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Abstract 
 A large percentage of patients who have undergone 
laryngectomy to treat advanced laryngeal cancer rely on an 
electrolarynx (EL) to verbally communicate. While serviceable, 
EL speech is plagued by shortcomings in both quality and 
intelligibility.  As part of a larger ongoing effort to improve the 
oral communication of EL users, this study has attempted to 
better quantify the sources and perceptual impact of abnormal 
acoustic properties typically found in EL speech.  EL speech 
tokens that were enhanced using combinations of three different 
improvements, low frequency enhancement, self-noise 
reduction, and added pitch information were presented in pairs 
to a group of ten listeners.  Listeners were asked to judge which 
of the two tokens sounded most like normal natural speech and 
then to rate on a visual analog scale how different the chosen 
token was from normal speech.  The results indicate that 
although EL speech can be most improved by removing its self-
noise and providing proper pitch information, the resulting 
quality is still well below that of normal natural speech or even 
that of monotonous natural speech.  This suggests that in order 
to effectively improve the quality of EL speech, other attributes 
that contribute to its unnatural quality must be explored and 
corrected. 
 

1. Introduction 
 

The electrolarynx (EL) is an electromechanical device that 
acoustically excites the vocal tract via neck or mouth placement. 
The EL is employed primarily by individuals who have had the 
larynx removed due to cancer (laryngectomy patients) and need 
an alternative voicing source in order to speak.  While the 
electrolarynx generally provides a serviceable means of 
communication, the resulting speech has several shortcomings in 
terms of both intelligibility and speech quality.  Reduced 
intelligibility has mainly been attributed to voicing feature 
confusion for stop consonants, although vowel confusion also 
plays a role [1].  Lack of pitch control, the presence of a 
competing self-noise, and an improper source spectrum have all 
been cited as important contributors to the poor quality of EL 
speech [2,3,4], which has been described as mechanical and 
non-human sounding.  

The basics of current EL technology were introduced over 
40 years ago [5] but, until recently, there has been a little effort 
to remedy the primary deficits associated with EL speech.  Qi 
and Weinberg attempted to improve the quality of EL speech by 

enhancing its low frequency content.  They developed an 
optimal second order low pass filter to compensate for the “low 
frequency deficit” in EL speech and found that the resulting 
speech was preferred over raw EL speech [2]. 

    Cole et al. [6] demonstrated that a combination of noise 
reduction algorithms (spectral subtraction and root cepstral 
subtraction) originally developed for the removal of noise 
corruption in speech signals could be used to effectively remove 
the EL self-noise from audio recordings of EL speakers.    Espy-
Wilson et al. [4] used a somewhat different approach to remove 
the EL self-noise.  They simultaneously recorded the output at 
both the lips and at the EL, and then employed both signals in 
an adaptive filtering algorithm to remove the directly radiated 
EL noise. 

 Uemi et al. [3] designed a device that used air pressure 
measurements obtained from a resistive component placed over 
the stoma to control the fundamental frequency of an EL. In an 
even more ambitious approach, Ma et al. [7] used cepstral 
analysis of speech to replace the EL excitation signal with a 
normal speech excitation signal, while keeping the vocal tract 
information constant.  Not only did the normal excitation signal 
contain the proper frequency content (i.e., no low frequency 
deficit), but it also contained a natural pitch contour to help 
eliminate the monotone quality of EL speech. 

The success of these studies indicates that EL users could 
gain some benefit from an EL communication system that 
improves the quality of the speech in one of these ways.  
However, each of these enhancements has been only tried in 
isolation and some are more difficult to implement than others. 
Thus, knowing the relative contributions that these different 
enhancements make (both alone and in combination) to improve 
the perceived quality of EL speech is critical to determining 
which approaches should be given priority in future attempts to 
actually implement such enhancements in a device that patients 
can use.  Moreover, formally assessing how closely the 
perceived quality of the best enhanced EL speech approximates 
normal natural speech would indicate the limits of current 
enhancement approaches, and serve to estimate how much more 
room there is for further improving EL speech.  The goals of 
this investigation were to better quantify the sources and 
perceptual impact of abnormal acoustic properties typically 
found in EL speech by: 1) quantifying the relative contribution 
that acoustic enhancements make, both individually and in 
combination, to improving the perceived quality of EL speech 
and 2) determine how closely the best enhanced EL speech 
approximates normal-natural speech quality.  
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2. Methods 

2.1. Data Recording 

Two normal (i.e. non-laryngectomized) speakers, one male and 
one female, produced two sentences using both their natural 
voices and a neck-placed Servox electrolarynx (Siemens Corp.).  
Recordings were made with the subject’s face sealed in a 
specially constructed port in the door of a sound isolated booth. 
This was done to essentially eliminate the self-noise of the neck 
placed EL from the audio recording of the speech. The two 
sentences differed in their phonemic makeup: one sentence was 
comprised entirely of voiced phonemes while the other 
contained both voiced and unvoiced phonemes.  All recordings 
were digitized at 100 kHz and then downsampled to 8 kHz. 

2.2.  Sentence production 

For each speaker, a total of ten versions of each sentence were 
generated: a normal version, a normal version with a 
fixed/mono pitch, raw EL speech, and EL speech with either 
one enhancement, all possible combinations of two 
enhancements, or all three enhancements. The following 
enhancements were implemented: low frequency enhancement 
(L), self-noise reduction (N), and added pitch information (P).  
Throughout the rest of this manuscript, enhanced versions of EL 
speech will be denoted by placing an L, N, or P or some 
combination, for example, so that low frequency enhanced, 
noise reduced EL speech become EL-LN. The low frequency 
enhancement was implemented by processing the sentences 
through the two-pole low pass filter specified by Qi and 
Weinberg [2].    

To construct stimuli representing unprocessed/raw EL 
speech, an estimate of the EL self-noise was added to the EL 
sentences that were recorded through the port of the sound 
isolated booth.  The self-noise estimates were made from free 
field recordings in the sound isolated booth while the speakers 
held the EL to their necks and kept their mouths closed. 

The addition of the proper pitch information to the EL 
speech involved 3 steps.  First, the normal and EL sentences 
were time aligned using PSOLA [8] such that the phonemes of 
both sentences had the same onset times and duration.  Both 
sentences were then analyzed using a modified version of a 
MELP vocoder [9].  Finally, the pitch track obtained from the 
MELP analysis of the normal sentence was used in the MELP 
synthesis of the EL speech, thus giving the EL sentence the 
exact pitch contour as that of the normal sentence.  Because the 
second sentence contained unvoiced phonemes, there were 
sections in which no pitch estimate could be made during MELP 
analysis.  Therefore, before the measured pitch contour was 
used in the resynthesis of the EL sentences, the sections of the 
pitch contour corresponding to the unvoiced sections were set 
equal to the last pitch measurement made prior to the onset of 
each unvoiced section. 

The MELP vocoder was also used to set the pitch of the 
monotonous EL sentences to the mean pitch of the normal 
sentences.  This step was taken to remove the potentially 
confounding influence that differences in the pitches of the 
stimuli might have on perceptual comparisons.  Similarly, the 
monotonous normal speech token was generated by fixing the 
pitch of the whole sentence at the mean pitch. 

2.3. Experimental Procedure 

The experimental procedure consisted of using the Method of 
Paired Comparisons [10] with an accompanying visual analog 
scale.  For each speaker-sentence condition, all combinations of 
pairs of speech tokens (45) were presented via computer D/A 
and headphones to a group of 10 naïve, normal hearing listeners 
(5 male and 5 female).  The listeners were required to indicate 
on a computer response screen which of the two tokens in each 
pair “sounded most like normal natural speech”.  Once this 
decision was made, the listener was then asked to use a mouse–
controlled visual analog scale to rate how different the chosen 
token was from normal natural speech.  The scale was 10 cm 
long and ranged from “Not At All Different” to  “Very 
Different”, with the distance (in cm.) from “Not At all 
Different” used as the rating of the stimulus.  Each complete set 
of tokens was presented twice in different random orders to 
assess listener reliability.  Prior to beginning the experiment, the 
listeners listened to all 10 speech tokens to familiarize 
themselves with the range of speech quality that the tokens 
spanned.  Once the experiment began, however, the subjects 
could only listen to the normal token. This allowed the normal 
token to act as an anchor so that all listeners would have a 
common frame of reference to make their judgments. 

2.4. Analysis 

2.4.1. Paired Comparison Data: Law of Comparative 
Judgment 

The data collected from the Paired Comparison procedure was 
analyzed using Thurstone’s Law of Comparative Judgment. 
[11].  It’s assumed in each subject, a group of stimuli elicits a 
set of discriminal processes (or perceptions) along a 
psychological continuum with respect to a certain attribute of 
the stimuli.   However, since human observers tend to be 
inconsistent, a stimulus will not always elicit the same 
discriminal process every time it is presented.  As such, the 
most common process is labeled the modal discriminal process, 
while the spread of the discriminal process is called the 
discriminal dispersion.  If these discriminal processes are 
modeled as normal random variables, then the modal 
discriminal processes and the discriminal dispersions are the 
mean and standard deviation of the random variables where the 
mean is taken to be the scale value on the psychological 
continuum. 

If two stimuli, j and k, are presented to a group of several 
listeners, and stimulus j chosen more often to be “greater” than 
stimulus k (for a certain attribute) then it can be assumed that 
the scale value, Sj of stimulus j, is greater than the scale value, 
Sk of stimulus k.  Furthermore, the proportion of times that 
stimulus j is chosen over stimulus k is related to the difference 
between the scale values, i.e. the discriminal difference.  This 
discriminal difference is also a normal random variable with a 
mean of Sj-Sk and standard deviation of  

 

jkjkkjkj r σσσσσ 222 −+=−    (1) 

 
where σj and σk are the discriminal dispersions of stimuli j and k 
respectively, and rjk is the correlation between the two stimuli.  
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It then follows that the discriminal dispersion between two 
stimuli can be calculated from 

jkjkkjjkkj rzSS σσσσ 222 −+=−  (2) 

where zjk is the normal deviate corresponding to the theoretical 
proportion stimulus j is judged “greater” than stimulus k.  Since 
the theoretical values aren’t available, they are estimated from 
the empirical values obtained from the paired comparisons 
experiment.  If it is assumed that the discriminal dispersions are 
equal and that correlations between stimuli are also equal, then 
equation (2) reduces to  

( )rzSS jkkj −=− 12 2σ         (3) 

The term ( )r−12 2σ  is a scaling constant and can be set 
equal to 1 without any loss of generality [12] so that  

jkkj zSS =−    (4) 

Hence the scale value of each stimulus can be found, thus 
providing not only a ranking of the stimuli but the psychological 
distance between them on the psychological continuum. 

The following procedure is used to generate the zjk. The 
proportion of times stimulus j is judged greater than stimulus k, 
pjk is entered into the jth column and kth row of a matrix, P, such 
as the one shown in Table 1.  Because no stimulus is ever 
presented against itself, the diagonals of the P matrix remain 
empty.  The Z matrix, whose cells contain the zjk, is found by 
computing the normal deviates of the entries in the P matrix.  
The diagonal entries of the Z matrix are set to zero.  If the Z 
matrix is full (i.e. there are no infinite values in any of the 
entries) then the Sj are easily computed by averaging each 
column of the Z matrix.  However, in many circumstances, one 
stimulus is always judged to be “better” than another thereby 
producing a proportion, pjk, of 1 and a corresponding infinite zjk.  
In such cases, simply averaging the columns of the Z matrix is 
not possible and another method of estimating the scale values 
must be used.  Kaiser and Serlin suggested a least squares 
method to estimate the scale values that was valid as long as the 
data collected from every stimulus is at least indirectly 
connected to each other, i.e. as long as no stimulus is always 
judged to be better (or worse) than all the others [13]. When the 
Z matrix is full, the Kaiser-Serlin method reduces to averaging 
the columns of the matrix. 

 Unfortunately, because of the nature of the stimuli used in 
this experiment, in some instances, this necessary condition was 
violated. Specifically, for some speaker-sentence conditions, the 
normal sentence was always judged to sound more like normal 
natural speech than all of the other speech tokens.  In such 
cases, the data collected for the normal sentences can be thrown 
out and the least squares method in [13] can be applied to the 
remaining sub-matrix but no information can be obtained on the 
scale value of the normal sentence (it is effectively infinity).   
 

 

 

 

Table 1: The P Matrix 

Stimulus 1 2 … n 
1 - p21 … pn1 
2 p12 - … pn2 
… … ... - … 
n p1n p2n … - 

 
Therefore, this study made use of the solution to this problem 
provided by Krus et al. [14], who suggest the following 
transformation from the proportions, pjk to the z-scores, zjk: 

N
pp

pp
z

kjjk

kjjk
jk +

−
=        (5) 

where N is the total number of times the stimulus pair, (j,k) was 
presented.  This transformation is provides a rational z-score 
even when pjk equals one or zero which is proportional to the 
square root of the number of observations.  The Kramer-Serlin 
method was applied to these scores to produce the scale values. 
The scale values were then shifted by the amount necessary to 
set scale value of the lowest ranked token to zero. 
 

2.4.2. Visual Analog Scale Data 

The distance in centimeters from the end of the slider 
labeled “Not at all different” was used as an estimate of how 
different a listener judged a speech token to be from normal 
natural speech.  The lower the rating, the less different from 
normal speech a sentence is and the better quality it has.  These 
distances were used to compute a mean distance for each speech 
type.  A 3-way analysis of variance (ANOVA) was conducted 
on the entire data set to look for significant main effects and 
interactions between the speech ratings, the gender of the 
speaker and the type of sentence.  The rating data was then 
divided in two ways, based on the speaker gender and sentence 
type.  To determine whether or not the ratings were significantly 
different, within each subset of data, three ANOVAs followed 
by Bonferroni corrected post-hoc t tests were computed: 1) on 
all 10 sentences; 2) on the lowest rated (i.e. least different from 
normal) EL speech sentence, the normal monotonous speech 
sentence and the normal speech sentence; and 3) on the 8 EL 
speech sentences. 

3. Results 

3.1. Scale Values 

3.1.1. Combined data 

To obtain an overview of the paired comparison data, the 
judgments made on all four speaker-sentence conditions (male-
voiced, male-voiced/voiceless, female-voiced, female-
voiced/voiceless) were combined and the resulting scale values 
are shown in Table 2.  
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Table 2: Overall Scale Values  

Speech type Rank Scale Value 
EL-raw 10 0.00 
EL-L 9 0.87 
EL-N 8 3.62 
EL-LN 7 4.56 
EL-P 6 4.85 
EL-LP 5 6.42 
EL-LNP 4 9.10 
EL-NP 3 9.28 
norm-mono 2 11.45 
normal 1 14.47 

 
As expected, raw EL speech received the lowest scale value 

while normal speech received the highest.  In general, 
combining EL enhancements produced speech that was judged 
to be more normal and natural than EL speech with only one 
type of enhancement.  The sole exception occurred for the pitch-
enhanced speech (EL-P), which was ranked higher than low 
frequency enhanced, self-noise reduced EL speech (EL-LN).  
This indicates that adding the proper pitch contour to EL speech 
would be more effective than combining the other two 
enhancements.  This assertion is further bolstered by the 
presence of the pitch enhancement in the four highest ranked 
speech tokens.  Nevertheless, the monotonous normal speech, 
which does not have the proper pitch contour, was judged to be 
more like normal natural speech than any version of EL speech.  

Conversely, increasing the low frequency content of EL 
speech seems to be the least effective enhancement.  On its own, 
it only produces a small increase in scale value (from 0 to 0.87) 
and when combined with the other two enhancements, it 
actually reduces the quality of the speech. The self-noise 
reduction enhancement, while not as effective as the pitch 
enhancement, produced a noticeable increase in EL speech 
quality.  By itself, it produced an increase in scale value from 0 
to 3.62 and when added to the pitch enhanced speech, increased 
the scale value from 4.85 to 9.28.  

Average listener reliability was found to be 88.3 ± 8.9% 

3.1.2. Speaker gender 

The judgments were separated based on the speaker gender 
to examine the effect gender has on the scale values.  Table 3 
contains the resulting scale values for each speaker type.  In 
general, the ranking of the sentences for each speaker condition 
agreed with the ranking found for the pooled data, with the 
female speaker ranking paralleling those of the combined 
rankings and that of the male speaker differing in two small 
ways.   The scale values are smaller in absolute terms for each 
of the speaker conditions but this is to be expected since 
according to equation (5), the z-scores are proportional to the 
square root of the number of observations. 

 
 
 Although the absolute scale values differ somewhat, there is 
very little distinction between the data from the two speakers, 
the main discrepancy being in the scale values for EL-P and EL-
LN speech tokens.  For the male speaker, EL-LN speech was 
found to be slightly better than EL-P speech while the opposite 
held true for the female speaker.  However, the difference in 
scale values is small enough to consider the two sentences 
similar in quality.  There is also some difference between the 
scale values of EL-NP and EL-LNP speech for the two 
speakers.  Whereas for the female speaker, EL-NP received a 
slightly larger scale value than EL-LNP (6.67 vs. 6.42), for the 
male speaker they received equal scale values.   
 

Table 3: Scale Values Based on Gender of the Speaker 

Male Speaker Female Speaker 

Speech type Rank Scale 
Value Speech type Rank Scale 

Value
EL-raw 10 0.00 EL-raw 10 0.00 

EL-L 9 0.41 EL-L 9 0.82 
EL-N 8 2.66 EL-N 8 2.47 
EL-P 7 3.07 EL-LN 7 3.29 

EL-LN 6 3.16 EL-P 6 3.79 
EL-LP 5 4.11 EL-LP 5 4.96 
EL-NP 4 6.45 EL-LNP 4 6.42 

EL-LNP 3 6.45 EL-NP 3 6.67 
norm-mono 2 8.19 norm-mono 2 8.00 

normal 1 10.09 normal 1 10.37 
 

3.1.3. All Voiced vs. Voiced-Voiceless Phonemic Context  

The listener data were also sorted according to whether the 
judgments were based on the sentence comprised of all voiced 
phonemes or the one comprised of both voiced and unvoiced 
phonemes (see Table 4).   

Separating the observations in this fashion reveals a clear 
difference in the rank ordering and scale values assigned to EL 
enhancements for the two types of sentences.  In general, the 
scale values for most of the EL enhancements are higher for the 
all-voiced sentence as compared to the voiced-voiceless 
sentence. Of particular note is the much lower ranking and scale 
value for EL-P (pitch) enhancement for the voiced-voiceless 
sentence, even though pitch is ultimately included in the 
combined enhancements that were ranked and scaled as the best 
three for both sentence types.  
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Table 4:  Scale Values Based on Sentence Type. 

All-Voiced Sentence Voiced/Voiceless Sentence 
Speech type Rank Distance Speech type Rank Distance

EL-raw 10 0.00 EL-raw 10 0.00 
EL-L 9 0.57 EL-L 9 0.66 
EL-N 8 2.21 EL-P 8 2.59 

EL-LN 7 2.94 EL-N 7 2.91 
EL-P 6 4.27 EL-LN 6 3.51 

EL-LP 5 5.50 EL-LP 5 3.57 
EL-LNP 4 6.64 EL-NP 4 5.69 
EL-NP 3 7.43 EL-LNP 3 6.23 

norm-mono 2 7.46 norm-mono 2 8.73 
normal 1 10.40 normal 1 10.06 

 

3.2. Visual Analog Ratings 

The overall mean slider ratings for the ten sentences are shown 
in Table 5 along with the corresponding standard errors of the 
mean. 

Table 5: Overall Slider Ratings 

 
Speech type Rank Rating σm 

EL-raw 10 8.40 0.20 
EL-L 9 8.08 0.19 

EL-LN 8 7.93 0.11 
EL-N 7 7.89 0.13 
EL-P 6 7.11 0.11 

EL-LP 5 6.98 0.11 
EL-LNP 4 6.50 0.10 
EL-NP 3 6.20 0.10 

norm-mono 2 1.76 0.08 
normal 1 0.09 0.02 

 
The ranking of the sentence types is very similar to the ranking 
obtained from the paired comparison data except for the reversal 
of the order of the EL-N and EL-LN sentences. The normal 
speech token is found to be the least different from normal 
natural speech, and is closely followed by the normal-
monotonous token.  Once again, the EL-NP speech token was 
found to have the highest rating, although the difference in 
rating between this token and that of normal speech is far 
greater (in relative terms) than the difference in scale values 
found from the paired comparisons data. 

A 3-way ANOVA was performed on the entire data set 
using the three factors speaker gender, phonemic content, and 
sentence type. Significant differences (p < 0.000) were found 
for all three main effects with smaller (closer to normal speech) 

average scale values for females and all-voiced sentences. The 
expected overall ordering of average values across the 10 levels 
of the sentence type factor was observed with normal speech 
having the lowest scale value and EL-raw having the highest 
(farthest from normal speech) scale value.  Significance was 
also found for the interactions speech type*gender (p < 0.01) 
and speech type *phonemic content (p < 0.01).   

Additional one-way ANOVA and post-hoc t tests 
(Bonferroni corrected) demonstrated that the ratings for the 
normal, normal monotonous and EL-NP sentences are all 
significantly different (p<0.01) from each other. Post-hoc tests 
also indicated that: 1) the ratings for the 4 highest rated speech 
sentences did not differ significantly from each other, 2) the 
ratings for the EL-P and EL-LP sentences differed from the 4 
highest rated speech sentences but not from each other, and 3) 
while the EL-LNP rating was significantly different from the 5 
highest rated speech sentences, it was not different from those 
of the EL-LP and EL-NP sentences.  All of these differences 
were significant at p<0.01. 

 
Discussion 
 
This study was conducted to better quantify the sources and 
perceptual impact of abnormal acoustic properties typically 
found in EL speech. This was done by determining the relative 
contributions that a set of proposed acoustic enhancements 
makes towards improving the quality of EL speech. The 
ultimate goal is to use these results to efficiently direct an effort 
to improve the state of EL speech.    The results of this study 
indicate that of the three properties selected, the lack of pitch 
information contributes the most to EL speech’s poor quality.  
With only a couple of exceptions, the pitch enhancement, both 
on its own or combined with another enhancement was 
consistently found in the four top rated EL speech tokens for 
both the paired comparison and the analog slider procedures.  
Next in importance is the competing self-noise followed by the 
lack of low frequency energy.  Thus, in designing an improved 
EL device, one would gain the most benefit by somehow 
providing the users with a means of pitch control while 
removing, or at least reducing the amount of self noise it 
generates.  Based on the results obtained here, enhancing the 
low frequency content, at least in the manner described in [2] 
actually reduces the quality of the resulting speech. 

Although the results of the paired comparison experiment 
indicate that using the pitch and noise reduction enhancements 
can make a substantial improvement in EL speech quality, the 
analog scaling results demonstrate that even the best enhanced 
version of EL speech   still has significantly degraded quality 
when compared to normal natural speech.  In fact, not one 
version of EL speech received a mean rating lower than 5 (i.e. 
the half way point) while both the normal and monotonous 
normal tokens consistently received ratings below 2.5.  
Moreover, these enhancements are not as effective for speech 
that contains unvoiced phonemes, further limiting the 
improvement in quality. 

While adding pitch information may be the most effective 
means of improving EL speech quality it is perhaps the most 
difficult enhancement to implement because it requires finding a 
way of estimating what pitch the speaker intends to use.  In one 
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attempt to provide EL users with pitch control, only 2 of the 16 
subjects studied were able to master the control of the device 
and thereby produce pitch contours that resembled those in 
normal speech [3].  And although, EL-LN speech received a 
scale value similar to that of EL-P speech, the sliding scale 
results indicated that EL-LN wasn’t significantly different from 
raw EL speech.   

However, the fact that normal monotonous speech more 
closely approximates the quality of normal natural speech than 
any type of EL speech enhancement (including ones with the 
proper pitch information) provides some hope that EL speech 
can be significantly improved without having to add prosodic 
information.  It also suggests that there are other, unexplored 
properties of EL speech that contribute to its unnatural quality.  
For example, the limited effectiveness of the three 
enhancements on speech with unvoiced phonemes suggests that 
lack of voicing information is another important EL speech 
property that reduces its quality. Perhaps a reasonable 
intermediate goal would be to identify and correct other aberrant 
properties of EL speech that enable a closer approximation to 
normal monotonous speech.   
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