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Summary: Glottal stop (GS) is a typical compensatory articulation, which has a great impact on speech intelligibility
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in patients with cleft palate. It is usually detected by perceptual analysis. The aim of this study is to investigate the utility
of vocal attack time (VAT) values in patients with cleft palate with and without GS, when unaspirated monosyllables
are articulated in Mandarin, by using electroglottography. Unaspirated monosyllables /pa/ /pi/ /pu/ /ta/ /ti/ /tu/ /ka/ /ki/
/ku/ with tone one were analyzed. A total of 575 tokens were obtained from 42 patients with cleft palate, divided into a
GS category (n = 312 tokens) and a nonglottal stop (NGS) category (n = 263 tokens), as assessed perceptually by three
judges. Sound pressure and electroglottography recordings were also obtained from these tokens. The time lag of the
cross-correlation function was used to gain VAT values. The results showed that the mean VAT values of tokens from
the GS category (�0.25 ms) was significantly shorter than that of tokens in the NGS category (3.19 ms) (t = 7.326,
P < 0.001). The results also showed that there was no significant difference in VAT values between the different com-
bined monosyllables both in GS and in NGS group. The conclusion that can be drawn from this study is that the VAT
value was sensitively decreased in cleft palateMandarin speakers with GS comparing to those without GS.
KeyWords: Cleft palate−Glottal stop−Mandarin−Vocal attack time−Electroglottography.
INTRODUCTION
Cleft palate and/or lip are recognized as a common congenital
craniofacial malformation. Compensatory articulation disor-
ders are generally the most common speech abnormalities,
which also include abnormal resonance (hypernasality and/or
hyponasality), voice disorder, and nasal emission for children
with clefts.1 As the most frequent compensatory articulation
error, glottal stop (GS), which is noticeable, distracting, and
socially stigmatizing, has several impacts on speech and lan-
guage leading to negative effects on social communication and
the quality of life.2,3

According to the paper reviewed by Warren,4 a GS is pro-
duced when air pressure loss occurs due to velopharyngeal
insufficiency. A compensation mechanism works to regulate
pressure in the vocal tract by adducting the vocal folds abruptly.
In Mandarin, a GS is the substitution for a plosive consonant
in cleft palate speech. While rarely observed in normal speech
inMandarin, GS exists in other languages like English, Spanish,
Persian, and even as a phoneme in dialect of Chinese.

Many of the studies documenting speech production in cleft
lip and palate have been based on perceptual analysis of speech
data, using either phonetic transcription or some sort of ratings
scale assessing general intelligibility and/or the presence of
features such as hypernasality, nasal escape, or compensatory
articulations.5−8 Perceptual analyses, however skilled, are not
always able to identify speech production behaviors
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accurately.9,10 However, the primary concerns with perceptual
analyses are inter/intrarater reliability than the accuracy itself.
Instrumental evaluation is necessary for detectingGS in patient
with cleft palate due to the inaccuracy of perceptual analyses
and the lack of experienced experts in China.

Fabre described the application of electroglottography
(EGG), which was used to investigate laryngeal function.11 As
the details of original and improved electroglottographic meth-
ods became more widely available, it has been quickly adopted
to examine normal glottal behaviors. EGG was applied to
patients with congenital cleft palate, then some researchers
investigated hoarseness in patients with cleft palate through
EGG in recent years.12−15 Some studies also indicated that
EGG was a reliable instrument to reveal the acoustic measures
of GS in different languages, such as English, Spanish, and
some dialects in Chinese.16−19

Baken and Orlikoff20 developed a simple and noninvasive
method to measure the duration of vocal onset through obtain-
ing sound pressure (SP) and EGG signals simultaneously,
which is related to characteristics of attack gesture. The inter-
signal lag, termed vocal attack time (VAT), can be automati-
cally and objectively estimated using a cross-correlation
method and is, therefore, free of operator/investigator bias and
imprecision.21 The VAT measure was validated by Orlikoff
et al21 with high-speed video endoscopy, from which a digital
kymogram was generated. In 2012, Roark et al22 proposed a
criterion, a figure of merit, which assessed a critical assumption
of vocal startup on which the VAT measure is based and
therefore represents integrity of the derived measure. Watson
et al,23,24 Ma et al,25 Lee,26 Tam,27 and Zhang et al28,29

reported normative VAT values for English, Cantonese, and
Mandarin speakers, respectively. Consequently, VAT can be
taken to be the duration from the start of vocal cord oscillation
to the instant for the first vocal cord contact and provides a use-
ful index to indicate the prephonatory laryngeal adjustment.

To the best of our knowledge, no EGG and VAT measures
have been applied to the GS in Mandarin patients with cleft
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palate. In this study, EGG and VATmeasures were applied for
the first time to identify and to characterize the association of
VAT and GS in Mandarin patients with cleft palate, which
will bring great advantages to assess compensatory articulation
objectively for the patients with cleft palate. VAT holds prom-
ise as a meaningful clinical indicator of the GS of patients with
cleft palate. It is also likely to be useful in the exploration of the
finer details of vocal physiology on amore theoretical plane.
MATERIALSANDMETHODS

Subjects and instrumentation
This project was approved by the Human Research Ethics
Committee of the Stomatology Hospital of Peking University
(no. PKUSSIR201734025), and informed consent was
obtained from the patients’ legal representatives. Forty-two
patients (30 males; 12 females) with cleft palate aged from 6 to
46 years (mean=18.70) were recruited into the current study.
The cleft type included unilateral cleft lip and palate, bilateral
cleft lip and palate, isolated cleft palate, and submucous cleft
palate. All of the patients were native Mandarin speakers.
They were visiting the outpatient department of the Cleft Lip
and Palate Clinic Center, Stomatology Hospital of Peking
University for further consultation. The recording was accom-
plished in the sound-treated booth at the Cleft Lip and Palate
Clinic Center, Stomatology Hospital of Peking University,
where the background noise was below 45dBA.

Before data collection, the skin overlying the thyroid carti-
lage was cleaned using an alcohol swab before placement of
surface electrodes for the EGG (Model 6103, KayPENTAX,
Montvale, NJ). Patients wore a unidirectional collar clip
microphone (ECM-44B, SONY, Tokyo, Japan) for detection
of the SP signal. The microphone was positioned approxi-
mately 5 cm in front of the patient’s mouth, just off the midline.
The EGG and SP signals were routed through an amplifier and
digitizer (sound card model Sound Blaster X-Fi Surround 5.1
Pro, Creative Labs, Jurong East, Singapore) to the laptop com-
puter (Lenovo, x220i, Lenovo, Beijing, China) through a sound
console (Behringer XENYX502,MUSICGroupMacao Com-
mercial Offshore Limited, Zhongshan, Guangdong, China).
Signal acquisition was accomplished using Adobe Audition 3.0
software (Adobe Systems Incorporated, San Jose, CA, USA)
set to a sampling rate of 44,100Hz and 32-bit resolution/chan-
nel. Gain was adjusted to ensure adequate amplification and to
avoid clipping while patients said the syllable at comfortable
pitch and loudness. The EGG and SP signals were monitored
on a two-channel oscilloscope throughout data collection.
METHOD
The stimuli /pi/ /pa/ /pu/ /ti/ /ta/ /tu/ /ki/ /ka/ /ku/ consisting of
three different unaspirated consonants with three different ver-
tex vowels were printed on A4 paper. The patient was
instructed to read each item at a comfortable pitch, loudness,
and rate, and repeat every monosyllable 3 times (9£ 3). All the
monosyllables were pronounced at tone one by patients. They
were specifically instructed that this was not a reaction time
task and to wait approximately 2−3 seconds before reading
each monosyllable. EGG and SP signals were recorded contin-
uously until the patient completed all tasks. EGG and SP sig-
nals were segmented postrecording to isolate individual
utterances and were stored as separate files.

The utterances were also assessed by three judges who had
clinical experience related to speech and language in cleft lip
and palate children for more than 20 years. The tokens were
divided into two categories based on the experts’ perceptual
judgments the nonglottal stop (NGS) category included
utterances assessed by all three judges as not including a GS;
the GS category included all tokens assessed by all three judges
as containing aGS. Tokens on which one or more of the judges
disagreed were abandoned.

VAT values were extracted from the signal database using
computer-based automated software developed by Roark
et al.30 The data analysis process consists of four components.
The first component is signal verification that provided for
audiovisual inspection of the raw SP and EGG signals. The
second component is signal segmentation that automatically
identified a 600-ms segment of the SP and EGG signals that
was centered at the approximate time of vocal onset. During
the F0-based frequency filtering and signal-modeling compo-
nent, the instantaneous amplitudes and frequencies were
gained of modeled SP and EGG, which form the bandpass
filtered model. The last component is extraction of measures so
that the time lag (VAT) can be determined by a cross-correla-
tion method, which is free of operator bias and imprecision.
Data analysis
The inter-rater reliability of the speech therapists’ evaluations
was evaluated using Cohen’s “weighted Kappa-coefficient”.
All Kappa values were calculated at a confidence level of
95%. To obtain intrarater reliability, 10% of the entire stimuli
were judged a second time by the three judges 1 month after
the initial data collection.

VAT values were categorized by perceptual analysis into
NGS and GS group. The variance between VAT values and
the two variables, monosyllable and perceptual analysis, were
analyzed statistically. VAT values of nine kinds of monosylla-
ble were analyzed by analysis of variance (ANOVA) in NGS
and GS group. An independent t test was performed to explore
the changes of VAT values between GS group and NGS
group.
RESULTS
From the 1134 utterances, as 499 utterances were abandoned
due to the disagreements in the perceptual analysis of the three
judges, 635 VAT values (351 for GS group and 284 for NGS
group) were available for instrumental analysis. The aban-
doned utterances included 265 utterances that were classified
as NGS by 2 judges (and 1 judge as GS) while 234 utterances
were classified as GS by 2 judges (and 1 judge as NGS). Fol-
lowing the method described by Roark et al,22 application of
the figure of merit <0.75 criterion to the database of measures
resulted in the rejection of 5.8% of the recorded tokens (37 of



TABLE1.
Inter-rater Reliability of Judges

Judge 1/2 Judge 2/3 Judge 1/3

Kappa 0.622 0.652 0.558
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635). A further 23 VAT values that were beyond §2 standard
deviations from the mean were also excluded. Accordingly,
this report is based on the analysis of the remaining 575 tokens.

The degree of inter- and intrarater reliability of experienced
judges’ findings was moderate to good, as seen in Tables 1
and 2.

Table 3 summarized descriptive statistics for VAT values for
the complete sample and for subsamples stratified by category
and monosyllable. The mean VAT value for all 575 tokens was
1.32 ms, with a standard deviation of 6.21 ms. The ANOVA
test indicated that there was no significant difference in VAT
values between the nine kinds of monosyllable within each of
the NGS and GS categories (P > 0.05). Within each of the
TABLE2.
Intra-rater Reliability of Judges

Judge 1 Judge 2 Judge 3

Intra-rater reliability 81% 80% 83%

TABLE3.
Descriptive Statistics of VATValue for All Tokens and for Selected

Group Number of Token Mean (SD) 9

All tokens 575 1.32 (6.21)

Tasks of NGS group

/pa/ 28 3.80 (2.84)

/pi/ 30 3.20 (3.79)

/pu/ 30 2.98 (3.28)

/ta/ 29 3.39 (2.80)

/ti/ 31 3.00 (2.47)

/tu/ 28 4.49 (5.22)

/ka/ 31 3.75 (3.36)

/ki/ 25 2.70 (3.81)

/ku/ 31 3.06 (3.45)

Tasks of GS group

/pa/ 29 �1.72 (6.51)

/pi/ 40 �0.49 (8.92)

/pu/ 29 3.76 (8.92)

/ta/ 30 �1.48 (8.50)

/ti/ 51 �0.72 (7.39)

/tu/ 37 �2.26 (6.72)

/ka/ 32 0.18 (6.26)

/ki/ 33 1.16 (6.10)

/ku/ 31 0.03 (6.83)

Abbreviation: SD, standard deviation.
categories, there was no significant difference in VAT values
between tokens which were all unaspirated monosyllables
of the same vowel combined with different consonants (eg, /pa/
/ta/ /ka/) or of the same consonant combined with different ver-
tex vowels (eg, /pa/ /pi/ /pu/). VAT mean values and standard
deviations are summarized in Table 4 and Figure 1.

While there was no significant difference between the nine
kinds of monosyllable within categories, the mean VAT value
of all tokens in the GS category (�0.25 ms) was significantly
different from the VAT value of tokens in the NGS category
(3.19 ms) by independent t test (t (575) = 7.326, P < 0.001).
(Table 5)
DISCUSSION
Perceptual analysis is frequently applied in clinical practice and
in scientific evaluation by therapists because of its availability
and easy applicability.31 Regarding the features of articulation,
the perceptual analysis results proved with near certainty that
experienced judges’ inter-rater reliability is moderate to good
according to our results in Tables 1 and 2. Some researchers
have indicated that there is a significant correlation between
intelligibility and GS substitution—a typical compensatory
articulation.8 Unintelligibility in individuals with cleft palate is
influenced by many factors, including the severity of the speech
disorder, the speech stimuli used, the speech sample, the rate of
speech, and the measurement task employed, any of which
may decrease the accuracy of perceptual analysis.32 Hikita
et al33 demonstrated that the reaction time for the perception
Subgroups Categorized byMonosyllables

VAT

5%Confidence Interval Minimum Maximum

0.80−1.82 �21.93 22.49

2.70−4.90 �3.26 8.73

0.69−5.34 �5.83 9.43

1.77−4.21 �4.47 13.15

2.32−4.46 �2.59 9.55

1.45−4.15 �6.89 9.86

2.04−3.96 �2.86 7.30

2.51−4.99 �4.49 11.70

1.13−4.28 �5.97 11.43

1.79−4.33 �5.60 11.56

�4.20 to 0.75 �16.25 10.41

�3.34 to 2.36 �15.24 19.77

0.36−7.15 �21.45 21.54

�4.66 to 1.69 �13.81 22.44

�2.79 to 1.36 �21.92 12.54

�4.50 to�0.02 �12.20 16.83

�2.07 to 2.44 �11.52 14.65

�1.00 to 3.32 �14.60 13.58

�2.48 to 2.53 �13.86 14.78



TABLE4.
Descriptive Statistics of VAT for All Tokens of Selected Subgroups Categorized by Different Vowels and Consonants

Group NGS GS

Number n=263 n=312

Monosyllable Mean VAT SD VAT Mean VAT SDVAT

Same vowel with different consonants

/pa/ /ta/ /ka/ 3.64 3.00 �0.97 7.12

/pi/ /ti/ /ki/ 2.91 3.72 �0.15 7.60

/pu/ /tu/ /ku/ 3.01 3.08 0.27 7.80

Same consonant with different vowels

/pa/ /pi/ /pu/ 3.32 3.32 0.40 8.50

/ta/ /ti/ /tu/ 3.06 3.02 �1.39 7.45

/ka/ /ki/ /ku/ 3.20 3.51 0.47 6.35

Abbreviation: SD, standard deviation.
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of GS is significantly longer than that for normal articulation,
and it may require more auditory attention and more complex
auditory processing than the perception of normal sounds.
According to the current consensus, multiple-listener judg-
ments are preferable to single-listener judgments even though
intra-listener reliability has been demonstrated. Besides, train-
ing increases reliability.7 In this study, although it proved the
reliability of three skilled speech therapists’ perceptual analysis
detecting GS, the utterances with disagreement among three
judges were abandoned to get as reliable results as possible for
instrumental analysis.

GS can substitute for any high-pressure consonant in
patients with cleft palate. For example, Chen et al,34 using per-
ceptual analysis, indicated that the frequency of GS in place of
unaspirated plosive was the highest in Mandarin consonants
from 12 patients with GS. In this study, three unaspirated plo-
sive consonants at three places of articulation (bilabial, alveo-
lar, and velar) were combined with three different vertex
vowels as task monosyllables. According to the ANOVA test,
there was no significant difference between the nine kinds of
monosyllable. Watson et al24 revealed a significant effect
between aspirated (“hallways”) and unaspirated (“always”)
task using VAT. In our research, the effects showed no differ-
ence across the three tasks, which were all unaspirated mono-
syllables of same vowel combined with different consonants
(eg, /pa/ /ta/ /ka/) (Table 4). The mean VAT value of tasks (/pa/
/ta/ /ka/) in the NGS category (3.64ms) was greater than the
mean VAT value of “always” tasks (1.83ms) and sustained /ɑ/
tasks (1.89ms) reported by Watson et al.24 The exact cause of
the apparent difference needs further study. However, the most
likely basis is the abnormal structure of articulators in patients
with cleft palate, even after primary surgical closure of the
cleft palate. The second basis affecting the VAT was due to
the difference in methodology, because the English speakers
produced a semantically empty monosyllable, whereas the
Mandarin utterances were unaspirated monosyllable (conso-
nant+vowel, C+V).35

Zhang et al28 indicated that the three vertex Chinese vowels
display their intrinsic VAT in such a pattern: /u/＞/i/＞/A/. The
VAT values of the same vowel combined with different conso-
nants (eg, /pa/ /ta/ /ka/) also showed an order in the NGS and
GS categories. The mean GS VAT values displayed the same
order as mentioned before: /pu/ /tu/ /ku/＞/pi/ /ti/ /ki/＞/pa/ /ta/
/ka/, while the NGS values displayed a different order : /pa/ /ta/
/ka/＞/pu/ /tu/ /ku/＞/pi/ /ti/ /ki/.

It was reported byOrlikoff et al21 through five subjects (three
men and two women) that the “breathy” onsets have positive
VAT values (7.6−38.0ms), the comfortable onset was typically
shorter, ranging from �1.4 to 9.6ms, the hard glottal attack
was negative (ranging from �9.5 to �1.7ms). This hard vocal
attack pattern was described by Moore36 based largely on an
auditory perceptual categorization. Hirose37 termed the attack
referring to speech utterance consisting of C+V sequence,
hard attack should be equivalent to the utterance initiated
with GS.

The results here supported their findings. Table 5 indicated
that the mean VAT value of all tokens in NGS group was posi-
tive (3.19ms) and the mean VAT value in GS group was nega-
tive (�0.25ms), suggesting that the mean VAT value tended
to be related with perceptual analysis of GS in cleft palate.

Hirose37 investigated the three types of vocal attack through
electromyographic, characterizing that the hard glottal attack
was the temporal pattern of adductor muscle activity. During
the prephonatory period, the marked increase of adductor mus-
cle activity related to the strong medial compression or constric-
tion of the glottis before release. According to the physiological
mechanism controlling abrupt glottal release after the period of
constriction, the adductor activity showed a steep fall.

GS is a glottal sound like a hard vocal attack in patients with
cleft palate, produced by the abrupt adduction and abduction
of the vocal fold.38 This process of compensatory behavior
was exactly same process as mentioned before by Hirose.
It occurs in substitution of the consonants that require
higher intraoral pressure in patients with cleft palate with
velopharyngeal insufficiency.

Some researchers investigated the GS or glottalization that
occurs in vowel-initial words that appear in many languages
with EGG via other parameters. Garellek16 presented an



FIGURE1. Histogram of VAT values as grouped by perceptual analysis and subgroup by monosyllable (bin width=1 md). (A) Same vowel
with different consonants in NGS group. (B) Same consonant with different vowels in NGS group. (C) Same vowel with different consonants in
GS group. (D) Same consonant with different vowels in GS group.
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articulatory (EGG) study to reveal that the prominent glottali-
zation of word-initial vowels, which was realized phonetically
as a GS, showed an increase in contact quotient correlated to
glottal constriction.

In this study, 635 utterances were not analyzed by age, even
the range of age was relatively wide. Up to now, few researches
provide the evidence in relation to variation in VAT with age.
Certainly, the age issue will be taken into account in future
research.

By regarding stimuli, there might well have been different
VAT values when single words of Mandarin were embedded
in a phrase or sentence. Moreover, there is literature



TABLE5.
Descriptive Statistics and Independent t Test of VAT for All Tokens Categorized by Perceptual Analysis

VAT

Group (n) Mean (SD) SE ofMean 95%Confidence Interval Minimum Maximum t-Value

NGS group (263) 3.19 (3.28) 0.202 2.80−3.59 �6.89 13.15 7.326*

GS group (312) �0.25 (7.52) 0.425 �1.10 to 0.58 �21.93 22.49

* P<0.001.

Abbreviations: SD, standard deviation; SE, standard error.
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demonstrating the results of the VAT value of single word in
phrase (disyllable in Cantonese). However, in this preliminary
study about VAT value in patients with cleft palate, only
monosyllables were focused on. The next step in this research
is to extend the method and analysis to words embedded in
phrases and sentences.

As far as phonological processes other than GS are con-
cerned, it is possible that there were other processes represented
in the 499 utterances disregarded by the judges, but these also
were not the focus of the study.

The comparison of mean VAT values in GS and NGS
tokens support the hypothesis that the glottis is constricted
during prephonatory period, suggesting that the unaspirated
syllable-initial consonants with the negative value of VAT are
easier to realize phonetically as GSs in patients with cleft palate
inMandarin. The combination of perceptual and physiological
analysis is also required to better explore this issue.
CONCLUSION
The purpose of this study was to investigate how VAT varies
when patients with cleft palate with and without GS articulate
unaspirated monosyllables in Mandarin. VAT values appear
to be sensitively decreased in Mandarin patients with cleft
palate with GS compared to those without GS. Our findings
confirmed the sensitivity of VAT to measure the existence of
GS in patients with cleft palate in Mandarin and suggested its
potential application as an objective and quantitative clinical
measurement.
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