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Abstract

Objectives: The term “closed quotient” is frequently used for data derived both from
inverse filtering and from electroglottography. In the former case it is defined as the ratio
between the closed phase and the period, as measured in flow glottograms (FLOGG),
while in the latter case it is defined as the time interval between the falling and rising
parts of the electroglottogram (EGG), measured at some percentage of the peak-to-peak
amplitude. The study aims at analyzing differences between EGG and FLOGG based closed
quotients and their relationships with voice source parameters.

Study Design: Comparative study

Methods: FLOGG based and EGG based measures collected from five professional male
singers were compared, under different pitch and loudness conditions.

Results: As compared with the FLOGG based quotient, the EGG based quotient (i) varied
more between subjects, (ii) presented greater values, (iii) varied less with subglottal
pressure, (iv) varied less with the normalized amplitude quotient (i.e. the ratio between
the flow pulse amplitude and the product of period and maximum flow declination rate),
and (v) varied less with the relative amplitude of the voice source fundamental.
Conclusions: Although positively related, FLOGG based and EGG based closed quotients
differ and must not be confused.

Key words: Closed quotient; Contact Quotient; Flow glottogram; Electrolaryngography;
Voice source analysis; Inverse filtering; Trained male voices

Introduction
Closed or open quotient (Qclosed, Qopen, respectively) have been used extensively in voice
research as a standard measure of assessing vibratory, clinically relevant voicing
patterns [1; 2]. Mostly it is determined by either of two methods: applying inverse
filtering or using electroglottography. The first method implies filtering of the audio or
the flow signal by the inverse of the vocal tract transfer function [3]. This procedure
offers a flow glottogram (FLOGG) showing transglottal airflow versus time. The
electroglottography technique, first developed by Fabre (1957), offers measures of vocal
fold vibration characteristics [4]. The signal is obtained from two electrodes placed on
each side of the thyroid cartilage and modulated by the transglottal conductivity [5].
The term Qciosed is commonly used for values obtained both from FLOGG and EGG
data. However, values derived from these two methods, henceforth Qcjosed FLocs and
Qclosed 66, tend to differ. The former refers to the ratio between the closed phase of the
glottal vibration cycle, while the latter is defined as the time interval between the rising
and falling parts of the EGG waveform at a given percentage of the peak-to-peak signal
amplitude. However, different percentages are used [6-8], which limits the possibilities
to compare Qclosed £ data reported in different studies.



The relationship between Qclosed FLoce and Qciosed Ece has been studied in previous
research. For example, in one study Qopen rLocc and Qopen ec Values (1-Qclosed FLocs and 1-
Qclosed EGG, respectively) were compared; the FLOGG data were obtained from
automatized linear predictive coding of the flow signal [9]. The subjects were ten adult
females, none of whom had any voice training. They were asked to produce the syllable
/pa/ at four sound pressure levels (SPL) covering a range of 15 dB. The Qopen ecc Was
measured using a Kay Elemetrics Glottograph. A 50% and a 20% criterion were applied
to both signals. As illustrated in Figure 1, the results showed that the Qclosed FLoce Were
greater than Qciosed eGa. In addition, the former increased more with SPL than the latter.

<Please insert Figure 1 about here>

Henrich and associates compared the relative duration of the open phase as
measured from flow glottograms with those obtained by applying different criteria to
the EGG waveform [10]. Data from five male speakers’ productions of the vowels /3, i,
u/ were taken from Childers (2000). Qopen ecc Was extracted, applying three different
amplitude criteria - 50%, 35%, 3/7 - and the so-called DECOM method, based on the
derivative of the EGG signal. Qopen rLocs Was derived from inverse filtering the acoustic
signal by means of a pitch synchronous covariant linear prediction method. Depending
on the amplitude criterion applied, the correlation between Qopen FLoce and Qopen G
varied (0.429 < R?< 0.933). Of the amplitude criteria, the 35% criterion showed the best
correlation with Qopen rLocs but the DECOM method yielded an even better agreement.

Herbst and Ternstréom (2006) compared Qciosed ecc With the closed quotient derived
from simultaneous videokymographic imaging in two subjects who varied register and
glottal adduction [11]. The best agreement between the two methods occurred by
applying and Qciosed e6G criterion of 0.2 or 0.25. They also found reasons to assume that
the contacting and de-contacting moments in EGG signals might not refer to the same
physical events as the beginning and cessation of airflow. They therefore stressed the
importance of distinguishing between the closed phase and the vocal fold contact
phase. Following their advice, we will refer to Qciosed FLoGs as Qclosed anNd to Qclosed EGG AS
QContact-

As can be seen in Figure 1, the data of Sapienza and associates showed that the
relationship between Qciosed and Qcontact Varied with SPL. This parameter is closely related
to subglottal pressure, which, in both trained and untrained voices, has strong effects
also on other voice source parameters [12]. This raises the question whether the
relationship between Qciosed and Qcontact is affected also by such parameters. The
guestion seems relevant as, at least in untrained voices, an increase of vocal loudness is
often combined with an increase of glottal adduction, which affects both Qciosed and
Qcontact [13]. In addition, fundamental frequency, which has not been varied in previous
comparisons of Qclosed and Qcontact, May be another relevant parameter. Hence, there
seems to be reasons to analyze also how the relationship between Qgiosed and Qcontact
varies with different voice source parameters.



The aim of the present investigation is to analyze, in more detail, the differences
between Qcontact, Obtained with the 3/7 criterion, and Qciosed, cOnsidering also effects of
voice source parameters.

Method

As Qclosed Varies with Psub [12, 14], it was important to measure Qciosed and Qcontact OVEr
a wide range of vocal loudness. In untrained voices, soft phonation is often associated
with breathy voice quality and weak high partials, which makes inverse filtering difficult
or even impossible. Also, in such voices, vocal loudness variation is often associated with
FO variation; the softer the phonation, the lower the pitch. For these reasons, we used
classically trained male singers as subjects, 2 tenors and 3 baritones.

The subjects were asked to sing a set of repetitions of the syllable /pae/, sung as
diminuendos on different pitches. For the recordings, made in a sound treated room at
Aveiro University, Portugal, and at KTH, Sweden, a hybrid system was used, combining a
Laryngograph microprocessor and a Glottal Enterprise MS-110 computer interface. This
equipment allows simultaneous recording of audio, electrolaryngograph (ELG), pressure
and flow signals. Audio was picked up at a measured distance from the mouth by a
head-mounted electret microphone (Knowles EK3132). A 1 kHz sine wave was used to
calibrate sound level; its sound pressure level was measured in dB(C) next to the
recording microphone by means of a sound level meter and the value was announced
on the recording. Oral pressure and flow were measured by means of pressure and flow
transducers, respectively. Both signals were calibrated using Glottal Enterprises
calibration devices. Intraoral pressure during /p/ occlusion was determined as an
estimation of subglottal pressure (Psub).

The four signals were recorded using Laryngograph software, Speech Studio
(Laryngograph®©) and stored as wav files. The recorded wav files were converted into
smp files and analyzed by SoundSwell workstation software (Hitech, Solna Sweden).
FLOGG was analysed by means of inverse filtering, using the custom made Decap
software (by Svante Grangqvist, KTH). This program can display flow waveform and
spectrum in separate windows (see Figure 2).

<Please insert Figure 2 about here>

The frequencies and bandwidths of the inverse filters are set manually and the program
applies the classical equations for calculating the transfer function corresponding to the
given combination of formant frequencies and bandwidths [15]. The resulting FLOGG
and corresponding spectrum are displayed in quasi-real-time. Provided that the filters
were correctly set, the output then displays the waveform and spectrum of the
transglottal airflow. The program can also display the derivative of the ELG signal (dELG),
with an adjustable time delay corresponding to the delay of the acoustic signal relative
to the ELG. The formant frequencies and bandwidths were adjusted according to three
criteria: (1) ripple free closed phase; (2) voice source spectrum envelope as void as
possible of peaks and valleys near formants; and (3) synchrony between the negative
dELG peak and the maximum declination rate of transglottal flow during closure [16].



The FLOGG was analyzed by means of the custom made SNAQ software (Svante
Granqvist), displaying the FLOGG and its time derivative (see Figure 3).

<Please Insert Figure 3 about here>

After marking both period and closed phase in the waveform, it offers values of
fundamental frequency (F0), maximum flow declination rate (MFDR), normalised
amplitude quotient (NAQ), dominance of the fundamental (H1-H2) and closed quotient
(Qclosed). An example of is displayed in Table 1.

<Please Insert Table 1 about here>

Contact quotient data (CQ) were derived from the ELG signal by means of the QAnalyses
option, included on the Speech Studio Software. It allows measurements of several
vocal parameters (i.e. vocal fold contact area, amplitude of vibration, time of vibration
and speed of execution). The CQ ratio, determined as a 3/7 (43%) of the peak-to-peak
amplitude of the ELG waveform was used as Qcontact Value (see Figure 4). Measures were
taken at the same time coordinates as the ones used for FLOGG Qclosed measurements.

<Please insert Figure 4 about here>

Results

Figure 5 shows, for each of the five participants, the median and the interquartile ranges
for Qclosed and Qcontact. For all singers, Qclosed Was smaller than Qcontact; the latter varied
considerably between subjects and presented higher number of outliers when
compared with Qglosed.

<Please insert Figure 5 about here>

Before testing if differences between Qciosed and Qcontact Were significant for this
group of singers, a Shapiro-Wilk test was run to determine if data were normally
distributed. The results revealed a skewed distribution (p<0.05): a pronounced positive
and a smaller negative skewedness were found for Qciosed (0.501) and for Qcontact (-
0.151).

Given this result, a non-parametric Wilcoxon signed rank test was carried out. It
revealed that the median and interquartile range values were significantly lower for
Qclosed than for Qcontact [2= -9.8; p<0.01], see Figure 6.

<Please insert Figure 6 about here>

The causes of this difference were further analyzed: Qciosed and Qcontact Were compared
for identical periods, measured for all tones sung by all singers. The result is illustrated



in Figure 7. A systematic relationship was revealed, specified in the following equation
(Eg. 1):

<Please insert Figure 7 about here>
Qcontact = 0.705* Qciosed + 0.20 [R? = 0,531, standard error of estimate 0.07] (Eq. 1)

As according to previous research, Qclosed is correlated with various phonatory
parameters, such as Psub, NAQ, H1-H2 [12], it seemed worthwhile to run a Spearman’s
rank correlation coefficient (1) for Qciosed and each of Psub, NAQ, H1-H2, and (2) for
Qcontact and each of these same parameters. Table 2 lists the results.

<Please insert Table 2 about here>

The Qclosed 10 Qcontact COrrelation was quite strong (rs= 0.714). Also some of the other
parameters showed a strong correlation. For both measures, the correlation was
strongest and negative for H1-H2, followed by a positive one for Psub. Also NAQ showed
a relatively strong negative correlation, particularly for Qciosed. For FO, no significant
correlation was found.

Another relevant question is whether one can predict values of Qgiosed and Qcontact
from these same parameters (Psub, FO, NAQ, and H1-H2). A multiple regression analysis
was carried out, using the z-scores of all measures (zPsub, zF0, zZNAQ, and zH1-H2). The
results (see Figure 8) suggest that Qciosed and Qcontact can be predicted by means of the
following two equations (Eq. 2 and Eq. 3).

Qlosed & 0.344 + 0.014*zPsub — 0.017*zNAQ — 0.0067*zF0 — 0.076*zH1-H2 (Eq. 2)
[R2 = 0.775]
Qcontact & 0.445 + 0.007*zPsub — 0.019*zNAQ_+ 0.018*zF0 — 0.062*zH1-H2 (Eq. 3)
[R2 = 0.589]

<Please insert Figure 8 about here>

As expected, the prediction was more accurate for Qciosed; H1-H2 was the strongest
predictor (p<0.001), followed by Psub and NAQ (p<0.05). With regard to Qcontact, H1-H2
was the only predictor that showed significance (p <0.001). In other words, Qciosed is
more related to the above-mentioned voice source parameters. Using Eq. 2 and Eq. 3,
the difference between Qcontact and Qciosed Can be expressed in terms of Eq. 4:

Qcontact - Qclosed & 0.025*zF0 + 0.006*z(H1 - H2)-0.007*zPsub - 0.002*zNAQ (Eq. 4)

Thus, the difference between Qciosed and Qcontact tends to increase with rising FO, and the
dependence of H1-H2, Psub and NAQ is much smaller.



Discussion

The present results corroborate earlier findings that Qclosed is smaller than Qcontact [9]
and they also shed some light on the reasons. The explanation is illustrated in Figure 9.
At 20% of the peak-to-peak amplitude, the distance between the rising and falling parts
of the inverted ELG waveform is much larger for Qciosed than for Qcontact; however, at 50%
and at 43% (3/7), Qclosed and Qcontact Values are more similar, at least in the example
shown in this Figure. Thus, the difference between Qciosed and Qcontact Obviously is
heavily influenced not only by the percentage criteria used for defining the former, but
also by the ELG waveform. Note that in Figure 9, in contrast to a previous study [9], the
EGG waveform has not been inverted.

<Please insert Figure 9 about here>

Qclosed and Qcontact May differ also for another reason, illustrated in Figure 10. It shows
synchronized FLOGG, ELG and ELG derivative (dELG) for the same periods, obtained
after delaying the ELG and dELG signals by 1 ms (corresponding to the travel time of the
sound from the glottis to the microphone placed 17 cm from the mouth). Vocal fold
contact is clearly depicted by the sharp positive dELG spike. It appears at the moment
when the transglottal airflow ceases as indicated by the knee of the FLOGG. The opening
of the glottis is clearly marked by the sudden increase of transglottal airflow in the
FLOGG waveform; however, the knee in the ELG waveform appears somewhat later in
time. This suggests that part of the glottis opens somewhat before complete contact
between the vocal folds is lost. Such effect will obviously cause Qcontact to be greater
than Qclosed.

<Please insert Figure 10 about here>

The analysis revealed that both Qciosed and Qcontact Were significantly correlated with
Psub, NAQ and H1-H2. However, the correlations were stronger for Qciosed, Which
suggests that Qciosed is more informative regarding voice source characteristics than
Qcontact. On the other hand, determining Qciosed requests inverse filtering, a rather time
consuming method. Qcontact, by contrast, can be obtained from generally available voice
analysis software, thus making it a more convenient measure for clinical purposes. Yet,
it is limited by a greater inter-individual variation than Qciosed. On the other hand, Qciosed
has a low inter-rater reliability [17, 18].

The novelty of this study lies in the fact that, for the first time, the relationships
between both Qgiosed and Qcontact and voice source parameters have been analyzed. Also
the voice source parameters that best predict Qciosed and Qcontact Were investigated. An
important condition for these analyses was that professional singers were used as
subjects; such subjects are trained to independently control voice source parameters,
e.g. FO, loudness, and phonation type. This allowed analysis of a great number of Psub
values, widely spaced over large FO and pressure ranges.

With respect to the relationships between both Qclosed and Qcontact and the voice source
parameters, neither of them showed any significant correlation with FO. This finding



may reflect the subjects’ phonatory habits; some singers may produce high FO with a
more pressed phonation than they produce low FO. It would be worthwhile to examine
to what extent similar findings would be obtained from females and from untrained
subjects [ 6, 14].

With regard to other FLOGG parameters, Psub, NAQ and H1-H2 were significantly
correlated with both Qciosed and Qcontact, @S Mentioned. An increase of Psub and a
decrease of NAQ and H1-H2 were found to be associated with an increase of Qclosed and
Qcontact- This corroborates findings reported elsewhere [11]. The closed phase is
lengthened as a response to a rise of Psub; it is lengthened also by an increase of glottal
adduction, which, in turn, causes a decrease of both NAQ and H1-H2. It may be
mentioned that the marking of the closed phase in the SNAQ analysis affects neither
NAQ nor H1-H2.

H1-H2 seems to be the best predictor for both Qciosed and Qcontact Measures. This is in
accordance with previous studies, which have shown a strong correlation between
Qclosed and the strength of the voice source fundamental [19]. The lower predictor
strength of this parameter for Qcontact Wwould reflect the fact that this measure is less
strongly associated with the voice source than Qciesed. This is another reason for
carefully distinguishing between Qclosed and Qcontact.

Conclusion

This study analyzed the relationship between FLOGG based and ELG based closed
quotient, Qclosed and Qcontact, respectively. The Qclosed Values tend to be lower than those
for Qcontact. In addition, the latter showed a greater variation between subjects and was
less strongly related with Psub, NAQ, and H1-H2. Both Qgjosed and Qcontact could be best
predicted by H1-H2 values, although the former with a higher accuracy. Thus, although
Qcontact and Qciosed are related, they differ and should not be confused.
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FIGURE CAPTIONS

Figure 1. Data on Qclosed FLooc (circles) and Qciosed e66 (diamonds) derived from Sapienza et
al. (1998), after conversion of Qopen to Qclosed. Left and right panels refer to results
obtained by applying a 20% and 50% criterion, respectively. The dashed lines and the
equations represent a linear approximation of the data points.

Figure 2. Decap display showing waveform and derivative of the ELG (upper panel) and
the spectrum of the input audio and of the filtered flow (lower panel). Formant
bandwidths are given on an arbitrary scale along the ordinate. The arrows show the
formant frequencies and bandwidths used for the inverse filtering. The two parallel
curves in the lower pannel represent realistic bandwidths according to Fant (1970). (after
Sundberg, L3 & Gill, 2011).

Figure 3. SNAQ display showing FLOGG and its derivative (upper and lower window,
respectively). Vertical markers show the manually set closed phase and period.

Figure 4. Example of an ELG waveform with contact and open quotients (CQ and 0Q,
respectively) illustrating application of the 3/7 criterion of the peak-to-peak amplitude
for measuring Qcontact.

Figure 5. Median and interquartile ranges for both Qciosed (l€ft) and Qcontact (right) for
each participant.

Figure 6. Box-plots showing the median and interquartile range values for Qciosed and

QContact-

Figure 7. Comparison of all measured Qcontact and Qciosed Values for identical samples,
produced by the five participants.

Figure 8. Scatter plot comparing observed and predicted values of Qciosed (Open circles)
and Qcontact (asterisks)

Figure 9. lllustration of one reason why Qciosed and Qcontact (Upper and lower curves) tend
to differ, if both are measured applying the criterion used by Sapienza et al. (1998), i.e.
as the time interval between the rising and falling parts of the waveforms at 20% and
50% of the peak-to-peak amplitude.

Figure 10. Synchronised FLOGG, ELG and dELG waveforms (upper, middle and lower
curves, respectively) of three periods taken from one of the recorded singers.



