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INTRODUCTION

Intensive voice use, that is speaking for a long time, or speaking at high
sound intensities, may lead to vocal problems (1). The etiology of the
qualitative deterioration of the voice has been described as vocal fatigue (2).
Although susceptibility to vocal fatigue has been investigated, a clear picture
of circumstances leading to vocal problems is still lacking (1-3). In some
persons high demands on the vocal apparatus appear to provoke myogenic
insufficiency of the muscles involved in voice production (4) while in others
mechanical forces acting on vocal fold tissue may be responsible for the
development of edema (5-6). Histological investigations of vocal fold tissue
with benign pathology show abnormalities suggestive of repetitive traumata to
the vocal fold cover (7-10).

Trauma of the vocal fold cover can be caused by colliding vocal folds which
occurs cyclically during phonation. An indicator of vocal fold collision forces
is Maximum Flow Declination Rate (MFDR) (11-12). MFDR can be measured
as the minimum of the first derivative of the Glottal Volume Velocity
Waveform (Figure 1). MFDR has an exponential relationship with Sound
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Figure 1.Glottal Volume Velocity Waveform (above) with its first
derivative (below). The minimum of the first derivative (a) gives the
maximum flow declination rate and represents the closing velocity
of the vocal folds.

Figure 2.Relation between Maximum Flow Declination Rate
(MFDR) and Sound Pressure Level (SPL) for two male subjects
(hollow and filled symbols, respectively), phonating at multiple
intensities. Left metric scales, right logarithmic y-axis. Figures show
the exponential relation between SPL and MFDR.

Pressure Level (SPL) (13), a relationship which implies nonlinear increment of
colliding forces with increasing SPL (Figure 2). An important feature of MFDR
is its systematic relationship with SPL (13-15). A specific intra-individual
relationship between SPL and MFDR, and thus collision forces, should have
clinical consequences regarding the susceptibility to vocal fatigue and vocal
fold pathology (16). The specific individual relationship between MFDR and
SPL will hereafter be reffered to as the Analytic MFDR-SPL (AMS) curve.

The AMS curve can be described mathematically with the equation (13,16):
(1) MFDR = a + bSPL

The intercept a is the
constant in the equation
and represents the
maximum decrease of
glottal flow rate at an
intensity level of 60 dB.
At higher intensity levels
the glottal flow rate
decreases more abruptly,
causing greater pressure
variations. This increase
in MFDR is determined
by base b.

Although many
attempts have been made
to diagnose susceptibility
to vocal fatigue, a test
revealing a causative
relationship between
vocal demand and vocal
fatigue has not yet been
accepted. The nature of
the specific intra-
individual relationship
between SPL and MFDR
might function as such a
clinical tool. To test the
h y p o t h e s i s  t h a t
differences exist between
subjects regarding their

AMS curves, measurements were performed in groups of subjects with
differing susceptibility to vocal fatigue.
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male (mean age; SD) female (mean age; SD)

Vocal fold pathology
(n=13)

4 (27.5; 12.82) 9 (32.4; 10.99)

Subjects without
complaints (n=44)

18 (24.6; 5.10) 26 (23.6; 11.05)

Trained group (n=43) 25 (38.4; 17.16) 18 (30.8; 13.47)

Total (n=100) 47 (32.2; 14.82) 53 (27.6; 12.34)

Table 1. Number and age (mean and standard deviation [SD]) of subjects in groups.

METHODS

Definition of vocal fatigue  
Subjects invited to participate in this study were asked to rate their own

susceptibility to vocal fatigue. Vocal fatigue was defined subjectively as an
inability to respond to vocal demands in combination with a decrease of vocal
dynamic ranges (pitch and intensity) (1). Inability to respond to vocal demands
was rated on a five point scale ranging from full adequacy to respond to vocal
demands under all circumstances, to an insufficient load tolerance of the voice
in normal daily use. Vocal dynamics were rated on a four point scale, ranging
from good to poor.

Subjects  
Out of 100 adults three main groups were created, according to self-rated

susceptibility to vocal fatigue (Table 1). Thirteen patients (9 females, 4 males)
with videolaryngostroboscopically confirmed vocal fold pathology served as

one group. They all scored maximally negative on the scales and, therefore,
showed the highest possible susceptibility to vocal fatigue. The vocal fold
pathologies in the nine female patients (mean age 32.4, standard deviation [SD]
10.99 years) consisted of eight cases of vocal fold nodules or broad-based
swellings and one case of a submucosal cyst. Pathology in the four male
patients (mean age 27.5, SD 12.82 years) consisted of two cases of a sulcus
vocalis, one case of vocal fold nodules and one case of a submucosal cyst.
Twenty-six female (mean age 23.6 years, SD 11.05) and 18 male (mean age
24.6 years, SD 5.10) subjects without vocal complaints were used as a control
group. Freedom from vocal fold pathology was established
laryngostroboscopically.

Vocal characteristics of subjects with voice training may differ from those
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of subjects without vocal training (3). Therefore, a third group was created
consisting of amateur singers with a minimum of 2 years of vocal training (17).
The mean age of 18 female subjects was 30.8 years (SD 13.47), and the mean
age of 25 male subjects was 38.4 years (SD 17.16).

Speech material  
The Dutch word stagiaire, /stazjærœ/ (trainee)and the Dutch sentence hou

eens op te blèren, /hou ens op te blæren/ (stop bawling) were produced at three
sound intensity levels, namely, soft, comfortable (hereafter referred to as
normal), and loud by each subject. The intensities were chosen by the subject
with the investigator's approval and excluded whispering and shouting.
Subjects were instructed to prolong the /æ/ vowel during each production. They
were permitted to chose the intensity level to assure the most natural voice
production. This intended condition was further facilitated by using an /æ/
vowel in a word and a sentence.

Equipment  
Glottal Volume Velocity Waveforms (GVVW) were acquired using a

circumferentially vented pneumotachograph, also known as the Rothenberg
mask (18), in combination with the Glottal Enterprises MS-100 system with
inverse filtering MSIF-2 units and a 14-bit digital memory (Cutec CD-425). A
400 ms portion of the oral flow signal originating from the MS-100 unit was
stored in the digital memory by activating a hold circuitry with a foot switch.
The stored oral flow signal was read out repetitively to the inverse filtering
unit. GVVWs were obtained by removing resonance effects by inverse filtering.

The audio signal was recorded with a Sennheiser Back-Elektret-Kondensa-
tor-Microphone MKE 2 mounted on the Rothenberg mask at a fixed distance of
7 cm from the mouth. Sound pressure level (SPL) was derived from the audio
signal with an integration time of 100 ms. A dB(A) filter was used to exclude
background noise. The placement of the mask between mouth and microphone
resulted in a 5 dB attenuation of the acoustic signal.

Inverse filtering  
To compensate for the resonances of the vocal tract, the 400 ms digitally

stored oral flow signal was manually inverse filtered with the MSIF-2 unit. The
process of filtering was performed interactively by visualizing the result of
adjusting two frequency selective attenuators on an oscilloscope (Hameg
Digital Storage Scope HM 208). The goal of adjusting the filters was to arrive
at a maximally flat portion of that part of the GVVW which represents the
closed phase of the glottal cycle (19). To remove high frequency noise, the
derived glottal flow signal was low pass filtered (Frequency Devices 8 pole
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Bessel 902 LPF) with a cut-off frequency of 1.6 kHz, consistent with the
resonance characteristics of the mask (19).

Signal registration  
The glottal flow signal and the Sound Pressure Level signal were registered

on VHS tapes with an instrumentation recorder (TEAC XR-510 cassette data
recorder) at a speed of 38.1 cm/s, offering an effective frequency range from
DC to 10 kHz.

Calibration  
Before each measurement session the equipment was calibrated for flow and

sound pressure level. The mask with the pressure transducer was calibrated at
0, 400 and 800 ml/s air flow rates, by placing the mask with a tight seal against
an artificial head that had a laminar flow connection with a central air supply.
The exact flow level could be adjusted by means of a Brooks 2-tube sho-rate
flow meter.

The sound pressure level was calibrated at 70, 75 and 80 dB by placing the
mask on a mould which incorporated the B&K Artificial Voice Type 4219. The
artificial voice was driven by the B&K Beat Frequency Oscillator Type 1022 at
a frequency of 150 Hz.

Data acquisition  
Subjects were asked to push the mask firmly against the face and to explore

during expiration the possibility of undesirable leakage of air where the mask
contacted the face. In a number of females, the nose was too small to properly
seal against the mask. In those cases that part of the mask was filled with a
mouldable silicone based impression material (Optosil P plus; Bayer Dental).
With this adaptation no further leakage problems were encountered.

Recording began prior to the onset of each utterance and ended after
activating the hold-circuitry. The hold switch was activated after the beginning
of production of the /æ/ vowel and a 400 ms midvocalic oral flow signal was
stored in the digital memory for inverse filtering and subsequent determination
of the glottal flow signal. The stored signal was checked for a steady state
appearance by visually comparing the level of the waveform peaks on the
oscilloscope. The filters were adjusted manually to remove the formant ripple.
A recording was made of the optimally corrected GVVW after completion of
the filtering procedure. All examinations were performed by the same
investigator.
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Signal processing and data analysis  
The recorded signals were digitized with a 12 bit successive approximation

converter (MetraByte DASH 16). A sampling frequency of 500 Hz was used to
convert calibration and speech signals. The inverse filtered signals were
digitized with a sampling frequency of 10 kHz. All signals were digitized
simultaneously and then demultiplexed.

A parameter extraction program was written in a fourth generation signal
analysis language (ASYST, MacMillan Software Company) to analyze SPL and
GVVW parameters. Calibration files created specifically for each subject were
used to quantify matching signals.

A peak-picking algorithm was used to identify the fundamental period T for
measurement of the fundamental frequency. MFDR was measured within each
fundamental period as the minimum of the first derivative of the glottal
waveform (Fig. 1).

Curve fitting  
A curve fitting procedure of the SigmaPlot  software (Jandel Corporation)™

was used to fit individual MFDR-SPL data points to equation 1. Resulting
values for intercept a and base b were used for further statistical evaluation.

Statistical analysis  
Analysis of variance (ANOVA) with post-hoc Least-Significant Differences

(LSD) (SPSS Inc.) were used to investigate differences among groups (21).
Intercept a and base b of equation 1 were regarded as dependent variables.
Gender and vocal fatigue group were introduced as factors. In case of
significant interaction between factors, oneway analysis of variance was
performed at each factor level. A probability level "=0.05 was used to test the
null hypothesis that there were no differences among the variables under
investigation.
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intercept a base b

men women men women

vocal fold 
pathology

561
(159.2)

388
(125.0)

1.183
(0.0320)

1.199
(0.0124)

normal 580
(153.4)

312
(93.7)

1.187
(0.0188)

1.180
(0.0296)

vocal training 584
(180.8)

301
(99.9)

1.199
(0.0209)

1.179
(0.0163)

Table 2. Mean and standard deviation (between brackets) of intercept a
and base b of the equation MFDR = a + b  are given according toSPL

gender for a group susceptible to vocal fatigue (vocal fold pathology)
and two control groups (normal subjects without vocal complaints and a
group having received vocal training).

RESULTS

The results of fitting individual MFDR-SPL data points to equation 1 are
summarized in table 2. Men had statistically significant higher intercept values
than women [F(1,98)=89.88, p<0.001]. In male subjects, vocal folds were,
therefore, assumed to close at a higher velocity at 60 dB than in females. Base
values were also significantly higher in men [F(1,98)=5.07, p=0.027], implying
a more rapid increase of MFDR with increasing SPL, as compared to women.
Because of a statistically significant interaction between factors gender and
vocal fatigue group for base b [F(2,97)=3.28, p=0.042], differences between
vocal fatigue groups were separately analyzed for each gender with oneway

analysis of variance
and post-hoc LSD
tests. In men no
differences were
found among the
groups. In women,
h o w e v e r ,  a
s i g n i f i c a n t
difference (p<0.05)
was found for both
intercept a and base
b between the group
most susceptible to
vocal fatigue and
both the other
groups (normal and
trained). The group

susceptible to vocal fatigue had higher average intercept and base values which
means that higher closing velocities were observed in women susceptible to
vocal fatigue.

DISCUSSION AND CONCLUSIONS

In this study differences in average intercept and base values of the
equation describing AMS curves were found between on the one hand female
subjects susceptible to vocal fatigue and those with a higher vocal load
tolerance (normal and trained subjects) on the other. Figure 3 shows the AMS
curves for the group of female subjects susceptible to vocal fatigue and the
group of normal female subjects, as well as the difference in MFDR between
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Figure 3. Reconstructed mean Maximum Flow Declination Rate
(MFDR) - sound pressure level (SPL) relationships for females
susceptible to vocal fatigue (ª) and normal females («). A separate
curve gives the difference (#). 

the groups. dB after
which it rapidly
increases. This means
that especially above 85
dB the flow decreases
more rapidly in women
susceptible to vocal
fatigue than normal
women. The decrease of
air flow is related to the
closing velocity of the
vocal folds and hence to
the events that occur
when the vocal folds
close (11,12). The
collision forces and the
concomitant abrupt
pressure variations

acting on the vocal fold tissue are in part determined by the closing velocity of
the vocal folds. Several studies have shown the presumed effects of repetitive
trauma on vocal fold tissue (7-10). Disturbances of the architecture of the
basement membrane zone are combined with fluid accumulation (edema) and
deposition of organic material in this area. Edema leads to deterioration of
voice quality (22) and affects the soft intensity range (23), while deposition of
organic material produces vocal fold nodules, leading to incomplete glottal
closure and hence to breathiness (24).

No differences in intercept and base values were found among the male
groups. This might be due to the fact that the male group susceptible to vocal
fatigue consisted only of four subjects. Furthermore, two of these had a sulcus
vocalis, a different category of pathology from those observed in the other
patients (biomechanical forces applied to vocal folds with a sulcus are likely to
result in tissue reactions different from those observed in vocal folds with
swellings).

Although MFDR acts as an indicator of vocal fold collision forces, its
influence on the condition of vocal fold tissue will be determined in correlation
with other factors. Fundamental frequency gives the number of collisions per
second. Damage of vocal fold tissue will be determined by a cumulative
amount of forces applied during a certain time period. As women phonate at
fundamental frequencies almost twice as high as men, the observed differences
in intercept values between men and women are in this respect compensated by
pitch. Following these considerations, phonation at higher pitches is
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potentially problematical for vocal hygiene. 
Another factor determining the effect of biomechanical forces on vocal fold

tissue is glottal geometry. Studies have suggested that incomplete closure of
the vocal folds at the dorsal glottis provides a situation more sensitive to the
development of pathology of the vocal folds (25). Localized tearing forces (26)
and pressure changes (27) could be contributing factors for this pathology.
Incomplete dorsal closure is encountered more frequently in females (17),
which might explain the higher occurrence of vocal problems in females. 

This study shows the potential for AMS curves to predict susceptibility to
vocal fatigue. Given the more pronounced differences between groups at
higher sound pressure levels, it might also explain why routine tests comprising
prolonged reading or phonating at low intensity levels are not indicative of
susceptibility to vocal fatigue. A possible source of bias in this study might be
found in the presence of pathology in the group susceptible to vocal fatigue. A
longitudinal study analyzing the condition of vocal fold tissue in groups with
different AMS curves should confirm the clinical importance of the
observations made in the present study.
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