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Summary: The objective of this study was to assess the difference in voice
quality as defined by acoustical analysis using sustained vowel in laryngecto-
mized patients in comparison with normal volunteers. This was designed as
a retrospective single center cohort study. An adult tertiary referral unit
formed the setting of this study. Fifty patients (40 males) who underwent total
laryngectomy and 31 normal volunteers (18 male) participated. Group com-
parisons with the first three formant frequencies (F, F,, and F3) using linear
predictive coding (LPC) (Laryngograph Ltd, London, UK) was performed.
The existence of any significant difference of F, F,, and F5; between the
two groups using the sustained vowel /i/ and the effects of other factors
namely, tumor stage (T), chemoradiotherapy, pharyngectomy, cricothyroid
myotomy, closure of pharyngoesophageal segment, and postoperative com-
plication were analyzed. Formant frequencies F, F», and F5 were signifi-
cantly different in male laryngectomees compared to controls: F;
(P < 0.001, Mann-Whitney U test), F, (P < 0.001, Student’s ¢ test), and
F5 (P =0.008, Student’s ¢ test). There was no significant difference between
females in both groups for all three formant frequencies. Chemoradiotherapy
and postoperative complications (pharyngocutaneous fistula) caused a signif-
icantly lower formant F; in men, but showed little effect in F, and F3. Lar-
yngectomized males produced significantly higher formant frequencies, Fy,
F5, and F3, compared to normal volunteers, and this is consistent with liter-
ature. Chemoradiotherapy and postoperative complications significantly
influenced the formant scores in the laryngectomee population. This study
shows that robust and reliable data could be obtained using electroglottogra-
phy and LPC in normal volunteers and laryngectomees using a sustained
vowel.
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INTRODUCTION

Treatment for laryngeal cancer is increasingly
aimed at preserving vocal function and maintaining
quality of life at the same time as delivering in-
creased survival rates. In recent years, this has
resulted in a greater role for radical chemoradio-
therapy and organ (larynx) sparing surgery. Natu-
rally, despite increasing use of organ preservation
therapy, laryngectomy with or without surgery to
the tongue base and pharynx is still necessary
when recurrence or complete clearance is unachiev-

able using the above conservative techniques.
The laryngectomized patient presents the clini-

cian with a range of challenges pre-, peri-, and post-
operatively. Loss of the natural voice is an obvious
handicap to patients." Voice restoration techniques
vary and include esophageal speech, the electrolar-
ynx, and tracheoesophageal (TO) speech after sur-
gical voice restoration (SVR). TO speech involves
the diversion of expired pulmonary air via a one-
way valve (inserted into an iatrogenic fistula be-
tween the posterior wall of the trachea and the
anterior wall of the esophagus) into the pharyngoe-
sophageal segment.' This results in the vibration of
the pharyngoesophageal/jejunal segment producing
sound.”™ Prosthetic TO speech is an established
and reliable technique for voice restoration and is
often described as the “gold standard.”” Although
TO speakers are capable of limited intonation, their
voices are still regarded as variable and different

from normal speech.’
The components of TO speech that dictate its

quality are, as yet, incompletely understood. For-
mants are the resonant or dominant harmonics in
the speech spectrum and are the characteristic par-
tials that identify the vowel to the listener.® As such,
they play a key role in determining the intelligibil-
ity of natural speech and are likely to influence the
perceived quality of valved TO speech. Much of the
limited previous work on formant analysis in laryn-
gectomized patients has concentrated on esopha-
geal speech in English speakers.” To the best of
our knowledge, there have been only a couple of
studies of formants in TO valved speech in Dutch

and Spanish speakers.®’
Electroglottography (EGG) is arobust and reliable

method for voice analysis.'*"" It allows for the accu-
rate and objective determination of important voice
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parameters such as the fundamental frequency, jitter,
shimmer, and normalized noise energy using the
glottal waveform with both sustained vowels and
connected speech.'! EGG can also be used to analyze
formants through the method of linear predictive
coding (LPC). This technique is a widely used
and reliable autoregressive method that attempts
to predict future values of the input signal based
on past signal values using lossy algorithms.®'?
However, to the best of our knowledge, this method
has not yet been used in the laryngectomee popula-
tion for formant frequency estimation.

Therefore, in this study we attempted to analyze
the effect of total laryngectomy on the production
of formants in patients using TO valved speech
by comparing these results with those pertaining
to normal volunteers.

PATIENTS AND METHODS

Fifty total laryngectomy patients using valved
TO speech were identified from the Speech and
Language Therapy database at the Royal Marsden
Hospital. Of these, 40 were males and 10 were fe-
males with a mean age £ standard deviation (SD)
of 63.9 years £+ 10.5. The median time period post-
treatment was 105 (range 34-225) months. All the
participating patients in our study were using the
Blom-Singer voice prosthesis. A neck dissection
had been performed in 48% (n = 24), a myotomy
in 70% (n = 35), partial pharyngectomy in 16%
(n = 8), total pharyngectomy in 6.1% (n = 3) with
flap reconstruction in 14.2% (n="7) of patients.
Eighty percent (n = 40) of patients had radiother-
apy and 16% (n=8) chemotherapy. In 78%
(n=139) of patients, primary puncture was
performed.

Single voice recordings (sustained vowel of /i/
produced at a comfortable pitch and loudness for
a duration of at least 5 seconds or as long as they
could stably manage) of 31 normal control subjects
(18 males) with a mean age of 40.9 years + SD of
13.5 were also performed. The subjects were
deemed to have a normal structure and function
of the vocal cords with no history of laryngeal, neu-
rological, or speech disorders.

The study was approved by the local research
and ethics committee.
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EGG equipment

Speech Studio (Laryngograph Ltd, London, UK)
hardware and software were used for acoustic anal-
ysis. Data recordings were made in a quiet room
with the subject comfortably seated using
gold-plated electrodes attached on either side of
the thyroid alae. Sound was picked up by a capsule
electret microphone (Sony, Weybridge, UK), placed
in front on the chest at a constant mouth to micro-
phone distance of 15 cm and at an angle of 45°. The
signal was transmitted to the Laryngograph Proces-
sor (Laryngograph Ltd, London, UK) consisting of
a microphone preamplifier and a laryngograph-
based fundamental frequency extractor. This was
linked to a recorder (DAT) for the recording or
playback of the Speech (Sp) and Laryngograph
(Lx) waveforms. The Sp and Lx signals were ac-
quired at 16 kHz, 16 bits signal resolution. Pitch
was extracted by a dedicated hardware circuit and
the period counted by a 12-MHz clock and rounded
down to a single microsecond.

Voice recording protocol

The protocol was explained to all the patients in
advance to allow familiarization with the process.
Patients were allowed a few attempts of practice
prior to recording. The EEG (Lx) signal on the ma-
chine was adjusted and calibrated to the optimal
gain position for each subject individually. The pro-
tocol involved analyzing the sustained vowel /i/
produced at a comfortable pitch and loudness for
a duration of at least 5 seconds (or as long as they
could stably manage). All subjects provided
synchronous acoustic and electrolaryngographic
recordings of the sustained vowel /i/ in a single
session.

Formant measurement

First, second, and third formant frequencies (F1,
F», and F3) were measured using ““Speech Studio.”
The Laryngograph uses a pitch synchronized LPC
method for formant extraction. A Fast Fourier
Transformation spectrum is provided for visual in-
spection and cross checking of the LPC formants’
values/position prior to finally recording the results
to ensure accuracy. LPC spectra were computed for
several pitch-synchronous windows for the mid
portion of each sustained /i/ vowel, and the formant

frequencies derived from the LPC coefficients were
averaged to obtain an estimate of F'j, F», and F; for
each speaker (see Figures 1 and 2, respectively).

Main outcome measure

The existence of any significant difference of F1,
F»>, and F5 between the two groups using the sus-
tained vowel /i/ and the effects of other factors
namely, tumor stage (T), chemoradiotherapy, phar-
yngectomy, cricothyroid myotomy, closure of phar-
yngoesophageal segment, and postoperative
complication were analyzed.

Statistical analysis

Statistical analysis was performed with the Sta-
tistical Package for Social Sciences (SPSS Inc, Chi-
cago III, Illinois) using the Student’s ¢ test and
Mann-Whitney U test. Student’s ¢ test and Mann-
Whitney U tests were used for comparing the for-
mants between the normal subject’s speech and
that of the TO speech. Formant frequencies in
both normal and laryngectomized subjects for F;
were not distributed normally, so the Mann-Whit-
ney U tests were used. On the other hand, F, and
F3 were normally distributed in both groups, so
we used the Student’s ¢ test. A P value of less
then 0.05 was taken as significant.

RESULTS

All three formant frequencies (F'y, F,, and F3) for
the vowel /i/ could be measured using LPC in all of
the normal subjects. However, in the total laryngec-
tomy group, the formant frequencies were variably
assessable: F in 100% (n = 40) of males and 90%
(n =9) of females, F, in 97.5% (n = 39) of males
and 90% (n=9) of females, and F3 in 67.5%
(n=27) of males and 50% (n=15) of females.
The LPC spectra of a representative male normal
volunteer and a representative male laryngectomy
patient are shown in Figures 3 and 4, respectively.

Formant frequencies in both normal and laryn-
gectomized subjects for F; were not distributed
normally. On the other hand, F, and F5; were nor-
mally distributed in both groups. The formant fre-
quencies for the two groups are presented in
Tables 1 and 2.
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FIGURE 1. Representative male normal volunteer—Lx waveform and highlighted portion for for-
mant analysis. Sp (blue), speech signal; Lx (green), laryngograph waveform. For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.

Comparison between alaryngeal and normal
speakers showed that there were significant differ-
ences between male laryngectomees and male nor-
mal volunteers for F; (P < 0.001, Mann-Whitney
U test), F, (P < 0.001, Student’s ¢ test), and F;
(P =0.008, Student’s ¢ test). Similar comparisons
for the females in both groups demonstrated no sig-
nificant differences for F'y, F»,, or F5.

Correlation of formants with other demographic
and treatment-related variables was performed
for the males in the laryngectomy group, but was
not possible in females due to the small number
of subjects. The F, formant frequency was found
to be significantly lower in patients who had had
a postoperative complication (305 Hz vs 393 Hz,
P =0.02, Mann-Whitney U test) or had received
chemoradiotherapy (¥, 314 Hz vs 395 Hz, P = 0.01,
Mann-Whitney U test) as compared to those who
did not. There were no other significant differences
of F based on age, T, closure of the pharyngoeso-
phageal segment, cricopharyngeal myotomy, phar-
yngectomy, neck dissection, reconstruction, or
radiotherapy. No significant differences were found
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in the F, and F3 formant frequencies for any of the
above variables.

DISCUSSION

Contemporary voice rehabilitation following to-
tal laryngectomy has reached an advanced stage
with many patients achieving intelligible and func-
tional speech after appropriate rehabilitation with
a speech and language pathologist.'™ However, pa-
tients who have undergone a laryngectomy remain
a unique population amongst head and neck cancer
sufferers because of their prosthetic speech.’ It is
well recognized that TO speech is superior to other
alaryngeal phonation techniques such as esopha-
geal speech or the use of the electrolarynx. How-
ever, TO speech is still regarded as perceptually
worse than normal speech.'® A key step in identify-
ing factors that dictate the quality of the recon-
structed voice will be an accurate characterization
of the components of the voice in TO speakers in
comparison to normal subjects. As such, an analy-
sis of formants is important because they are
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FIGURE 2. Representative male total laryngectomy patient—Lx waveform and highlighted portion
for formant analysis. Sp (blue), speech signal; Lx (green), laryngograph waveform. For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.

believed to be responsible for the phonetic charac-
terization of vowel quality and are seen as essential
components in the intelligibility of speech.’ There-
fore, this study aimed to compare the formant fre-
quencies in laryngectomees and normal subjects
using the sustained vowel /i/ since this has been ro-
bustly studied in the literature. Future studies will
look at correlating the measured formant frequen-
cies with perturbation measures and perceptual
voice analysis in patients who have undergone
laryngectomy.

EEG analysis of voice has been shown to provide
a reliable method of procuring the various voice pa-
rameters.'>'! This method was used in our study to
analyze valved speech in laryngectomy patients and
is the focus of a number of ongoing studies at our
institution. For formant analysis, we used the LPC
method of spectral analysis because this has been
shown to be reliable and robust.” To be accurate,
we examined pitch-synchronous windows for the
mid portion of each sustained /i/ vowel, and the for-
mant frequencies derived from the LPC coefficients
were averaged to obtain an estimate of Fy, F,, and
F; for each speaker. We examined the mid portion
of the vowel because this was the most stable part.

One of the sources of error in LPC analysis can be
the fact that the voice signal can be markedly ape-
riodic.” We were able to measure most of the for-
mant frequencies in all but one of our subjects.
This particular patient had a markedly aperiodic
signal with significant noise that precluded the
use of this technique. The F| and F, formant fre-
quencies obtained in our control group of normal
speakers were in general agreement with those
obtained in other studies in the normal popula-
tion.'>'* Minor differences may be attributed to
the fact that formant structure can vary slightly
due to consonantal context. Thus, minimal differ-
ences found among different studies can be at-
tributed to coarticulation effects and the
analytical method used.'* Our study showed sig-
nificantly higher F;, F,, and F; formant fre-
quency values in laryngectomized males as
compared to normal male subjects. In this regard,
our results are consistent with the limited previ-
ous work carried out.'®'? However, to the best
of our knowledge, this is the first large study in
the English-speaking population to use EGG
and LPC method for estimation of the formant
frequencies in laryngectomees.

Journal of Voice, Vol. 21, No. 6, 2007
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FIGURE 3. LPC spectrum of a representative male normal volunteer showing formant peaks. X-axis,
frequency in kHz; Y-axis, amplitude in dB. LPC spectrum is shown in red. For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the web version of this article.

Vocal tract length appears to be the most impor- to explain these phenomena is that the longer vowel
tant factor determining the positions of the formant duration found in the speech of alaryngeal patients
frequencies. With shorter vocal tracts, higher for- is attributable to the slower decay in pharyngoeso-
mants are found."> Another hypothesis put forward phageal segment vibrations as compared with
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pretation of the references to color in this figure legend, the reader is referred to the web version of
this article.
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TABLE 1. Formant Frequencies (F;, F», and F3) in Normal Subjects

Males Females
Formants No. Mean/Median SD/Range No. Mean/Median SD/Range
Fi 18 260.5 237.9-343.8 13 368.2 250.9-460.2
F, 18 2223.9 158.1 13 2678.7 163.4
F; 18 3226.9 414.6 13 3301.2 244.5

Data for F; were not normally distributed and are, therefore, presented as median and range. Data for F, and F3 were normally dis-

tributed and are presented as mean and standard deviation.

laryngeal vibrations in normal speakers.'®!” In

alaryngeal speech, the motor control of the phar-
yngoesophageal segment is not comparable with
the motor control capabilities of the normal
speaker.'®'? Our findings correspond with those
of others in that a possible explanation for the in-
creased formants in laryngectomees could be the
hypothesis that the vocal tract length appears to
be an important factor in determining the average
formant positions.'®™'* TO and esophageal speakers
articulate vowels with fronted and higher tongue
positions relative to the tongue position in normal
speakers.” Another explanation provided in the lit-
erature is that the back of tongue might be a little
lowered, due to the removal of the larynx in
laryngectomees.®

The difference in formant frequency between in-
dividual TO speakers may be larger than those be-
tween individual normal speakers, since the
anatomy of the voice source and the vocal tract de-
pends on the type and extent of the surgical inter-
vention. These differences in vocal tract most
probably also explain the interspeaker differences
that were found between the TO speakers. An un-
even spread of F; was seen in all subjects. How-
ever, we did not show larger standard deviations
of F| and F, formant values in the alaryngeal group

compared to controls. This is most likely due to not
measuring the vowel space and speaking rate in our
subjects.” Because of the small number of female
laryngectomees it was difficult to show any differ-
ence between this group and controls. Interestingly,
male laryngectomees who underwent pharyngec-
tomy and reconstruction using jejunal flaps, gastric
pull up, or musculocutaneous flaps had no signifi-
cant difference between their formant frequencies
compared with controls. The effect of chemoradio-
therapy and postoperative complications (pharyng-
ocutaneous fistula) on the formants is difficult to
explain conclusively in the light of any previous
experience.

Our experience with acoustical analysis measur-
ing formant frequency with EGG in English speakers
is consistent with the results obtained by other
groups using different methods, and to this end is
confirmatory to the further use of EGG in other se-
lected groups of patients with voice handicap.”

We recommend performing videofluoroscopy re-
cordings during speech as this may give more infor-
mation about the length of the vocal tract and the
position of the back of the tongue in laryngecto-
mees as compared to normals. This may further
help in clarifying the effect of laryngectomy on for-
mant frequencies. Also the influence of the

TABLE 2. Formant Frequencies (F;, F» and F3) in Laryngectomees

Males Females
Formants No. Mean/Median SD/Range No. Mean/Median SD/Range
F, 40 391.5 290.6-1448.6 9 413.0 288.1-814.8
F> 39 2542.3 200.9 9 2706.9 220.0
F3 27 3544.2 2579 5 3333.6 231.0

Data for Fy, F> and F;5 are the same as provided in the legend to Table 1.
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different vowel formant frequencies and ratios on
the intelligibility of the vowels should also be stud-
ied. It would indeed be useful to study the vowel
space of the individual speakers with /i/, /a/, and
/u/ as useful reference points. Perhaps a shortcom-
ing of this study is its retrospective nature. A longi-
tudinal analysis is needed to evaluate specific
alterations in the vowel formant structure within
individual patients prospectively over time. There
is also an element of selection and survival bias
that is inherently seen in any retrospective design
study.

CONCLUSION

This study found that the formant frequencies in
adult male patients who have undergone total laryn-
gectomy and SVR were increased compared to the
normal subjects. Chemoradiotherapy and postoper-
ative complications significantly influenced the for-
mant scores in the laryngectomee population. This
study shows that robust and reliable data could be
obtained using EGG and LPC in normal volunteers
and laryngectomees with a sustained vowel.
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