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Degree of hoarseness can be evaluated by judging the extent to which noise replaces the harmonic structare in
the spectrogram of a sustained vowel. However, this visual method is subjective. The present study was
undertaken to develop the harmonics-to-noise (H/N) ratio as an objective and quantitative evaluation of the
degree of hoarseness. The computation is conceptually straightforward; 50 consecutive pitch periods of a
sustained vowel /a/ are averaged; H is the energy of the averaged waveform, while N is the mean energy of
the differences between the individual periods and the averaged waveform. Recordings of 42 normal voices
and 41 samples with varying degreés of hoarseness were analyzed. Two experts rated the spectrogram of each
voice sample, based on the amount of noise relative to that of the harmonic component. The results showed a
highly significant agreement (the rank correlation coefficient = 0.849) between H/N calculations and the
subjective evaluations of the spectrograms. The H /N ratio also proved useful in quantltanvely assessing the

results of treatment for hoarseness.

PACS numbers: 43.70.Bk, 43.70.Gr, 43.70.Ny

INTRODUCTION

Hoarseness is a general term used for describing a
perceived abnormality of the voice. Most laryngolo-
gists rate the degree of hoarseness to assess the re-
sults of treatment for laryngeal disorders. However,
these ratings are subjective, and there is no common
scale among laryngologists. Judgments of degree of
hoarseness clearly depend on properties of the acoustic
signal. Therefore development of a common objective
scale requires both understanding of the acoustic attri-
butes of the hoarse voice and development of a proce-
dure for quantifying these attributes.

Sound spectrographic analysis (Yanagihara, 1967) has
revealed that sustained vowels perceived as hoarse have
the following characteristics:

(1) Noise components in the main formants of various
vowels.

(2) High-frequency noise components.

(3) Loss of the high-frequency harmonic components.

As the degree of judged hoarseness increases, more
noise appears and replaces the harmonic structure.
Yanagihara deyveloped a technique for visually evaluat-
ing hoarseness based on the appearance of the spectro-
gram. In addition, Rontal ef al. (1975) reported that
spectrographic analysis is helpful in evaluating the pre-
and post-treatment difference in the degree of hoarse-
ness. From these studies, it can be inferred that the
degree of perceived hoarseness can be evaluated by
judging the extent to which noise replaces the harmonic
structure in the spectrogram of a sustained vowel.
However, this visual method is still subjective and
therefore difficult to standardize.

Emanuel and his co-workers (Emanuel and Sansone,
1969, Sansone and Emanuel, 1970; Lively and Emanuel
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1970; Hanson and Emanuel, 1979) estimated noise levels
in the spectra of sustained vowels, and found a relation-
ship between the spectral noise level (SNL) and the per-
ceived magnitude of the roughness of the voice (not the
degree of hoarseness). However, their method is lim-
ited in application. The level of the harmonic compo-
nents of the spectrum was not taken into account. To
allow comparison of different measurements of SNL,
subjects were required to phonate at an intensity of 75
dB SPL (1 dB) for 7 s. This task is not feasible for
most patients with laryngeal disorders.

Kojima ef al. (1980) developed an objective measure
of the degree of hoarseness which took the harmonic
components of the spectrum into account. A series of
discrete Fourier transforms, each based on three suc-
cessive pitch periods, was used to estimate signal en-
ergy at the harmonic frequencies and noise energy be-
tween them. A ratio of the acoustic energy of the har-
monic components to that of the noise (S/N ratio) was
calculated. Their results showed a statistically signi-
ficant correlation between this S/N ratio and psycho-
physical measurement of the degree of hoarseness.
However, their method for quantifying the relationship
between signal and noise components is complex and
time consuming,

The purpose of this paper is to develop a similar mea-
sure, the H/N ratio, which is simpler to compute; and
to examine whether the H/N ratio is useful in quantita-
tively assessing the results of treatment for hoarse-
ness.

1. METHOD

The rationale for our method is based on the assump-
tion that the acoustic wave of a sustained vowel consists
of two components: a periodic component that is the
same from cycle to cycle and an additive noise compo-
nent that has a zero-mean amplitude distribution. The
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original wave, f(t), can then be considered as the con-
catenation of the waves, f;(1), from each pitch period,
where T ranges over the duration of a pitch period.
Therefore, when one averages a sufficiently large num-
ber, n, of these f;(7), the noise component is canceled.
The resulting average wave

fa(n=32 B0 ®

is a good estimate of the_signal that gives rise to the
- harmonic component.

Evidently, our assumption of a periodic signal does
not strictly hold. Even the phonation of a normal sub-
ject exhibits cycle-to-cycle pitch perturbations (jitter)
(Lieberman, 1961; Hollien ef al., 1973). Pathological
voices often exhibit increased jitfer (for example, Lie-
berman, 1963; Iwata and von Leden, 1970; Hecker and
Kreul, 1971; Davis, 1976). The major factor in cer-
tain types of severe hoarseness can be jitter rather than
additive noise components. Therefore it should be men-
tioned that the present method may not be applicable to
exiremely severe hoarseness. For the purpose of cal-
culating f,(7), we have accounted for this departure
from the ideal conditions by assuming that f;(7) is equal
to zero in the interval between T;, the duration of the
ith period, and T, the maximum of the T,. The function
Jfa(7) given in Eq. (1) is valid over the interval from T
=0to T.

The measure of the acoustic energy of the harmonic
component of f(t) is defined as

T
Hen f0 fi(rya. @)

On the other hand, the noise wave in the ith pitch period
is equal to f;(7)-f,(7) where 7 ranges between 0 and
T,. Then, the acoustic energy of the noise component of
f(¢) is defined as

n

¥-33 [ = funpar. 3)

i=1 o
The ratio, H/N, is determined from Eqgs. (2) and (3) as

H/N=n f " (nar / g f () = fu(r)Par.
- @)

As noted by Emanuel and Sansone (1969), jitter af-
fects the spectrum of a sustained vowel by reducing the
amplitudes of the harmonics and adding noise between
them. Because of our method for calculating f,(7) [i.e.,
assuming f;(7) =0for T ;<7 < T, the presence of jitter con-
tributes to the magnitude of the noise component, N,
even in the absence of any additive noise.

Analysis was performed on phonation of the sustained
vowel /a/. One consideration in the choice of this vow-
el is that the acoustic effects of the vocal tract are like-
ly to remain stable during a sufficiently long interval,
since the transfer function for /a/ is relatively insen-
sitive to small articulatory movements (Stevens, 1972).
Thig is important because changes in vowel quality dur-
ing the analysis interval would otherwise contribute
artificially to the noise component. In addition, the mo-
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ment of greatest acoustic excitation within the glottal
cycle is easily identified for this vowel, as shown in
Fig. 1. This ensures that the interval over which the
time integration is performed ends in a relatively low-
amplitude portion of the glottal cycle, so that the con-
tributory effects of jitter on the noise component are
relatively small.

Il. TEST PROCEDURES

A. Subjects

Twenty-two males and twenty females without laryngeal
or pulmonary complaints served as normals. Their
ages varied from 19 to 60 with a mean of 36. Analysis
was also performed on 41 phonatory samples of 12
males and 8 females with various laryngeal disorders
pre- and postoperatively. Their ages varied from 21 to
68 with a mean of 46, These samples were classified
into the pre- and postoperative groups.. Table I shows
the sex and the diagnosis of each subject for these two
groups. ‘

B. Voice recording

The subjects were placed in a sound-treatéd booth and
were asked to sustain the vowel /a/ for a few seconds
at a comfortable pitch and loudness level. Care was
taken to keep pitch and loudness at as constant a level
as possible. The mouth-to-microphone distance was ap-
proximately 20 cm. The voice recording was made
through a high fidelity microphone/tape-recorder sys-
tem,

C. Analog to digital conversion

High-frequency pre-emphasis was applied to the voice
signal. This signal was low-pass filtered at 10 kHz and
digitized with 12-bit precision at a sampling rate of 20
kHz for 3 s. Input amplitudes were adjusted to utilize
nearly the full range of the A/D converter. The most
stable region of about 600 ms duration was selected
from the digitized waveform on the CRT screen and
stored for further analysis. The initial and terminal
portions of the phonation were excluded.

D. Pitch extraction

The sampled waveforms were subjected to a 500-Hz
low-pass digital filter for pitch extraction. A CRT

FILTERED WAVE

ORIGINAL WAVE il /

—
5 ms
FIG. 1. Examples of the original acoustic wave (bottom) and
its low-pass filtered wave (top), The arrow on the filtered
wave shows the easily recognizable zero-crossing point, The
arrow on the original wave shows the zero-crossing point be-
fore the prominent peak of the corresponding pitch period.
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TABLE I. The H/N ratio and the spectrographic classification related to the sex and the diagnosis
of each patient. A represents the difference in the H/N ratio or the spectrographic classification
between the pre- and postoperative data.

Subject Sex Diagnosis H/N ratio Spectrographic
number {dB) classification
Pre Post A Pre Post —-A
1 M Keratosis 6.4 9.6 3.2 1 1 0
2 F Nodules 9.5 14.5 5.0 1 1
3 M Leukoplakia 2.5 3
4 F Polyp -3.9 15,2 19,1 3.5 0 3.5
5 F Polypoid -8.0 7.9 15.9 3.5 0.5 3
degeneration
6 F Recurrent -15.2 10.9 26.1 4 0 4
nerve 8.2 23.4 0.5 3.5
paralysis
7 M Polyp < 6.5 13.5 7.0 2 0.5 1.5
8 M Polyp 8.2 0
9.5 0
9 F Laryngeal 7.4 11.9 4.5 1 1 0
B ' web 10.6 3.2 0.5 0.5
10 M Atrophied 0.0 9.1 9.1 3 1 2
) vocal fold
11 M Polyp 10.6 0
12 M Polyp 3.1 2 :
13 M Carcinoma 6.9 16.1 9.2 1 0 1
14.0 7.1 0 1
9.6 2.7 1 0
14 F Hyperfunctional -7.2 7 5.9 13.1 3.5 2 1.5
dysphonia 11.9 19.1 0 3.5
9.6 16.8 0 3.5
8.8 16.0 1 2.5
15 F Polyp 0.7 16.6 15.9 2 0 2
17.6 16.9 0 2
16 M Keratosis 8.2 10.1 1.9 0 0 0
17 M Polypoid 5.0 2
degeneration
18 F Polyp 9.6 1
19 M Hemilaryn -7.2 3.5
gectomized
20 M Polyp 5.5 1
screen displayed both the filtered wave and the origin- periods. Subtraction of the average wave, f,(7), from
al wave (Fig. 1). Pitch periods were marked on the fil- the wave of the ith pitch period, f;(7), gives the noise
tered wave, using either a manual or semi-automated component of theith pitch period (where 0< 7<T,).
method based on zero crossings. The arrow on the fil- These noise components, from the first pitch period to
tered wave in Fig. 1 shows the easily recognizable zero- the 50th, were concatenated to form a noise sound com-
crossing point. The arrow on the original wave shows parable with 50 pitch periods of the original phonation.

the zero-crossing point before the prominent peak of
the correspongling pitch period. The phase difference
between these two arrows was adjusted in such a way

that the mark on the filtered wave coincided with the W
corresponding point on the original wave. Pitch periods )

were, then, extracted from the original wave and used

for further processing. The filtered wave was used in W
order to facilitate the pitch extraction procedure for -

severely hoarse voices. As far as our samples are

concerned, we could demarcate pitch periods even in W
the hoarse voices by this procedure. There may be

severely hoarse voices beyond our consideration, in

which no periodic components can be identified. /W

E. Extraction of the noise component

.

| .
. 2 pe 1 ms

Figure 2 exemplifies seyeral sample waveforms from FIG. 2. Examples of averaged pitch-period waveform (top)
one speaker. On the top is the average waveform and and waveforms of individual pitch periods (others) from one

below it are the waveforms of three individual pitch speaker,
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The original phonation and the extracted noise sound,
which were stored in the computer, were repeated to

obtain signals of 1.5-s duration. Spectrograms from the

original phonation and the extracted noise sound were
made using a narrow-band filter. We calculated the
H/N ratio from 50 pitch periods using Eq. (4) and con-
verted it to a decibel scale.

F. Rating of the spectrograms

Two experts rated the spectrograms of the original
phonation of all cases in random order. This rating was
based on the classification developed by Yanagihara
{(1967), in which spectrograms of hoarse voices were
graded by the amount of noise relative to that of the
harmonic components of vowels. The scale ranged from
1 for slight hoarseness to 4 for severe hoarseness. We
added type O for clear phonation, free of the noise com-
ponent. Before the rating, the judges discussed and uni-
fied the definition-of the 5° of hoarseness in order to re-
duce effects of possible differences in interpretation.

To examine the reliability of scores, 58 randomly
selected spectrograms were rated again one month after
the first rating. The overall inter- and intra-judge
agreements were 85.0% and 85.3%, respectively. The
variability of the rating expressed as the rms of differ-
ences between the ratings and the mean ratings of two
occasions for the 58 re-rated samples was 0.263.

These results justified an averaging of scores in order
to obtain one rating for each spectrogram.

G. Accuracy of measurement

We recorded periodic sinusoidal waves of four differ-
ent frequencies onto a magnetic tape. In order to eval-
uate the validity of the H/N ratio method, we processed
these signals in the same fashion as the voice signal.
The calculated H/N ratios were 37.4, 36.1, 32.1, and
30.7 dB for signals of 120, 160, 240, and 300 Hz, re-
spectively. The greatest H/N ratio measured from the
subjects was 17.6 dB. These results show that the
error range of the measurement system did not contri-
bute significantly to the calculated H/N ratios. Because

8 —

FREQUANCY
=
L]

0.2s

FIG, 3, Spectrograms made from the original phonation (left)
and the extracted noise sound (right). The subjectis a 45-year-
old female free of hoarseness (type 0). The H/N ratio is 14.6
dB. «
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FIG. 4. Spectrograms arranged as in Fig. 3. The subject is
a 38-year-old female with very slight hoarseness (type 1). The
H/N ratio is 9,1 dB.

of the systematic way these H/N values vary with sig-
nal frequency, it seems likely that the main source of
measurement noise is due to the effects of discrete-
time sampling. Other origins may be ascribed to the
tape recorder or the signal generator.

1. RESULTS

Figures 3-5 exemplify spectrograms made from the
original phonation (left) and the extracted noise sound
(right). Figure 3 is of a 45-year-old female with a nor-
mal voice quality free of hoarseness (type 0). The fun-
damental frequency is 190 Hz and the H/N ratio is 14.6
dB. There is a slight degree of noise in the main for-
mants. Figure 4 is of a 38-year-old female with very
slight hoarseness (type 1). The fundamental frequency
is 260 Hz and the H/N ratio is 9.1 dB. More noise ap-
pears in the main formants than in the previous case.
In addition, a faint shadow of noise is visible around
3 kHz. Figure 5 is of a 45-year-old female with severe
hoarseness (type 3.5). The fundamental frequency is
250 Hz and the H/N ratio is — 7.2 dB. The noise com-
ponent is dominant throughout the frequency range.
Figures 3-5 show a highly satisfactory degree of ex-
traction of the noise component from phonation even
when the subject had severe hoarseness. '

Figure 6 is a histogram of the H/N ratio for the nor-
mal, pre- and postoperative groups. The results of the
H/N calculation and the spectrographic evaluation are
shown in Table I for the pre- and postoperative groups.

The mean H/N ratio for the normal males was 12.2 dB
and for the normal females 11.5 dB. However, this dif-
ference was not significant at the 5% level. Therefore
we dealt with these values of normal subjects as sam-
ples drawn from a single population. The H/N ratio of
the normal group ranges between 7.0 and 17.0 dB with a
mean of 11.9 dB. We regard this as a normal distribu-
tion (S.D.=2.32). We can expect 95% of normal subjects
to have the H/N ratio greater than 7.4 dB (one-tailed
test). The H/N ratio of the preoperative group ranges
between —15.2 and 9.6 dB with a mean of 1.6 dB. Three
of 18 preoperative samples (16.7 %) had H/N ratios
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greater than 7.4 dB (subjects 2, 16, and 18). This
overlap is not unexpected. The preoperative phonatory
samples included varying degrees of hoarseness, and
some of the normal subjects showed slight hoarseness.
The H/N ratio of the postoperative group ranges be-
tween 5.9 and 17.6 dB. Twenty-two of 23 postoperative
samples (95.7%) had H/N ratios greater than 7.4 dB {the

exception was subject 14). Indeed, their mean H/N ra- .

tio of 11.3 dB is nearly the same as the normals’ mean
of 11.9 dB. Figure 7 shows, however, that their distri-
butions have greater spread (S.D.=3.13) than normals’
(S.D.;2.32).

We compared the difference in the H/N ratio with the
difference in the spectrographic classification of each
patient pre- and postoperatively. The data are shown
at the third column of the H/N ratio (labeled as A) or
the spectrographic classification (labeled as — A) on
Table I. Figure 7 is a scatter diagram relating these
two variables. The abscissa represents the difference
in the spectrographic classification while the ordinate
represents the difference in the H/N ratio. These two
variables appear highly correlated. Spearman’s rank
correlation coef’ﬁcient, corrected for tied ratings, is
0.944 and is significant at the p =0.001 level. The line
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FIG. 6. Histogram of the H/N ratio for the normal, pre- and
postoperative groups.
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FIG. 5. Spectrograms arranged as in
Fig. 3. The subject is a 45-year-old
female with severe hoarseness (type

3.5). The H/N ratio is —=7.2 dB.

in the figure is the least-squares regression line fit of
all the data points with the regression coefficient of
-5.1. These findings reveal that the H/N ratio is a
useful tool for quantitative comparison of the degree
of hoarseness of a post-treatment voice with that of a
pre-treatment voice.
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FIG. 7. Scatter diagram of the difference in the H/N ratio ver-
sus the difference in the spectrographic classification of each
patient pre~ and postoperatively. Spearman’s rank correlation
coefficlent {8 0.944. The line is the least-sguares regrassion
line fit of all the data points. The regression coefficient is
-5.1, .
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IV. DISCUSSION

As illustrated on Figs. 3-5 this simple method of ex-
traction successfully assessed the noise component of
phonation. We can regard an 4/N ratio smaller than
7.4 dB as pathological, based on the distribution of nor-
mal subjects (5% false-alarm rate). Moreover, 15
(83.3%) of our 18 preoperative samples had H/N ratios
below 7.4 dB.

The S/N ratio reported by Kojima et al. (1980) ranged
between 15.0 and 23.5 dB with a mean of 19.5 dB for 28
normal subjects. The S/N ratio was greater than the
H/N ratio obtained in the present study. The major rea-
son for this discrepancy seems to be a methodological
difference between the two studies. Their results, bas-
ed on discrete Fourier transforms{of the signals during
three pitch periods, might have changed if a different
number of pitch periods had been employed. Their
method measures as noise only those components be-
tween the harmonic components of the spectrum, while
the present method additionally differentiates noise
components which overlap the harmonic components.

Figure 8 is a scatter diagram of 18 preoperative and
23 postoperative samples. The abscissa represents the
spectrographic classification while the ordinate repre-
sents the H/N ratio. These two variables appear to be
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FIG. 8. Scatter diagram of the H/N ratio versus the spectro-
graphic classification for pre- and postoperative subjects with
varying degrees of hoarseness, Spearman’s rank correlation
coefficient is 0.849, Three vertical lines indicate the ranges
of the measurements for normal subjects.
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highly correlated. Spearman’s rank correlation coeffi-
cient, corrected for tied ratings, is 0.849 and is signi-
ficant at p=0.001. This confirms that the H/N ratio is
a useful index to quantitatively assess the noise com-
ponent relative to the harmonic component of the vowel.
Further study is necessary to scrutinize the relation-
ship between the H/N ratio and the psychophysical
measurement of the degree of hoarseness.

In summary, the H/N ratio, developed in this study,
provides an objective method for detecting vocal path-
ology by evaluating hoarseness, and for assessing the
results of treatment for hoarseness. The H/N ratio is
computationally less complex and less time consuming
than previous methods. The procedures for obtaining
H/N measures could be performed in the clinic or
laboratory with the aid of a small, inexpensive compu-
ter. Moreover, the usefulness of the technique may be
extended by further analyzing the spectral properties of
the separated harmonic and noise components of the
voice signal. It should be noted, howevei‘ that this
H/N ratio method may not be applicable to extremely
severe hoarseness
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