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Formant Interaction as a Cue to Vowel Perception:
A Case Report
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T. Fujii1 and A. Yamadori1

1Division of Neuropsychology, Department of Disability Medicine, 2Department of Neurology, Tohoku University School
of Medicine, Sendai, Japan and 3Department of Neurology, National Yamagata Hospital, Yamagata, Japan

Abstract

Accumulating evidence indicates that cerebral processing of consonants and vowels is separable. It has been shown
that disordered temporal acuity leads to disturbed consonant perception in cases with pure word deafness.
In contrast, there has been no clear explanation of how vowel perception is impaired. We examined a patient with auditory
agnosia, who showed a differential ability to identify the five Japanese vowels after bilateral cerebral lesions. He
correctly identified the vowel [a] in more than 70% of auditory presentations, whereas he identified [i] in only about
30% of presentations. The difference between the first and second formant frequencies ‘‘F22F1’’ and
an artificially defined value ‘‘F12 (F22F1)’’ for each vowel correlated significantly with the percentage of correct
identifications. These findings support the hypothesis that vowel perception is based on formant interactions.

Introduction

Accumulating evidence indicates that cerebral processing of

consonants and vowels is separable. Cases of pure word

deafness with preserved vowel perception have been reported

(Auerbach et al., 1982; Tanaka et al., 1987). Vowel perception

was preserved in patients with left hemisphere lesions whose

consonant discrimination in terms of voicing and place of

articulation was impaired (Gow and Caplan, 1996). A study of
consonant and vowel discrimination using direct cortical

electrical stimulation showed that consonant perception,

but not vowel perception, was disturbed during stimulation

of the left superior temporal gyrus (Boatman et al., 1997).

Consonants are characterized by rapid frequency changes.

For example, formant transition, which is one of the important

cues to identify stop consonants, occurs in the first 50 ms of

the phoneme onset (Ladefoged, 2001). In cases with pure
word deafness, temporal acuity, which is the ability to follow

the rapidly changing acoustic signal, has been proposed to be

a good indicator of performance on consonant perception

(Albert and Bear, 1974; Auerbach et al., 1982; Tanaka et al.,

1987).

Vowels are characterized as steady-state formants, which

last for about 100–150 ms in natural speech (Auerbach et al.,

1982). Little is known of how human vowel perception is
processed in normal and pathological conditions. Various

factors in addition to the temporal acuity may affect vowel

perception. Phonetically, vowels are described in terms of the

height and backness of the tongue. Acoustically, the degree of

height is related to the first formant (F1), and the degree of

backness is related to the difference between the first and

second formants (F2� F1) (Ladefoged, 2001). Among sev-

eral hypotheses to explain how vowels are perceived, the

formant hypothesis proposes that vowel identification is based

primarily on the frequencies of F1 and F2 (Delattre et al.,
1952). However, it is yet to be clarified how information on

the formant structure of vowels is represented in the human

auditory nervous system.

We examined a patient with nonaphasic auditory compre-

hension disorder, who had differential ability to identify five

Japanese vowels. We analyzed in detail this patient’s perfor-

mance in vowel identification and attempted to find a relation

between the degree of identifiability of a vowel and its for-
mant structure.

Case report

MS is a 38-year-old, right-handed Japanese man, with 14

years of education. After two episodes of cerebral hemor-

rhage, initially in the right temporal lobe (in October 1997)

and later affecting the left putamen, thalamus, and temporal
subcortex (in August 2000), he became unable to comprehend

spoken language, although his speaking, reading, and writing

abilities were well preserved. On admission to our hospital in
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April 2001, he was fully conscious, cooperative, and well-

oriented. Other than MS’s word deafness, a physical exam-

ination revealed mild dysarthria, right hemiparesis, and sen-

sory disturbance on the right side of the body.

Audiological examination

A pure tone audiogram revealed a normal hearing threshold.

Waves I-V of the brainstem auditory evoked potentials were
obtained for each side at above 75 dB hearing level with

normal latencies.

Neuropsychological examination

MS scored 34/36 on the Raven Progressive Coloured Matri-

ces. His digit span was 5 when he was visually presented one

number at a time. He scored 94% correct responses on the

Token Test with written commands. His performance on

the Japanese Standard Language Test for Aphasia was within

the normal range for reading aloud, reading comprehension,
naming, and writing subtests, but was severely impaired for

all subtests requiring auditory linguistic perception. His com-

prehension did not improve even when he was spoken to

slowly. His speech was slightly slurred, but the fluency of his

speech, his grammar and the volume of his voice were all

normal. His anterograde memory and recall of autobiograph-

ical episodes were normal. Praxis with the left hand was

normal. There were no signs suggesting attention disturbance.

Neuroradiological findings

T1- and T2-weighted magnetic resonance (MR) images were
obtained with a 1.5-T scanner (Signa Horizon; GE Medical

Systems, Milwaukee, WI). The pure tone auditory evoked

field (AEF) was measured using a 122-channel magnetometer

system (Neuromag-122; Neuromag Ltd., Helsinki). MR im-

aging revealed a lesion in the left subcortical structure that

mainly affected the auditory radiation (Fig. 1C), and a lesion

in the white matter underlying the superior temporal gyrus and

Heschl’s gyrus on the right. The AEF was evoked at normal
latency, and the equivalent current dipole was estimated to be

in Heschl’s gyrus on the right side (for input from each ear),

whereas no detectable AEF was observed on the left side

(Fig. 1A, B).

Nonverbal sound perception

Methods

Non-verbal auditory perception was tested in the following

way, with his eyes closed. He was required (1) to describe 14

Fig. 1. A: Auditory evoked fields. Responses are shown 50 ms before and 500 ms after the onset of a pure tone. The waveform from a sensor displaying the largest
N100m is shown at the top, and that of a corresponding sensor in the left hemisphere is shown at the bottom of the left column. Note that N100m is clearly
observed in the right but not in the left hemisphere. B: The estimated current dipole overlaid on T1-weighted MR images. The dipole is located at Heschl’s gyrus.
MR images revealed a defect in the white matter of the right temporal lobe. Heschl’s gyrus per se is preserved bilaterally. The hypointensity on the left side
involves the white matter along the auditory radiation. C: A coronal T2-weighted MR image showing a low-density area along the left auditory radiation.

Formant interaction as a cue to vowel perception 351

D
ow

nl
oa

de
d 

by
 [

D
al

ho
us

ie
 U

ni
ve

rs
ity

] 
at

 1
2:

32
 0

9 
O

ct
ob

er
 2

01
4 



environmental sounds, (2) to point to one of the 5 tools (a

rattle, a tape measure, a pair of scissors, a comb, and a bottle
containing liquid) corresponding to the sound produced by

each of them, (3) to describe 10 recorded animal calls (e.g. a

cow, a rooster, a dog) and 10 recorded environmental sounds

(e.g. sounds made by a vacuum cleaner, knocking on a door,

telephone rings).

Results

(1) He correctly described 5 of the 14 sounds, namely sounds

of tearing paper, jingles of keys, finger snaps, handclaps,

whistle, and a tuning fork. (2) He correctly chose 4 tools

corresponding to sounds. (3) He was able to identify only one

out of 10 recorded environmental sounds, and one out of 10

recorded animal calls.

Verbal sound perception

Methods

Consonant identification
Consonant identification was examined using 60 recorded

syllables, consisting of 10 combinations of the six stop con-

sonants ([b], [p], [d], [t], [g], [k]) with a vowel [a], spoken in a

male voice, which were presented via headphones binaurally
at a comfortable volume level. MS was required to answer

verbally which of the 6 syllables was presented.

Vowel identification
Vowel identification was examined using the five Japanese

vowels at 200-ms duration. The vowels were spoken by a

male, Japanese announcer, digitized at 22 kHz, and matched

for root-mean-square energy. Japanese has a simple vowel
system consisting of five vowels, transcribed as [a, o, , e,
i] in the International Phonetic Alphabet (Ladefoged, 2001).

The task consisted of listening to vowels presented via head-

phones binaurally at a comfortable volume level. The patient

was asked to verbally identify which of five vowels was

presented. One hundred vowels were presented pseudoran-

domly in one session (20 presentations of each vowel). One

Fig. 2. A: Stylized spectrograms showing the relationships between F1 and F2 for each vowel. B: Percentage of correct responses in vowel identification for each vowel.

Fig. 3. Correct answers for vowels [a] and [i] on each testing day, representing
the grossly stable scores for each vowel.

Fig. 4. Transformed Peterson–Barney type map. Signed distance between the
line F2� F1¼F1 and each dot is represented by ð2F1 � F2Þ=

ffiffiffi

2
p

.
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session per day was performed for five consecutive days.

Vowel discrimination was not examined.

Formant measurement
After vowels were resampled to 10 kHz, steady state segments

of the vowels were selected, and their formant frequencies

were measured using PRAAT software with the Burg method

using 10 poles with pre-emphasis. Then they were transformed

to the Bark scale, which provides a good approximation of the
actual frequency analysis performed by the human auditory

system (Kent and Read, 2001). The stylized spectrograms for

each vowel are shown in Fig. 2A. We looked for correlations

between the accuracy of the vowel identification and formant

interactions. One measure we applied is the difference between

F2 and F1, i.e. F2� F1, which is known to correspond to vowel

backness. The other is the difference between F1 and F2� F1,

i.e. F1� (F2� F1). The reason we applied this measure is
described in the results section.

Results

Consonant identification
He performed this task at the chance level (11/60). There was
no apparent tendency to suggest preservation of detecting

distinctive features (place of articulation or voicing).

Vowel identification
MS scored 250/500 (50%) for overall vowel perception,
which was significantly better than the chance level (20%).

There were clear differences in his ability to identify different

vowels (Fig. 2B). The greatest difference was seen between

[a], which he correctly identified in 71% of presentations, and

[i], which he correctly identified in only 31% of presentations.

This dissociation was mostly constant across the five testing

days (Fig. 3). Transformed Peterson–Barney type map (Ohl

and Scheich, 1997), with F1 on the horizontal axis and

F2� F1 on the vertical axis, suggests that the vowels with

higher ð2F1 � F2Þ=
ffiffiffi

2
p

were identified better (Fig. 4). We
looked into the relationship between the accuracy of identi-

fication and 2F1� F2 for each vowel, which showed a sig-

nificant linear correlation (r¼ 0.999, p< 0.0001; Fig. 5A).

The difference between F1 and F2 was also significantly

correlated with vowel identifiability (r¼ � 0.96, p< 0.01)

(Fig. 5B). Although he responded to all of the stimuli, he was

often unable to decide on an answer. On those occasions he

was not forced to answer. Error analysis did not reveal ap-
parent systematic misidentification, which may be due to

many unanswered trials.

Discussion

In the case presented here, we found that the identifiability of

five Japanese vowels changed in an orderly fashion. The

degree of identifiability for each vowel varied as a function

of a value 2F1� F2 and F2� F1. A vowel with a smaller F1
and a larger F2, such as [i], was more difficult to identify than

was a vowel with a larger F1 and a smaller F2, such as [a].
There seems to be a consensus to divide nonaphasic cortical

auditory comprehension disorders into pure word deafness,

cortical deafness, auditory agnosia for nonspeech sounds, and

generalized auditory agnosia (Coslett et al., 1984). Pure word

deafness is defined as an inability to identify the sounds of a

language despite intact hearing and a relatively preserved
ability to identify meaningful non-verbal sounds. In the purest

form of pure word deafness, all nonlinguistic sounds can be

perceived. This type is believed to be the result of a functional

isolation of Wernicke’s area from auditory information

(Lichtheim, 1885; Takahashi et al., 1992). In a more common

type of pure word deafness, one that is less strictly defined,

Fig. 5. Significant correlations between the percentage of correct responses and 2F1�F2 (A), and F2� F1 (B) were observed for each vowel.
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some impairment in non-linguistic sound perception is pres-

ent. Although MS’s symptom should be called generalized

auditory agnosia, it is quite close to this broader type of pure

word deafness. This type is likely to be caused by disorders in

the auditory processing per se rather than by disconnection

from the language areas. The variation of auditory compre-

hension seen in this type of pure word deafness and gener-

alized auditory agnosia is a difference of degree rather than a
manifestation of separate syndromes (Buchman et al., 1986).

As is clear from the MR images of this case, the left

auditory radiation was completely destroyed. This is further

evidenced by the absence of AEF on the left side. Although

the white matter of the right temporal cortex showed consid-

erable damage, it was possible to elicit AEF from the right

hemisphere. It has been shown that an intact right hemisphere

is capable of vowel perception (Gow and Caplan, 1996). In
MS, however, the right auditory system must be too damaged

to perform the more complex acoustic-phonetic processing

that is required for more accurate vowel perception. Accord-

ing to recent studies on the auditory nervous system in

monkeys, the auditory cortex includes a network of at least

20 interconnected auditory areas or multimodal regions. The

cortical system is hierarchical with at least four distinct levels

of processing. It is likely that the human auditory system is
organized in a similar way (Kaas and Hackett, 2000). In our

case, even though the right auditory cortex seems to be spared,

the network interconnecting areas or levels must be seriously

damaged, affecting auditory function in the right side. The

peculiar pattern of impairment in his vowel perception with

the dissociation among vowels must be a reflection of the

functioning of the remaining part of the auditory nervous

system on the right side.
Using metabolic imaging and electrophysiological record-

ing, Ohl and Scheich showed that the primary auditory area

was activated in relation to F2� F1 of vowels in gerbils (Ohl

and Scheich, 1997). F1 and F2� F1 were proposed to be

potentially useful parameters for vowel separation. In our

patient, these parameters were closely related to the accuracy

of vowel perception. The vowel [a], which he identified with

the highest accuracy, is characterized by the highest F1 of the
five Japanese vowels. For the remaining four vowels ([o], [ ],
[e], [i]), the accuracy of vowel perception declined as F2� F1

became larger (Fig. 2A, B). More precisely, according to

our calculations, the accuracy of vowel identification in-

creased in proportion to the increase in the value of

‘‘2F1� F2’’ or ‘‘F1� (F2� F1)’’. This means that the per-

ception of vowels that are characterized by height (F1) was

relatively preserved, whereas the perception of vowels that are
characterized by backness (F2� F1) was more impaired. Ohl

and Scheich proposed that human vowel perception could be

based upon phylogenetically old principles of functional or-

ganization of auditory cortex revealed in gerbils, which use F1

and F2� F1 for vowel separation (Ohl and Scheich, 1997).

It is probable that, in our case, a neural processing system that

is reflected in the value of F2� F1 was the main system to be

disrupted, as far as vowel perception is concerned.

The peculiar differential ability of our case to perceive each

vowel seems to have resulted from a disturbance of acoustic-

phonetic vowel processing due to a subcortical lesion in the

right temporal lobe, which must have caused serious distur-

bances in the cortical function. Our findings support the as-

sumption by Ohl and Scheich (1997) that F1 and F2� F1 serve
as cues to vowel separation. Our findings also suggest that a

neural substrate representing formant interactions exists in the

human auditory cortex.
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Accumulating evidence indicates that cerebral processing of consonants and
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disturbed consonant perception in cases with pure word deafness. In contrast,
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examined a patient with auditory agnosia, who showed a differential ability to
identify the five Japanese vowels after bilateral cerebral lesions. He correctly
identified the vowel [a] in more than 70% of auditory presentations, whereas
he identified [i] in only about 30% of presentations. The difference between
the first and second formant frequencies ‘‘F2�F1’’ and an artificially defined
value ‘‘F1� (F2�F1)’’ for each vowel correlated significantly with the
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