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Most of the acoustic analysis of alaryngeal speech has been car-
ried out with an English-speaking sample during the produc-
tion of vowels. The early literature on voice production in la-

ryngectomized subjects focused on those characteristics related to the
voicing source, and it was assumed that the rest of the vocal tract be-
haved substantially the same as in normal voice users (Damste, 1958).
However, later studies in which acoustical analysis of vowels was con-
ducted suggested that alaryngeal speakers might also have altered vo-
cal cavity transmission characteristics. In these studies, vowels consis-
tently showed higher formant frequencies for alaryngeal talkers, both
tracheoesophageal (TES) and esophageal, than for normal speakers. Sisty
and Weinberg (1972) studied English vowels in [hVd] sequences pro-
duced by male and female esophageal talkers and found consistently
higher formant values. Their results were similar to those previously
obtained for Finnish vowels produced by male esophageal speakers in
a CVC context (Kytta, 1964). TES talkers have shown higher vowel
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tomized patients produce vowels with higher formant frequencies and longer
durations than the group of laryngeal subjects. Thus, the data indicate modifica-
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formant frequencies than normal and esophageal speak-
ers (Sisty & Weinberg, 1972). The results of these stud-
ies lead to the hypothesis that total laryngectomy re-
sults in a shortened vocal tract relative to normal
subjects (Christensen & Weinberg, 1976; Sisty &
Weinberg, 1972). This hypothesis seems to be compat-
ible with some physiological data presented by Diedrich
and Youngstrom (1966). These authors obtained
cinefluorograms of a patient before laryngectomy dur-
ing the production of some vowels and compared the
results with those obtained after laryngectomy. It was
found that the effective vocal tract length was reduced
after the surgical operation. Unfortunately, few physi-
ological studies with laryngectomized subjects have been
conducted to provide evidence about the relations be-
tween the vocal tract configuration and the resulting
acoustic characteristics. This likely is due to the rela-
tive inaccessibility of the relevant vocal tract areas dur-
ing speech production.

The literature also has shown temporal differences
between normal and alaryngeal speakers of the English
language. Robbins, Fisher, Bloom, and Singer (1984)
found that laryngectomized patients using TES or esoph-
ageal voice produced speech at slower rates, measured
as words per minute, and with greater total dura-
tion for a paragraph reading than normal subjects.
Christensen and Weinberg (1976) and Diedrich and
Youngstrom (1966) also reported longer vowel duration
in excellent esophageal talkers. The study by Robbins,
Christensen, and Kempster (1986) showed longer vow-
els for TES and esophageal talkers than for the normal
subjects. At the same time no significant differences were
found between the TES and esophageal groups. The hy-
pothesis that these authors proposed to explain these
temporal disturbances is that alaryngeal patients have
poorer motor control of the neoglottis than a laryngeal
speaker’s motor control of the glottis during phonation.
The limited control of the resistance offered by the crico-
pharyngeal segment may be responsible for the diffi-
culty in initiating and terminating voicing in these pa-
tients; thus, duration of the phonetic segment may be
altered (Moon & Weinberg, 1987).

Thus, both frequency and temporal characteristics
of vowels produced by laryngectomized speakers seem
to be altered, compared to those of normal speakers. In
spite of these modifications, vowel intelligibility rates
in word context are around 90% according to our previ-
ous perceptual study (Miralles & Cervera, 1995). In that
study, the same list of Spanish words produced by the
TES, esophageal, and normal speakers in the present
study were presented to a group of listeners in a percep-
tion task. Phoneme confusion scores were used to con-
struct confusion matrices. Significant differences
were found among phoneme classes in both groups of

alaryngeal speakers. Spanish vowels produced by laryn-
gectomized speakers were perceived significantly bet-
ter than the other phoneme classes (i.e., fricatives, stops,
nasals, and glides). We attribute this finding to the sim-
plicity of the Spanish vowel system and inferences made
by the listeners about vowel identity in word contexts.

The purpose of the present study was (a) to obtain
formants (F1 and F2) and duration values in stressed
vowels in CVCV context in patients who had undergone
laryngectomy and who used TES and esophageal voice,
and (b) to compare the results to those obtained in a
group of normal speakers. Although other acoustical pa-
rameters seem to play a role in the perception of vowels,
the first two formants (Delattre, Liberman, Cooper, &
Gerstman, 1952; Jones, 1960; Klein, Plomp, & Pols, 1970;
Peterson & Barney, 1952) and duration (Ainsworth, 1972;
Lehiste & Peterson, 1961; Peterson & Lehiste, 1960) have
been shown to be the most relevant parameters in vowel
recognition.

In the present study vowels in word (CVCV) con-
texts were used with the objective of reproducing speech
as natural sounding as possible. Stressed vowels were
selected because one of our objectives was to compare
the results of our study with those conducted with ala-
ryngeal English speakers. In the latter studies CVC or
[hVd] contexts were used. In Spanish, CVCV is a more
common structure than CVC. Thus, although syllabic
structure was not the same, in both cases the stressed
vowel was analyzed. Words were used because it is be-
lieved that the deviant aspects of pathological voices will
be better manifested in words or longer passages than
in isolated vowels, as coarticulation involves higher
physiological complexity than isolated vowels.

Method
Stimuli and Subjects

Twenty laryngectomized subjects participated in the
experiment. Ten of the patients had undergone trache-
oesophageal shunt (TES) and used tracheoesophageal
voice as their primary mode of communication, and the
10 subjects without TES used esophageal voice. All the
patients came from the Service of Otolaryngology of the
Hospital Clinico Universitario in València, Spain. TES
patients did not receive any specific speech rehabilita-
tion. Esophageal patients received instructions by vol-
unteers from the Association of Laryngectomized Pa-
tients in València about the air injection method. All
the subjects spoke standard Castillian Spanish. All sub-
jects were male, and their ages ranged from 51 to 64
years, with a mean age of 59 years. In the group of TES
patients, post-operation time ranged from 6 to 13 months,
with a mean of 10 months. In the group of esophageal
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patients without the shunt, the post-laryngectomy time
ranged from 17 to 52 months (M = 32.5). The two groups
of patients could not be matched for the period of post-
operation because during the last years all the laryn-
gectomies were accompanied by TES in our hospital.
Before this time period, none of the patients had under-
gone any TES and all the laryngectomized patients had
to use esophageal voice. TES patients used the
Herrmann prosthesis (Herrmann, 1978). Choice of this
prosthesis was made by the surgeons. This one-way valve
has shown aperture pressures considered within the
range of medium to low values (Gimenez et al., 1993).
All of the TES speakers used finger occlusion of the tra-
cheostoma to produce voice. All of the alaryngeal speak-
ers, TES and esophageal, were judged to have accept-
able speech by a group of speech therapists. None of the
patients exhibited any other speech pathology.

A control group of 10 normal-voiced subjects pro-
duced and recorded the same list of words. These sub-
jects were male and were of similar ages to subjects in
the patient groups.

Procedure
Twenty-four Spanish two-syllable (CVCV) words

produced by 20 laryngectomized male patients were re-
corded. The list of words used in this study and our pre-
vious perceptual study (Miralles & Cervera, 1995) is one
of the bisyllabic lists used in audiometric tests of the
Spanish population (Perelló & Mas-Dalmau, 1980). The
phonetic characteristics of these words reflect the most
frequent syllabic structure and stress patterns in the
Spanish language (see Appendix). The vowels analyzed
were those in the stressed position (first syllable).

A Revox B77 tape recorder and a Sennheizer micro-
phone were used in this experiment. Each subject’s
speech was recorded individually in an audiometric
booth. A Sennheizer microphone was mounted at a dis-
tance of 15 cm from the mouth. The subjects were in-
structed to read the list of words at their normal inten-
sity with an interval of approximately three seconds
between consecutive words. Those words produced by
alaryngeal speakers that couldn’t be recognized in the
perceptual study in our previous work (Miralles &
Cervera, 1995) were eliminated from this study.

Acoustic Analysis
The recorded lists of words were digitized at a 20

kHz sampling rate using a CSL (Kay Elemetrics Corp.,
model 4300B) 14 bit resolution card and were stored on
an 486 IBM computer hard disk for subsequent analy-
sis. An anti-aliasing filter with a 10 kHz cutoff frequency
was used before the A/D conversion. A preemphasis with
a factor of 0.8 was applied.

All the analysis was done using the CSL software.
Broadband spectrograms (300 Hz) of each word of the
list produced by each speaker were obtained and used
to facilitate the identification of the vowel. Once this
segment was identified, LPC and FFT spectra were com-
puted for the vowel segments using 256 consecutive
samples centered in the middle of the vowel segment.
The signal was then multiplied by a 45 ms Hamming
window, and LPC coefficients were computed using an
autocorrelation method (Atal & Hanauer, 1971). The LPC
order was 23 according to the criterion of Rabiner and
Shaffer (1978). Vowel duration was measured as the
steady-state portion in the first syllable of the CVCV
sequence. The starting and ending points of the vowels
were measured by hand from visual inspection of high-
resolution spectrograms. The time period between these
two points showed no formant movement.

This procedure differs from that used in the Robbins
et al. (1986) study and from the standard procedure sug-
gested by Peterson and Lehiste (1960), which has been
used in various studies measuring vowel duration in
normal speakers (Hillenbrand, Getty, Clark, & Nearey,
1995; Hillenbrand & Nearey, 1999). In those studies vow-
els were presented in [hVd] context (Hillenbrand et al.,
1995; Hillenbrand & Nearey, 1999; Peterson & Lehiste,
1960) or in /pik/, /kap/, and /kup/ sequences (Robbins et
al., 1986). The starting and ending points of the vowels
were determined by visual inspection of vertical stria-
tions that correspond to phonation time in the spectro-
grams. This method of vowel measurement includes tran-
sitions. In the present study, however, vowels were
presented in all consonant contexts, including liquids
and nasals, which are also characterized by formants
and their transitions. The criterion of Peterson and
Lehiste (1960) could not be applied, so the steady-state
time was used as a criterion. Total word duration was
also measured.

Formant frequencies were measured at the midpoint
of the vowel. Detection of a formant was based on the
visual examination of LPC and FFT spectra. The first
two peaks from the LPC spectrum were selected as F1
and F2 values. General knowledge of acoustic phonetics
also helped in the process of estimating vowel formants
(Ladefoged, 1967). First and second formant frequen-
cies were measurable 97% of the time in pathological
groups and 100% of the time in the normal group. Third
formant frequencies were measurable less than 50% of
the time in both groups of patients and were not included
in our results. Similar difficulties in measuring third
formants in pathological voices are reported in the lit-
erature (Sisty & Weinberg, 1972). In our study, TES and
esophageal voices presented similar difficulties in meas-
uring higher formants; however, presence of noise was
more evident in TES than in the esophageal group.
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Reliability
All the measures were obtained separately by two

different investigators, and reliability measures were
obtained afterwards. Reliability of vowel duration meas-
urements was obtained by computing the average abso-
lute difference expressed in percentages between the
measures made by one investigator and those made by
a second investigator. This reliability estimate has been
used in other studies involving duration measurements
in normal speech (Allen, 1978; Hillenbrand et al., 1995;
Smith, Hillenbrand, & Ingrisano, 1986) and in speech-
language pathology research (Onslow, van Doorn, &
Newman, 1992; Swanson, Leonard, & Gandour, 1992).
The absolute difference between investigators measure
was 7.8%.

To estimate the reliability of the formant frequency
extraction, we used the average absolute differences,
expressed in percentages, between the measures in for-
mants frequency obtained by the two investigators (Di
Benedetto, 1989). For F1 the result was 1.9%, and for F2
the result was 1.5%.

Results
Vowel Duration

Means of vowel duration for the five Spanish vow-
els produced by TES, esophageal, and normal speakers
are presented in Table 1. We can observe that TES pa-
tients had the longest vowel duration, whereas esoph-
ageal patients had values that were more similar to those

of normal speakers. A two-way ANOVA, with group (TES,
esophageal, and normal) and vowel (/i/, /e/, /a/, /o/, and
/u/) as independent variables and vowel duration as
a dependent measure, showed main effects for group
(MS = 154844.63, F = 106.1, p < 0.001) and vowel (MS =
2477, F = 1.69, p < 0.001). The effects for group ´ vowel
interaction were not significant. Post hoc Tukey test
showed significant differences between TES and esoph-
ageal (p < 0.0001), TES and normal (p < 0.0001), and
esophageal and normal (p < 0.0001).

Formant Frequencies
Mean values for the first and second formants of

the vowels produced by TES, esophageal, and normal
voices are presented in Table 1. Comparisons between
alaryngeal and normal speakers showed that, with the
exception of mean F2 value for /o/ in the esophageal
group, F1 and F2 had higher values in TES and esoph-
ageal groups than in the normal group. The differences
in F1 values in the pathological and normal groups were
around 60 Hz. Greater differences were found in F2 (160
Hz, on the average), especially for the vowel /i/.

MANOVA analysis was performed with F1 and F2
as dependent measures and group (TES, esophageal, and
normal) and vowel (/i/, /e/, /a/, /o/, and /u/) as factors. The
main effects for group were significant for both (F1:
MS = 7398, F = 14.42, p < 0.001; F2: MS = 66397.2, F =
11.16, p < 0.001). The main effects for vowel were also
significant for both (F1: MS = 7398.1, F = 293, p < 0.001;
F2: MS = 66397.2, F = 504.5, p < 0.001). The interaction

Table 1. Mean vowel durations (in ms) and F1 and F2 frequency (Hz) of Spanish vowels produced by 10
tracheoesophageal (TES), 10 esophageal, and 10 normal subjects.

TES Esophageal Normal

Vowel Parameter M SD M SD M SD

/i/ F1 355 81 348 155 331 41
F2 2636 554 2518 439 2241 119
duration 139 40 11 25 81 26

/e/ F1 546 69 532 66 502 75
F2 2087 296 2180 271 1872 111
duration 142 61 99 34 78 28

/a/ F1 781 94 866 100 718 86
F2 1576 207 1498 257 1479 75
duration 138 53 97 33 89 23

/o/ F1 603 64 540 120 533 73
F2 1079 78 970 147 1156 418
duration 131 51 89 36 83 19

/u/ F1 459 44 326 100 376 30
F2 883 54 832 136 773 116
duration 128 55 95 31 75 40
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effects for group × vowel were significant for F1 (MS =
7398, F = 5.9, p < 0.001) and for F2 (MS = 66397.2, F =
6.4, p < 0.001).

Tukey post hoc analysis conducted to test differences
among levels of the group factor in both dependent meas-
ures, F1 and F2, showed significant differences for TES
and esophageal (p < 0.003), TES and normal (p < 0.0001),
and esophageal and normal (p < 0.0001) for F1. For F2,
Tukey post hoc test showed significant differences for
TES and esophageal (p < 0.006) and TES and normal
(p < 0.022), but no significant differences between esoph-
ageal and normal speakers.

The relation among vowels in the three groups of
talkers is shown in Figure 1. Plots of F1 and F2 mean

values for the five vowels in the three groups of talkers
are presented. It can be seen that in spite of the abso-
lute frequency formant differences between the three
groups of talkers, the relative positions are maintained.

Dispersion of vowel categories with respect to F1
and F2 values are presented in Figures 2, 3, and 4 for
each group. Minimal overlap is evident among vowels
in the TES and esophageal groups, as in the normal group.

Word Duration
Mean word duration was 568.4 ms (SD = 168) in

TES group and 399 ms (SD = 116 ) in the esophageal
group. In the control group of laryngeal speakers the

Figure 4. F1 and F2 values for vowels in the normal group.Figure 2. F1 and F2 values for vowels in the TES group.

Figure 1. F1 and F2 mean values for vowels in TES, esophageal,
and normal groups. Figure 3. F1 and F2 values for vowels in the esophageal group.
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mean duration was 434 ms (SD = 63). One-way ANOVA
of word duration as a dependent measure and group
(TES, esophageal, and normal) as a factor showed that
the main effects were significant (MS = 1972148.5, F =
136.8, p < 0.001). Tukey post hoc analysis showed sig-
nificant differences between TES and esophageal (p <
0.0001), TES and normal (p < 0.0001), and esophageal
and normal (p < 0.0001) speech.

Discussion
In general, time domain analysis reveals that the

two groups of laryngectomized speakers have signifi-
cantly longer vowels than the control group of laryngeal
speakers. The total word duration was significantly
longer only in the TES group, whereas the esophageal
group showed significantly shorter word productions
than the normal group. We attribute this finding to the
reduction of the second syllable, as we could determine
from visual inspection of the spectrograms. The limited
reservoir of air in the esophagus used to phonate may
produce reduced second syllable duration compared to
the first syllable of the word.

Our findings agree with most of the English lan-
guage studies with laryngectomized patients. Longer
durations could be attributed to either the syllable
duration (Christensen & Weinberg, 1976; Diedrich
& Youngstrom, 1966) or vowel duration (Robbins et
al., 1986).

As in English, duration is not a phonetic feature in
Spanish, and it is assumed that both speakers and lis-
teners are not sensitive to this dimension in separating
vowel categories. However, vowel duration may play a
role in the process of normalization of the vocal tract of
the speaker. Rosner and Pickering (1994) suggest that
duration becomes an aspect of the prototypical form of a
vowel speaker-specific factor, together with other fac-
tors such as F0 and higher formants.

Comparing TES and esophageal voices of Spanish
speakers shows that the temporal characteristics of vow-
els in these patients are similar to durations found in
English language studies (Christensen & Weinberg,
1976; Robbins et al., 1986). That is, the longest vowel
durations were particular to the TES patients, the short-
est to the normal group, and intermediate values to
the esophageal group. The differences in absolute vow-
el duration values in previous studies with English-
speaking alaryngeal subjects and the present work with
Spanish alaryngeal speakers could be attributed not only
to linguistic differences but also to the different contexts
used. The durations for /a/, /i/, and /u/ in CV context in
Christensen and Weinberg (1976) and Robbins et al.
(1986) are not directly comparable to the Spanish vow-
els in CVCV context used in this study. In a word

context the duration of the vowel is normally shorter
than in the syllable environment because of the articu-
latory rate.

Some hypotheses suggested by Christensen and
Weinberg (1976) and Robbins et al. (1986) attribute the
longer vowel duration found in the productions of ala-
ryngeal patients to the slower decay in pharyngoeso-
phageal segment vibrations as compared with the la-
ryngeal vibrations in the normal speakers. In alaryngeal
voice the motor control of the pharyngoesophageal seg-
ment is not comparable with the motor control capabili-
ties of the normal speaker (Moon & Weinberg, 1987).
However, we agree with Sisty and Weinberg (1972) in
that some caution should be used in making this hy-
pothesis until the myoelastic properties of the esoph-
ageal sphincter are better understood.

In the frequency domain, F1 and F2 formant values
obtained in our control group of normal speakers agreed,
in general, with those obtained in other studies in the
normal population (Bradlow, 1995; Golderos, 1984; Quilis,
1981). Differences observed among those previous stud-
ies and the present one are attributed to differences in
the material employed. Golderos (1984) and Quilis (1981)
used vowels produced in isolation. In Bradlow’s study
(1995) CVCV sequences were employed, but the target
vowels occurred only between /p/, /b/, or /t/. In our study,
the vowels were coarticulated with all the phoneme
classes: fricatives, stops, nasals, and liquids (see Appen-
dix). Formant structure can vary slightly due to conso-
nantal context (Stevens & House, 1972); thus minimal
differences found among different studies can be attrib-
uted to coarticulation effects.

In the present study it was evident that there were
higher formant frequency values for all the vowels in
both alaryngeal groups than in the normal group. In
this regard, our results are consistent with previous stud-
ies carried out with English-speaking alaryngeal sub-
jects. Sisty and Weinberg (1972) found higher formant
frequency values in esophageal speakers with vowels
produced in [hVd] context. In that work, the average
increases for F1 and F2 in the esophageal speakers as
compared with the normal speakers were 122 Hz and
325 Hz, respectively. In the present study, less differ-
ence between esophageal and normal groups was found.

F1 versus F2 diagrams show no overlap among
vowel categories in the normal group, as expected. In
both groups of laryngectomized subjects it was found
that there was minimal or no overlap among vowel cat-
egories. This finding differentiates the present study
from studies with English-speaking patients. In Sisty
and Weinberg’s (1972) study considerable overlap was
found between /I/ and /i/, with less overlap between other
categories. In the normal population the differences be-
tween English and Spanish vowel systems have been
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noted (Fox, Flege, & Munro, 1995). Hillenbrand et al.
(1995) and Peterson and Barney (1952) showed a cer-
tain degree of overlap among adjacent vowels catego-
ries. Similar studies in Spanish language (Flege, 1991)
have not shown overlap among vowel categories. This is
understandable if we take into account the simplicity of
the Spanish vowel system.

Mean values of the acoustic vowel space (Figure 1)
showed a general upward shift, especially in the F2 di-
mension, in both groups of laryngectomized subjects as
compared with the normal group. To the extent that ar-
ticulatory interpretations of formant data are valid
(Stevens & House, 1955) a general observation can be
made. If we relate these two acoustic parameters with
high/low and front/back phonetic dimension (Delattre,
Liberman, & Gerstman, 1952; Peterson & Barney, 1952),
it seems that TES and esophageal speakers articulate
vowels with fronted and higher tongue positions rela-
tive to the tongue position in normal speakers. To ex-
plain the differences between alaryngeal and normal
formant frequency values, the effect of shortening of the
vocal tract as a result of total laryngectomy as also been
mentioned (Christensen & Weinberg, 1976; Sisty &
Weinberg, 1972).

This hypothesis agrees with previous findings on
the perception of vowels produced by normal speakers,
in which the formant frequency values of vowels pro-
duced by men, women, and children are compared. Vo-
cal tract length seems to be the most important factor
determining the positions of the formant frequencies.
With shorter vocal tracts higher formants are found
(Peterson & Barney, 1952).

The size of the vowel space also has been related to
speaking rate. Slower speaking rates have produced ex-
pansion of the vowel space in dysarthric populations
(Turner, Tjaden, & Weismer, 1995). In this regard, we
can hypothesize that longer vowel productions in laryn-
gectomized patients might also contribute to an expan-
sion of the vowel space. Mean values for formant fre-
quencies show this tendency clearly.

However, as can be seen in the dispersion diagrams,
in TES and esophageal groups some small degree of over-
lap between adjacent vowel categories is observed, un-
like the normal group diagram. We can attribute this
finding to the fact that alaryngeal groups are less ho-
mogeneous than groups of normal speakers. Standard
deviations from the mean F1 and F2 formants values
are larger in alaryngeal groups than in the normal group.
In spite of this overlap found among alaryngeal speak-
ers, vowel perception was quite good according to our
previous perceptual study, in which we obtained error
scores below 10%. So, we can hypothesize, according to
the dispersion theory (Lindblom, 1986), that vowels
would tend to be maximally, or sufficiently, dispersed in

the acoustic space so as to minimize perceptual confu-
sions between vowel categories. However, future stud-
ies are needed to better understand the relation between
vowel duration and expansion of the vowel space in ala-
ryngeal speakers.

Finally, in spite of the differences in absolute for-
mant frequency values in the two groups of alaryngeal
speakers, as compared with normal values, these changes
are systematic. This finding indicates that the relative
positions from vowel to vowel are maintained, and, thus,
perception can be accomplished. In this regard, many
researchers agree that, rather than absolute values of
F1 and F2, listeners use various combinations of the
acoustic information, such as F1-F0 Bark distance
(Fahey & Lopez-Bascuas, 1994) and F2-F1 and F3-F2
(Fox et al., 1995). Thus, the auditory system makes ad-
justments for the differences in vocal tract length, fun-
damental frequency, and so forth across speakers.
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Appendix. List of words in the acoustical analysis.

Pino /pino/ (pine) Zona /Tona/ (zone)
Letra /letra/ (letter) Templo /templo/ (church)
Musa /musa/ (muse) Fase /fase/ (phase)
Ganso /ganso/ (gander) Perla /perla/ (pearl)
Cero /Tero/ (zero) Goma /goma/ (rubber)
Milla /miLa/ (mile) Nube /nube/ (cloud)
Vega /bega/ (fertile plain) Rosa /r!osa/ (rose)
Tira /tira/ (strip) Dique /dike/ (dike)
Seda /seda/ (silk) Gasa /gasa/ (gauze)
Rima /r!ima/ (rhyme) Jaspe /xaspe/ (jasper)
Poda /poda/ (pruning) Cita /Tita/ (appointment)
Liso /liso/ (plain) Chino /äino/ (Chinese)


