	not	restricted	to	overt	speech	production	
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requirements.	The	results	further	support	the	notion	that	PWM	may	contribute	to	the	

difficulty	adults	who	stutter	have	establishing	and/or	maintaining	fluent	speech.			

2.2.2	Phoneme	Monitoring	

In	 addition	 to	 nonword	 repetition	 and	 phoneme	 elision	 tasks,	 silent	 phoneme	

methodologies	have	been	employed	to	 investigate	PWM	in	adults	who	do	and	do	not	

stutter	 (Coalson	 &	 Byrd,	 2015;	 Sasisekaran	 et	 al.,	 2006).	 Sasisekaran	 et	 al.	 (2006)	

recruited	10	adults	who	stutter	and	10	adults	who	do	not	stutter	to	complete	phoneme	

monitoring	 tasks	during	a	 silent	picture	naming	 condition	and	a	perception	 condition.	

During	the	silent	naming	condition,	participants	pressed	a	button	to	indicate	whether	or	

not	a	target	sound	was	present	when	they	silently	named	a	picture.	 In	the	perception	

condition,	 participants	 silently	 indicated	 whether	 or	 not	 a	 target	 sound	 was	 heard	

during	auditorily	presented	items.	Results	revealed	adults	who	stutter	were	significantly	

slower	 in	 phoneme	 monitoring	 during	 the	 silent	 naming	 task.	 Sasisekaran	 and	

colleagues	 suggested	 that	 these	 results	 support	 the	 notion	 that	 adults	 who	 stutter	

exhibit	phonological	encoding	deficits	(2006).		

Coalson	and	Byrd	(2015)	explored	the	metrical	aspects	of	phonological	encoding	

in	adults	who	do	and	do	not	stutter	using	two	silent	phoneme	monitoring	experiments.	

In	the	first	experiment,	22	adults	who	stutter	and	22	adults	who	do	not	stutter	silently	

monitored	 target	 phonemes	 in	 nonwords	with	 initial	 (i.e.,	 first	 syllable)	 stress.	 In	 the	

second	 experiment,	 an	 additional	 22	 adults	 who	 stutter	 and	 22	 adults	 who	 do	 not	

stutter	 silently	 monitored	 target	 phonemes	 in	 nonwords	 with	 noninitial	 (i.e.,	 second	

syllable)	 stress.	 Adults	 who	 stutter	 were	 significantly	 less	 accurate	 in	 their	 silent	

identification	of	phonemes	compared	to	the	typically	fluent	cohort.		Additionally,	adults	

who	 stutter	 required	 significantly	more	 time	 to	monitor	 a	designated	phoneme	when	

that	sound	occurred	at	the	syllable	boundary	assignment	in	stimuli	with	noninitial	stress.	
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Similar	 to	 Sasisekaran	 et	 al.	 (2006),	 the	 investigators	 suggested	 that	 these	 results	

demonstrate	compromised	phonological	encoding	for	adults	who	stutter.		

2.2.3	List	Recall		

Byrd,	Sheng,	Bernstein	Ratner,	and	Gkalitsiou	(2015)	explored	the	verbatim	trace	

abilities	of	adults	who	do	and	do	not	stutter	using	a	recall	paradigm	with	lists	of	words	

that	were	semantically,	phonologically,	or	both	semantically	and	phonologically	related	

to	a	single,	unpresented	critical	lure	word.	For	example,	for	the	critical	lure	‘wet’,	which	

was	 not	 presented	 to	 the	 participants,	 a	 semantic	 list	 included	words	 such	 as	 damp,	

slippery,	 splash,	 etc.	 For	 the	 same	 critical	 lure	 word	 (i.e.,	 ‘wet’),	 a	 phonological	 list	

included	words	 such	 as	 vet,	watt,	west,	 etc.	 Byrd	 et	 al.	 (2015)	 found	 that	 adults	who	

stutter	were	significantly	less	accurate	than	adults	who	do	not	stutter	in	their	recall	of	

words	 from	 the	 phonologically	 related	 lists.	 No	 group	 differences	were	 noted	 for	 the	

semantically	related	or	hybrid	(i.e.,	semantically	and	phonologically	related)	lists.	Byrd	et	

al.	 (2015)	 concluded	 that	 without	 the	 assistance	 of	 long-term	 semantic	 knowledge,	

information	within	 the	 phonological	 loop	may	 be	more	 vulnerable	 to	 decay	 in	 adults	

who	stutter.		

2.2.4	Rhyme	Judgment	

Weber-Fox	and	colleagues	 (2004)	completed	 the	only	 study	 that	has	examined	

phonological	encoding	through	visual	stimuli	only.	They	compared	the	nonvocal	rhyming	

abilities	of	adults	who	stutter	to	typically	fluent	peers	(n	=	11	per	group).	In	the	rhyming	

paradigm,	 participants	 selected	 a	 “yes”	 or	 “no”	 button	 to	 indicate	 if	 the	 two	 visually	

presented	 words	 rhymed.	 Participants	 were	 presented	 with	 four	 rhyming	 conditions:	

orthographically	and	phonologically	similar	(e.g.,	“wood”	and	“hood”),	orthographically	

similar	 but	 phonologically	 dissimilar	 (e.g.,	 “blood”	 and	 “hood”),	 orthographically	

dissimilar	but	phonologically	similar	(e.g.,	“could”	and	“hood”),	and	orthographically	and	
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phonologically	 dissimilar	 (e.g.,	 “air”	 and	 “hood”).	 Out	 of	 the	 four	 conditions,	 a	 talker	

group	 difference	was	 observed	 only	 in	 the	 orthographically	 similar	 but	 phonologically	

dissimilar	 condition,	 which	 was	 considered	 to	 be	 the	 most	 cognitively	 and	

phonologically	challenging.	Adults	who	stutter	as	compared	to	adults	who	do	not	stutter	

demonstrated	 longer	 reaction	 times	 in	 determining	 whether	 or	 not	 words	 in	 this	

condition	rhymed.	Thus,	Weber-	Fox	et	al.	(2004)	concluded	that	adults	who	do	and	do	

not	stutter	are	similar	in	their	PWM	abilities	until	there	is	an	increase	in	cognitive	load.		

2.2.5	Word	Jumble		

Recently,	McGill	et	al.	(2016)	extended	previous	research	by	analyzing	the	ability	

of	adults	who	stutter	to	use	PWM	in	conjunction	with	lexical	access	to	perform	a	word	

jumble	task.	Stimuli	were	40	English	words	consisting	of	3-,	4-,	5-,	and	6-letters	(n=	10	

per	letter	length	category)	that	were	randomly	jumbled	using	a	web-based	application.	

During	the	experimental	task,	26	participants	(n	=	13	adults	who	stutter,	n	=	13	adults	

who	do	not	stutter)	were	asked	to	silently	manipulate	the	scrambled	 letters	to	form	a	

real	word.	Each	vocal	response	was	coded	for	accuracy	and	speech	reaction	time.	Adults	

who	stutter	provided	vocal	answers	 to	 fewer	word	 jumble	stimuli	 than	adults	who	do	

not	stutter	at	the	4-letter,	5-letter,	and	6-letter	lengths.	Additionally,	adults	who	stutter	

were	significantly	less	accurate	solving	word	jumble	tasks	at	the	4-letter,	5-letter,	and	6-

letter	 lengths	 compared	 to	 adults	who	do	 not	 stutter.	 At	 the	 longest	word	 length	 (6-

letter),	the	adults	who	stutter	required	significantly	more	time	than	the	fluent	controls.	

McGill	 et	 al.	 (2016)	 concluded	 that	 performance	 on	 word	 jumble	 tasks	 support	 the	

notion	 that	differences	 in	various	aspects	of	phonological	processing,	 including	vision-

to-sound	 conversions,	 sub-vocal	 stimulus	 manipulation,	 and/or	 lexical	 access	 are	

compromised	in	adults	who	stutter	particularly	when	cognitive	load	is	increased.		
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2.3	AUDITORY	PROCESSING	IN	ADULTS	WHO	STUTTER	

Researchers	have	 suggested	auditory	processing	deficits	may	 contribute	 to	 the	

difficulties	 persons	 who	 stutter	 have	 establishing	 and/or	 maintaining	 fluent	 speech	

(Biermann-Ruben,	Salmelin,	&	Schnitzler,	2005;	Hall	&	Jerger,	1978;	Hampton	&	Weber-

Fox,	 2008).	 Additionally,	 researchers	 have	 indicated	 that	 performance	 differences	

between	adults	who	do	and	do	not	 stutter	on	PWM	tasks	may	be	mediated	by	 these	

deficits	(Hampton	&	Weber-Fox,	2008).		

Stromsta	 (1972)	 reported	 atypical	 phase	 responses	 among	 people	who	 stutter	

on	a	pure-tone	cancellation	task.	Twenty-five	adults	who	stutter	and	25	adults	who	do	

not	stutter	were	simultaneously	presented	binaural	auditory	sensation	evoked	by	bone-

conducted	 signals	 and	 bilateral	 air-conducted	 signals	 of	 the	 same	 frequency.	

Participants	who	stutter	demonstrated	reduced	cancellation	of	these	pure-tone	sounds	

compared	to	their	typically	fluent	peers.	Stromsta	concluded	that	laryngeal	function	of	

persons	who	stutter	may	be	affected	by	anomalous	audition-phonation	control	(1972).		

Hall	and	Jerger	(1978)	also	found	that	adults	who	stutter	performed	worse	than	

adults	 who	 do	 not	 stutter	 on	 several	 audiometric	 tasks.	 Ten	 adults	 who	 stutter	

demonstrated	 smaller	acoustic	 reflex	amplitude	 functions	 compared	 to	10	adults	who	

do	 not	 stutter.	 Additionally,	 participants	 were	 asked	 to	 identify	 synthetic	 sentences	

when	 presented	 with	 an	 ipsilateral	 competing	 message.	 Adults	 who	 stutter	 were	

significantly	 less	 accurate	 identifying	 sentences	 in	 this	 condition	 compared	 to	 adults	

who	do	not	stutter.	In	a	third	auditory	task,	participants	were	presented	with	40	pairs	of	

partially	overlapping	spondaic	words	and	were	asked	 to	 repeat	both	spondees.	Adults	

who	 stutter	 were	 significantly	 less	 accurate	 in	 their	 completion	 of	 the	 staggered	

spondaic	word	test.	The	 investigators	concluded	that	adults	who	stutter	have	a	subtle	

central	 auditory	 deficiency	 compared	 to	 adults	 who	 do	 not	 stutter.	 Additionally,	
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Medwetsky	(2006)	suggested	that	this	auditory	deficit	 is	often	present	without	deficits	

in	language	abilities,	cognitive	processing,	or	pure-tone	hearing	abilities	for	persons	who	

stutter.		

Foundas	 et	 al.	 (2004)	 also	 reported	 evidence	 of	 atypical	 auditory	 processing	

during	 a	 dichotic	 listening	 task	 for	 left-handed	 men	 and	 right-handed	 women	 who	

stutter,	 suggesting	 that	 atypical	 auditory	 functioning	may	 reflect	 atypical	 hemispheric	

dominance	 or	 be	 symptomatic	 of	 compensatory	 neural	 mechanisms.	 Additionally,	

Hampton	and	Weber-Fox	 (2008)	 found	 that	 adults	who	 stutter	demonstrated	atypical	

processing	 of	 auditory	 linguistic	 information	 despite	 scoring	 within	 normal	 range	 on	

formal	language	tests.		

Thus,	there	may	be	a	subset	of	adults	who	stutter	who	have	a	disruption	in	the	

encoding	of	auditory	signals	which	in	turn	could	lead	to	reduced	efficiency	in	processing	

and	 monitoring	 auditory	 feedback.	 This	 deficiency	 in	 the	 processing	 of	 auditory	

information	may	 contribute	 to	 stuttered	 speech.	 Perhaps	 an	 adult	who	 stutters,	who	

has	 auditory	 processing	 difficulties	may	 have	 difficulty	monitoring	 and	 processing	 the	

subtle	differences	 in	phonemes.	Thus,	 these	adults	may	be	able	 to	encode,	store,	and	

retrieve	 the	 visual	 phonological	 information	 efficiently	 (the	 visual	 part	 of	 the	 current	

tasks)	 but	 are	 inefficient	 in	 phoneme	 monitoring	 due	 to	 auditory	 discrimination	

differences	(the	auditory	part	of	the	current	tasks).		

2.4	PURPOSE	AND	RESEARCH	QUESTION	

At	the	time	of	the	current	investigation,	no	study	had	explored	PWM	in	persons	

who	 do	 and	 do	 not	 stutter	 on	 tasks	 that	 directly	 compare	 visual	 to	 auditory	 input	

performance	 differences.	 Thus,	 the	 purpose	 of	 this	 dissertation	 is	 to	 explore	 PWM	 in	

adults	 who	 do	 and	 do	 not	 stutter	 using	 multimodal	 nonvocal	 nonword	 conditions	

including	 visual	 to	 visual,	 visual	 to	 auditory,	 and	 auditory	 to	 visual.	 	 Specifically,	 the	
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present	 study	 addresses	 the	 following	 question:	 Does	 the	 presentation	 of	 critical	

information	 via	 visual	 input	 as	 compared	 to	 auditory	 input	 result	 in	 accuracy	 and	

reaction	time	differences	on	PWM	tasks	for	adults	who	stutter	relative	to	typically	fluent	

peers?		

If	 deficits	 in	 PWM	are	 exclusively	 driven	 by	 differences	 in	 auditory	 processing,	

adults	who	stutter	as	compared	to	adults	who	do	not	stutter	are	expected	to	perform	

significantly	 less	 accurately	 and	 with	 slower	 manual	 reaction	 times	 only	 in	 the	 two	

nonword	 conditions	 that	 contain	 auditory	 stimuli.	 Alternatively,	 if	 PWM	 is	 uniquely	

impaired,	regardless	of	stimulus	 input	modality,	adults	who	stutter	would	be	expected	

to	 demonstrate	 decreased	 accuracy	 and	 slower	 manual	 reaction	 time	 compared	 to	

adults	who	do	not	stutter	on	the	visual	and	auditory	multimodal	nonword	tasks.	
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Chapter	3:	Method	

3.1	PARTICIPANTS	

Participants	were	 recruited	 from	 central	 Texas	 and	 surrounding	 areas	 through	

flyers,	emails,	postings	on	the	University	of	Texas	Events	Calendars,	as	well	as	through	

word	 of	 mouth.	 The	 study	 was	 approved	 by	 The	 University	 of	 Texas	 at	 Austin’s	

Institutional	 Review	 Board	 (IRB	 #:	 2014030068)	 and	 written	 informed	 consent	 was	

obtained	for	each	participant.		

3.1.1	Power	Analysis		

As	shown	in	Table	1,	a	priori	power	analyses	were	conducted	based	on	the	effect	

sizes	of	Byrd	et	al.	(2015)	who	used	an	auditory	to	auditory	nonvocal	and	vocal	nonword	

repetition	 and	 phoneme	 elision	 paradigm	 with	 adults	 who	 do	 and	 do	 not	 stutter;	 a	

paradigm	that	is	consistent	with	the	current	experimental	design.	Participants	were	10	

adults	who	stutter	and	10	adults	who	do	not	stutter	who	were	matched	for	age,	gender,	

and	education	level	(Byrd	et	al.,	2015).	Participants	in	the	Byrd	et	al.	(2015)	study	were	

provided	one	attempt	per	auditory	to	auditory	nonvocal	trial.	Additionally,	as	is	the	case	

in	the	present	study,	Byrd	et	al.’s	dependent	variables	were	mean	number	of	accurate	

responses.	 Byrd	 et	 al.	 (2015)	 reported	 a	 significant	 difference	 between	 adults	 who	

stutter	 and	adults	who	do	not	 stutter	during	 the	nonvocal	 phoneme	elision	 condition	

(F(1,18)	=	30.64,	p	=	.001,	partial	η2	=	.630),		a	significant	main	effect	for	syllable	length	

(F(1,18)	 =	 48.077,	 p	 ≤	 .001,	 partial	 η2	 =	 .728)	 and	 a	 significant	 interaction	 between	

syllable	length	and	talker	group	(F(1,18)	=	33.923,	p	≤	.001,	partial	η2	=	.653).		
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Table	1.	Effect	sizes	from	Byrd	et	al.	(2015).	

Effect	 p	 Effect	Size	 Α	 ηρ²	 Power	

Talker	Group	 .001	 High	 .05	 .63	 .79	

Syllable	Length	 .001	 High	 .05	 .72	 .89	

Syllable	Length	X	

Talker	Group	

.001	 High	 .05	 .65	 .82	

	A	priori	power	analyses	using	the	effect	sizes	from	Byrd	et	al.	(2015)	indicated	a	

total	 sample	 size	of	32	participants	 (n	 =	16	per	 talker	 group)	were	needed	 to	achieve	

80%	power	(1	–	β)	for	detecting	a	high	sized	effect	(partial	η2	=	0.40)	when	employing	an	

α	=	.05	(G*Power	©;	Faul,	Erdfelder,	Buchner,	&	Lang,	2009).	See	Table	2.		

Table	2.	A	prior	power	analysis	for	the	current	study.	

Effect	Size	 α	 ηρ²	 Power	 N	(Total)	

High	 0.05	 .40	 0.80	 32	

Medium	 0.05	 .25	 0.80	 76	

Low	 0.05	 .10	 0.80	 460	

3.1.2	Inclusionary	Criteria		

The	44	participants	included	in	the	present	study	met	the	following	inclusionary	

criteria:	(a)	native	English	speaker	or	an	English	speaker	with	native	competency;	(b)	18	

years	of	age	or	older;	(c)	right	handed;	(d)	no	present	or	prior	history	of	speech,	reading,	

and/or	language	disorders	(with	the	exception	of	stuttering	for	the	adults	who	stutter);	

and	 (e)	 no	 current	 or	 previous	 neurological,	 social,	 emotional,	 or	 psychiatric	
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disturbances.	 Participants	 who	 do	 not	 stutter	 who	 served	 as	 the	 control	 group	 were	

matched	for	age	(±2	years),	gender,	and	education	 level.	Participant	ages	ranged	from	

18	 to	 46	 years	 old	 (AWS:	 M=27.86;	 AWNS:	 M=27.95).	 There	 were	 four	 female	

participants	per	talker	group.		

3.1.3	Demographic	and	Background	Information		

Prior	 to	 participating	 in	 experimental	 tasks,	 all	 participants	 self-reported	 their	

age,	gender,	race/ethnicity,	primary	language	spoken,	education	level,	and	past	medical	

history	 via	 a	 case	history	questionnaire.	 Participants	 also	 self-reported	handedness	 as	

well	 as	 vision	 and	hearing	 skills.	 Participants	 included	 in	 the	present	 study	were	 right	

handed.		

3.1.3.1	Hearing	and	Vision	Measures	

In	 addition	 to	 self-report	 of	 vision	 and	 hearing	 skills,	 participants	 completed	 a	

bilateral	 pure	 tone	 hearing	 screening	 at	 20	 dbHL	 for	 1000,	 2000,	 4000,	 and	 6000	 Hz	

(American	 Speech-Language-Hearing	Association,	 1997).	 Participants	 also	 completed	 a	

near-vision	acuity	vision	screening	with	a	score	of	20/30	or	better,	considered	sufficient	

to	read	print	at	40	centimeters	(i.e.,	“range	of	normal	vision,”	ICD-10-CM:	United	States	

Department	 of	 Health	 and	Human	 Services,	 2016).	 All	 44	 participants	 included	 in	 the	

present	study	passed	both	the	hearing	and	vision	assessments.		

3.1.3.2	Baseline	Manual	Reaction	Time	Measures	

	Participants’	baseline	manual	reaction	time	was	assessed	using	both	visual	and	

auditory	 tasks.	 In	 the	visual	baseline	 task,	participants	manually	 responded	 to	a	visual	

icon	(i.e.,	“+”)	presented	in	one	of	four	corners	of	the	computer	monitor	at	randomized	

intervals.	In	the	auditory	baseline	task,	participants	responded	to	a	pure	tone	presented	

at	the	same	randomized	timing	 intervals	used	 in	the	visual	baseline	task.	One	block	of	

the	baseline	task	included	either	a	visual	or	an	auditory	stimulus	randomly	presented	at	
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500,	 1000,	 1500,	 and	 2000	milliseconds.	 Participants	 completed	 10	 repetitions	 of	 the	

randomized	baseline	block	 (N	 =	 40	 trials	 for	 visual	 baseline,	N	 =	 40	 trials	 for	 auditory	

baseline).	Participants	were	asked	to	respond	to	 the	presence	of	 the	 icon	or	sound	as	

quickly	 as	possible	by	pressing	a	button	on	a	 SuperLab	 response	pad	using	 their	 right	

hand.	 Manual	 reaction	 times	 based	 on	 speed	 of	 button-press	 were	 measured	 and	

averaged	across	position,	trials	and	intervals.	No	individual	participant’s	manual	reaction	

time	fell	below/above	two	standard	deviations	(z-scores)	from	the	mean	of	their	talker	

group	for	either	the	visual	or	the	auditory	baseline	tasks.		

Participants	also	completed	the	Purdue	Pegboard	Test	(Tiffin,	1948)	subsections	

Both	Hands	and	Assembly	as	baseline	manual	reaction	time	measures.	Results	from	the	

Purdue	Pegboard	Test	were	 then	analyzed	 to	ensure	no	significant	differences	existed	

on	manual	motor	tasks	between	adults	who	do	and	do	not	stutter.		

3.1.3.3	Speech,	Language,	Handedness	Measures	

Standardized	 speech,	 vocabulary,	 and	 cognitive	 tests	 were	 administered	 to	

ensure	 that:	 (1)	 there	 were	 no	 participants	 in	 either	 group	 who	 had	 receptive	

vocabulary,	expressive	vocabulary,	or	cognitive	skills	that	were	below	normal	limits;	(2)	

participants	 in	 the	 two	 talker	 groups	 had	 a	 similar	 distribution	 of	 vocabulary	

performance;	and	(3)	there	were	no	speech,	language,	or	cognitive	differences	that	may	

confound	 the	 results.	 All	 44	 participants	 included	 in	 the	 study	 scored	 within	 one	

standard	 deviation	 from	 the	 mean	 on	 the	 following	 standardized	 intelligence,	

vocabulary,	working	memory,	 and	 attention	measures:	Test	 of	Nonverbal	 Intelligence-	

Fourth	 Edition	 (TONI-4;	 Brown,	 Sherbenou,	 &	 Johnsen,	 2010);	 NIH	 Toolbox	 for	

Assessment	 of	 Neurological	 and	 Behavioral	 Function	(2013)	 subtests	 including	 Picture	

Vocabulary	 Test,	 List	 Sorting	 Working	 Memory	 Test,	 Oral	 Reading	 Recognition	 Test,	

Pattern	Comparison	Processing	Speed	Test,	Flanker	Inhibitory	Control	and	Attention	Test,	
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and	 Dimensional	 Change	 Card	 Sorting	 Test;	 Comprehensive	 Test	 of	 Phonological	

Processing	subtests	including	Phoneme	Elision,	Blending	Words,	Rapid	Digit	Naming,	and	

Nonword	 Repetition	 (CTOPP;	 Wagner,	 Torgesen,	 &	 Rashotte,	 1999);	 Peabody	 Picture	

Vocabulary	Test	–	 IV	Edition	 (PPVT-4;	Dunn	&	Dunn,	2007);	and	Expressive	Vocabulary	

Test	–	II	Edition	(EVT-II;	Williams,	2007).		

3.1.4	Talker	Group	Classification			

A	participant	was	considered	an	adult	who	stutters	if	he	or	she	(a)	self-reported	

as	a	person	who	stutters	and	(b)	was	previously	diagnosed	as	a	person	who	stutters	by	a	

certified	speech-language	pathologist.	A	participant	was	classified	as	a	person	who	does	

not	stutter	if	he	or	she	self-reported	that	s/he	was	not	a	person	who	stutters	and	also	

reported	no	past	or	present	diagnosis	of	stuttering.		

3.2	NONWORD	STIMULI	

Nonword	stimuli	were	used	in	the	present	study	in	order	to	reduce	the	influence	

of	 prior	 lexical	 knowledge	 (i.e.,	 semantic,	 orthographic,	 or	 phonological	

representations),	 thus,	 forcing	 a	 reliance	on	 the	phonological	 loop	 (Gathercole,	Willis,	

Baddeley,	&	Emslie,	1994;	Montgomery,	2004).	A	total	of	16	nonwords	consisting	of	4-	

and	7-	syllables	(N	=	8	per	syllable	length	category)	selected	from	the	nonword	stimulus	

list	 developed	 by	 Byrd	 et	 al.	 (2012)	 and	 used	 in	 Byrd	 et	 al.	 (2015)	 were	 used	 in	 the	

current	 study.	 Nonwords	 were	 controlled	 for	 segmental	 phonotactic	 probability,	

biphone	phonotactic	probability,	and	real	wordlikeness.		

3.2.1	Phonotactic	Complexity	

Stimuli	were	controlled	for	phonotactic	complexity	using	the	Vitevitch	and	Luce	

(2004)	 web-based	 method	 of	 calculating	 segmental	 and	 biphone	 phonotactic	

probabilities.	 The	 mean	 sum	 of	 segmental	 probability	 was	 1.437	 for	 the	 4-syllable	

nonwords	 and	 1.676	 for	 the	 7-syllable	 nonwords.	 The	 mean	 sum	 of	 the	 biphone	
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probabilities	 was	 1.024	 for	 the	 4-syllable	 nonwords	 and	 1.029	 for	 the	 7-syllable	

nonwords.	Segmental	and	biphone	sums	for	both	syllable	length	categories	were	low	in	

phonotactic	 probability	 as	 Vitevitch	 and	 Luce	 (1998)	 defined	 high	 phonotactic	

probability	for	nonwords	as	<1.	

3.2.2	Real	Wordlikeness	

As	described	in	Byrd	et	al.	(2012),	the	nonword	stimuli	were	also	controlled	for	

real	 wordlikeness.	 Thirty	 adults	 rated	 the	 nonwords	 according	 to	 the	 wordlikeness	

scaled	 used	 by	 Gathercole	 (1995).	 Participants	 were	 instructed	 to	 rate	 the	 spoken	

nonword	on	a	5-point	scale	with	1	indicating	“very	unlike	a	real	word”	and	5	indicating	

“very	 like	 a	 real	 word”.	 They	 were	 also	 told	 that	 the	 rating	 should	 not	 be	 based	 on	

comparing	the	nonword	to	an	existing	real	word,	but	on	whether	the	nonword’s	sound	

pattern	 could	 exist	 in	 the	 English	 language.	 Mean	 auditory	 wordlikeness	 ratings	 of	

nonwords	were	2.167	for	the	4-syllable	nonwords	and	2.42	for	the	7-syllable	nonwords.	

In	addition	to	ratings	for	auditory	real	wordlikeness,	the	30	adults	also	rated	the	visual	

real	 wordlikeness	 of	 the	 nonword	 stimuli	 using	 the	 same	 scale.	 Mean	 visual	

wordlikeness	ratings	of	nonwords	were	2.5	for	the	4-syllable	nonwords	and	2.33	for	the	

7-syllable	nonwords.	 Thus,	 all	words	were	 comparable	 in	 their	 rating	of	wordlikeness,	

ranging	from	“very	unlike	a	real	word”	to	“unlike	a	real	word.”	

3.2.3	Foil	Stimuli	

Foil	stimuli	used	in	the	present	study	were	variations	of	the	target	nonword.	To	

create	 the	 foils,	 a	 phoneme	was	 systematically	 omitted,	 substituted,	 or	 added	 to	 the	

target	nonword.	Specifically,	phonemes	were	added,	omitted,	or	 substituted	 from	the	

initial	 word	 position,	 the	 initial	 position	 following	 syllable	 boundaries	 for	 the	 first	

through	fifth	syllables,	the	final	position	within	syllable	boundaries	for	the	first	through	

fifth	syllables,	or	the	final	word	position	from	each	nonword.	Thus,	modification	of	the	
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stimuli	 to	 create	 the	 foils	was	based	on	 location,	not	phonological	property.	With	 the	

exception	of	the	sixth	syllable,	initial	and	final	consonants	were	deleted,	substituted,	or	

added	 to/from	 all	 syllables	 at	 least	 once,	 as	 consistently	 as	 possible,	 and	 in	 random	

order	across	syllable	lengths.	Due	to	the	construction	of	the	nonwords,	the	sixth	syllable	

never	contained	a	final	consonant	to	be	deleted	(see	Byrd	et	al.,	2012).	Modifications	to	

the	target	nonword	in	order	to	create	foil	stimuli	did	not	change	the	number	of	syllables	

or	 significantly	 alter	 phonotactic	 complexity.	 See	 Table	 3	 for	 a	 complete	 list	 of	 the	

stimuli.		

3.2.4	Stimuli	Recording		

A	 female	 native	 speaker	 of	 Standard	 American	 English	 recorded	 the	 audio	

nonword	 stimuli	 on	 a	 Macintosh	 computer	 using	 Adobe	 Audible	 software	 and	 an	

Electrovoice	 RE20	 microphone	 in	 a	 sound	 proofed	 room.	 To	 control	 for	 prosodic	

variation	across	syllable	lengths,	each	recorded	production	of	the	nonword	stimuli	and	

foils	were	stressed	on	 the	 first	 syllable.	The	microphone	was	placed	approximately	six	

inches	from	the	speaker.		

3.2.5	Stimuli	Presentation	

Experimental	 tasks	were	 completed	 in	 a	 quiet	 room	 over	 two	 sessions	 lasting	

approximately	 1.5	 hours	 each.	 Participants	 viewed	 visual	 stimuli	 on	 a	 35	 inch	 Dell	

computer	monitor.	 The	 distance	 between	 the	 participant,	 seated	 on	 a	 chair,	 and	 the	

computer	 screen	 was	 approximately	 19	 inches.	 Visual	 stimuli	 were	 presented	 in	 40	

point,	 black,	 Arial	 font	 on	 a	 white	 background	 using	 SuperLab	 Pro	 4.5.	 Audio	 stimuli	

were	 played	 through	 KRK	 Rokit	 5	 tabletop	 speakers.	 The	 audio	 and	 visual	 stimuli	

presentation	 order	 as	 well	 as	 the	 presentation	 of	 the	 four	 answer	 choices	 for	 each	

target	nonword	were	randomized	through	SuperLab	software	within	each	syllable	class.	
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In	each	nonvocal	nonword	condition,	the	4-syllable	nonwords	were	administered	before	

the	more	challenging	7-syllable	nonwords.		

3.2.6	Data	Recording	

Participant	 responses	were	recorded	via	SuperLab	software,	with	a	Sanyo	VPC-

HD1010	digital	video	camera,	and	with	an	Olympus	WS-321M	digital	voice	recorder.	The	

digital	 voice	 recorder	was	 placed	 approximately	 24	 inches	 from	 the	 speaker	 on	 a	 flat	

tabletop	 surface	 and	 was	 used	 to	 document	 participant’s	 vocal	 responses	 to	 pre-

experimental	 tasks.	No	digital	voice	 recording	was	conducted	during	 the	experimental	

paradigm	 given	 that	 participants	 responded	 via	 button	 press	 on	 a	 SuperLab	 RB-844	

response	pad	to	all	nonvocal	nonword	tasks.	During	the	experimental	 tasks,	 the	video	

camera	 was	 positioned	 such	 that	 the	 computer	 screen	 and	 the	 response	 pad	 were	

recorded.		

3.3	EXPERIMENTAL	TASKS	

The	 present	 study	 consisted	 of	 three	 nonvocal	 nonword	 conditions:	 visual	 to	

visual,	visual	to	auditory,	and	auditory	to	visual2.	All	experimental	tasks	were	completed	

nonvocally	 (i.e.,	 silently)	 and	 accuracy	 and	 manual	 reaction	 time	 responses	 were	

recorded	via	SuperLab	software.		

3.3.1	Visual	to	Visual	Condition	

	In	 the	 visual	 to	 visual	 condition,	 participants	 silently,	 visually	 decoded	 a	

presented	 target	 nonword	 and	 then	 silently	 identified	 the	 target	 nonword	 from	 a	

subsequent	 administration	 of	 four	 sequentially,	 visually	 presented	 nonword	 options.	

Participants	used	 the	 response	pad	 to	manually	 select	which	one	of	 the	 subsequently	

presented	four	nonword	stimuli	exactly	matched	the	target	nonword.	Before	beginning	

                                                
2	Auditory	to	auditory	nonvocal	nonword	condition	was	previously	completed	by	Byrd,	McGill,	&	Usler	
(2015).	 
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the	experimental	tasks,	each	participant	completed	a	practice	set	which	included	two	4-	

syllable	nonwords	and	two	7-syllable	nonwords	not	included	in	the	experimental	stimuli	

set.		

Prior	 to	 beginning	 the	 visual	 to	 visual	 condition,	 participants	 viewed	 the	

following	instructions,	“A	target	word	will	appear	on	the	screen.	Please	silently	view	the	

word.		Do	not	whisper,	mouth,	or	read	the	word	aloud.	Following	the	target	word,	you	

will	 be	 presented	with	 four	 nonword	 choices	 on	 the	 screen	 one	 at	 a	 time.	 Nonword	

choices	will	sequentially	appear	in	each	of	the	four	quadrants	of	the	computer	screen.	

Following	 the	 target	 nonword	 and	 sequentially	 presented	 four	 nonword	 choices,	 you	

will	be	presented	with	a	screen	that	shows	four	boxes:	“Word	1”,	“Word	2”,	“Word	3”,	

and	 “Word	 4”.	 Use	 the	 response	 pad	 to	 select	 which	 of	 the	 four	 nonwords	matches	

exactly	 the	 target	 nonword.	 Please	make	 your	 selection	 as	 quickly	 and	 accurately	 as	

possible.	Do	you	have	any	questions?	You	will	keep	your	hand	on	the	response	pad	for	

the	entirety	of	 this	 section,	but	do	not	make	your	 selection	until	 all	words	have	been	

presented.	 When	 you	 are	 ready,	 press	 any	 button	 to	 begin.”	 See	 Figure	 2	 for	 a	

schematic	of	the	visual	to	visual	condition.		

3.3.2	Visual	to	Auditory	Condition		

The	visual	to	auditory	condition	required	participants	to	visually	decode	a	single	

target	 nonword	 silently	 and	 then	 identify	 the	 target	 nonword	 from	 a	 set	 of	 four	

sequentially	presented	auditory	nonword	options.	One	of	the	four	nonwords	played	was	

identical	 to	 the	 initial	 target	nonword,	 the	other	 three	nonwords	were	 foils.	After	 the	

four	nonwords	choices	were	sequentially	presented,	the	participant	pressed	a	button	on	

the	 response	pad	 to	 select	 “Word	1”	 for	 the	 first	word	 they	heard,	 “Word	2”	 for	 the	

second	word	they	heard,	“Word	3”	for	the	third	word	they	heard,	or	“Word	4”	for	the	

fourth	word	they	heard.		
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Prior	to	beginning	the	visual	to	auditory	condition,	participants	saw	the	following	

instructions,	“In	 this	section,	a	single	 target	nonword	will	appear	on	the	screen.	Then,	

you	will	then	hear	four	nonwords.	Next,	you	will	be	presented	with	a	screen	that	shows	

four	boxes:	“Word	1”,	“Word	2”,	“Word	3”,	and	“Word	4”.	Use	the	keypad	to	select	the	

word	that	matches	exactly	the	target	word	you	previously	saw.	You	will	select	“Word	1”	

for	 the	 first	word	 you	hear,	 “Word	2”	 for	 the	 second	word	 that	 you	hear,	 and	 so	on.	

Please	wait	until	all	nonwords	have	been	presented	before	you	make	your	selection.	Do	

you	have	any	questions?	Press	any	button	to	begin.”	See	Figure	3	for	a	schematic	of	the	

visual	to	auditory	condition.		

3.3.3	Auditory	to	Visual	Condition	

	The	 auditory	 to	 visual	 condition	 required	 participants	 to	 listen	 to	 a	 target	

nonword	and	then	silently	identify	the	target	nonword	from	four	subsequently,	visually	

presented	 nonword	 options.	 One	 of	 the	 four	 subsequently	 presented	 visual	 nonword	

choices	 was	 identical	 to	 the	 initial	 target	 nonword,	 the	 other	 three	 nonwords	 were	

related	foils.	After	the	target	nonword	and	the	four	subsequently	nonword	choices	were	

visually	presented,	the	participants	used	the	response	pad	to	make	their	selection.		

Prior	 to	 beginning	 the	 auditory	 to	 visual	 condition,	 participants	 viewed	 the	

following	 instructions,	“You	will	hear	an	audio	clip	of	a	target	nonword.	Then,	you	will	

see	 four	 nonword	 choices	 appear	 on	 the	 screen	one	 at	 a	 time.	 Finally,	 you	will	 see	 a	

screen	that	shows	“Word	1”,	“Word	2”,	“Word	3”,	“Word	4”.	Use	the	response	pad	to	

select	 the	one	subsequently	presented	nonword	choice	 that	matches	 the	 initial	 target	

word.	You	will	select	“Word	1”	for	the	first	word	you	saw	following	the	target	nonword,	

“Word	2”	for	the	second	word	you	saw	following	the	target	nonword,	“Word	3”	for	the	

third	word	you	saw	following	the	target	nonword,	or	“Word	4”	for	the	fourth	word	you	

saw	following	the	target	nonword.		Please	wait	until	all	nonwords	have	been	presented	
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on	the	screen	before	you	make	your	selection.	Do	you	have	any	questions?	When	you	

are	ready,	press	any	button	to	begin.”	See	Figure	4	 for	a	schematic	of	 the	auditory	 to	

visual	condition.			

3.4	DATA	CODING		

Participant	responses	were	recorded	and	scored	as	either	correct	or	incorrect	by	

the	 programmed	 SuperLab	 software.	 Manual	 reaction	 time	 in	 milliseconds	 was	 also	

recorded	 using	 SuperLab	 software.	 Participant	 responses	 and	 manual	 reaction	 times	

were	then	exported	to	Microsoft	Excel	for	aggregation	and	organization	prior	to	analysis	

in	SPSS	Version	23.	For	all	statistical	analyses,	individual	alpha	levels	were	set	at	0.05.	
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Chapter	4:	Results	

4.1	AGE,	BASELINE	MANUAL	REACTION	TIME,	AND	PRE-TEST	SCORES	

Table	 4	 shows	 each	 participant’s	 demographic	 information	 and	 individual	

performance	 on	 pre-experimental	 measures.	 Table	 5	 shows	 the	 mean	 and	 standard	

deviation	for	each	talker	group	for	the	following	variables:	age,	education	level,	16	pre-

experimental	phonological,	vocabulary,	and	intelligence	tasks,	and	two	baseline	reaction	

tasks.	Independent	t-tests	found	no	significant	differences	in	age	(t(42)=0.04,	p=0.97)	or	

education	 level	 (t(42)=-1.013,	p=0.32)	 between	 adults	who	 stutter	 and	 adults	who	do	

not	stutter.	A	linear	mixed	model	analysis	with	talker	group	as	a	fixed	effect,	participant	

as	a	random	effect,	and	reaction	time	as	the	dependent	variable	revealed	no	differences	

in	 baseline	 reaction	 time	 to	 auditory	 stimuli	 (F(1,1584)=1.71,	 p=0.19)	 or	 baseline	

reaction	time	to	visual	stimuli	(F(1,1584)=0.38,	p=0.54)	between	adults	who	stutter	and	

adults	who	do	not	stutter.		

In	addition,	no	group	differences	were	observed	in	15	of	the	16	pre-experimental	

subtests,	 including	 PPVT-4	 (t(42)=-0.16,	 p=0.87),	 EVT-2	 (t(42)=-0.42,	 p=0.68),	 TONI-4	

(t(42)=-0.56,	 p=0.58),	 CTOPP-Elision	 (t(42)=-0.65,	 p=0.52),	 CTOPP-Blending	 Words	

(t(42)=-0.80,	p=0.43),	CTOPP-Rapid	Digit	Naming	(t(42)=-0.91,	p=0.37),	CTOPP-Nonword	

Repetition	 (t(42)=-1.637,	 p=0.11),	 NIH-Vocabulary	 (t(42)=-0.60,	 p=0.55),	 NIH-Reading	

(t(42)=-0.077,	 p=0.94),	 NIH-Pattern	 Comprehension	 (t(42)=-1.86,	 p=0.07),	 NIH-Flanker	

(t(42)=-0.412,	 p=0.86),	 	 NIH-Dimensional	 Change	 Card	 Sorting	 Test	 (t(42)=-0.557,	

p=0.58),	 Purdue	 Pegboard	 Both	 Hands	 (t(42)=-1.324,	 p=0.19),	 and	 Purdue	 Pegboard	

Assembly	 (t(42)=-0.176,	 p=0.86).	 However,	 talker	 groups	 demonstrated	 a	 significant	

difference	 in	 NIH-Working	 Memory	 (t(42)=-2.304,	 p=0.026)	 with	 adults	 who	 do	 not	

stutter	 (M=111.468,	 SD=7.896)	 scoring	 significantly	 higher	 compared	 to	 adults	 who	
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stutter	 (M=103.541,	 SD=14.072).	 NIH-Working	 Memory	 scores	 were	 included	 in	

subsequent	statistical	models	as	a	covariate.		

4.2	MANUAL	REACTION	TIME		

Prior	to	analysis,	data	were	inspected	for	the	presence	of	manual	reaction	time	

outliers.	 	 Outliers	 were	 identified	 using	 the	 modified	 z-score	 formula	

,	where	MAD	 is	 the	mean	 average	 deviation	 and	 	 is	 the	median	

(Iglewicz	 &	 Hoaglin,	 1993).	Manual	 reaction	 time	modified	 z-scores	 with	 an	 absolute	

value	greater	than	3.5	were	identified	as	outliers	and	excluded	from	the	data	set	used	

for	manual	reaction	time	analyses.	Of	the	2,112	responses	(i.e.,	1056	AWS,	1056	AWNS),	

7.95%	 (n=168)	 had	 an	 absolute	 value	 greater	 than	 3.5	 for	 that	 participant	 in	 that	

condition	 (i.e.,	 3.55%	AWNS,	n=75;	 4.40%	AWS,	n=93).	Manual	 reaction	 time	 analysis	

was	conducted	on	the	remaining	1,944	responses	that	had	a	modified	z-score	absolute	

value	of	3.5	or	less.		

A	 mixed-model	 analysis	 was	 conducted	 to	 evaluate	 the	 relationship	 between	

talker	group	and	manual	reaction	time	across	all	conditions.	Fixed	effects	were	nonvocal	

nonword	 condition	 (i.e.,	 visual	 to	 visual,	 visual	 to	 auditory,	 auditory	 to	 visual),	 talker	

group	(i.e.,	adults	who	stutter,	adults	who	do	not	stutter),	word	 length	 (i.e.,	4-	and	7-

syllables),	 and	 task	 order	 (e.g.,	 the	 order	 in	 which	 the	 participant	 completed	 a	 given	

condition).	 	 NIH-Working	Memory	 score	was	 included	 as	 a	 covariate.	 Participant	 was	

included	 as	 a	 random	 effect.	 The	 dependent	 variable	was	 the	mean	manual	 reaction	

time.	 Results	 revealed	 significant	 main	 effects	 for	 talker	 group	 F(1,33.99)=18.95,	

p≤0.001,	 word	 length	 F(1,1806.21)=72.46,	 p≤0.001	 and	 condition	 F(2,1806.39)=3.450,	

p=0.032.	Task	order	was	not	significant	F(5,33.94)=0.94,	p=0.47.	Significant	interactions	

were	 found	 between	 talker	 group	 and	 condition	 F(2,1806.37)=15.07,	 p≤0.001,	 word	
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length	 and	 condition	 F(2,1806.26)=3.894,	 p=.021,	 and	 talker	 group	 and	 word	 length	

F(1,1806.24)=9.31,	p=0.002.		

Decomposition	 of	 the	 interaction	 between	 talker	 group	 and	 condition,	 using	

pairwise	comparisons	within	the	model,	revealed	that	 in	the	visual	to	visual	condition,	

adults	who	do	not	stutter	(M=456.98;	standard	error=48.85)	presented	with	significantly	

faster	 manual	 reaction	 times	 compared	 to	 adults	 who	 stutter	 (M=837.88;	 standard	

error=48.79),	p≤0.001.	Adults	who	do	not	stutter	(M=537.66;	standard	error=48.85)	also	

presented	 with	 significantly	 faster	 manual	 reaction	 times	 compared	 to	 adults	 who	

stutter	(M=865.88;	standard	error=48.69),	p≤0.001,	 in	the	visual	to	auditory	condition.	

Similar	 results	were	noted	 in	 the	auditory	 to	visual	 condition,	with	adults	who	do	not	

stutter	 (M=607.92;	 standard	 error=48.92)	 responding	 significantly	 faster	 than	 adults	

who	stutter	(M=763.56;	standard	error=48.97),	p=0.03.	See	Figure	5.	

Decomposition	 of	 the	 interaction	 between	 word	 length	 and	 condition,	 using	

pairwise	comparisons	within	the	model,	revealed	that	all	participants	responded	to	the	

4-syllable	 stimuli	 significantly	 faster	 than	 the	 7-syllable	 stimuli	 in	 the	 visual	 to	 visual	

condition	 (4-syllable:	M=592.15;	 standard	 error=36.92,	 7-syllable:	M=702.70;	 standard	

error=36.91),	p≤0.001,	the	visual	to	auditory	condition	(4-syllable:	M=593.41;	standard	

error=37.03,	7-syllable:	M=810.13;	standard	error=36.68),	p≤0.001,	and	the	auditory	to	

visual	 condition	 (4-syllable:	 M=626.86;	 standard	 error=37.02,	 7-syllable:	 M=744.63;	

standard	error=37.14),	p≤0.001.	See	Figure	6.		

Decomposition	of	 the	 interaction	between	talker	group	and	word	 length,	using	

pairwise	comparisons	within	 the	model,	 revealed	 that	adults	who	do	not	stutter	were	

significantly	 faster	 in	 their	 responses	 to	 4-syllable	 (M=486.60;	 standard	 error=47.33),	

p=0.001,	and	7-syllable	(M=581.78;	standard	error=47.286),	p≤0.001,	stimuli	compared	

to	adults	who	stutter	(4-syllable:	M=721.68;	standard	error=47.24,	7-syllable:	M=923.19;	
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standard	error=47.20)	across	all	nonvocal	nonword	conditions.	The	difference	between	

the	talker	groups	was	significantly	greater	at	the	7-syllable	word	length	compared	to	the	

4-syllable	word	length.		See	Figure	7.		

4.3	ACCURACY	

A	 mixed-model	 binary	 regression	 analysis	 was	 conducted	 to	 evaluate	 the	

relationship	between	talker	group	and	accuracy	across	all	conditions.	Fixed	effects	were	

nonvocal	nonword	condition	(i.e.,	visual	to	visual,	visual	to	auditory,	auditory	to	visual),	

talker	 group	 (i.e.,	 adults	who	 stutter,	 adults	who	do	not	 stutter),	word	 length	 (i.e.,	 4-	

and	 7-syllables),	 and	 task	 order	 (e.g.,	 the	 order	 in	which	 the	 participant	 completed	 a	

given	condition).	 	NIH-Working	Memory	score	was	 included	as	a	covariate.	Participant	

was	 included	as	a	 random	effect.	The	dependent	variable	was	accuracy.	Accuracy	was	

coded	as	a	binary	response,	with	a	result	of	1	indicating	that	the	participant	accurately	

identified	 the	 target	 nonword	 and	 0	 indicating	 that	 the	 participant	was	 inaccurate	 in	

his/her	 silent	 identification	 of	 the	 target	 nonword.	 Results	 revealed	 significant	 main	

effects	 for	 talker	 group	 F(1,2006)=52.556,	 p≤0.001,	 syllable	 length	 F(1,2006)=10.166,	

p=0.001	 and	 condition	 F(2,2006)=8.789,	 p≤0.001.	 Task	 order	 was	 not	 significant	

F(5,2006)=0.184,	 p=0.969.	 Additionally,	 a	 significant	 interaction	 was	 found	 between	

syllable	length	and	condition	F(2,2006)=4.687,	p=0.009.	

Although	 there	 was	 not	 a	 significant	 interaction	 between	 talker	 group	 and	

condition,	the	pattern	of	performance	differed	for	adults	who	do	and	do	not	stutter	on	

the	three	nonvocal	nonword	conditions.	Adults	who	stutter	were	 least	accurate	 in	the	

visual	to	visual	condition	(M=0.067;	standard	error=0.013),	more	accurate	in	the	visual	

to	 auditory	 condition	 (M=0.086;	 standard	 error=0.015),	 and	 most	 accurate	 in	 the	

auditory	to	visual	condition	(M=0.123;	standard	error=0.018).	Adults	who	do	not	stutter	

were	least	accurate	in	the	visual	to	auditory	condition	(M=0.207;	standard	error=0.023),	
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more	 accurate	 in	 the	 visual	 to	 visual	 condition	 (M=0.247;	 standard	 error=0.024),	 and	

most	 accurate	 in	 the	 auditory	 to	 visual	 condition	 (M=0.357;	 standard	 error=0.027).		

Across	 conditions,	 adults	 who	 stutter	 and	 adults	 who	 do	 not	 stutter	 differed	 in	 the	

pattern	of	performance	on	visual	 to	visual	and	visual	 to	auditory	conditions;	however,	

both	groups	performed	most	accurately	on	the	auditory	to	visual	condition.			

Overall,	 adults	 who	 stutter	 were	 54.8%	 less	 likely	 to	 produce	 an	 accurate	

response	 compared	 to	adults	who	do	not	 stutter	while	 accounting	 for	 syllable	 length,	

condition,	 condition	 order,	 and	 NIH-Working	 Memory	 score	 (OR=2.212;	 95%	 OR	

confidence	interval=1.784,	2.742).	See	Figure	8.		

	Decomposition	of	 the	 interaction	between	condition	and	syllable	 length,	using	

pairwise	comparisons	within	the	model,	revealed	that	the	difference	in	the	probability	

of	 an	 accurate	 response	 for	 4-syllable	 stimuli	 (M=0.864;	 standard	error=0.063)	 and	7-

syllable	 stimuli	 (M=0.863;	 standard	 error=0.063)	 in	 the	 visual	 to	 visual	 condition	 was	

significantly	 different	 compared	 to	 the	 difference	 in	 the	 probability	 of	 an	 accurate	

response	for	4-syllable	stimuli	(M=0.857;	standard	error=0.065)	and	7-syllable	stimuli	in	

the	auditory	to	visual	condition	(M=0.706;	standard	error=0.109),	p=0.004.	Additionally,	

the	difference	in	the	probability	of	an	accurate	response	for	4-syllable	stimuli	(M=0.886;	

standard	 error=0.054)	 and	 7-syllable	 stimuli	 (M=0.857;	 standard	 error=0.065)	 in	 the	

visual	to	auditory	condition	was	significantly	different	compared	to	the	difference	in	the	

probability	 of	 an	 accurate	 response	 for	 4-syllable	 stimuli	 (M=0.857;	 standard	

error=0.065)	and	7-syllable	 stimuli	 (M=0.706;	 standard	error=0.109)	 in	 the	auditory	 to	

visual	condition,	p=0.019.	There	were	no	significant	differences	in	the	probability	of	an	

accurate	 response	 for	 4-syllable	 stimuli	 and	 7-syllable	 stimuli	 in	 the	 visual	 to	 visual	

condition	compared	to	the	probability	of	an	accurate	response	for	4-syllable	stimuli	and	

7-syllable	stimuli	in	the	visual	to	auditory	condition,	p=0.605.	See	Figure	9.		
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4.4	ERROR	TYPE	

	A	mixed-effect	multinomial	 regression	analysis	was	 conducted	 to	evaluate	 the	

relationship	 between	 talker	 group	 and	 error	 type	within	 each	 condition.	 Fixed	 effects	

were	nonvocal	nonword	condition	 (i.e.,	 visual	 to	visual,	 visual	 to	auditory,	auditory	 to	

visual),	 talker	 group	 (i.e.,	 adults	who	 stutter,	 adults	who	do	not	 stutter),	word	 length	

(i.e.,	 4-	 and	 7-syllables),	 and	 task	 order	 (e.g.,	 the	 order	 in	 which	 the	 participant	

completed	a	given	condition).	NIH-Working	Memory	score	was	included	as	a	covariate.	

Participant	was	included	as	a	random	effect.	The	dependent	variable	was	the	error	type.	

Selection	 of	 a	 foil	 stimulus	 containing	 a	 phoneme	 deletion	 was	 categorized	 as	 a	 2,	

selection	of	a	 foil	 stimulus	containing	a	phoneme	substitution	was	categorized	as	a	3,	

and	selection	of	a	foil	stimulus	containing	a	phoneme	addition	was	categorized	as	a	4.	

Accurate	 responses	 were	 coded	 as	 1.	 Accurate	 responses	 were	 designated	 as	 the	

referent	 for	 the	 model.	 Results	 revealed	 a	 significant	 main	 effect	 for	 talker	 group	

F(3,2082)=4.94,	 p=0.002.	 No	 significant	 main	 effects	 were	 noted	 for	 word	 length	

F(3,2082)=0.640,	 p=0.589,	 condition	 F(6,2082)=0.60,	 p=0.730,	 or	 task	 order	

F(15,2082)=0.121,	p=0.721.	Adults	who	stutter	were	1.639	times	more	likely	to	select	a	

substitution	foil	compared	to	an	accurate	response	than	adults	who	do	not	stutter	while	

controlling	 for	 syllable	 length,	 condition,	 condition	 order,	 and	 NIH-Working	 Memory	

score	 (95%	 OR	 =	 1.264,	 2.126),	 p≤0.001.	 All	 other	 error	 types	 were	 not	 significantly	

different	compared	to	accurate	responses	between	adults	who	stutter	and	adults	who	

do	 not	 stutter	 (deletion	 errors:	 95%	 OR=0.98,	 1.66,	 p=0.07;	 addition	 errors:	 95%	

OR=0.85,	1.44,	p=0.47).	See	Figure	10.		

4.5	SPEED-ACCURACY	TRADEOFF	

A	 mixed-model	 analysis	 was	 conducted	 to	 evaluate	 the	 relationship	 between	

accuracy	 and	 manual	 reaction	 time	 for	 all	 conditions.	 Fixed	 effects	 were	 nonvocal	
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nonword	 condition	 (i.e.,	 visual	 to	 visual,	 visual	 to	 auditory,	 auditory	 to	 visual),	 talker	

group	(i.e.,	adults	who	stutter,	adults	who	do	not	stutter),	word	 length	 (i.e.,	4-	and	7-

syllables),	 task	 order	 (e.g.,	 the	 order	 in	 which	 the	 participant	 completed	 a	 given	

condition),	 and	 accuracy.	 NIH-Working	 Memory	 score	 was	 included	 as	 a	 covariate.	

Participant	was	included	as	a	random	effect.	The	dependent	variable	was	mean	manual	

reaction	 time.	 Results	 revealed	 significant	 main	 effects	 for	 talker	 group	

F(1,40.86)=15.87,	 p≤0.001,	 word	 length	 F(1,1804.28)=61.99,	 p≤0.001,	 condition	

F(2,1804.47)=3.79,	p=0.023,	and	accuracy	F(1,1808.59)=28.79,	p≤0.001.	Task	order	was	

not	 significant	 F(5,33.94)=0.93,	 p=0.47.	 Significant	 interactions	 were	 found	 between	

talker	group	and	condition	F(2,1804.47)=16.70,	p≤0.001,	talker	group		and	word	length	

F(1,1804.27)=4.23,	p=0.007,	and	word	length	and	condition	F(2,1804.27)=4.23,	p=0.015.		

The	 interaction	 between	 talker	 group	 and	 accuracy	 was	 not	 significant	

F(1,1809.18)=0.13,	 p=0.72.	 The	 speed-accuracy	 statistical	 model	 is	 distinct	 from	 the	

mixed-model	run	for	manual	reaction	time	(see	results	section	4.2)	due	to	the	inclusion	

of	 accuracy	 as	 a	 fixed	 effect.	 Given	 that	 the	 interaction	 between	 talker	 group	 and	

accuracy	was	not	significant	in	the	current	model,	the	significant	interactions	for	talker	

group	and	condition,	talker	group	and	word	length,	and	word	length	and	condition	will	

not	be	decomposed	as	they	are	similar	to	the	reaction	time	findings.	

Overall,	 adults	 who	 stutter	 (M=863.74;	 standard	 error=45.93)	 took	 longer	

compared	 to	 adults	who	do	not	 stutter	 (M=589.47;	 standard	error=49.10)	 to	produce	

either	an	accurate	or	 inaccurate	response.	Both	adults	who	do	and	do	not	stutter	had	

longer	 response	 times	 for	 inaccurate	 responses	 (M=799.23;	 standard	 error=39.10)	

compared	 to	 accurate	 responses	 (M=653.98;	 standard	 error=31.43).	 Within	 groups,	

there	was	no	significant	difference	between	accurate	and	 inaccurate	response	manual	

reaction	 times	 for	 adults	 who	 do	 and	 do	 not	 stutter	 (AWNS:	 Accurate	M=657.328;	
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standard	 error=61.38,	 Inaccurate	 M=521.61;	 standard	 error=45.513;	 AWS:	 Accurate	

M=886.354;	standard	error=45.771,	Inaccurate	M=941.124;	standard	error=50.653).	See	

Figure	11.		
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Chapter	5:	Discussion	

The	majority	 of	 research	paradigms	 investigating	 PWM	 in	 persons	who	 stutter	

have	 employed	 auditory	 stimuli	 (e.g.,	 nonword	 repetition,	 phoneme	 elision,	 silent	

phoneme	monitoring,	 list	 recall);	 thus,	 previous	 differences	 observed	 between	 adults	

who	do	and	do	not	stutter	may	have	been	driven	by	auditory-specific	deficits	in	persons	

who	stutter	(Foundas,	Corey,	Hurley	&	Heilman,	2004;	Hall	&	Jerger,	1978;	Hampton	&	

Weber-Fox,	 2008;	 Rosenfield	 &	 Jerger,	 1984).	 The	 aim	 of	 this	 dissertation	 was	 to	

examine	 PWM	 in	 adults	 who	 do	 and	 do	 not	 stutter	 on	 tasks	 that	 directly	 compared	

visual	to	auditory	input	performance	differences.	The	study	was	designed	to	answer	the	

following	 research	 question:	 Does	 the	 presentation	 of	 critical	 information	 via	 visual	

input	 as	 compared	 to	 auditory	 input	 result	 in	 accuracy	 and	 manual	 reaction	 time	

differences	 on	 PWM	 tasks	 for	 adults	 who	 stutter	 relative	 to	 typically	 fluent	 peers?	

Manual	 reaction	 time	 and	 accuracy	 of	 responses	 were	 assessed	 using	 a	 multimodal	

nonvocal	 nonword	 paradigm	 that	 included	 visual	 to	 visual,	 visual	 to	 auditory,	 and	

auditory	to	visual	conditions.	We	predicted	that,	if	deficits	in	PWM	are	exclusively	driven	

by	differences	in	auditory	processing,	adults	who	stutter	would	perform	significantly	less	

accurately	 and	 with	 slower	manual	 reaction	 time	 only	 in	 the	 two	 nonvocal	 nonword	

conditions	 that	 contained	 auditory	 stimuli	 (i.e.,	 auditory	 to	 visual,	 visual	 to	 auditory).	

Alternatively,	if	PWM	is	uniquely	impaired,	regardless	of	stimulus	input	modality,	adults	

who	 stutter	 were	 predicted	 to	 demonstrate	 decreased	 accuracy	 and	 slower	 manual	

reaction	 time	 compared	 to	 adults	 who	 do	 not	 stutter	 on	 the	 visual	 and	 auditory	

multimodal	 nonword	 tasks.	 Results	 from	 the	 current	 study	 support	 the	 notion	 that	

PWM	is	globally	impaired	for	adults	who	stutter,	regardless	of	input	modality	(i.e.,	visual	

or	auditory).		
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Four	main	findings	were	observed	across	the	nonvocal	nonword	paradigms.	First,	

adults	who	stutter	were	significantly	slower	in	their	manual	reaction	time	compared	to	

adults	who	do	not	stutter	in	all	three	nonvocal	nonword	conditions.	Second,	adults	who	

stutter	were	significantly	 less	accurate	compared	to	adults	who	do	not	stutter	 in	their	

silent	 identification	 of	 nonwords	 in	 all	 three	 nonvocal	 conditions.	 Third,	 different	

patterns	of	errors	were	observed	for	adults	who	stutter	as	compared	to	adults	who	do	

not	stutter.	Finally,	neither	adults	who	stutter	nor	adults	who	do	not	stutter	presented	

with	a	speed-accuracy	tradeoff	in	any	of	the	conditions.	Taken	together,	these	findings	

suggest	 that	 adults	 who	 stutter	 present	 with	 deficits	 in	 PWM	whether	 the	 nonword	

stimuli	are	presented	through	visual	or	auditory	modalities.		

5.1	MAIN	FINDING	1:	MANUAL	REACTION	TIME		

A	 significant	 interaction	 between	 talker	 group	 and	 condition	was	 observed	 for	

manual	reaction	time.	Adults	who	stutter	presented	with	slower	manual	reaction	times	

compared	to	adults	who	do	not	stutter	 in	all	 three	nonvocal	nonword	conditions.	The	

largest	manual	reaction	time	difference	between	adults	who	stutter	and	adults	who	do	

not	 stutter	was	 observed	 in	 the	 visual	 to	 visual	 condition.	 The	 second	 largest	manual	

reaction	 time	 difference	 was	 noted	 between	 talker	 groups	 in	 the	 visual	 to	 auditory	

condition.	 Finally,	 the	 condition	 with	 the	 smallest	 manual	 reaction	 time	 difference	

between	talker	groups	was	the	auditory	to	visual	condition.			

Adults	who	do	and	do	not	stutter	also	presented	with	differing	manual	reaction	

time	patterns	across	the	nonvocal	nonword	conditions.	That	is,	adults	who	stutter	were	

slowest	 in	 the	visual	 to	auditory	 condition,	 faster	 in	 the	visual	 to	 visual	 condition	and	

fastest	 in	 the	 auditory	 to	 visual	 condition.	 Adults	 who	 do	 not	 stutter	 demonstrated	

slowest	 responses	 in	 the	auditory	 to	visual	condition,	 faster	 responses	 in	 the	visual	 to	

auditory	condition	and	fastest	responses	in	the	visual	to	visual	condition.		
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In	addition	to	 the	significant	 interaction	between	talker	group	and	condition,	a	

significant	 interaction	 for	 talker	 group	 and	 syllable	 length	 was	 observed.	 Adults	 who	

stutter	 demonstrated	 a	 significantly	 longer	manual	 reaction	 time	 compared	 to	 adults	

who	 do	 not	 stutter	 at	 both	 the	 4-syllable	 and	 7-syllable	 lengths,	 with	 a	 greater	

difference	between	talker	groups	noted	at	the	7-syllable	length.		

Additionally,	an	interaction	between	condition	and	syllable	length	was	noted	for	

manual	 reaction	 time.	 All	 participants	 required	more	 time	 to	 complete	 the	 7-syllable	

nonword	tasks	compared	to	the	4-syllable	tasks	across	all	three	conditions.	The	largest	

manual	 reaction	 time	difference	between	4-syllable	and	7-syllable	 stimuli	was	 seen	 in	

the	 visual	 to	 auditory	 condition.	 The	 second	 greatest	 difference	 was	 noted	 in	 the	

auditory	to	visual	condition.		

Overall,	 the	 results	 of	 slower	 manual	 reaction	 time	 for	 adults	 who	 stutter	 as	

compared	to	adults	who	do	not	stutter	is	consistent	with	previous	research	investigating	

PWM	in	persons	who	stutter	that	employed	auditory	stimuli	(e.g.,	Sasisekaran	&	De	Nil,	

2006;	 Sasisekaran	 et	 al.,	 2006;	 Coalson	&	 Byrd,	 2015).	 Sasisekaran	 and	 De	 Nil	 (2006)	

explored	the	accuracy	and	manual	reaction	time	of	adults	who	do	and	do	not	stutter	on	

a	phoneme	monitoring	task	during	silent	naming.	Ten	adults	who	stutter	and	12	adults	

who	 do	 not	 stutter	 heard	 a	 target	 sound	 then	 were	 shown	 a	 picture	 and	 asked	 to	

determine	 whether	 or	 not	 the	 target	 sound	 was	 present	 in	 the	 name	 of	 the	 given	

picture	stimulus.	Adults	who	stutter	presented	with	significantly	slower	response	times	

during	nonvocal	phoneme	monitoring	tasks	as	compared	to	adults	who	do	not	stutter.	

The	 investigators	 reported	 that	 this	 group	difference	 suggests	 that	 adults	who	 stutter	

demonstrate	 difficulties	 in	 phonological	 encoding	 compared	 to	 adults	 who	 do	 not	

stutter.		
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Sasisekaran	et	al.	(2006)	also	conducted	a	silent	phoneme	monitoring	task	during	

picture	naming,	an	auditory	to	auditory	pure	tone	monitoring	task,	and	a	simple	motor	

task	with	10	adults	who	 stutter	 and	11	adults	who	do	not	 stutter.	 In	 agreement	with	

Sasisekaran	and	De	Nil	(2006),	Sasisekaran	and	colleagues	(2006)	found	that	adults	who	

stutter	were	 significantly	 slower	 in	 their	manual	 reaction	 time	 as	 compared	 to	 adults	

who	 do	 not	 stutter	 in	 the	 silent	 phoneme	 monitoring	 picture	 naming	 condition.	

Similarly,	Coalson	and	Byrd	 (2015)	noted	that	adults	who	stutter	 required	significantly	

more	 time	 than	adults	who	do	not	 stutter	 to	 silently	 identify	whether	or	not	a	 target	

sound	 was	 present	 after	 a	 syllable	 boundary	 in	 nonwords	 that	 had	 non-initial	 stress	

patterns.		

Taken	 together,	 these	 manual	 reaction	 time	 results	 suggest	 that	 adults	 who	

stutter	 demonstrate	 compromised	 PWM	 as	 compared	 to	 adults	 who	 do	 not	 stutter.	

However,	the	possibility	that	adults	who	stutter	may	have	performed	significantly	worse	

on	 these	 tasks	 due	 to	 auditory	 processing	 differences	 (not	 PWM	 deficits)	 required	

further	exploration,	as	these	studies	all	used	auditory	input.	Results	of	the	current	study	

suggest	 that	 adults	who	 stutter	present	with	unique	differences	 in	PWM	that	 are	not	

exclusively	 driven	 by	 auditory	 processing	 differences,	 as	 evidenced	 through	 the	

performance	of	adults	who	stutter	on	all	nonvocal	nonword	conditions.		

5.2	MAIN	FINDING	2:	ACCURACY		

In	 all	 three	 nonvocal	 nonword	 conditions,	 adults	 who	 stutter	 presented	 with	

decreased	accuracy	as	compared	to	adults	who	do	not	stutter.	Thus,	input	modality	(i.e.,	

visual,	 auditory)	 did	 not	 significantly	 impact	 the	 accuracy	 of	 adults	 who	 stutter.	

Although	 not	 significant,	 adults	 who	 do	 and	 do	 not	 stutter	 demonstrated	 different	

patterns	of	accuracy	across	the	three	nonvocal	nonword	conditions.	Adults	who	stutter	

were	 least	 accurate	 in	 the	 visual	 to	 visual	 condition,	 more	 accurate	 in	 the	 visual	 to	
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auditory	condition,	and	most	accurate	in	the	auditory	to	visual	condition.	Adults	who	do	

not	stutter	were	least	accurate	in	the	visual	to	auditory	condition,	more	accurate	in	the	

visual	to	visual	condition,	and	most	accurate	in	the	auditory	to	visual	condition.		

The	 talker	 group	patterns	 observed	 for	 accuracy	 differed	 from	 those	observed	

related	 to	 manual	 reaction	 time.	 While	 adults	 who	 stutter	 were	 fastest	 and	 most	

accurate	 in	 the	auditory	 to	visual	 condition,	adults	who	do	not	 stutter	were	 fastest	 in	

the	 visual	 to	 visual	 condition	 but	 most	 accurate	 in	 the	 auditory	 to	 visual	 condition.	

Adults	who	 stutter	 demonstrated	 significantly	 decreased	 accuracy	 and	 slower	manual	

reaction	times	for	conditions	 in	which	the	target	nonword	was	visually	presented	(i.e.,	

visual	 to	 visual,	 visual	 to	 auditory).	 Adults	 who	 do	 not	 stutter	 did	 not	 exhibit	 a	

relationship	between	accuracy	 and	 reaction	 time	patterns.	 	Accuracy	 results	 from	 the	

current	study	support	the	hypothesis	that	PWM	appears	to	be	impaired	for	adults	who	

stutter,	with	unique	challenges	arising	for	adults	who	stutter	when	critical	information	is	

provided	via	visual	input.		

Results	 from	 the	 current	 study	 align	with	 previous	 research	 exploring	 PWM	 in	

adults	 who	 stutter.	 Byrd	 et	 al.	 (2012)	 and	 Byrd	 et	 al.	 (2015)	 found	 that	 adults	 who	

stutter	were	significantly	less	accurate	in	their	completion	of	vocal	nonword	repetition	

tasks	at	the	7-syllable	length	compared	to	adults	who	do	not	stutter.	Furthermore,	Byrd	

et	al.	(2015)	reported	that	adults	who	stutter	were	significantly	less	accurate	compared	

to	adults	who	do	not	stutter	on	the	nonvocal	auditory	to	auditory	phoneme	elision	task.	

They	 attributed	 these	 results	 to	 unique	 differences	 in	 PWM,	 specifically	 phonological	

encoding	 and/or	 sub-vocal	 rehearsal,	 for	 adults	 who	 stutter	 as	 compared	 to	 typically	

fluent	peers.		

Deficits	in	PWM	for	adults	who	stutter	have	also	been	demonstrated	through	the	

use	of	 list	 recall	 tasks.	Byrd	et	al.	 (2015)	used	a	 false	memory	paradigm	to	 investigate	
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the	 veridical	 and	 false	 recall	 of	 adults	who	 stutter.	 Twelve	 adults	who	 stutter	 and	 12	

typically	 fluent	 peers	 listened	 to	 word	 lists	 that	 were	 either	 phonologically	 related,	

semantically	 related,	 or	 phonologically	 and	 semantically	 related.	After	 listening	 to	 the	

target	list,	participants	were	asked	to	verbally	recall	as	many	words	as	possible.	Results	

indicated	 that	 adults	 who	 stutter	 were	 significantly	 less	 accurate	 in	 their	 recall	 of	

phonologically	 related	 lists	 compared	 to	 adults	 who	 do	 not	 stutter.	 The	 investigators	

concluded	 that	 verbatim	 recall	 and	 sub-vocal	 rehearsal	 of	 phonological	 information	

appears	to	be	deficient	for	adults	who	stutter	as	compared	to	adults	who	do	not	stutter.	

Taken	 together,	 the	 results	 of	 the	 current	 study	 and	 prior	 research	 exploring	 PWM	

indicate	that	adults	who	stutter	appear	to	have	unique	deficits	in	PWM	as	compared	to	

adults	who	do	not	stutter.		

5.2.1	Word	Length	Effect			

In	addition	to	the	overall	effect	 for	accuracy,	 there	was	an	expected	significant	

main	effect	for	syllable	length.	Unlike	the	manual	reaction	time	results,	there	was	not	an	

interaction	between	talker	group	and	syllable	length	for	accuracy.	All	participants	were	

more	 accurate	 in	 completing	 the	 4-syllable	 tasks	 compared	 to	 the	 more	 difficult	 7-

syllable	 nonwords	 regardless	 of	 nonvocal	 nonword	 condition.	 Previous	 research	

suggests	that	there	is	more	time	for	covert	rehearsal	with	shorter	words,	which	in	turn	

increases	recall	accuracy	(Baddeley,	Chincotta,	Stafford,	&	Turk,	2002).	Results	from	the	

current	study	support	the	notion	that	PWM	is	particularly	taxed	when	the	cognitive	load	

is	increased	for	both	adults	who	do	and	do	not	stutter	(e.g.,	word	length	is	longer).	

Prior	 research	 using	 nonword	 repetition	 and	 phoneme	 elision	 in	 vocal	 and	

nonvocal	 conditions	 has	 demonstrated	 a	 significant	 word	 length	 effect,	 with	 longer	

words	 resulting	 in	 decreased	 accuracy.	 Results	 from	 the	 current	 study	 are	 consistent	

with	 findings	 by	 Byrd	 et	 al.	 (2012)	 and	 Byrd	 et	 al.	 (2015)	 in	 which	 both	 adults	 who	
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stutter	and	adults	who	do	not	 stutter	were	 less	accurate	 in	 their	 repetition	and	silent	

identification	 of	 7-syllable	 nonwords	 as	 compared	 to	 4-syllable	 nonwords.	 Baddeley,	

Thomson,	and	Buchanan	(1975)	demonstrated	that	memory	span	was	inversely	related	

to	 word	 length	 such	 that	 as	 the	 length	 of	 the	 word	 is	 increased,	 recall	 accuracy	 is	

decreased.	Results	from	the	current	study	support	the	notion	that	increases	in	cognitive	

load	(e.g.,	increased	word	length)	result	in	decreased	accuracy	of	recall.		

5.3	ACCURACY	AND	MANUAL	REACTION	TIME	IMPLICATIONS	

Using	 the	 model	 of	 working	 memory	 described	 by	 Baddeley	 (2003),	 to	

successfully	complete	the	visual	to	visual	and	visual	to	auditory	nonvocal	nonword	tasks,	

participants	 were	 first	 required	 to	 decode	 the	 novel	 string	 of	 graphemes,	 translate	

graphemes	 to	 phonemes,	 and	 then	 rely	 on	 sub-vocal	 rehearsal	 in	 order	 to	 retain	 the	

initial	stimulus	while	 then	successfully	 identifying	the	target	nonword	from	one	of	 the	

four	 subsequently	 presented	 nonwords.	 To	 complete	 the	 auditory	 to	 visual	 nonvocal	

nonword	tasks,	participants	were	required	to	encode	the	novel	phonological	string	and	

utilize	 sub-vocal	 rehearsal	 while	 they	 then	 subsequently	 decoded	 novel	 strings	 of	

graphemes,	 translated	 graphemes	 to	 phonemes	 and	 compared	 the	 auditory	 target	

stimulus	 to	 the	 four	 subsequent,	 visually	 presented	 words.	 According	 to	 Baddeley	

(2003),	 sub-vocal	 rehearsal	 begins	 within	 two	 seconds	 of	 the	 initial	 stimulus	

presentation.	 For	 the	 visual	 to	 visual	 nonvocal	 nonword	 tasks,	 the	 average	 length	 of	

initial	 target	 nonword	 presentation	 through	 the	 presentation	 of	 the	 subsequent	 four	

nonwords	 was	 approximately	 six	 seconds	 for	 both	 the	 4-syllable	 and	 7-syllable	

nonwords.	For	the	visual	to	auditory	nonvocal	tasks,	the	average	length	of	presentation	

was	 seven	 seconds	 for	 both	 the	 4-syllable	 and	 7-syllable	 nonwords.	 Finally,	 for	 the	

auditory	to	visual	nonvocal	tasks,	the	average	length	of	stimulus	presentation	was	four	

seconds	for	both	4-syllable	and	7-syllable	nonwords.	Given	the	length	of	time	required	
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for	 the	 presentation	 of	 each	 stimulus	 within	 a	 given	 condition,	 sub-vocal	 rehearsal	

would	have	been	necessary	to	accurately	complete	the	nonvocal	nonword	paradigm.	

	An	additional	theoretical	consideration	 is	that	participants	 in	the	current	study	

may	have	engaged	 the	episodic	buffer	 in	an	attempt	 to	 store	and	 rehearse	 ‘overflow’	

information	from	the	phonological	loop.	Baddeley	(2003)	stated	that	the	capacity	of	the	

phonological	store	within	the	phonological	loop	is	unknown	and	that	excess	information	

may	spill	over	into	the	episodic	buffer.	While	difficult	to	parse	out	whether	or	not	adults	

who	 stutter	 may	 have	 specific	 difficulty	 with	 storing	 phonological	 information	 in	 the	

phonological	loop	as	compared	to	the	episodic	buffer,	the	possibility	of	episodic	buffer	

involvement	is	worth	consideration.	Results	from	the	current	study	support	the	notion	

that	 PWM	 (including	 the	 potential	 involvement	 of	 the	 episodic	 buffer)	 is	 uniquely	

compromised	compared	to	adults	who	do	not	stutter.		

In	 addition	 to	 the	 potential	 involvement	 of	 the	 episodic	 buffer,	 the	 central	

executive	may	also	have	impacted	the	performance	of	adults	who	do	and	do	not	stutter	

in	 the	current	study.	Baddeley	 (2003)	posited	that	 the	central	executive	 is	 responsible	

for	the	control	and	regulation	of	cognitive	processes	including	interfacing	with	the	sub-

components	 of	 the	working	memory	model	 (i.e.,	 visuospatial	 sketchpad,	 phonological	

loop,	episodic	buffer)	in	addition	to	facilitating	the	transference	of	information	to	long-

term	memory.	Bajaj	(2007)	further	reported	that	the	central	executive	may	be	recruited	

to	 aid	 in	 the	 successful	 completion	 of	 PWM	 tasks.	 Perhaps	 the	 central	 executive	 of	

adults	who	stutter	was	 less	efficient	 in	focusing	attention	on	the	multimodal	nonword	

tasks	and/or	facilitating	the	storage	and	rehearsal	of	phonological	information	through	

the	phonological	loop	compared	to	adults	who	do	not	stutter.	 



 43	

5.3.1	Visual	Input		

From	 a	 theoretical	 perspective,	 the	 fact	 that	 the	 largest	manual	 reaction	 time	

and	differences	between	talker	groups	was	seen	in	the	visual	to	visual	condition	and	the	

second	 largest	 manual	 reaction	 time	 difference	 was	 noted	 for	 the	 visual	 to	 auditory	

condition	indicates	that	unique	demands	may	be	placed	on	adults	who	stutter	when	the	

initial	input	is	visual	in	nature.	This	perspective	is	supported	by	accuracy	data	from	the	

current	 study	 in	which	adults	who	 stutter	performed	 least	 accurately	on	 the	 visual	 to	

auditory	and	visual	to	visual	conditions.	

Baddeley	 (2003)	 described	 a	model	 of	 the	phonological	 loop	 that	 accounts	 for	

both	 visual	 and	 auditory	 input	 eventually	 arriving	 at	 the	 phonological	 output	 buffer,	

which	 may	 either	 lead	 to	 sub-vocal	 rehearsal	 or	 spoken	 output.	 In	 the	 current	

experimental	 paradigm,	 participants	were	 asked	 to	 visually	 decode	 nonwords	 (during	

visual	 presentation	 of	 stimuli),	 translate	 the	 orthographic	 code	 to	 phonological	 code,	

transfer	 the	 phonological	 code	 to	 the	 phonological	 output	 buffer,	 then	 sub-vocally	

rehearse	the	target	phonological	information	while	comparing	the	code	to	subsequently	

presented	 visual	 or	 auditory	 information.	 Thus,	 regardless	 of	 auditory	 or	 visual	 input,	

PWM	processes	are	engaged	during	performance	on	nonvocal	nonword	tasks.	

Similar	to	the	results	of	the	current	study,	McGill	et	al.	(2016)	noted	that	adults	

who	 stutter	 presented	 with	 decreased	 accuracy	 and	 slower	 speech	 reaction	 time	

compared	to	fluent	controls	during	a	word	jumble	task	wherein	stimuli	were	presented	

visually.	 Results	 of	 the	 current	 study	 together	 with	 previous	 research	 completed	 by	

McGill	 et	 al.	 (2016)	 and	 Weber-Fox	 et	 al.	 (2004)	 extend	 the	 understanding	 of	 the	

contributions	of	visual	and	auditory	input	to	PWM.		

Weber-Fox	 et	 al.	 (2004)	compared	 the	 nonvocal	 rhyming	 accuracy	 abilities	 of	

adults	 who	 do	 and	 do	 not	 stutter	 using	 visual	 stimuli.	 In	 their	 study,	 participants	
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selected	a	“yes”	or	“no”	button	to	indicate	if	two	visually	presented	words	rhymed.	The	

orthographically	 similar	 but	 phonologically	 dissimilar	 condition	 (e.g.,	 “move”	 and	

“love”),	which	was	considered	the	most	phonologically	challenging	condition,	revealed	a	

significant	difference	in	performance	between	adults	who	do	and	do	not	stutter.	Weber-

Fox	et	al.	 (2004)	concluded	that	 the	phonological	encoding	skills	of	adults	who	stutter	

may	 be	 particularly	 vulnerable	 to	 decreased	 efficiency	 as	 the	 required	 cognitive	 load	

increases	compared	to	fluent	controls.		

One	 distinct	 difference	 between	 the	 Weber-Fox	 et	 al.	 (2004)	 study	 and	 the	

current	investigation	is	that	the	stimuli	utilized	by	Weber-Fox	et	al.	(2004)	consisted	of	

real	 words;	 thus,	 semantic	 influences	 may	 have	 enabled	 persons	 who	 stutter	 to	

complete	 the	 less	 phonologically	 challenging	 conditions	 at	 the	 same	 level	 as	 persons	

who	do	not	stutter.	Perhaps,	 if	visual	nonword	stimuli	had	been	used	in	Weber-Fox	et	

al.’s	(2004)	study,	differences	would	have	emerged	between	adults	who	do	and	do	not	

stutter	 in	 other	 conditions	 (i.e.,	 orthographically	 similar,	 phonologically	 similar;	

orthographically	 dissimilar,	 phonologically	 similar;	 orthographically	 dissimilar,	

phonologically	dissimilar)	due	to	the	forced	reliance	on	phonological	encoding	and	sub-

vocal	 rehearsal	which	have	been	noted	 to	be	deficient	 in	 persons	who	 stutter.	 In	 the	

present	dissertation,	nonwords	were	employed	in	order	to	remove	semantic	influences	

and	 hone	 in,	 specifically,	 on	 PWM.	 As	 a	 result	 of	 the	 focused	 development	 of	 the	

experimental	 paradigm	 utilized	 in	 the	 current	 dissertation,	manual	 reaction	 time	 and	

accuracy	 differences	 between	 adults	 who	 do	 and	 do	 not	 stutter	 emerged.	 Future	

research	 should	 explore	 nonword	 rhyme	 judgment	 using	 visual	 stimuli	 in	 an	 effort	 to	

reduce	potential	semantic	influences	and	more	fully	understand	the	role	of	PWM	when	

provided	with	critical	information	via	visual	input.		
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5.3.2	Reading	Abilities	in	Persons	who	Stutter	

	An	 additional	 theoretical	 consideration	 related	 to	 the	 differences	 in	 accuracy	

and	manual	reaction	time	for	adults	who	do	and	do	not	stutter	is	that	adults	who	stutter	

may	have	distinct	deficits	 in	their	decoding	of	novel	words	 in	addition	to	phonological	

encoding	and	 sub-vocal	 rehearsal	processes	 that	are	 required	 to	 complete	a	nonvocal	

nonword	task.	Perhaps	persons	who	stutter	have	specific	difficulty	reading	novel	words	

compared	to	persons	who	do	not	stutter.		

	In	 a	 review	 of	 studies	 investigating	 reading	 abilities	 in	 children	 who	 stutter,	

Nippold	and	Schwarz	(1990)	reported	mixed	findings	from	over	six	decades	of	research.	

Four	studies	reviewed	by	Nippold	and	Schwarz	(1990)	employed	oral	reading	paradigms.	

Among	those	four,	two	studies	(Janssen,	Kraaimaat,	&	van	der	Meulen,	1983;	Schindler,	

1955)	 reported	 that	 children	 who	 stutter	 performed	 below	 expected	 levels.	 An	

additional	six	studies	were	reviewed	that	focused	on	comparing	children	who	do	and	do	

not	 stutter	on	 reading	 comprehension	 tasks	with	only	one	of	 those	 studies	 (Williams,	

Silverman,	&	Kools,	1969)	revealing	statistically	significant	differences	for	children	who	

do	 and	 do	 not	 stutter.	 Nippold	 and	 Schwarz	 (1990)	 concluded	 that	 there	 may	 be	 a	

subgroup	of	persons	who	stutter	who	have	deficits	 in	phonology	who	may	be	more	at	

risk	 for	 reading	 deficits	 compared	 to	 persons	who	 do	 and	 do	 not	 stutter	who	 do	 not	

present	with	phonological	deficiencies.	Future	 research	should	explore	 the	prevalence	

of	 reading	difficulties	 in	 children	and	adults	who	 stutter	 and	 strive	 to	 identify	 specific	

components	 of	 reading	 (e.g.,	 decoding,	 comprehension)	 that	 may	 be	 less	 developed	

and/or	efficient	for	persons	who	stutter	as	compared	to	their	fluent	peers.		

Little	 research	 has	 investigated	 the	 relationship	 of	 phonological	 processing	

differences	 and	 nonword	 reading	 abilities	 in	 persons	 who	 stutter.	 Packman,	 Onslow,	

Coombes,	 and	 Goodwin	 (2001)	 asked	 three	 adults	 who	 stutter	 to	 read	 aloud	 a	
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paragraph	 composed	 entirely	 of	 nonwords;	 however,	 the	 creation	 of	 the	 nonword	

stimuli	 paragraphs	 was	 not	 controlled	 for	 sentence	 length,	 syllable	 length,	 stress,	

phonotactic	 probability,	 linguistic	 congruence,	 "easy"	 vs.	 "hard"	 nonwords,	 or	

orthographic	probability.	All	three	participants	demonstrated	stuttering-like	disfluencies	

during	 reading,	which	Packman	et	al.	 (2001)	concluded	 indicates	 that	 stuttering	 is	not	

caused	 by	 lexical	 retrieval	 deficits.	 Packman	 and	 colleagues	 (2001)	 failed	 to	 discuss	

phonological	 factors	 that	 may	 or	 may	 not	 have	 contributed	 to	 adults’	 who	 stutter	

difficulty	with	reading	and	decoding	of	nonwords,	instead	focusing	their	interpretations	

entirely	 on	 lexical	 retrieval	 deficits	 and	motor	 demands	 of	 adults	 who	 stutter	 during	

nonword	reading.	In	a	response	to	Packman	and	colleagues,	Au-Yeng	and	Howell	(2002)	

suggested	 that	 the	 investigators	 should	 have	 broadened	 their	 interpretation	 of	 the	

results	 and	 discussed	 the	 process	 of	 decoding	 novel	words,	 translating	 graphemes	 to	

phonemes,	 and	 encoding	 the	 phonological	 string	 as	 potential	 influences	 affecting	 the	

performances	of	persons	who	stutter	on	nonword	reading	tasks.	Adults	who	stutter	who	

participated	 in	 Packman	 et	 al.’s	 (2001)	 nonword	 reading	 tasks	 may	 have	 exhibited	

difficulty	with	completion	of	the	experimental	paradigm	due	to	deficits	in	PWM,	not	due	

exclusively	to	speech	motor	deficits.			

A	 second	 investigation	 of	 nonword	 reading	 abilities	 in	 persons	 who	 stutter	

conducted	by	Sasisekaran	(2013)	explored	speech	kinematics	of	nine	adults	who	stutter	

and	 nine	 control	 participants	 during	 an	 isolated	 nonword	 reading	 task	 using	 eight	

nonwords	with	a	 fixed	onset/offset	syllable.	Adults	who	stutter	demonstrated	a	 lower	

percent	 of	 accuracy	 during	 nonword	 reading	 compared	 to	 adults	who	 do	 not	 stutter.	

Additionally,	adults	who	stutter	presented	with	significantly	higher	movement	variability	

while	reading	compared	to	the	fluent	control	group.	Sasisekaran	concluded	that	adults	
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who	stutter	may	have	differences	in	phonemic	encoding	and/or	speech	motor	planning	

and	production	during	aloud	reading	compared	to	adults	who	do	not	stutter	(2013).		

An	additional	consideration	related	to	previous	nonword	reading	studies	is	that	

both	Packman	et	al.	(2001)	and	Sasisekaran	(2013)	required	participants	to	read	aloud;	

thus,	as	Packman	and	colleagues	noted,	it	is	possible	that	differences	observed	in	adults	

who	 do	 and	 do	 not	 stutter	may	 have,	 at	 least	 in	 part,	 been	 driven	 by	 speech	motor	

factors.	 The	 present	 dissertation	 attempted	 to	 add	 new	 insights	 about	 the	 impact	 of	

visual	stimuli	on	PWM	through	eliminating	the	requirement	of	overt	speech	production;	

nevertheless,	 the	 potential	 for	 covert	 oral	 motor	 engagement	 cannot	 be	 excluded.	

Additional	 research	 is	 needed	 to	 further	 understand	 the	 potentially	 unique	 demands	

that	decoding	novel	visual	stimuli	(i.e.,	reading	nonwords)	places	on	adults	who	stutter	

during	 PWM	 tasks	 when	 overt	 speech	 production	 is	 or	 is	 not	 required.	 Specifically,	

stimuli	 used	 in	 future	 investigations	 should	 be	 comprised	 of	 both	 nonwords	 and	 real	

words	 and	 experimental	 conditions	 should	 include	 both	 silent	 and	 aloud	 reading.	

Articulatory	 rate,	 decoding	 accuracy,	 and	 comprehension	 are	 all	 dependent	 variables	

that	 could	 potentially	 be	 assessed	 in	 investigations	 seeking	 to	 further	 understand	 the	

relationship	of	phonological	processing	and	reading	in	persons	who	stutter.		

5.3.3	Motor	Considerations	

Prior	 to	 participating	 in	 the	 current	 experimental	 paradigm,	 all	 participants	

completed	 baseline	 manual	 reaction	 time	 assessments	 (i.e.,	 baseline	 visual	 manual	

reaction	time	task,	baseline	auditory	manual	reaction	time	task,	Purdue	Pegboard	Both	

Hands	subtest,	Purdue	Pegboard	Assembly	 subtest).	Although	some	previous	 research	

has	 reported	 differences	 for	 adults	 who	 do	 and	 do	 not	 stutter	 on	motor	 tasks	 (e.g.,	

Cross	 &	 Luper,	 1983;	 Prosek,	Montgomery,	Walden	&	 Schwartz,	 1979),	 no	 significant	

differences	 were	 noted	 between	 adults	 who	 do	 and	 do	 not	 stutter	 on	 the	 pre-
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experimental	motor	tasks	employed	in	the	current	study.	These	findings	are	consistent	

with	 Coalson	 and	 Byrd	 (2015),	 Sasisekaran	 and	 De	 Nil	 (2006),	 and	 Sasisekaran	 et	 al.	

(2006)	 who	 also	 noted	 differences	 in	 manual	 reaction	 time	 on	 experimental	 tasks	

targeting	PWM	(e.g.,	silent	phoneme	monitoring)	but	not	on	motor	task	reaction	time	

measures	(e.g.,	pressing	a	button	in	response	to	an	auditory	pure	tone	stimulus).		Thus,	

the	findings	of	slower	manual	reaction	time	for	adults	who	stutter	in	the	current	study	

do	not	appear	to	be	attributed	exclusively	to	motor	deficits.	However,	the	role	of	speech	

motor	control	during	silent	reading	(e.g.,	reading	of	a	nonword	visual	stimulus)	cannot	

be	excluded	as	a	potential	 factor	 influencing	the	performance	of	adults	who	stutter	 in	

the	current	study.		

De	 Nil,	 Kroll,	 Kapur,	 and	 Houle	 (1999)	 found	 that	 adults	 who	 do	 and	 do	 not	

stutter	presented	with	similar	neural	activation	during	silent	and	oral	 reading	 tasks	as	

indicated	 through	 positron	 emission	 tomography	 (PET)	 scan	 results.	 Ten	 adults	 who	

stutter	 and	 10	 adults	 who	 do	 not	 stutter	 read	 individually	 presented	 words	 either	

silently	or	out	loud	while	in	the	PET	scanner.	Both	adults	who	stutter	and	adults	who	do	

not	 stutter	 demonstrated	 significant	 activation	 of	 the	 left	 cortical	motor	 areas	 during	

silent	and	out	loud	reading.	This	finding	suggests	that	motor	systems	are	active	for	both	

persons	who	do	and	do	not	stutter	 in	nonvocal	tasks	when	overt	speech	production	is	

not	required.	Additionally,	Eiter	and	Inhoff	(2010)	also	reported	that	silent	single	word	

reading	 is	 accompanied	 by	 covert	 articulation	 in	 adults	 with	 no	 history	 of	 speech	 or	

language	disorders.		

Although	the	current	study	attempted	to	exclude	overt	oral	motor	movements	

required	 during	 speech	 production,	 participants	 may	 have	 elicited	 covert	 motor	

movements	while	silently	reading	visually	presented	nonwords.	Participants	who	stutter	

may	 have	 presented	 with	 temporal	 instability	 in	 their	 covert	 motor	 programming	 to	
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such	a	degree	that	the	subsequent	sub-vocal	rehearsal	of	the	phonological	stimulus	was	

inaccurate	and	resulted	 in	errors	 in	accuracy	as	well	as	delayed	manual	 reaction	time.	

Byrd	et	al.	(2015)	also	acknowledge	that	covert	articulation	and	the	interaction	between	

phonological	encoding	and	motor	programming	may	have	impacted	the	performance	of	

participants	who	stutter	on	previous	PWM	tasks.		

Future	research	should	explore	covert	versus	overt	articulation	during	nonword	

reading	 tasks	 to	 more	 fully	 understand	 the	 potential	 interactions	 between	 motor	

contributions	 and	 PWM	 in	 persons	 who	 stutter.	 Specifically,	 neuroimaging	

methodologies	may	be	helpful	in	expanding	the	knowledge	of	how	persons	who	stutter	

may	recruit	speech	motor	systems	during	silent	reading	as	compared	to	reading	aloud.			

5.3.4	Short-Term	Memory	

Results	of	the	current	study	support	the	notion	that	PWM	is	impaired	for	adults	

who	 stutter.	 Thus,	 a	 logical	 next	 step	 is	 to	 consider	 the	 efficiency	 of	 other	 types	 of	

memory	(e.g.,	short-term,	long-term)	for	persons	who	stutter.	Baddeley	(2003)	referred	

to	the	theoretical	PWM	framework	of	structures	and	processes	used	for	the	temporary	

storage	 and	 manipulation	 of	 information,	 of	 which	 short-term	 memory	 is	 just	 one	

component.	 In	 the	 current	 study,	participants	used	PWM	for	encoding	and	 storage	of	

novel	 phonological	 information,	 in	 turn,	 activating	 and	 relying	 on	 short-term	memory	

for	completion	of	nonvocal	nonword	tasks.				

In	the	present	paradigm,	adults	who	do	not	stutter	were	matched	as	closely	as	

possible	 to	 adults	 who	 stutter	 in	 order	 to	 eliminate	 mitigating	 factors	 such	 as	

intelligence,	language,	and	speech	differences.	Although	the	talker	groups	did	not	differ	

on	15	of	16	pre-experimental	 tasks,	a	significant	difference	was	observed	for	 the	NIH-

Working	 Memory	 subtest.	 Adults	 who	 do	 not	 stutter	 performed	 significantly	 better	

compared	 to	adults	who	 stutter	on	 the	NIH-Working	Memory	 subtest.	 This	difference	
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was	not	entirely	expected	given	that	previous	studies	suggest	weaknesses	specifically	at	

the	 level	 of	 PWM	 for	 adults	 who	 stutter	 (see	 Bajaj,	 2007,	 for	 review).	 However,	 it	 is	

possible	 that	 the	 tasks	 involved	 in	 the	NIH-Working	Memory	subtest	 taxed	short-term	

memory	components	of	PWM	that	in	turn	revealed	differences	that	would	be	expected	

between	adults	who	do	and	do	not	stutter.		

The	NIH-Working	Memory	subtest	 required	participants	 to	recall	and	sequence	

lists	of	visual	and	auditory	stimuli.	For	example,	a	participant	viewed	pictures	of	foods	

and	 animals	 that	 were	 accompanied	 by	 an	 audio	 recording	 naming	 the	 item	 (e.g.,	 a	

picture	of	an	elephant	was	shown	at	the	same	time	that	a	recording	stated	“elephant”).	

The	participant	was	 then	asked	 to	 recall	 the	 items	back	 to	 the	examiner	 in	 size	order	

from	smallest	to	 largest,	 first	 in	only	one	given	semantic	class	 (either	animals	or	 food)	

and	then	with	both	classes	combined	(first	recall	all	of	the	food	items,	then	recall	all	of	

the	animals).	Each	subsequent	stimuli	list	increased	in	length	(i.e.,	number	of	items)	and	

complexity	(i.e.,	belonging	to	more	than	one	semantic	class).	Participant	responses	were	

coded	for	accuracy,	which	included	both	recall	of	all	items	and	successful	listing	of	items	

in	 size	 order.	 Completion	 of	 this	 task	 required	 initial	 encoding,	 subsequent	 sub-vocal	

rehearsal,	 covert	 manipulation	 of	 the	 stimuli,	 and,	 finally,	 motor	 speech	 production.	

Similar	to	the	experimental	tasks,	PWM	was	recruited	during	the	NIH-Working	Memory	

subtest	in	order	to	facilitate	the	encoding,	sub-vocal	rehearsal,	and	silent	manipulation	

of	 word	 lists.	 To	 account	 for	 potential	 confounds,	 NIH-Working	Memory	 scores	were	

included	as	a	covariate	in	all	statistical	models	used	in	the	current	study.	Nevertheless,	

NIH-Working	Memory	differences	together	with	the	results	of	the	current	experimental	

paradigm	lend	support	to	the	idea	that	PWM	is	uniquely	compromised	in	persons	who	

stutter.		
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5.3.5	Long-Term	Memory	

Long-term	 memory	 differs	 from	 short-term	 memory	 in	 duration	 and	 capacity	

(Cowan,	 2008).	 While	 information	 stored	 in	 short-term	 memory	 decays	 over	 time,	

information	in	long-term	memory	does	not	have	a	time	limit.	Additionally,	while	short-

term	memory	 is	 limited	 in	 capacity	 (i.e.,	 number	 of	 items	 to	 be	 recalled),	 long-term	

memory	 does	 not	 appear	 to	 be	 as	 restricted.	 Prior	 research	 has	 shed	 light	 on	 the	

difficulties	 persons	 who	 stutter	 have	 effectively	 utilizing	 PWM;	 however,	 the	 role	 of	

long-term	memory	requires	additional	investigation.		

Byrd,	McGill,	Gkalitsiou,	and	Smith	(in	preparation)	recently	explored	the	short-

term	and	long-term	memory	abilities	of	adults	who	do	and	do	not	stutter.	Twenty-two	

adults	 who	 stutter	 and	 22	 matched	 control	 participants	 listened	 to	 and	 recalled	

phonologically	 related,	 semantically	 related,	 and	 control	 lists	 that	 were	 neither	

semantically	nor	phonologically	related.	Recall	of	word	lists	took	place	immediately	after	

listening	 to	 the	 stimuli	 (i.e.,	 short-term	memory	 condition)	 and	 after	 a	 period	 of	 20-

minutes	(i.e.,	long-term	memory	condition).	Preliminary	results	suggest	that	adults	who	

stutter	 were	 less	 accurate	 in	 their	 short-term	 recall	 compared	 to	 adults	 who	 do	 not	

stutter.	 However,	 no	 differences	 were	 observed	 between	 adults	 who	 do	 and	 do	 not	

stutter	in	the	long-term	recall	of	any	of	the	lists.	Thus,	memory	deficits	for	persons	who	

stutter	as	compared	to	persons	who	do	not	stutter	appear	to	be	exclusive	to	short-term	

memory.	Given	that	the	lists	were	presented	using	auditory	input	only,	future	research	

should	investigate	the	role	of	short-term	and	long-term	memory	when	participants	are	

visually	presented	with	real	and	nonword	stimuli.		

5.4	MAIN	FINDING	3:	ERROR	TYPES		

	 In	addition	to	manual	reaction	time	and	accuracy,	error	types	were	also	analyzed	

for	adults	who	do	and	do	not	stutter	in	the	current	study.	Recall	that	foil	stimuli	for	the	
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nonvocal	nonword	tasks	were	created	by	deleting,	substituting,	or	adding	a	phoneme	to	

the	 target	nonword.	Results	of	error	 type	analyses	 revealed	a	 significant	difference	 in	

the	 types	 of	 foil	 stimuli	 adults	 who	 stutter	 selected	 compared	 to	 adults	 who	 do	 not	

stutter.	 Adults	 who	 stutter	 were	 significantly	 more	 likely	 to	 select	 a	 substitution	 foil	

compared	to	an	accurate	response	than	adults	who	do	not	stutter	while	controlling	for	

syllable	length,	condition,	condition	order,	and	NIH-Working	Memory	score.		

5.4.1	Theoretical	Interpretation		

	 Byrd	 et	 al.	 (2007)	 demonstrated	 that	 children	 who	 stutter	 shift	 from	 holistic	

processing	 to	 incremental	 processing	 later	 in	 development	 than	 children	who	 do	 not	

stutter.	Using	a	picture-naming	task,	Byrd	et	al.	(2007)	found	that	younger	children	(i.e.,	

three-year-olds)	 responded	 faster	when	given	a	holistic	 prime	 (i.e.,	 vowel	 +	 coda	of	 a	

CVC	word)	 than	when	given	a	segmental	prime	 (i.e.,	 initial	 consonant	of	a	CVC	word).	

Older	 children	 (i.e.,	 five-year-olds)	 who	 stutter	 demonstrated	 continued	 benefit	 from	

the	holistic	prime;	however,	children	who	do	not	stutter	responded	faster	when	given	a	

segmental	 prime.	 The	 investigators	 suggested	 that	 the	 observed	 differences	 in	 older	

children	who	do	and	do	not	stutter	indicate	that	children	who	stutter	are	less	efficient	in	

their	 storage,	 retrieval,	 and	 processing	 of	 lexical	 representations.	 	 Several	 previous	

studies	 with	 adults	 (i.e.,	 Byrd	 et	 al.,	 2013;	 Coalson	 &	 Byrd,	 2015;	 Sussman,	 Byrd,	 &	

Guitar,	2011)	have	also	suggested	that	adults	who	stutter	may	utilize	holistic	processing	

when	presented	with	novel	phonological	stimuli	(e.g.,	nonwords).		

In	 the	 current	 study,	 adults	 who	 stutter	 selected	 substitution	 foils	 with	

significantly	 higher	 frequency	 than	 adults	 who	 do	 not	 stutter.	 Foil	 stimuli	 with	

designated	phonemes	substituted	were	the	most	similar	to	target	nonwords	in	terms	of	

syllable	 shape	 and	 number	 of	 phonemes	 compared	 to	 addition	 or	 deletion	 foil	

nonwords.	In	light	of	the	holistic	processing	theory	for	children	who	stutter,	it	is	possible	



 53	

that	 the	 adults	 who	 stutter	 who	 participated	 in	 the	 current	 study	 were	 using	 global	

identification	 strategies	 (e.g.,	 looking/listening	 to	 target	 nonwords	 at	 a	 holistic	 level)	

whereas	adults	who	do	not	stutter	were	more	successful	in	using	segmental	processing	

(e.g.,	 comparing	 a	 target	nonword	 to	 foil	 stimuli	 incrementally,	 one	 sound	at	 a	 time).	

Holistic	 encoding	 has	 not	 been	 directly	 examined	 in	 adults	 who	 stutter;	 thus,	 future	

research	 should	 explore	 what	 types	 of	 conditions	 may	 facilitate	 holistic	 versus	

incremental	processing	for	adults	who	stutter.		

Baddeley,	Gathercole,	and	Papagno	(1998)	suggested	that	the	phonological	loop	

plays	an	 important	 role	 in	 learning	 language.	Given	 that	adults	who	 stutter	 appear	 to	

present	with	difficulties	segmentally	processing	and	efficiently	storing	novel	input	using	

the	phonological	 loop	(e.g.,	Byrd	et	al.,	2015;	Byrd	et	al.,	2012;	Hakim	&	Ratner,	2004;	

Ludlow	et	al.,	1997),	one	suggestion	for	future	investigations	is	to	explore	fast	mapping	

(e.g.,	novel	word	learning	based	on	a	single	exposure	to	a	given	stimulus).	Children	and	

adults	who	do	not	stutter	have	demonstrated	the	ability	to	recall	a	newly	learned	word	

a	week	after	it	was	presented	to	them	even	with	only	one	exposure	(Markson	&	Bloom,	

1997);	 yet,	 this	 research	has	not	been	extended	 to	persons	who	 stutter.	 It	 is	possible	

that	 persons	 who	 stutter	 will	 demonstrate	 decreased	 accuracy	 in	 fast	 mapping	 as	

compared	 to	 persons	who	do	not	 stutter	 due	 to	 reliance	on	holistic	 processes	 during	

phonological	 encoding,	 rehearsal	 and	 storage	 that	 then	 influence	 the	 transference	 of	

novel	phonological	information	into	long-term	memory.		

5.5	MAIN	FINDING	4:	SPEED-ACCURACY	TRADEOFF		

Speed-accuracy	 tradeoff	 is	 used	 to	 describe	 the	 relationship	 between	 fast	 but	

inaccurate	 responses	 and/or	 slow	but	 accurate	 responses	 (Pachella,	 1974).	 	 Analyzing	

the	 link	 between	 manual	 reaction	 time	 and	 accuracy	 data	 provides	 insight	 into	 the	

decision	 making	 processes	 of	 participants;	 specifically,	 whether	 or	 not	 participants	
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sacrificed	 accuracy	 in	 order	 to	 react	 quickly	 or	 sacrificed	 speed	 in	 order	 to	 achieve	

accuracy.	 	 Interestingly,	 neither	 adults	 who	 stutter	 nor	 adults	 who	 do	 not	 stutter	

presented	 with	 a	 speed-accuracy	 tradeoff	 in	 the	 current	 study.	 Both	 talker	 groups	

presented	 with	 slower	 manual	 reaction	 times	 for	 inaccurate	 responses	 and	 faster	

manual	reaction	times	for	accurate	responses.	Previous	research	has	found	that	adults	

who	stutter	tend	to	be	less	accurate	despite	requiring	additional	time	to	complete	PWM	

tasks	(e.g.,	Hampton	&	Weber-Fox,	2008;	McGill	et	al.,	2016).	However,	adults	who	do	

not	 stutter	 tend	 to	 present	 with	 a	 speed-accuracy	 tradeoff	 wherein	 faster	 responses	

tend	 to	 be	 inaccurate	 and	 slower	 responses	 tend	 to	 be	 accurate	 (e.g.,	 Hampton	 &	

Weber-Fox,	2008;	McGill	et	al.,	2016).		

There	 is	 evidence	 outside	 of	 the	 stuttering	 literature	 to	 suggest	 that	 a	

participant’s	manual	 reaction	 time-accuracy	 relationship	may	 be	 contingent	 upon	 the	

strategic	concerns	that	influence	decision	making	in	experimental	paradigms	rather	than	

an	 inherent	 trade-off	 (e.g.,	 Forster,	 Higgins,	 Taylor-Bianco,	 2003).	 Specifically,	 in	

situations	 where	 individuals	 are	 primarily	 focused	 on	 accuracy	 and	 error	 prevention,	

they	 produce	 slower	 responses.	 These	 decision	 making	 processes	 result	 in	 slowed	

manual	reaction	time	but	not	necessarily	increased	accuracy.	Perhaps	participants	in	the	

current	 study	 concentrated	 on	 correct	 identification	 of	 the	 target	 nonword	 such	 that	

manual	 reaction	 time	 was	 increased	 to	 ensure	 accuracy	 when	 the	 participant	 was	

unsure	 of	 his/her	 selection.	 Although	 the	 experimental	 instructions	 stated,	 “Please	

make	 your	 selection	 as	 quickly	 and	 accurately	 as	 possible.”,	 participants	 may	 have	

emphasized	accuracy	over	quick	decision	making	which	then	resulted	in	the	absence	of	

a	speed-accuracy	tradeoff.				
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5.6	ADDITIONAL	CONSIDERATIONS	

In	 the	 current	 study,	 participants	 were	 only	 provided	 one	 opportunity	 to	

complete	 the	nonvocal	 nonword	 tasks.	 Perhaps	 if	 participants	were	 given	 subsequent	

attempts,	 the	manual	reaction	time	and	accuracy	of	adults	who	do	and	do	not	stutter	

would	reflect	a	different	pattern	than	what	was	seen	in	the	initial	attempt	to	complete	

the	nonvocal	nonword	 tasks	 in	 the	current	 study.	Byrd	et	al.	 (2015)	 found	 that	adults	

who	stutter	required	significantly	more	attempts	to	accurately	complete	vocal	nonword	

repetition	 and	 phoneme	 elision	 tasks	 compared	 to	 adults	 who	 do	 not	 stutter.	 The	

investigators	 suggested	 that	 the	need	 for	 increased	 repetitions	 for	 adults	who	 stutter	

indicates	that	the	quality	of	phonological	representations	for	adults	who	stutter	is	not	as	

robust	as	fluent	controls	when	given	auditory	input.	If	participants	in	the	current	study	

had	been	given	multiple	opportunities	 to	 complete	 the	nonvocal	nonword	paradigms,	

additional	information	could	have	been	gathered	about	accuracy	of	initial	phonological	

encoding	 versus	 sub-vocal	 rehearsal	 abilities	when	given	 visual	 input	 (as	 compared	 to	

auditory	input).		

Another	consideration	is	that	participants	in	the	current	study	may	have	utilized	

different	memory	 strategies	 in	 order	 to	 complete	 the	 experimental	 tasks.	 Byrd	 et	 al.	

(2015)	noted	that	when	participants	engage	in	tasks	requiring	comparison,	such	as	the	

nonvocal	nonword	paradigm	in	the	current	study,	participants	may	employ	a	variety	of	

memory	 strategies.	 Adults	who	 stutter	may	 have	 used	 a	 global	 identification	 strategy	

while	 adults	 who	 do	 not	 stutter	 employed	 a	 sequential	 strategy	 wherein	 they	

listened/looked	 for	 differences	 among	 subsequent	words	 in	 comparison	 to	 the	 target	

word.	 Additionally,	 participants	 may	 have	 utilized	 other	 common	 working	 memory	

strategies	such	as	visualization	of	the	target	nonword,	 linking	the	target	nonword	to	a	

semantic/meaningful	 concept,	 and/or	 selectively	 attending	 to	 relevant/irrelevant	
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information	 (e.g.,	 specific	 graphemes/phonemes	 in	 a	 target	 nonword).	 Thus,	 the	

differences	between	 talker	 groups	 for	 accuracy,	manual	 reaction	 time,	 and	error	 type	

may	not	have	been	related	directly	to	PWM	but	instead	to	the	potential	implementation	

and	 effectiveness	 of	 a	 variety	 of	 memory	 strategies.	 Whether	 or	 not	 which,	 if	 any,	

strategies	 were	 employed	 in	 the	 present	 study	 is	 difficult	 to	 determine,	 but	 the	

possibilities	are	worth	consideration.	Future	research	could	include	follow-up	questions	

to	determine	the	types	of	memory	strategies	utilized	by	participants.		

Finally,	the	relationship	of	the	current	experimental	tasks	(i.e.,	identifying	visual	

and	 auditory	 target	 nonwords)	 and	 conversational	 speech	 warrants	 discussion.	

Theoretically,	 the	 phonological	 loop	 is	 presumed	 to	 support	 the	 on-the-fly,	 automatic	

speech	that	is	critical	to	fluent	conversational	output.	Fluent	speech	arises	from	“just-in-

time”	 access	 to	 articulatory	 forms	 that	 have	 been	 encoded	 and	 rehearsed	 prior	 to	

production	(Brooks	&	MacWhinney,	2000).	Results	from	the	current	study	suggest	that	

adults	who	stutter	present	with	deficits	 in	PWM,	 specifically	 in	phonological	encoding	

and/or	subvocal	rehearsal,	that	then	play	a	role	in	the	onset	and	persistence	of	disfluent	

speech	production.	Additionally,	although	words	consisting	of	 seven	syllables	may	not	

frequently	occur	in	English	conversation,	stimuli	of	this	length	were	employed	in	order	

to	more	 fully	 understand	 the	 relative	 demands	 that	 planning	 and	 rehearsing	multiple	

multisyllabic	 words	 that	 comprise	 an	 utterance	 might	 have	 on	 the	 speech	 planning	

systems	of	persons	who	stutter.		

5.7	INDIVIDUAL	VARIABILITY			

	 In	the	current	study,	adults	who	stutter	were	predicted	to	exhibit	slower	manual	

reaction	 time	 compared	 to	 adults	 who	 do	 not	 stutter.	 Overall,	 the	 majority	 of	

participants	who	do	and	do	not	 stutter	performed	as	predicted.	The	 range	of	average	

manual	reaction	time	for	adults	who	do	not	stutter	was	267.85	milliseconds	to	807.234	
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milliseconds.	However,	adults	who	stutter	presented	with	greater	variability	 in	manual	

reaction	time,	with	a	group	range	of	401.093	milliseconds	to	1916.651	milliseconds.	Of	

the	adults	who	stutter,	40.9%	(9/22)	exhibited	average	manual	reaction	time	between	

400	 milliseconds	 and	 800	 milliseconds,	 which	 is	 within	 the	 range	 demonstrated	 by	

adults	who	 do	 not	 stutter.	 However,	 59.09%	 (13/22)	 of	 adults	who	 stutter	 presented	

with	 average	 manual	 reaction	 time	 of	 greater	 than	 800	 milliseconds,	 outside	 of	 the	

range	demonstrated	by	adults	who	do	not	stutter.	Thus,	while	a	subgroup	of	adults	who	

stutter	demonstrated	 comparable	manual	 reaction	 time	 to	adults	who	do	not	 stutter,	

the	 majority	 of	 adults	 who	 stutter	 were	 significantly	 slower	 in	 their	 responses	 to	

multimodal	nonvocal	nonword	tasks.		

Adults	who	stutter	were	also	predicted	 to	demonstrate	decreased	accuracy	on	

nonvocal	nonword	tasks	as	compared	to	adults	who	do	not	stutter.	Adults	who	stutter	

exhibited	a	wider	distribution	of	performance	in	terms	of	accuracy	compared	to	adults	

who	 do	 not	 stutter.	 Recall	 that	 accuracy	 was	 a	 binary	 variable	 with	 a	 score	 of	 1	

indicating	 accuracy	 and	 0	 indicating	 an	 error.	 Thus,	 the	 potential	 average	 range	 of	

accuracy	 is	 from	 0.0	 to	 1.0.	 Adults	 who	 do	 not	 stutter	 presented	 with	 an	 average	

accuracy	range	of	0.813	to	0.979.	Adults	who	do	not	stutter	presented	with	an	average	

accuracy	range	of	0.562	to	0.896.	Of	the	adults	who	stutter,	18.18%	(4/22)	exhibited	an	

average	 accuracy	 between	 0.813	 and	 0.896,	 which	 is	 within	 the	 range	 exhibited	 by	

adults	who	do	not	stutter.	These	four	participants	also	demonstrated	manual	reaction	

time	 that	was	 consistent	with	 adults	who	 do	 not	 stutter.	 The	majority	 of	 adults	who	

stutter,	81.82%	(18/22),	presented	with	average	accuracy	below	0.812,	falling	outside	of	

the	 range	 demonstrated	 by	 adults	 who	 do	 not	 stutter.	 Data	 suggest	 that	 while	 a	

subgroup	 of	 adults	who	 stutter	 demonstrated	 comparable	 accuracy	 to	 adults	who	do	
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not	 stutter,	 the	majority	of	adults	who	stutter	were	 significantly	 less	accurate	 in	 their	

performance.		

Overall,	 there	were	more	adults	who	stutter	who	performed	similarly	to	adults	

who	 do	 not	 stutter	 on	 measures	 of	 speed	 (i.e.,	 manual	 reaction	 time)	 compared	 to	

accuracy;	however,	adults	who	stutter	presented	with	variable	performances	as	a	group.	

Previous	 research	 has	 reported	 variability	 within	 groups	 of	 persons	who	 stutter	 on	 a	

variety	 of	 motor	 (e.g.,	 Peters,	 Hulstijn,	 &	 van	 Lieshout,	 2000;	 Namasivayam	 &	 van	

Lieshout,	 2011;	 Smith,	 Goffman,	 Sasisekaran,	 &	Weber-Fox,	 2012;	 Smits-Bandstra,	 De	

Nil,	&	Saint-Cyr,	2006)	and	 linguistic	 tasks	 (e.g.,	Anderson	&	Conture,	2000;	Coalson	&	

Byrd,	 2015;	 Coulter,	 Anderson,	 &	 Conture,	 2009;	 Ntourou,	 Conture,	 &	 Lipsey,	 2011).		

Thus,	 the	 current	 finding	 of	 individual	 variability	 for	 adults	 who	 do	 not	 stutter	 is	

consistent	with	previous	research	findings	and	supports	the	notion	that	there	may	be	a	

subgroup	of	persons	who	stutter	who	present	with	unique	deficits.		

Two	potential	explanations	for	the	performance	of	the	subgroup	of	adults	who	

stutter	 who	 were	 within	 the	 range	 demonstrated	 by	 adults	 who	 do	 not	 stutter	 on	

accuracy	 and	 manual	 reaction	 time	 are	 their	 working	 memory	 scores	 and	 stuttering	

severity	 ratings.	 Participants	 who	 stutter	 who	 exhibited	 similar	 accuracy	 and	 manual	

reaction	times	to	adults	who	do	not	stutter	also	presented	with	NIH-Working	Memory	

scores	comparable	 to	 the	participants	who	do	not	 stutter.	That	 is,	 they	demonstrated	

the	 highest	 performances	 on	 the	 NIH-Working	 Memory	 subtest	 compared	 to	 other	

adults	who	stutter.	Perhaps	this	subgroup	of	participants	who	stutter	have	more	robust	

and	 efficient	 working	 memory	 systems	 that	 enabled	 their	 performances	 on	 the	 NIH-

Working	Memory	 subtest	 and	 the	experimental	 paradigm	 to	be	 comparable	 to	 adults	

who	do	not	stutter.	Another	subgroup	specific	consideration	is	the	severity	of	stuttering	

exhibited	 by	 participants	 who	 stutter	 who	 performed	 similarly	 to	 adults	 who	 do	 not	
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stutter.	In	the	current	study,	no	significant	relationship	between	stuttering	severity	and	

PWM	performance	was	observed.	This	subgroup	of	adults	who	stutter	presented	with	

variable	 stuttering	 severity,	 ranging	 from	 ratings	 of	 very	 mild	 to	 moderate-severe	

stuttering.	 However,	 stuttering	 severity	 in	 this	 study	was	 completed	 based	 on	 one	 5-

minute	 conversational	 sample	 and	 one	 reading	 sample	 with	 the	 participants	 (Riley,	

2008).	Given	that	stuttering	severity	varies	between	and	within	speaking	situations	(e.g.,	

Johnson,	Karrass,	Conture,	&	Walden,	2008;	Karimi,	O’Brian,	Onslow,	Jones,	Menzies,	&	

Packman,	2013),	it	is	possible	that	the	ratings	used	in	the	current	study	did	not	reliably	

capture	 stuttering	 severity.	 Future	 research	 should	 explore	 the	 potential	 correlation	

between	 stuttering	 severity	 and	 PWM	 using	 severity	 ratings/judgments	 collected	 in	

multiple	 speaking	 contexts	 and	 environments	 to	 further	 understand	 the	 relationship	

between	PWM	and	stuttering.	

5.8	CLINICAL	IMPLICATIONS	

Findings	 from	the	current	study	support	 the	 idea	of	 incorporating	phonological	

awareness	 intervention	 in	 therapy	 for	 persons	 who	 stutter	 (Byrd,	Wolk,	 Davis,	 2007;	

Conture,	 Louko	 &	 Edwards,	 1993).	 Results	 of	 the	 current	 study	 lend	 support	 to	 the	

notion	 that	 adults	 who	 stutter	 may	 rely	 on	 holistic	 processing	 of	 nonword	 stimuli	

instead	of	incrementally	processing	the	novel	target	nonword	and	subsequent	nonword	

choices.	 In	 previous	 research,	 children	 who	 stutter	 have	 been	 shown	 to	 shift	 from	

holistic	 to	 incremental	 processing	 at	 a	 later	 date	 compared	 to	 children	 who	 do	 not	

stutter	 (Byrd	 et	 al.,	 2007).	 Perhaps	 adults	 who	 have	 persisted	 in	 their	 stuttering	 (as	

compared	 to	 adults	 who	 spontaneously	 recovered	 from	 stuttering	 in	 childhood	 and	

adults	who	do	not	stutter)	revert	to	holistic	processing	as	a	means	of	interpreting	novel	

words	 in	 contexts	 such	 as	 the	 current	 experiment.	 Targeting	 phonological	 awareness	

(e.g.,	manipulating	sounds	to	create	new	words,	separating	words	 into	their	 individual	
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sounds)	 in	 children	who	stutter	using	both	 real	and	nonword	stimuli	may	support	 the	

shift	 from	 holistic	 to	 incremental	 processing	 in	 a	 more	 expected	 timeframe	 and/or	

contribute	 to	 recovery	 of	 stuttering	 in	 childhood.	 Brooks	 and	 MacWhinney	 (2000)	

describe	 how	 the	 developmental	 shift	 from	 holistic	 to	 incremental	 retrieval	 supports	

faster	 articulation	 and	 facilitates	 fluent	 sentence	 planning	 while	 decreasing	 the	

likelihood	of	 disfluent	 speech	production.	 Thus,	 it	 is	 possible	 that	 facilitating	 the	 shift	

from	holistic	 to	 incremental	processing	may	 in	 turn	support	 fluent	speech	production.	

Byrd	 et	 al.	 (2007)	 reported	 successfully	 using	 phonological	 awareness	 strategies	 to	

support	the	transition	to	 incremental	processing	which	resulted	 in	decreased	disfluent	

speech	production	with	a	small	number	of	children	who	stutter.	Additional	research	 is	

needed	with	a	larger	cohort	of	children	who	stutter	to	understand	the	potential	benefit	

of	 incorporating	 phonological	 awareness	 strategies	 in	 treatment	 to	 facilitate	 fluent	

speech	production.			
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Conclusion	

Previous	research	suggests	that	PWM	may	contribute	to	the	difficulties	persons	

who	 stutter	 have	 establishing	 and/or	 maintaining	 fluent	 speech	 (see	 Bajaj,	 2007;	 cf.	

Nippold,	2012).	To	understand	the	contribution	of	PWM	to	the	onset	and	persistence	of	

stuttering,	 researchers	 have	 used	 nonword	 repetition,	 phoneme	 elision,	 phoneme	

monitoring,	list	recall	and	word	jumble	tasks.	The	present	study	demonstrated	that	the	

differences	reported	on	PWM	tasks	exist	regardless	of	input	modality;	that	is,	they	are	

not	 intricately	 tied	 to	 auditory	 input	 only.	 Although	 present	 data	 are	 preliminary	 and	

additional	 investigation	 is	warranted,	 findings	 suggest	 that	 adults	who	 stutter	present	

with	decreased	accuracy	and	efficiency	of	PWM	compared	to	adults	who	do	not	stutter.	

Thus,	 PWM	may	 uniquely	 compromise	 the	 ability	 to	 establish	 and/or	maintain	 fluent	

speech	production	for	adults	who	stutter.		
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Table	3.	Nonvocal	nonword	stimuli	and	foils	used	in	the	current	study.	
4-Syllable	Stimuli	

Target	Nonword	 Nonword	Choices	
JIGVENTOXILE		 JIGVENTOXILE	

JIBVENTOXILE	
JIGENTOXILE	
JIGVENTOPXILE	

CASTIPAILTY	 CASTI	PAILTY	
CASBIPAILTY	
CASTIAILTY	
CASTIPAILTRY	

ANTISKOLDATE	 ANTISKOLDATE		
ANTISVOLDATE	
ANTISKODATE	
ANGTISKOLDATE	

DIGANTULIN	 DIGANTULIN		
DIGANTUMIN	
DIANTULIN	
DIGANCTULIN	

VAYTAWCHIDOYP	 VAYTAWCHIDOYP		
VALTAWCHIDOYP	
VAYAWCHIDOYP		
VAYTAWCHINDOYP	

DAVONOYCHIG	 DAVONOYCHIG	
DASONOYCHIG		
DAVOOYCHIG	
DAVONOYCHIMG	

NYCHOYTOWVUB	 NYCHOYTOWVUB		
NYCHOYMOWVUB		
NYCHOYTOVUB		
NYFCHOYTOWVUB	

TAVACHEENYG	 TAVACHEENYG	
TAVACHEESYG		
TAACHEENYG		
TAVAPCHEENYG	
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Table	3.	Nonvocal	nonword	stimuli	and	foils	used	in	the	current	study.	

(Continued)	
	

7-Syllable	Stimuli	
Target	Nonword	 Nonword	Choices	
VAMPONTIGEEZITRICAY	 VAMPONTIGEEZITRICAY	

VARPONTIGEEZITRICAY	
VAMONTIGEEZITRICAY		
VAMPONTIGNEEZITRICAY	

DAYBISHOCKSINALLOBIT		 DAYBISHOCKSINALLOBIT		
DAYBISHOT	SINALLOBIT		
DAYBISHOCK	INALLOBIT		
DAYBISHOCKSINALLOSBIT	

FOMMIGAVELONTIPAN		 FOMMIGAVELONTIPAN		
FOMMIGAPELONTIPAN		
FOMMIGAVEONTIPAN		
FOMMIGAVEPLONTIPAN	

GISTORAKIDOPULIN			 GISTORAKIDOPULIN			
GISTORAKICOPULIN	
GISTORAKIDOULIN			
GISKTORAKIDOPULIN			

INFASKOVIJIDEENT		 INFASKOVIJIDEENT	
INGASKOVIJIDEENT		
INFAKOVIJIDEENT		
INFASKOKVIJIDEENT	

JEDABULOSKERAMIC		 JEDABULOSKERAMIC		
JEDADULOSKERAMIC		
JEDABUOSKERAMIC		
JEDABULHOSKERAMIC	

SACONIMBENALOPY		 SACONIMBENALOPY		
SACONIMBENATOPY	
SACONIMBENALOY		
SACONIMBENALOLPY	

KADDENISONOMACY		 KADDENISONOMACY		
KADDENILONOMACY			
KADDENISOOMACY		
KADDENISONORMACY	
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Table	4.	Participant	characteristics	for	adults	who	do	not	stutter	(AWNS)	and	adults	who	stutter	(AWS).		

	Note:	Test	of	Nonverbal	Intelligence-	Fourth	Edition	(TONI-4):	Standard	score	(M	=	100,	SD	=	15).	Peabody	Picture	
Vocabulary	Test	–	Fourth	Edition	(PPVT-4):	Standard	score	(M	=	100,	SD	=	15).	Expressive	Vocabulary	Test	–	Second	Edition	
(EVT-2):	Standard	score	(M	=	100,	SD	=	15).	Comprehensive	Test	of	Phonological	Processing	(CTOPP)	subtests	Phoneme	
Elision	(PE),	Blending	Words	(BW),	Rapid	Digit	Naming	(RDN),	and	Nonword	Repetition	(NWR):	Scaled	score	(M	=	10,	SD	=	2).	
NIH	Toolbox	for	Assessment	of	Neurological	and	Behavioral	Function	(NIH)	subtests	including	Picture	Vocabulary	Test	(PVT),	
Oral	Reading	Recognition	Test	(ORRT),	List	Sorting	Working	Memory	Test	(WM),	Pattern	Comparison	Processing	Speed	Test	
(PCPST),	Flanker	Inhibitory	Control	and	Attention	Test	(Flanker),	and	Dimensional	Change	Card	Sorting	Test	(DCC):	(M	=	100,	
SD	=	15).	Purdue	Pegboard	subtests	Both	Hands	(B)	and	Assembly	(Asmb).		

ID	
Talker	
Group	

Age	
(years)	

Education	
Level	
(years)	

TONI-4	 PPVT-4	 EVT-2	
CTOPP	
PE	

CTOPP	
BW	

CTOPP	
RDN	

CTOPP	
NWR	

NIH	
PVT	

NIH	
ORRT	

NIH	
WM	

NIH	
PCPST	

NIH	
Flanker	

NIH	
DCC	

PP	
B	

PP	
Asmb	

1	 AWS	 28	 18	 102	 101	 97	 11	 14		 14		 11		 109		 123		 114		 71.6	 117.4	 105.4	 14		 40		

2	 AWS	 26	 17	 112	 104	 112	 11	 9		 8		 8		 126.9	 128.9	 97.4	 59.4	 98.6	 110		 12		 36		

3	 AWS	 21	 16	 97	 123	 116	 13		 11		 15		 12		 118.3	 117.3	 86		 96.9	 114.1	 118.3	 12		 32		

4	 AWS	 34	 16	 101	 109	 118	 8		 10		 9		 10		 101.4	 100.5	 88.4	 97.6	 120.7	 120.9	 15		 28		

5	 AWS	 32	 15	 85	 120	 126	 10		 15		 10		 8		 123.8	 128.7	 98.8	 56.1	 102.7	 113.7	 14		 43		

6	 AWS	 18	 13	 98	 101	 89	 8		 12		 9		 12		 92.7	 113		 85.5	 72.8	 101.2	 94.1	 11		 32		

7	 AWS	 19	 13	 99	 95	 89	 8		 13		 7		 7		 97.6	 110.7	 64.3	 84.2	 96.3	 88.9	 9		 22		

8	 AWS	 22	 16	 103	 96	 106	 8		 8		 11		 8		 101		 118.3	 96.7	 85.7	 97.7	 113.4	 11		 41		

9	 AWS	 25	 19	 104	 104	 98	 11		 13		 12		 12		 121.3	 123.3	 97.4	 93.3	 132.9	 133.2	 12		 38		

10	 AWS	 21	 16	 111	 110	 102	 12		 7		 9		 6		 112.5	 112.5	 96.7	 96.9	 125.1	 119.1	 11		 45		

11	 AWS	 30	 16	 101	 105	 108	 10		 10		 11		 10		 122.3	 112.7	 120.4	 81.9	 99.7	 105.9	 11		 36		

12	 AWS	 25	 18	 98	 99	 96	 9		 8		 9		 9		 111.2	 118.7	 116.6	 83.2	 102.1	 118.9	 16		 32		

13	 AWS	 44	 18	 112	 110	 106	 10		 10		 10		 10		 120.5	 119.8	 112.7	 93.3	 106.6	 110.2	 9		 36		

14	 AWS	 24	 16	 104	 101	 100	 10		 9		 10		 11		 98.9	 112.4	 116.6	 85.7	 115.5	 120.1	 12		 28		

15	 AWS	 32	 18	 105	 120	 123	 11		 11		 8		 7		 125.1	 118.4	 112.7	 93.3	 104		 111.2	 12		 36		

16	 AWS	 44	 16	 102	 101	 100	 12		 10		 5		 6		 104.7	 114.6	 116.6	 85.7	 100.3	 103.3	 12		 32		
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Table	4.	Participant	characteristics	for	adults	who	do	not	stutter	(AWNS)	and	adults	who	stutter	(AWS).	(Continued)	

17	 AWS	 23	 16	 102	 111	 99	 11		 10		 13		 11		 101.9	 105.9	 101.2	 104.6	 111.9	 110		 10		 24		

18	 AWS	 18	 12	 100	 100	 98	 9		 9		 10		 9		 99.3	 105.7	 108.9	 90.8	 117.3	 119		 12		 28		

19	 AWS	 37	 18	 110	 115	 113	 11		 10		 10		 10		 126.5	 119		 112.7	 76.9	 111		 113.6	 13		 36		

20	 AWS	 32	 16	 92	 113	 99	 10		 10		 10		 9		 111.9	 114.2	 101.2	 95.8	 106		 112.6	 10		 36		

21	 AWS	 25	 20	 115	 124	 143	 12		 13		 12		 9		 116.4	 119.8	 120.4	 103.4	 116.4	 119.6	 9		 32		

22	 AWS	 35	 18	 106	 113	 110	 11		 12		 12		 10		 111.5	 115.7	 112.7	 99.6	 104.7	 116.7	 12		 36		

1	 AWNS	 25	 19	 112	 110	 121	 12		 15		 13		 9		 121.9	 141.6	 107.9	 70.3	 110.2	 109.4	 10		 35		

2	 AWNS	 28	 22	 99	 109	 112	 11		 12		 12		 14		 125.7	 128.5	 124.8	 54.5	 100.7	 128.7	 12		 28		

3	 AWNS	 24	 16	 100	 106	 110	 9		 12		 12		 10		 122.5	 106.6	 112.7	 81.9	 104.2	 108.9	 13		 28		

4	 AWNS	 18	 12	 109	 109	 116	 11		 15		 11		 13		 110.3	 118.8	 101.4	 100.3	 117.4	 99.7	 12		 39		

5	 AWNS	 21	 15	 100	 100	 96	 9		 11		 12		 7		 107.5	 106.8	 107.2	 96.3	 97.2	 95.7	 12		 34		

6	 AWNS	 33	 17	 101	 106	 97	 9		 8		 13		 10		 105.6	 110.1	 112.7	 95.8	 113		 120.1	 13		 36		

7	 AWNS	 24	 16	 99	 105	 92	 12		 13		 6		 13		 97.7	 111.3	 112.7	 105.9	 117.3	 112.9	 12		 36		

8	 AWNS	 22	 16	 111	 117	 108	 10		 8		 11		 11		 105.4	 116.3	 105		 114.7	 110		 110.7	 13		 36		

9	 AWNS	 30	 16	 98	 101	 102	 10		 4		 10		 6		 102.7	 106.2	 98.3	 72.5	 112.9	 135.9	 11		 44		

10	 AWNS	 28	 16	 102	 117	 113	 11		 15		 11		 14		 116.7	 120.6	 116.6	 92		 111.2	 117.4	 12		 32		

11	 AWNS	 27	 18	 115	 120	 118	 11		 12		 11		 10		 116.2	 116.6	 108.9	 102.1	 108.1	 119.5	 14		 36		

12	 AWNS	 30	 18	 105	 101	 105	 13		 11		 11		 12		 112.9	 115.7	 128.1	 109.7	 117.3	 120.1	 14		 40		

13	 AWNS	 24	 17	 85	 97	 92	 8		 9		 9		 8		 102.1	 106.8	 108.9	 84.4	 112.5	 120.1	 16		 44		

14	 AWNS	 21	 15	 112	 119	 116	 10		 11		 12		 10		 110		 112.8	 120.4	 105.9	 105.6	 115.9	 11		 24		

15	 AWNS	 46	 20	 100	 100	 118	 10		 11		 10		 10		 124.9	 115.5	 112.7	 105.9	 100		 114.1	 11		 40		

16	 AWNS	 27	 18	 109	 114	 118	 13		 15		 8		 9		 124.5	 116.3	 116.6	 93.3	 103.2	 110.4	 9		 32		

17	 AWNS	 43	 18	 104	 101	 100	 10		 10		 12		 10		 119.2	 120.6	 108.9	 87		 117		 120.1	 15		 24		

18	 AWNS	 19	 14	 100	 100	 98	 9		 9		 10		 9		 111.1	 117.2	 101.5	 84.2	 96.3	 83.3	 11		 24		

19	 AWNS	 35	 18	 106	 115	 113	 11		 10		 10		 10		 115.3	 118.4	 112.7	 98.3	 117.3	 119		 14		 44		

20	 AWNS	 26	 20	 117	 124	 126	 12		 11		 10		 11		 123.4	 118.7	 124.3	 104.6	 105.7	 115.8	 12		 36		

21	 AWNS	 31	 18	 110	 113	 110	 11		 15		 12		 10		 106.9	 115.1	 105		 105.9	 108		 119.2	 12		 32		

22	 AWNS	 31	 16	 92	 100	 99	 10		 10		 10		 10		 110		 116.4	 105		 122.3	 107.3	 119		 16		 32		
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Table	5.	Means	and	standard	deviations	for	adults	who	do	not	stutter	(AWNS)	and	adults	who	stutter	(AWS)	on	pre-
experimental	tasks.	

		

AWNS	 AWS	

Mean	 N	 Std.	
Deviation	

Mean	 N	 Std.	
Deviation	

Age	 27.8636	 22	 6.99180	 27.9545	 22	 7.61250	

Education	Level	 17.0455	 22	 2.19257	 16.4091	 22	 1.96781	

Baseline	Auditory	-	Reaction	Time	
283.2000	 793	 100.22000	 289.3100	 793	 84.95000	

Baseline	Visual	-	Reaction	Time	 431.57	
793	 141.34000	 435.5500	 793	 119.28500	

PPVT-4	 108.364	 22	 7.9794	 107.955	 22	 8.6766	

EVT-2	 108.182	 22	 9.9074	 106.727	 22	 12.8515	

TONI-4	 103.9091	 22	 7.64018	 102.6818	 22	 6.89642	

CTOPP-Elision	 10.545	 22	 1.3355	 10.273	 22	 1.4535	

CTOPP-Blending	 11.227	 22	 2.7934	 10.636	 22	 2.0597	

CTOPP-Rapid	Digit	Naming	 10.727	 22	 1.6383	 10.182	 22	 2.2811	

CTOPP-Nonword	Repetition	 10.273	 22	 2.0279	 9.318	 22	 1.8358	

NIH-Vocabulary	 113.295	 22	 8.2991	 111.577	 22	 10.6338	

NIH-Reading	 116.223	 22	 7.8614	 116.050	 22	 6.9511	

NIH-Working	Memory	 111.468	 22	 7.8964	 103.541	 22	 14.0720	

NIH-Pattern	Comprehension	 94.900	 22	 15.7985	 86.759	 22	 13.0316	

NIH-Flanker	 108.745	 22	 6.6361	 109.191	 22	 9.7763	

NIH-Dimensional	Change	Card	Sort	
Test	

114.359	 22	 10.9577	 112.641	 22	 9.4665	

Purdue	Pegboard-Both	Hands	 12.500	 22	 1.7928	 11.773	 22	 1.8499	

Purdue	Pegboard-Assembly	 34.364	 22	 6.1840	 34.045	 22	 5.7857	
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Figure	1.		 Adapted	version	of	Baddeley	(2003)	proposed	structure	of	the	
phonological	loop	with	visual	and/or	auditory	input.		

	
	
	
	
	
	



 68	

	
	
	

	
	
Figure	2.		 Schematic	of	visual	to	visual	nonvocal	nonword	condition.		
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Figure	3.		 Schematic	of	visual	to	auditory	nonvocal	nonword	condition.		
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Figure	4.		 Schematic	of	auditory	to	visual	nonvocal	nonword	condition.		
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Figure	5.		 Manual	reaction	time	for	adults	who	stutter	(AWS)	and	adults	who	do	not	

stutter	(AWNS)	silently	identifying	a	target	nonword	from	a	subsequently	

presented	set	of	four	nonwords	in	each	of	the	nonvocal	nonword	

conditions	(i.e.,	visual	to	visual,	visual	to	auditory,	auditory	to	visual).	

Error	bars	represent	standard	error	of	the	mean.		
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Figure	6.		 Manual	reaction	time	for	all	participants	silently	identifying	a	target	

nonword	from	a	subsequently	presented	set	of	four	nonwords	at	the	4-

syllable	and	7-syllable	length	in	each	of	the	nonvocal	nonword	conditions	

(i.e.,	visual	to	visual,	visual	to	auditory,	auditory	to	visual).	Error	bars	

represent	standard	error	of	the	mean.		
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Figure	7.		 Manual	reaction	time	for	adults	who	stutter	(AWS)	and	adults	who	do	not	

stutter	(AWNS)	silently	identifying	a	target	nonword	from	a	subsequently	

presented	set	of	four	nonwords	consisting	of	either	4-syllables	or	7-

syllables.	Error	bars	represent	standard	error	of	the	mean.		
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Figure	8.		 Accuracy	for	adults	who	stutter	(AWS)	and	adults	who	do	not	stutter	

(AWNS)	silently	identifying	a	target	nonword	from	a	subsequently	

presented	set	of	four	nonwords,	controlling	for	condition,	condition	

order,	syllable	length,	and	NIH-working	memory	scores.	Error	bars	

represent	standard	error	of	the	mean.		
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Figure	9.		 Accuracy	for	all	participants	at	the	4-syllable	and	7-syllable	lengths	across	

all	nonvocal	nonword	conditions	(i.e.,	visual	to	visual,	visual	to	auditory,	

auditory	to	visual).	Error	bars	represent	standard	error	of	the	mean.		
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Figure	10.		 Number	of	responses	by	adults	who	stutter	(AWS)	and	adults	who	do	not	

stutter	(AWNS)	for	each	possible	response	type	(i.e.,	accurate,	deletion,	

substitution,	addition)	across	all	nonvocal	nonword	conditions.		
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Figure	11.		 Manual	reaction	time	exhibited	by	adults	who	stutter	(AWS)	and	adults	

who	do	not	stutter	(AWNS)	for	accurate	and	inaccurate	responses	across	

all	nonvocal	nonword	conditions.	Error	bars	represent	standard	error	of	

the	mean.	
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