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ABSTRACT

One important perceptual attribute of voice quality is breathi-
ness. Since breathiness is generally regarded to be causedby glottal
air leakage, acoustic measures related to breathinessmay be used to
distinguish between different physiological phonation conditions
for pathological voices. Seven “breathiness features” described in
the literature plus one self-developed measure (the glottal to noise
excitation ratio, GNE) are compared for their distinguishing prop-
erties between different well-defined pathologicalphonation mech-
anisms. It is found that only GNE allows a distinction between
all the pathological groups and both the normal and aphonic ref-
erence group. Furthermore, GNE is among the measures showing
the most significant distinctions between the different pathologic
phonation mechanism groups. Therefore GNE should be given
preference over the other features in the independent assessment
of glottal air leakage or “breathiness” for moderately or highly dis-
turbed voices.

1. INTRODUCTION

In the assessment of pathological voice quality in a clinical con-
text acoustic measures are increasingly applied as diagnostic aid.
Acoustic voice analysis offers several advantages to the phonia-
trician and speech pathologist: it is cheap, easy to perform, and
non-invasive. The major problem of using acoustic measures in
the assessment of pathological voice quality is their interpretation
in terms of laryngeal physiology or glottal function. Appropriate
measures should allow a consistent interpretation of the resulting
numerical values, both with regard to normal or aphonic voices
marking the extremes of voice quality and with regard to other la-
ryngeal pathologies.

One characteristic of pathologically disturbed voices is the
degree of glottal closure during phonation. Information on this
important functional or physiological issue can be obtained by
laryngo-stroboscopy or high-speed imaging of the vocal folds.
This information can be used to define groups showing the same
phonatory conditions. By applying different acoustic measures to
describe these groups their usefulness in the assessment of patho-
logical vocal fold function can be tested.
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In this paper we present statistical analysis results of eight
acoustic features (described in the following) that were applied to
voice groups showing different phonation mechanism after surgi-
cal treatment for laryngeal cancer. These groups will be described
in detail in the methods section.

The choice of potentially useful acoustic features to specifi-
cally assess glottal closure is somewhat problematic. Only few
studies have investigated the correlation between vocal fold phys-
iology and acoustic measures. Holmberg et al. determined the
spectral energy difference between the first and second harmonic
(H1H2) and the spectral energy difference between the first and
third formant (F1F3) as useful acoustic measures to assessdifferent
aspects of vocal fold function [11].

Most studies in the field of acoustic voice quality description,
however, are concerned with the acoustic correlates of perceptual
attributes. Since many researchers regard “breathiness” as being
caused by glottal air leakage [1, 4], acoustic measures of breath-
iness may serve as a pool supplying useful candidates in the as-
sessment of glottal closure. The “breathiness measure” most com-
monly encountered is the already mentioned H1H2 [3, 9–11, 13].
Additionally, de Krom determined the harmonics to noise ratio
(HNR) and several measures of the spectral slope as – somewhat
ambiguous – best correlates of breathiness in a thorough study on
the relation between acoustic measures and perceptual voice at-
tributes [3]. Finally, the glottal to noise excitation ratio (GNE) has
been designed as an acoustic measure of additive noise [15]. It was
found to show similarly high correlations with breathiness as the
normalized noise energy (NNE, [12]) or the cepstral HNR (CHNR,
[2]) [20].

2. METHODS

2.1. Data

From a data base of 454 pathological voices subjects were chosen
with well-defined phonation mechanisms after surgical treatment
for laryngeal cancer. The grouping of the voices described in the
following was performed by an experienced phoniatrician on the
grounds of laryngoscopic and laryngo-stroboscopic examinations.

Patients with small carcinoma may maintain a glottic phona-
tion after surgery and wound healing. Two different phenomena
occur: either the affected vocal fold still vibrates in the same way
as for a healthy voice (“glottal phonation with vibration of the op-
erated vocal fold”, abbreviated as gp+, 18 subjects) or the tis-



sue properties have changed resulting in a stiff vocal fold (“glottal
phonation without vibration of the operated vocal fold”, abbrevi-
ated as gp�, 8 subjects). If a major part of the vocal fold tissue
had to be resected the ventricular folds may serve as voice source
(“ventricular phonation”, abbreviated as vp, 6 subjects). If even the
ventricular folds are unsuitable for voice generation, ary-epiglottic
phonation may take place. This term describes a phonation mech-
anism that uses the epiglottis and/or parts of the ary-cartilage as
voice source (“ary-epiglottic phonation”, abbreviated as aep, 5 sub-
jects).

37 subjects with no history of voice problems served as ref-
erence group (“normal group”). 60 whispered vowels simulating
complete aphonia served as reference group of the other voice qual-
ity extreme (“aphonic group”). For each subject the speech data
consisted of 28 digital recordings (sampling frequency 48 kHz) of
6 different isolated vowels (for details see [7]).

2.2. Statistical tests

The significance of the group differences was calculated by the
Wilcoxon two-sample test [18]. A significance level of p � 0:01

was chosen for the interpretation of the results.

2.3. Acoustic measures

The glottal cycle length was calculated using the waveform match-
ing algorithm [17, 19]. The inverse of the mean cycle length of
the analysis frame defined the frequency of the first harmonic. The
power spectrum was calculated frame-wise by fast Fourier trans-
form after applying a Hanning window.

The measure H1H2 was calculated as spectral energy differ-
ence (in dB) between the first and second harmonics. The measure
F1F3 is defined as the energy difference (in dB) between the first
and third formants [11]. The formants were determined by linear
predictive coding using the covariance method. In order to yield
more dependable results for highly disturbed voices with little har-
monic structure, not the energy of the formant peakswas used (as in
[11]) but the energy of the formant regions. A formant region in the
spectrum was defined by the 27 samples interval centered around
the sample closest to the corresponding formant.

According to de Krom [3], useful spectral regions for the def-
inition of various spectral measures are 60 to 400 Hz (“region 0”),
400Hz to 2kHz (“region 1”), 2 to 5 kHz (“region 2”), and 5 to 8kHz
(“region 3”). have been used in [8]). His results suggest as “breath-
iness measures” the energy difference between region 1 and region
0 (L1L0 stated in dB), between region 3 and region 2 (L3L2 stated
in dB), and the energy difference between the first harmonic and
region 1 (H1L1 measured in dB).

The normalized noise energy (NNE [12]) and cepstral harmon-
ics to noise ratio (CHNR [2]) were calculated according to the defi-
nitions given in the original papers. For both measures a frequency
range of 1-5kHz was used since for this frequency region the high-
est correlations to breathiness were found [20].

The glottal to noise excitation ratio (GNE) describes the corre-
lation between Hilbert envelopes calculated for different frequency
bands [14–16]. It is based on the assumption that glottal pulses re-
sulting from the collision of the vocal folds lead to a synchronous
excitation of different frequency bands. Turbulent noise generated

at a constriction, on the other hand, leads to an uncorrelated exci-
tation. GNE reaches its maximum value of 1.0 if the envelopes in
two different frequency bands are exactly the same. It was calcu-
lated using a 3 kHz bandwidth for the Hilbert envelopes [14].

For the calculation of H1H2, F1F3, H1L1, L1L0, and L3L2 the
speechsignalwas down-sampled to 16 kHz and analyzedon frames
of 1024 samples using a shift of 512 samples. For GNE, NNE, and
CHNR the signal was down-sampled to 10 kHz and analyzed on
500ms frames with a shift of 250ms. For each acoustic measure
the median value of all analysis frames of the 28 vowels was used
for the statistical analysis.

All described acoustic measures were calculated in a com-
pletely automatic and unsupervised way. While this approach will
result in artifacts for measures based on the calculation of harmon-
ics if no harmonics are present (e.g., for aphonic voices), it allows
a quantitative description of any voice. The analysis results have
to show a posteriori for which measures this extrapolation of the
algorithms leads to interpretable results.

3. RESULTS

The group means and the significance of the differences between
the groups are stated in Table 1. None of the features except GNE
shows a significant difference for all cancer groups with regard to
both the normal and the aphonic group. Looking at the five mea-
sures H1H2, F1F3, H1L1, L1L0, and L3L2 the only significant dif-
ference between individual cancer groups is found for H1L1 be-
tween gp+ and aep. GNE shows significant differences between
gp+ and all the other phonation mechanism groups. Significant
differences between gp+ and the other groups are also found for
CHNR and for NNE with the exception of the difference between
gp+ and gp�. NNE and CHNR are the only two measures that
show significant differences between gp� and aep.

4. DISCUSSION

The findings that only GNE succeeded in showing significant dif-
ferences between the cancer groups and both the normal and the
aphonicvoice group indicate that results obtained by the other mea-
sures should be interpreted with caution. From a physiological per-
spective all the described phonation mechanisms show consider-
able deviations from a healthy voice. On the other hand, all speech
samples of the cancer groups were voiced. Therefore the failure to
distinguish the cancer groups from the normal and aphonic refer-
ences cautions against the exclusive use of any of the features ex-
cept GNE (at least for moderately or highly disturbed voices).

For H1H2 the group means of gp�, vp, and aep are signifi-
cantly higher (5.2-8.5dB) than for the normal voices (0.6dB). This
is in accordance with the assumption that a poor glottal closure
leads to a stronger attenuation of the harmonics [3, 10]. On the
other hand, the mean of the aphonic group (-8.4dB) can be inter-
preted as indication of the spectral shape of the noise excitation.
This noise can be described as bandpass-filtered white noise [10],
so that the negative value reflects the attenuation of low-frequent
spectral energy. However, the transition from highly disturbed
voices that still exhibit a harmonic structure (e.g., aep) to complete
aphonia remains unclear. Therefore the ultimate extrapolation to
aphonic voices seems questionable for H1H2.



Table 1: Differences (x-y) of the group means (stated in paren-
theses) for the different acoustic features (aphonic group means: -
8.39dB (H1H2), 11.00dB (F1F3), 3.23dB (H1L1), 0.76dB (L1L0),
-2.27dB (L3L2), -2.49dB (NNE), 3.53dB (CHNR), 0.10 (GNE) ).
Insignificant differences are indicated by an asterisk �.

(# x; y !) gp+ gp� vp aep aph
H1H2 [dB]
norm (0.59) 0.73� -7.91 -4.56 -4.63 8.99
gp+ (-0.14) -8.64� -5.30� -5.36� 8.26
gp� (8.50) 3.35� 3.28� 16.90
vp (5.16) -0.06� 13.55
aep (5.22) 13.62

F1F3 [dB]
norm (17.45) -0.50� -0.34� -4.34� -0.58� 6.45
gp+ (17.94) 0.15� -3.85� -0.08� 6.94
gp� (17.79) -4.00� -0.23� 6.79
vp (21.79) 3.77� 10.79
aep (18.02) 7.02�

H1L1 [dB]
norm (22.09) -0.05� -1.53� 7.49 9.34 18.86
gp+ (22.14) -1.48� 7.55� 9.39 18.91
gp� (23.62) 9.02� 10.87� 20.39
vp (14.60) 1.84� 11.36
aep (12.76) 9.52

L1L0 [dB]
norm (-0.11) 0.32� 0.59� 0.52� 0.23� -0.87
gp+ (-0.43) 0.27� 0.20� -0.09� -1.19
gp� (-0.70) -0.07� -0.36� -1.46
vp (-0.62) -0.29� -1.39
aep (-0.33) -1.10

L3L2 [dB]
norm (-1.95) -0.60 -0.79 -1.31 -0.36� 0.33
gp+ (-1.35) -0.19� -0.71� 0.24� 0.93
gp� (-1.16) -0.52� 0.43� 1.12
vp (-0.64) 0.95� 1.64
aep (-1.59) 0.69�

NNE [dB]
norm (-12.08) -4.79 -7.52 -9.69 -10.49 -9.59
gp+ (-7.29) -2.73� -4.89 -5.69 -4.80
gp� (-4.56) -2.17� -2.97 -2.07
vp (-2.40) -0.80� 0.09�

aep (-1.60) 0.89�

CHNR [dB]
norm (17.20) 5.28 9.98 12.10 13.56 13.67
gp+ (11.92) 4.71 6.82 8.28 8.39
gp� (7.21) 2.11� 3.57 3.68
vp (5.10) 1.46� 1.57�

aep (3.64) 0.11�

GNE
norm (0.76) 0.15 0.49 0.43 0.51 0.65
gp+ (0.61) 0.34 0.28 0.36 0.50
gp� (0.27) -0.06� 0.02� 0.16
vp (0.33) 0.08� 0.22
aep (0.25) 0.14

The measures that allow a consistent ranking of the group
means (normal voices and aphonia marking the extremes, cancer
groups in between with gp+ closer to the normal voices) are H1L1,
GNE, NNE, and CHNR. Therefore only for these measures the ex-
trapolation to aphonic voices seems permissible. For GNE, an ex-
trapolation to highly disturbed and aphonic voices has been suc-
cessfully used in the description of different pathological groups
and in the monitoring of voice quality changes for individual sub-
jects [6, 7, 14].

Of the acoustic “breathiness measures” tested, only GNE,
NNE, and CHNR led to significant differences between the patho-
logic groups and the normal reference group. While such signifi-
canceshave to be regarded as prerequisite, the many significantdif-
ferences among the pathologic phonation mechanisms indicate the
usefulness of these measure in the quantitative description of dif-
ferent pathologic voice conditions. The significant difference be-
tween gp+ and aep seen for H1L1 is also found for GNE, NNE,
and CHNR. Therefore the overall distinction between the different
phonation mechanisms is not increases if H1L1 supplements any
of these three measures.

With regard to insignificance of the differences between the
groups gp�, vp, and aep for GNE several explanations are possi-
ble. While the relatively small number of subjects in these groups
may be in part responsible for this behavior, an alternative expla-
nation might be found in the multi-dimensional nature of voice
quality itself. Assuming that GNE indicates glottal leakage, then
pathologieswith comparable glottal gaps cannotbe expected to dif-
fer significantly if described by the GNE. To separate between such
groups other signal characteristics have to be assessed,e.g. through
measures of signal periodicity.

The laryngo-stroboscopic examinations reveal that the vibra-
tion patterns for the three groups gp�, vp, and aep show consid-
erable differences in the regularity of the vibration. Several stud-
ies have shown that measures like NNE or CHNR that are sensi-
tive both to additive noise and aperiodicities of the speech signal
[14, 15] should be considered as correlates of overall voice quality
rather than of the subordinate voice quality “breathiness” [4, 5, 20].
Therefore it is not surprising that these measures have been deter-
mined as appropriate measures of breathiness as well [3]. The sig-
nificantdifference between gp� and aep found for NNE and CHNR
may therefore be attributed to this combined sensitivity to both ad-
ditive noise and signal aperiodicity. This explanation is supported
by the findings that a linear combination of three aperiodicity mea-
sures also leads to a significant difference between the two groups
gp� and aep [7].

5. CONCLUSION

The analysis of the different phonation mechanisms by acoustic
measures that have been associated in the literature with the per-
ceptual voice attribute “breathiness” shows that of all measures
tested, only GNE meets the requirement to show significant dif-
ferences between the disturbed voices and both normal and com-
pletely aphonic voices. GNE, NNE, and CHNR allow the best
differentiation between the different phonation mechanisms found
for cancer patients. Since the harmonics to noise ratio and related
measures (e.g., CHNR and NNE) have shown higher correlations
with the overall voice quality than with subordinate voice qualities



such as breathiness, GNE should be given preference if an indepen-
dent assessment of glottal function associated with “breathiness”
for moderately and severely disturbed voices is desired.
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