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ABSTRACT

This paper provides a more detailed descriptionasial tongue palate contact patterns for
the occlusion phase of velar stops than currentist® The study used electropalatography (EPG)
to record seven normally speaking adults’ contattepns of voiceless velar stops in nine VKV
contexts. A variety of EPG indices measured: pdrcemplete closures across the palate; place of
articulation; articulatory distance between /k/ atid and amount of contact. Complete closure
occurred in the majority (81%) of tokens. Some kpem almost always had complete closures
regardless of context, whereas other speakers peddthem only with high front vowels. As
expected, place of articulation and amount of cdnteere heavily influenced by vowel context.
The most fronted and most contact occurred inafitexts and the most retracted and least contact
in /a/ contexts. There was considerable interspeaieability on all measures, particularly in the
precise location of velar placement and articulatbstance between alveolar and velar placement.
The implications for diagnosing and treating abramelar articulations are discussed.

Keywords: velar stops, electropalatography, EPGGdation.



1. INTRODUCTION

Recent studies have reported the benefits of usiectropalatography (EPG) to diagnose and
treat abnormal articulations of velar stops /k/ dgin people with speech disorders associated
with a variety of conditions, including cerebralga(Gibbon & Wood, 2002), Down’s syndrome
(Gibbon, McNeill, Wood & Watson, 2003), cleft paaf{Gibbon & Crampin, 2001), hearing
impairment (Crawford, 1995) and functional arti¢ida/phonological disorders (Friel, 1998). A
recent survey showed that /k/ was targeted in ypeattird of individuals (n=60) who received EPG
therapy in Scotland over a 10 year period (Gibbdaagterson, 2006). Furthermore, the Gibbon and
Patterson study showed that /k/ was the fifth neoshmonly targeted sound in EPG therapy after

Isl, It/, §/ and /d/. The main reason for using EPG to ingasti and treat velars is that these sounds

usually register measurable amounts of tongue galantact, which is located in the posterior
region of the hard palate (Hardcastle & Gibbon,7)99

Although EPG patterns for velars is broadly chaaséd by contact in the posterior region, the
relatively frequent use of EPG for abnormal velsrsomewhat surprising; contact patterns for
these sounds are highly variable even in normahlgre and productions of /k/ have minimal
amounts of contact. Variability of tongue palatete@t in normal speakers is due to factors both
between and within speakers. For example, pateendikely to vary between speakers due to the
physiological factors such as the different shagfgseople’s hard palates (Hiki & Itoh, 1986) and
upper/lower jaw relationships. Factors such asethesve an impact on the overall amount of
contact exhibited by different speakers. For exanpdcent studies reporting normative data have
shown that although different speakers have broamylar contact patterns for the same target,
some speakers have up to twice as much contadhes speakers (Gibbon, Lee & Yuen, 2007,

Gibbon, Yuen, Lee & Adams, 2007; Liker, Gibbon, Wek & Horga, 2007).



As well as variation between speakers, contacepettfor velars produced by the same speaker
vary due to the phonetic context in which they ac®elar articulations are profoundly affected by
the vowel environment and assimilation processdish@, Hardcastle & Nicolaidis, 1993; Ellis &
Hardcastle, 2002). To illustrate this point, EP@d#&s have shown a more forward place of
articulation of velars where they occur in highffrcompared to low/back vowel contexts (Gibbon
et al.,, 1993; Dagenais, Lorendo & McCutcheon, 198#bon & Nicolaidis, 1999; Nicolaidis,
2001; Recasens & Pallares, 2001). The more rettqm@acement for velars in some vowel contexts
can lead to incomplete closure being registeredhenartificial plate. This is often due to the
occlusion occurring further back than the most @ast row of electrodes, which are normally
located on the junction between the hard and sdéte (Hardcastle & Gibbon, 1997). The lack of
complete closure is a limitation of the technigtself because in these cases it is not possible to
know from EPG data alone where the main occlusiothe velar stop is located.

A number of previous EPG studies have reporteddasclissed the difficulties of interpreting
contact patterns that exhibit incomplete closurenduvelars. Nicolaidis (2001) used EPG to study
Greek spontaneous speech. She showed that 59 8dt\aflar tokens (63%) were produced with
incomplete velar closure. Nineteen out of 59 inclatepclosures showed silence in the acoustic
signal, but incomplete EPG closure, which was thdexce of closure occurring behind the EPG
palate. Additional 12 incomplete velar closures Hacktion in the acoustic signal as well as
incomplete EPG closure, which suggested a redudtidhe velar gesture itself. The remaining 28
out of 59 incomplete velar closures in her studgwstd full closure on EPG data, but were still
tagged as incomplete closures, because there wienee of friction in the acoustic signal during
/k/. The author, therefore, assumed that the oicslusas not complete and that there was a lateral
release of airflow at a location behind the mosteaor row of electrodes which caused the friction

in the acoustic data. Another explanation, notrefleby the author, could be that a small opening in



the closure occurred between two electrodes ingpostrows of the EPG palate and was therefore
not recorded in the EPG data. This explanationppsrted by the fact that contact separation in the
palatal and velar region is greater (more than 3 tian that in the alveolar region (less than 3
mm) on the Reading EPG palate (Wrench, 2007), ngakirpossible for the opening to occur
between two electrodes. Stephenson (2003) in g stfidlveolar to velar assimilation in normal
speakers of Australian English reported the pres@ddncomplete closures during velar stops in
her data, but these were in a potential alveolaetar assimilation site so it is not known howeaoft

to expect incomplete closures in non-assimilatddrgen normal speakers.

In addition to knowing about the range of normalcEpatterns for velars, it is also important to
know the relative articulatory distance in placeméertween velars and other target sounds,
particularly alveolar stops. The importance ofcarfatory distance was discussed in a recent study
by Liker et al. (2007). These authors estimatethdee by using the “centre of gravity” (COG)
index, based on EPG data. (For further detailfi®@f@OG measure see Gibbon & Nicolaidis, 1999;
Baken & Orlikoff, 2000). The purpose of the COG sw is to identify the location of the main
concentration of contacted electrodes on the ER@ pand as such it estimates relative place of
articulation on the hard palate from alveolar ttaveA high COG value represents a forward, i.e.,
anterior placement typical of alveolar and posealar sounds whereas a low COG value reflects a
posterior placement typical of velar sounds. Li&eal. found that placement of the occlusion phase

of /t/ and /§/ varied considerably between speakers. Despiseviriability in placement, the COG

measure showed that individual speakers consigtendlintained a significantly more forward

placement for /t/ compared td//t

Another reason why the distance between alveoladsvalars is important is because some
individuals with speech disorders produce articolet that effectively either reduce or neutralise

this distance. Reducing or neutralising the distancgplacement between alveolar and velar targets



has been found to be associated with speech esuats as substitutions, distortions and overall
reduced speech intelligibility. Gibbon and Cram{®#001) studied articulatory distance in an adult
with cleft palate who from a perceptual analysieduced all alveolars and velars as middorsum
palatal stops. Based on the COG index, these aufband that the articulatory distance between
these targets produced by this speaker was significreduced compared to the control speakers.
Gibbon and Crampin found that normal speakers Ha® @alues of around 5 for alveolar targets
and between 1 and 2 for velar targets, giving dicwdatory distance between these targets of
approximately 3-4. In contrast, the speaker witkftcpalate had a much reduced articulatory
distance of less than 1. A limitation of the Giblaomd Crampin study was that it was based on only
two control speakers. The high inter speaker vianah contact patterns, particularly velars, means
that more EPG data is needed from a greater nuwibaormal speakers in order to establish

reliable COG norms for articulatory distance.

The aim of the current study was to better defime fange of tongue palate contact patterns
during the occlusion phase of /k/ in normal Engkgleaking adults for the purpose of informing
clinical practice when using EPG for diagnosis arehtment of abnormal /k/ articulations. The
study additionally measured articulatory distaneenveen velar /k/ and alveolar /t/ (the data for /t/
was recorded in the same vowel contexts and frarsime speakers as /k/, and is reported in a

previous study, Liker et al., 2007).

2. METHOD

2.1. Participants

The study analysed articulation data from sevemabadult speakers of English, ranging in
age from 24 to 47 years and a mean of 36 yearseMeere four female (F1, F2, F3 and F4) and

three male (M1, M2 and M3) participants. Particigamere faculty members at the University of



Reading, UK. They had no history of speech, languaghearing difficulties and were all native
speakers of English. In order to record the dynaongue palate contact patterns, each speaker had
an artificial plate (Reading EPG, Hardcastle & Gibp1997) individually constructed to fit against
the hard palate. The plate contained 62 electrgalesed in eight horizontal rows according to
well-defined anatomical landmarks. All participantederwent a desensitization period of four
hours prior to recording to adjust their articudatito the presence of the artificial plate withie t

oral cavity. All participants were judged by thepeximenter, a qualified speech and language
therapist, to have normal undistorted speech vghpalate in situ at the end of the desensitization

period.

2.2. Speech material

Simultaneous EPG and acoustic data were recordge gemrticipants read out loud a set of
nonsense VKV sequences in which V representefd/ignd /u/. Thus /k/ tokens were analysed in
nine vowel environments (aa, ii, uu, ai, au, ia, &, ui), which were selected because they
represented a high front, high back and low tongostion in British English dialects. Stress was
placed on the first syllable and each speaker teddhe sequences 10 times, hence, a total of 630
tokens were analysed. Data recorded at the saneefdimalveolar stop /t/ targets produced by the
same speakers in exactly the same vowel envirormaed reported in a previous study (Liker et
al., 2007) were used to investigate articulatomstatice between alveolar and velar stops within

speakers.

2.3. Instrumentation & recording

The speech material was extracted from the EUR-AR@@tabase (Marchal & Hardcastle,
1993). The data was recorded using the Reading-®hdinnel System, with the EPG data sampled

at 200 Hz and the acoustic signal at 20 kHz. Daeewecorded in several channels, for this study



only the audio signal (Sennheiser microphone MKHP4B) and tongue palate contact (Reading
EPG system) were utilised. Data was imported ifi® Articulate Assistant software (Wrench,

Gibbon, McNeill & Wood, 2002), which was used fegsientation, annotation and analysis.

2.4. Data segmentation, annotation and analysis

The EPG and acoustic data were displayed on a dempcreen using the Articulate Assistant
software version 1.12 (EPG software). In orderdentify the articulatory characteristics of the
velar stops, occlusion phase of velar stops wastated (tagged):

(1) The beginning of the occlusion was identifiedtlae first EPG frame showing full electrode
activation on one or more rows;

(2) The end of the occlusion identified as the feesthe of full electrode activation across one or
more rows.

The annotated EPG frames at the beginning and ésegments usually coincided with the
acoustic events marking the beginning and the dritiebocclusion phase. These annotations are
illustrated in figure 1.

Insert figure 1 about here.

Three measurements were made based on the annstgt@cent of complete occlusions, place
of articulation, amount of contact. When there wasfull electrode activation on at least one row
on the palate during velar occlusion (figure 1§ thapetition was tagged “incomplete EPG closure”
and annotation was performed according to acoasgnts (silence in the acoustic signal). Percent
of complete EPG closures for each speaker and eawikl context was calculated. Number of
complete EPG closures was counted for each repetind each vowel context, divided by the total
number of repetitions (10) and multiplied by 10eTdata for each vowel context were averaged

across speakers.



Place of articulation was measured by means of difed COG index, the PCoG (Posterior
Centre of Gravity) at the frame of maximum cont@ibbon et al., 1993). Like the COG, a higher
PCoG value indicated a more fronted articulatiohjleva lower value indicated a more retracted
articulation. The PCoG index was calculated oncietral four mid-sagittal electrodes in the back
four rows according to the following formula:

(05xR8) + (L5xR7) + (25xR6) + (3.5xR5)
R4+R3+R2+ Rl

PCoG =

Articulatory distance between /k/ and /t/ was meegas the difference between two calculated
index values, the PCoG and placement for alvediap ¢/ measured using the ACoG index
(Gibbon et al., 1993) and is reported in full ipravious study (Liker et al., 2007).

Amount of contact was also calculated at the ERGné& of maximum contact between the
beginning and end of the occlusion. The calculatvas expressed as a percent of a total number of
contacts as a fraction of the whole palate (62teldes). So, the largest possible result was 100%,
meaning all of the electrodes were contacted, velsetiee lowest possible result was 0%, meaning
none of the electrodes were contacted.

The statistical significance of differences betwdde variables was tested by means of

heteroscedastic t-test.

3. RESULTS

3.1. Complete EPG closures

Figure 2 shows that the majority (81%) of velapstokens had complete closure across the EPG
palate. There were at least some cases of incoenpleG velar closures in all vowel contexts,
however. The following vowel contexts are orderszhf the highest (96%) to the lowest (59%)
number of complete EPG closures: /ui/, i/, lial/, lail, /ua/, /uul/, lau/, /aal. The differences

between vowel contexts, however, were not statiliyicsignificant (p>0.05). The speakers also



varied considerably in the number of complete aiolos (F3 99%; M1 98%; F4 92%; M3 89%; F2
77%; M2 74%; F1 40%). Only speaker F1 differs digantly from other speakers (p<0.05). These
percentages show that four of the seven speak8&sME, F4 and M3) almost always produced
complete closures, regardless of the vowel contexthich /k/ occurred. For other three speakers
(F2, M2 and F1), their productions of complete gtes was dependent on vowel context, with
closures in the context of a high front vowel.

Insert figure 2 about here.

3.2. Placeof articulation

The results in figure 3 show that the place ofcaféition as measured by the PCoG index at
maximum contact point during the velar occlusiomieg depending on the vowel context. As
expected, the most fronted velar occlusion wah@/if vowel context; /iki/ had an average PCoG
value of 1.36, SD 0.54. The most retracted placémes in the /a/ vowel context; /aka/ had an
average PCoG value of 0.5, SD 0.01. The followiogvel contexts are ranked from highest to
lowest PCoG index values: /ii/, /ial/, /iu/, luii/| /ua/, /uul/, lau/, /aal. The following differ
significantly (p<0.05): /ii/ from /ui/, /ai/, lua/uu/, /au/ and /aa/; /ia/ and /iu/ from /ua/, {uali/ and
/aal, while /ui/ differs significantly from /aa/.hiE difference in placement depending on vowel
context is illustrated in figure 4.

A high negative correlation coefficient (r = -0.78)ows that complete closure and place of
articulation move together in an inversely promél way. This means that the probability of
complete EPG closure in the velar stop /k/ incréagigh in the context of higher vowels.

Insert figures 3 and 4 about here.

The articulatory distance between alveolar andrv&laps /t/ and /k/ is shown in figure 5. The

distance between the two occlusions is clear is@dlakers, with M3 having the smallest distance

(index difference of 4.81) and F1 having the gretatistance between the targets (index difference



of 6.77). Average placement in velar occlusiontfa different speakers was between PCoG values
0.51 and 1.29 (mean 0.88, SD 0.28) and in alvemialusion between ACoG values 5.98 and 7.28

(mean 6.63, SD 0.45). The differences between P@d@es for each speaker were all statistically

significant (p<0.05), except between F2 and M3 all & between F3 and M1.

Insert figure 5 about here.

3.3. Amount of contact

Amount of contact (figure 6) varied according toma context. The most (42%) contact during
velars occurred in the /i/ vowel context, with theast (22%) in the /aa/ context. Despite
considerable interspeaker variation in overall amaaf contact, all speakers followed the same
general trend of having more contact for velar esion in a high compared to a low vowel context.
The following ranks the various vowel contexts @mms of amount of contact from the most to
least: /ii/, /iu/, lial, /uil, /ail, ua/, /luu/, /aand /aa/. The following reached statistical digance
(p<0.05): /iil and /uul/, /ua/, laul, /aal, ther Aad /au/, aa/, then /iu/ and /uu/, /ua/, /awd/ tand
finally /ui/ and /aa/. As with the other variabléisere were considerable interspeaker differentes i
amount of contact, with some speakers having altwase as much contact as others (F4 22%, F1
23%, M2 26%, F3 36%, M1 36%, F2 39% and M3 42%).tAé differences between speakers
were statistically significant (p<0.05), except $bdbetween F1 and F4, F2 and M3 as well as F3
and M1. However, although overall differences bemvepeakers were considerable, figure 6 shows
that all speakers follow the same trend.

Insert figure 6 about here.

4. DISCUSSION

The results of this study show that across all vewmironments, the majority (81%) of velar

occlusions had complete closure in the posterigioreof the hard palate. Adjacent vowels heavily



influenced whether complete closure occurred, hewewith higher instances in /i/f compared to /a/
vowel contexts. There were also considerable diffees between speakers in their tendency to
produce closures; some speakers almost always gegddcomplete closures regardless of vowel
context, whereas other speakers tended to prodaseres only in the context of high front vowels.
In normal speakers, where the acoustic signal atdgcthe presence of a closure with no acoustic
energy present in the waveform and the EPG traoevslincomplete closure, it is likely that an
occlusion is occurring at a location behind the inposterior row of EPG electrodes.

The diagnostic implication is that incomplete clesu during perceptually correct velar
articulations are not unusual in normal speakedstharefore should not be regarded as abnormal
patterns. One implication of this finding is thairthg EPG intervention that aims to facilitate
correct articulation of velars, speech and langubgeapists might find it helpful for the individua
with a speech disorder to try to produce velarphonetic contexts that are most likely to have
complete closures, at least in the first stageshefapy. A possible starting point would be to
attempt to elicit correct velars in a high vowehtext in words or phrases suchaaley, Mickey or
beaker. Further support for selecting these words or ward similar phonetic contexts is the
finding from the current study that speakers predaigout twice the amount of contact for velars in
/il compared to /a/ environments. EPG intervent®obased on providing visual feedback of tongue
palate contact, so it is reasonable to suggesptitgrns involving high amounts of contact provide
more information to the client and are therefortdvdreatment targets than those with minimal or
no contact. A final therapeutic implication of thesults is that clients as well as speech and
language therapists should be aware that so lomagtiaslations are heard as correct velars, itfis o
no consequence whether the EPG patterns show cemmieincomplete closure patterns. In a
recent study Cheng, Murdoch, Goozée & Scott (20@@stigated normal development of tongue

palate contact in four groups of participants wittrmal speech and hearing status: 6-to 7-year-



olds, 8- to 11-year-olds, 12- to 17-year-olds awidlta. In this large-scale study, the authors
reported that each group demonstrated a high peafemcomplete velar closures during /k/
productions. Complete closures occurred as foll®2#8%6 of complete closures in the 6-to 7-year
olds, 58% in the 8-to 11-year olds, 27% in the d2if7-year-olds and 17% in adults. The
differences between the age groups were signifidem study also showed that amount of contact
for velar stop /k/ was about 15% (8.3 — 9.9 elat#r) and that differences between the age groups
were not significant. These findings have importanplications for treating abnormal contact
patterns for velars in children, adolescents andtsdOne reason for a relatively high percentage o
incomplete closures and low amount of contact imlight be a low vowel context in which /k/ was
investigated (test wordcar). The results of the present study have shown ttatpercent of
complete closures and amount of contact are infle@rheavily by vowel context. The reason for
the differences between the two studies might &ksan the fact that different speakers show
different tendencies in velar stop production, &ews by this study. Different tendencies in
different speakers might have also influenced tifierénce in the results between the four age
groups in Cheng et al. (2007). Since coarticulafmsformance develops with age, it remains to be
seen how different vowel contexts influence velasgre in different age groups.

The results of this study provide useful guidelif@sidentifying abnormal contact patterns for
velars in individuals with speech disorders. Desgibnsiderable differences between speakers, it
was possible to define a range of normal valuesvédars from the modified COG index and
amount of contact measure. For instance, in tefrasnount of contact, normal speakers exhibited
between 22%-42% contact located primarily in theteoor region for the occlusion of /k/ across
all vowel environments. Based on these values, ramldEPG patterns for velars may be identified
by contact that differs significantly from this g Examples of abnormality might include contact

that is not primarily confined to the posterior iceg but instead involves extensive contact across



the whole of the palate, or located primarily i thlveolar region, or contact that is minimal or
absent. These abnormal patterns are likely to becated with a wide range of perceptual errors
such as substitutions, double articulations antodiens (Gibbon, 2004). In terms of therapy,
normative data provide helpful guides when usin@E® visual feedback to remediate articulation
errors affecting velar stops. More specificallye thormal EPG patterns will serve as targets that
speakers with articulation errors will attempt gproduce in order to produce velars with normal
place of articulation.

The measures used in this study (i.e., modified GG amount of contact) to investigate the
normal velar contact patterns may prove to be \dduan assessing coarticulation in both young
typically developing children and individuals wipeech disorders. These measures were sensitive
enough to detect the relatively small coarticukateffects of vowels on velar placement, and as a
result these measures could be applied to clirdieaks and used as indicators of subtle speech
motor control difficulties and the acquisition atieulation skills in typically developing children
Some researchers (Nijland, Maassen, van der Me@abreéls, Kraaimaat, & Schreuder, 2002,
Nijland, Maassen, & van der Meulen, 2003) have tbwvidence from acoustic analysis that
children with childhood apraxia of speech have Isuiviotoric difficulties that affect adversely this
type of coarticulation. Katz (2000) reports on fesof 13 studies investigating labial and lingual
coarticulation in aphasic (apraxic) individualsghi of those studies show missing or delayed
anticipatory coartioculation in people with aphagspraxia). On the other hand, five studies
reported by Katz (2000) show no differences in #ent or magnitude of anticipatory
coarticulation between nonfluent speakers with aghépraxia) and controls. The COG index and
amount of contact measures would provide imporsapporting evidence of this type of motoric

deficit, which could occur in both developmentatlactquired forms of dyspraxia. The ability to



coarticulate also reflects articulatory skill, sswthese measures could be used to gauge proficienc
in using velars as a result of EPG therapy or duttie course of typical development.

The results of the current study showed how theiireadCOG indices quantified the extent to
which normal speakers separate alveolar from va@acement in terms of articulatory distance,
with index differences of between 4.8 and 6.8. Timsmal range will prove valuable when
identifying abnormal articulation errors that affébese categories of sounds. For example, the
frequently occurring phonological processes of firmnvelar targets to alveolars, or the opposite
process of backing alveolar targets to velars, tighexpected to result in reduced or neutralised
articulatory distance. Likewise, the distance measwuld be used to identify whether individuals
with speech disorders were producing subtle phamcdd contrasts that could not be detected
through perceptual analysis, so called covert estdr (Hewlett, 1988; Edwards, Gibbon &

Fourakis, 1997).
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Figure captions

Figure 1. EPG printout to illustrate incomplete EPIGsure in /aka/ realised by speaker F1 (top)
and complete EPG closure also in the /aka/ sequexadised by speaker F3 (bottom). Beginning,
end and maximum contact point are marked by ewcri@tters B, E and M respectively. Below

each EPG printout annotated velar closure is maoketthe waveform.

Figure 2. Percent of complete EPG closures dukhon/mine vowel contexts.

Figure 3. PCoG index at the EPG frame of maximumta: during velar occlusion in nine vowel

contexts.

Figure 4. EPG printout illustrating the differeneéhin speakers in amount of contact in different
vowel environments. In this example, the speakétf3isand shows that velar closure in /iki/ (top)
has 47% contact at maximum contact frame 107 vededw® (bottom) which has 27% contact at

frame 43.

Figure 5. Articulatory distance in place of artmtibn, as measured by ACoG index for /t/ and PoG

index for /k/, at maximum contact in seven speakers

Figure 6. Amount of contact at maximum contact maes$ in nine vowel contexts for each

speaker.
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