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Research is reviewed concerning the performance of severa neurological groups on the
perception and production of voicing contrasts in speech. Patients with cerebellar damage,
Parkinson’s disease, specific language impairment, Broca's aphasia, apraxia, and Wernicke's
aphasia have been reported to be impaired in the perception and articulation of voicing. The
types of deficits manifested by these neurologically impaired groups in creating and discrimi-
nating voicing contrasts are discussed and the respective contributions of separate neural areas
are identified. A model is presented specifying the level of phonemic processing thought to
be impaired for each patient group and critical tests of the model’s predictions are identified.
[J 2001 Academic Press
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People speak without apparent effort, focusing on the message they wish to com-
municate rather than the actions necessary to convey that message. Conversation
would be tedious if remembering how to coordinate our lips, tongue, jaw, and larynx
to produce words was not effortless. In the same way, listeners normally busy them-
selves with interpreting the content of an utterance rather than attending to the acous-
tic composition of each sound. People seem to effortlessly perceive what has been
said even if they do not always understand the content. The ease with which people
produce and perceive speech, however, belies the complex processes needed to per-
form these tasks. Only when these processes are disturbed does the difficulty of
speech production and perception become apparent. Difficulties in producing and
perceiving phonemes, the distinctive sounds used to differentiate words (L adefoged,
1993), can occur even if grammatical and semantic functions are preserved.

Impairments of phonemic processing are associated with a variety of neurological
conditions ranging from cerebellar and basal ganglia pathology to left frontal and
left posterior temporal |obe lesions. The diversity of cortical and subcortical areas
linked with phonemic deficits seems paradoxical to modular accounts of language.
It is proposed here that traditional linguistic theory can provide a taxonomy useful
in classifying these disorders. The taxonomy not only summarizes and clarifies ex-
isting data, but predicts the pattern of phonemic impairments expected for patients
with lesions to specific neural areas.
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FIG. 1. Neura areas affecting performance at each level of phonemic processing. Each phonemic
level is split into production and perceptual domains on the left and right side of the model, respectively.
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The taxonomy classifies phonemic impairments based on the level of computation
thought to be compromised (see Fig. 1) and whether the deficit is manifest in pro-
duction or perception. The auditory/motoric level refers to processing that is not
language-specific but is crucial for the production of any action or the perception of
any sound. The phonetic level is specifically linked to speech and consists of the
computations needed to produce or perceive critical linguistic features that comprise
phonemes. Finaly, the ability to match feature bundles to the phonologica store or
to select the appropriate phoneme to produce the correct word are claimed to be
phonological-level computations.

The model in Fig. 1 displays production tasks on the left and perceptual tasks
on the right. Starting with the phonological level of computation on the production
side, the model claims that speakers need to be able to select the correct phonemes
for theword they wish to utter and then be able to match that phonemeto arepresenta-
tion that specifies how the phoneme is to be produced (phonetic level of processing).
The phonetic representation may include information such as the voicing, place, and
manner of aphoneme and aplan of how to perform such movements. |mplementation
of phonetic parameters such as the force and timing of the articulators would be
considered a motoric skill as problems of execution would effect both speech and
nonspeech.

Listeners as well as speakers need to perform auditory, phonetic, and phonological
computations. After determining the temporal and spectral parameters of the incom-
ing sound, listeners need to match their results to a stored phonetic representation.
At thislevel, listeners may match certain parameters of the sound to feature detectors
that determine whether voicing has occurred or whether the sound was most like a
stop or anasal. These computations may not be purely linguistic in nature, but could
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be used to discretely categorize any continuously varying feature. Even if listeners
are able to determine phonetic features, they still need to label the sound phonologi-
cally as a /d/ rather than, say, a /b/. For illustrative purposes, | have implied that
each phoneme is identified serially, although this is probably not the case. In truth,
the offset of one phoneme and the onset of another are not discrete as the vocal tract
is moving continuously (Ladefoged, 1993). What is more probable is that listeners
parse words into larger segments without identifying each phoneme separately. Nev-
ertheless, phonetic representations need to be linked to phonological knowledge re-
gardless of whether segments are analyzed as individual phonemes, diphones, or
syllables.

In Fig. 1, | have listed what deficits can be predicted from a disturbance in a
particular type of computation at each level of processing. In theory, auditory impair-
ments should result in a deficit in discriminating and identifying nonspeech stimuli
whereas a loss of phonetic computations should be evidenced by discrimination and
identification difficulties with speech alone. If phonological processing is impaired,
patients should have no trouble detecting the features of a sound and thereby be able
to discriminate between two phonemes. When asked to label phonemes, however,
these patients should be at a disadvantage. Similar predictions can be made for pro-
duction depending on the level of processing thought to be impaired. At the motoric
level, problems with implementation should result in aberrant productions of both
speech and nonspeech sounds. The lack of phonetic computations should have this
result only with speech. Deficits in phonological selection, however, should result
in perfectly uttered phonemes that were not desired by the speaker.

Inlight of the varied types of processing needed to produce and perceive phonemic
contrasts, it is not surprising that several neurologically impaired populations exhibit
deficits in these tasks. Given that these deficits have been linked with damage to a
distributed set of brain structures, it would be helpful to clear up the nature of the
impairments. It is unparsimonious to suggest that the task of phonemic perception
and production is located redundantly in each of these areas. More likely, these tasks
consist of a number of phonological, phonetic, auditory, or motoric subprocesses that
are instantiated in different neura areas, and that the type of breakdown in voicing
perception and production will reflect the lack of computations attributable to these
areas. The purpose of this article is to describe the type of deficits manifested by
several neurologically impaired groups of patientsin creating and discriminating pho-
nemic contrasts and to identify the respective contributions of different neural areas.

Although the ability to perceive and produce a wide array of phonemic contrasts
may be impaired by neurological damage, most research has focused on the percep-
tion and production of initial stop consonants such as/b/ and /p/ that differ in voicing
(state of the vocal cords) rather than phonemes that are contrastive of place (the
configuration of the articulators) or manner (conditions of airflow). Such afocus may
be warranted because of the difficulty in perceiving and especially producing such
contrasts. Moreover, voicing is used to contrast stop consonants in most languages
(Ladefoged & Maddieson, 1996). Thus, this review focuses on the ability of specific
patient groups to perceive and produce voicing contrasts.

When the vocal cords are adducted, air passing through the larynx will cause them
to vibrate. Phonemes produced when the voca cords are vibrating are said to be
““voiced”” while ‘‘voiceless’ sounds occur when the vocal cords are apart. Although
this review concentrates on the voicing of stop consonants, voicing is also used to
contrast phonemes produced in other manners such as affricates (ch/j) and fricatives
(s/2). In English, three pairs of stop consonants, varying in place of articulation, are
contrasted by voicing—hbilabial (b/p), alveolar (d/t), and velar (g/k).

To produce a voicing contrast between initial stop consonants, a speaker needs to
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temporally coordinate respiratory, laryngeal, and orofacial muscles (Ackermann &
Hertich, 1997). In producing a /b/, the lips are brought together and the vocal tract
is closed. When the lips are opened again after some tens of milliseconds, a burst
of acoustic energy is produced called the ‘‘release burst’” and the vocal cords start
to vibrate ailmost immediately once airflow has been resumed. The time interval be-
tween the release burst and the onset of vibrationistermed ‘‘voice onset time’’ (VOT)
and lasts less than 20 ms for voiced stops in English. VOTSs for voiceless stops like
/p/ are longer because the vocal cords remain abducted for some time (>40 ms)
after the release of the closure. This produces a turbulent sound called ‘‘ aspiration’”’
which continues until the vocal cords are narrowed.

Most American English speakers do not actually produce vocal cord vibration
during ‘‘voiced’’ stops, so that al the stop consonants in English are technically
‘“‘voiceless’” with /b/d/g/ being voiceless, unaspirated stops and /p/t/k voicel ess aspi-
rated stops. However, the former consonants are still commonly referred to as voiced
and the latter as voiceless given that the onset of voicing occurs almost immediately
after the release of the closure for voiceless, unaspirated stops.

To discriminate between initial stop consonants, several computations need to be
undertaken. Auditory cues that differentiate voicing contrasts include the presence
or absence of aspiration (Repp, 1979, 1982), VOT, the relative pitch of the following
voiced period (Haggard, Summerfield, & Roberts, 1981), the transition rate and/or
the frequency of thefirst formant (F1) at voicing onset (Stevens & Klatt, 1974; Sum-
merfield & Haggard, 1974), and the intensity of the burst (Repp, 1984). Of course,
not all of these cues are equally important (Repp, 1982). ‘‘If two cues, x and y, are
relevant for a distinction, it may turn out that for any value x, a variation of y will
effect a significant shift in listeners' phonetic judgments but that there will be some
values of y for which varying x will have negligible effect on phonetic judgments”
(Abramson & Lisker, 1985, p. 25). The presence or absence of aspiration appears to
be the most important determinant of voicing followed closely by VOT. Revaile et
al. (1987) found that the addition of a long silent VOT between the burst and the
vowel of avoiced stop still allowed listeners to correctly classify the consonant 78%
of the time, but replacing that silence with aspiration caused accuracy to drop to 4%.
Moreover, accuracy was only 70% for voiceless stops with long, but unaspirated
VOTs. The other three cues to voicing can effect perceptual boundaries but only for
ambiguous values of aspiration and VOT (Abramson & Lisker, 1985; Revoile, Pick-
ett, Holden-Pitt, & Talkin, 1987).

Although a number of cues differentiate voicing cognates, most research has fo-
cused on speakers’ and listeners' ability to produce and perceive VOT. This may be
because VOT is easy to measure and manipulate while also acting as an important
cue to voicing. Thus, discussion of voicing contrasts will primarily center around
patients’ ability to process VOT.

Of concern here are groups that show deficits with voicing contrasts that are not
due to cochlear, primary auditory cortex, or primary motor cortex abnormalities, or
muscular weakness. Groups that have shown difficulty with voicing contrastsin pre-
vious studies that are not due to these factors include Broca's and Wernicke' s apha-
sics (Basso, Casati, & Vignolo, 1977; Baum, Blumstein, Naeser, & Palumbo, 1990;
Blumstein, Baker, & Goodglass, 1977; Blumstein, Cooper, Goodglass, Statlender, &
Gottlieb, 1980; Blumstein, Cooper, Zurif, Caramazza, 1977; Gandour & Dardara-
nanda, 1984), language-impaired (L1) children (Stark & Tallal, 1979; Tdla & Stark,
1981; Tdlal, Stark, & Curtiss, 1976), and adults suffering from apraxia (Hoit-
Dalgaard, Murry, & Kopp, 1983; Itoh et al., 1982; Itoh, Tatsumi, Sasanuma, & Fuku-
sako, 1986; Square-Storer, Darley, & Sommers, 1988), Parkinson’s disease (Forrest,
Weismer, & Turner, 1989; Lieberman et al., 1992), and cerebellar dysarthria (Gan-
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dour & Dardarananda, 1984; Ivry & Gopal, 1993; Ackermann & Hertich, 1997). |
will organize this discussion based on the level of processing (phonological, phonetic,
or auditory/motoric) proposed to be impaired in each group. Toward this end, | will
review reports of both perceptual and production deficits. Depending on the type of
computation impaired, a group of patients may show analogous deficits in perception
and production. This idea will be more fully explicated in following sections, but
briefly, the idea is that a store of knowledge or type of computation is shared and
accessed by speech production or perceptual mechanisms. Although speech produc-
tion and perception do not require completely overlapping brain areas—for example,
speech perception tasks probably do not require motor planning areas—the deficits
shown by some of the groups reported here appear to be in computations or stores
that are independent of the type of task, either listening or speaking, performed. For
each group, | will first discuss production deficits followed by perceptual deficits. |
will then close by discussing whether any correlation between the two exists and, if
so, why.

AUDITORY/MOTORIC LEVEL OF PROCESSING

At the most fundamental level of speech production, speakers need to implement
the correct force and timing specifications of the phoneme. For example, if the dura-
tion between the onset of the opening of the lips to the start of vocal cord vibration
is not timed properly, a speaker may produce a /ba/ instead of a /pa/ or vice versa.
Three neurological groups exhibit deficits at the auditory and/or motoric level of
processing—those with cerebellar dysfunction due to stroke or atrophy, those with
basal ganglia abnormalities such as Parkinson’ s disease, and children diagnosed with
language impairment.

Cerebellar Dysarthria

Cerebellar patients have been shown to perform poorly on tasks that require precise
temporal computations on the order of milliseconds (Ivry & Keele, 1989; Ivry,
Keele, & Diener, 1988). In terms of motor tasks, these patients have shown deficits
in the timing of rhythmic movements (Ivry & Keele, 1989). Cerebellar patients are
more variablein the duration they produce between successive taps, and this variabil-
ity isnot dueto strictly motor implementation factors, but to abnormalities of a central
timing process (Ivry et a., 1988). In conjunction with their temporal deficits in pro-
duction, cerebellar patients also exhibit impairments in judging the duration of tonal
stimuli (Ivry & Keele, 1989). Given their general difficulties in tasks that require
fine temporal processing, it is reasonable to ask whether these deficits will carry over
into the domain of speech. As stated previoudly, fine temporal coordination is re-
quired to produce voicing contrasts and, as VOT is an important cue in perceiving
voicing, discriminating duration may also be impaired.

Production. A failureto produce VOT correctly may manifest itself in abnormal
mean durations, variability, or both. Hence, the results of both measures are reported
and any dissociations of VOT patterns between groups are considered in the General
Discussion.

Three studies have reported that cerebellar patients exhibit difficulty in producing
voicing contrasts and, specifically, in producing normal VOT distributions. Ivry and
Gopal (1993) tested six German-speaking patients with cerebellar atrophy while Gan-
dour and Dardarananda (1984) observed one subject with ischemic encephal opathy
involving the cerebellum, and all reported similar results. Patients in these studies



100 SUSAN M. RAVIZZA

were required to produce between 10 and 24 repetitions of initial stop consonants
as part of aword (Gandour & Dardarananda, 1984) or syllable (Ivry & Gopal, 1993).
The average VOTSs for cerebellars tended to be longer for all stop consonants, but
especially voiceless, aspirated stops. Ivry and Gopal reported that cerebellars VOTs
were 7 mslonger than controls for voiced stops and 15 ms greater for voiceless stops.
Gandour and Dardarananda also reported that their Thai patient’s VOTs were longer
for both voiced, unaspirated and voiceless, aspirated stops, but not voiceless, unaspi-
rated (the equivalent of English ‘*voiced’’) stops. This finding corresponds to other
reports of a general slowing of cerebellar speech (Kent, Netsell, & Abbs, 1979).
Given that VOT lengthens as speech rate slows (Miller, Green, & Reeves, 1986), it
isnot surprising that VOTswould be lengthier for these subjects. Despite this general
slowing, differences in the average VOT between each voicing cognate were main-
tained.

Intermsof variability, both studiesreported that cerebellar subjects exhibited much
less consistency in VOT productions than controls, especialy for voiceless stops.
Ivry and Gopal (1993) report an average standard deviation of about 5 msfor controls
for each of the voicing cognates whereas cerebellars exhibit standard deviations of
about 14 ms for voiced stops and 22 ms for voiceless stops. Moreover, lvry and
Gopal had a healthy listener identify the syllables produced by the cerebellar patients.
Patients produced tokens of /ba/, /pa/, /da/, and /ta/ in order to assess whether voic-
ing contrasts (/ba/-/pal, /da/-/tal) were more affected by cerebellar dysarthria than
place contrasts (/ba/-/da/, /pal-/tal). They report that the judge made many more
confusions along the voicing than the place dimension.

Given the more lengthy VOTS, however, it is possible that greater variability is
not due to the malfunctioning of a central timer, but ssmply a function of the overall
duration. In other words, the greater variability displayed by cerebellar patients may
be the result of a general lowness in their speech that may not be related to central
timing abnormalities. Neither study reported variability as a function of duration,
however, in examining the average VOT and SDs reported in Ivry and Gopal, it is
apparent that the ratio of variability to average VOT duration is much greater for the
cerebellars (voiced: ~.93; voiceless. ~.5) than controls (voiced: ~.66; voiceless:
~.19).

Ackermann and Hertich (1997) report findings that may shed some light on this
issue. They asked eight German patients with cerebellar atrophy to utter the words
/daten/ and /taten/ 10 times each as part of a carrier phrase. They then calculated
average VOTs, standard deviations (SDs), and sentence durations for each subject.
Half of the cerebellar subjects had longer than normal sentence durations while the
other half did not exhibit this general slowing. Of the four subjects with normal
sentence durations, half displayed average VOTSs for the voiced stop within the nor-
mal range while the other two produced VOTSs that were dlightly longer (1 ms) than
the maximum VOT produced by the controls. All of the VOTSs for the voiceless
stops were within the normal range, but two subjects showed higher variability than
controls. For these four subjects then, VOTs were relatively unimpaired, with two
subjects showing higher variability on the voiceless cognate. This finding provides
some evidence that the variability of VOT is disrupted because of impaired temporal
computations and is not simply a function of overall duration.

Of the remaining four subjects with longer than normal utterance durations, one
subject showed normal mean VOTS, but higher variability on both voicing cognates
while another showed abnormal mean VOT and SD for only the voiceless cognate.
Only the two most severely dysarthric subjects displayed disrupted VOT durations
while variability remained normal.

The common finding across these studiesis the association of cerebellar pathology
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with greater variability of VOT production. Variability seems most affected in the
production of voiceless stops, possibly because these phonemes pose higher demands
on temporal control (Cooper, 1977). Voiced stops may simply reflect the coupling
of the burst release and vocal cord vibrations with the time point of adduction being
less critical than for voiceless stops. For instance, the vocal cords may be adducted
at any point before the closure is released for voiced phonemes in English. Since the
vocal tract is closed off, vibration does not occur even when the vocal cords are
narrowed early; thus, the speech signal is unaffected. However, adducting the vocal
cords too early for voiceless stops would result in audible voicing and, if VOT is
too short, be taken for a voiced rather than voiceless phoneme.

Of course, these results do not exclude the possibility that VOT is disrupted due
to factors other than timing. For example, too little force applied to the adduction
of the vocal cords may result in aspiration thereby producing a longer VOT. Given
these patients temporal-processing impairments in nonspeech domains as well as
their results in perception tasks, the timing hypothesis becomes more likely.

Perception. AsVOT actsas an important cue to voicing, researchersfelt justified
in asking whether patients with temporal perception deficits would show impairments
in identifying voicing contrasts. Ivry and Gopal (1993) tested 15 native German cere-
bellar patients' and 7 controls subjects perception of two stop consonant continua
varying in either voicing or place. Each continuum consisted of nine syllables, and
either varied in VOT by 10-ms steps (/ba/-/pa/) or the onset frequencies of the second
(F2) and third (F3) formant (/ba/-/da/). Each syllable of the continua was repeated
32 times in a random order and subjects were asked to identify what they heard.
Results indicated that the identification functions of the cerebellar patients were quite
similar to that of the controls for both continua. In other words, cerebellars and con-
trols exhibited a steep decline in the mean number of responses to one endpoint
midway through the continuum. Consistency of responses to each syllable was also
calculated and found to be no different for control and cerebellar subjects. The authors
conclude either that the timing system impaired by cerebellar damage is not involved
in speech timing perception or that the multiple cues to voicing, such as the presence
or absence of aspiration, allowed the cerebellar subjects to perform as well as con-
trols.

Interested in exploring these alternative explanations, Ackermann, Graber, Hertich,
and Daum (1997) tested 10 German cerebellar patients on a purely durational phone-
mic contrast. They varied the occlusion time of the medial stop consonant /t/ in
““boten’’ to create the word ‘*boden’’ in 10 steps of 10 ms each. They also used
another minimal pair that varied the VOT of the initial stop consonant (tick/dick).
All tokensin the continuawere presented 10 times and listenerswere asked to identify
what they heard. Asin Ivry and Gopal, both patients and controls exhibited an abrupt
transition from one response type to another for the tick/dick contrast. However,
subjects with cerebellar atrophy did not show a phonemic boundary for the boten/
boden series. Thefunctionis essentially flat with cerebellar subjectsidentifying every
token of the continuum as /boten/ between 30 and 40% of the time. Thus, using a
purely durational cue, these researchers found that cerebellar patients were unable
to accurately identify these words.

There is a possibility, however, that it is smply the number of available cues that
influences the performance of cerebellar subjects. As stated previously, VOT is only
one cue available in identifying initial stops. In fact, it is difficult, if not impossible,
to synthesize an identifiable VOT continuum while keeping aspiration parameters
constant. Thus, even with synthetic stimuli, multiple cues to voicing in initial stop
consonants are present. It is possible, as Ackermann et al. have shown, to synthesize
a medial stop consonant contrast that varies in only temporal parameters. It would
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be helpful to know whether cerebellar patients will experience difficulty if only a
single spectral, rather than temporal, cue is available. Ivry and Gopal’s control task
using a place continuum provides evidence that cerebellars can perform accurately
with only spectral information. As Ivry and Gopal manipulated both the onset fre-
quencies of F2 and F3, it may be that patients’ performance will decline relative to
controlsif only one spectral cue (either F2 or F3 onset frequency) were present. This
seems unlikely, however, as spectral cues are probably not analyzed separately.

Conclusions. As a whole, the results indicate that cerebellar patients’ problems
in computing temporal parameters underlie their deficits in certain speech tasks. Se-
lective deficitsin timing seem to be the simplest explanation of the pattern of impair-
ments displayed by these patients such astheir difficultiesin (a) judging medial occlu-
sion durations or (b) producing VOTs consistently within the norma range.
Cerebellar patients, however, exhibit deficitsin other aspects of speech such asirregu-
lar articulation, fluctuating pitch, irregular rate and stress, and erratic phonation (Dar-
ley, Aronson, & Brown, 1969) and even Ivry and Gopal (1993) found that frequency
onsetsfor vowelswere more variable for cerebellars. It isunclear at this point whether
timing impairments could underlie al of these problems.

These results also indicate that cerebellar deficits in phonemic tasks are auditory/
motoric in nature. The fact that these patients display impairments in nonspeech mo-
tor tasks and that they have difficulty in judging tonal durationsindicatesthat phonetic
knowledge per se is most likely intact. Most cerebellar patients mean VOTSs are
within normal ranges and they seem to be unimpaired on perceptual speech tasks
that do not involve temporal judgments. Given that temporal computationsin general
are impaired, it is easy to see why difficulties would arise in the same individual for
both perceptual and articulatory speech tasks involving precise timing. However, no
one has determined the correlation between production and perception deficitsin the
same group of cerebellars.

Parkinson’s Dysarthria

Parkinson's diseaseis adisorder caused by atrophy to the dopaminergic nigrostria-
tal pathway in the basal ganglia. Characteristic symptoms of this disease include
tremor, rigidity, bradykinesia, and disturbances of posture that result in limitations
of speed and range of movement aswell as difficultiesin movement initiation. Studies
have reported that these patients’ motor impairments affect the production of voicing
contrasts and, specifically, VOT.

Production. Lieberman and colleagues (1992) asked 40 patients with mild to
moderate Parkinson’ s disease to produce three to five repetitions of voiced and voice-
less initial stop consonants at each place of articulation. Nine of the 40 subjects
exhibited some overlap in the VOT distributions of the voicing cognates. Unfortu-
nately, neither the average VOT nor variability was reported. It isimpossible to con-
clude, then, whether the overlap is due to one or both of the VOT means shifting
up or down or whether increased variability is causing the overlap. In any case, over-
lap was computed for each place of articulation based on only 10 productions—five
of each voicing cognate so percentage overlap would increase dramatically for each
phoneme falling above or below the VOT boundary.

A more rigorous study was conducted by Forrest et al. (1989), who recorded the
productionsof initial and medial stop consonants by nine mild to moderately impaired
Parkinson patients. Subjects uttered two sentences (‘‘Buy Bobby a poppy’’ and
“‘Build a big building’’) 25 times each. Interestingly, VOTSs for all five initia /b/s
were longer for Parkinson patients than controls, athough only the VOTs for the
very first /b/ of each sentence were significantly longer (7—9 ms). Moreover, the
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formant transition durations of /b/ in the initial word ‘‘Buy’’ were significantly
shorter for Parkinson patients by about 22 ms compared to controls. There were no
significant differences between groupsin the production of /p/, the voicel ess cognate,
although Parkinson patients tended to have shorter VOTSs than controls. Individual
variances were not reported.

The authors point out that the longer VOTs exhibited by Parkinson patients for
the voiced stop may simply be due to their genera difficulty in initiating movements
of al kinds. When the initial stop is part of a word in the middle of a sentence,
Parkinson patients seem to produce well-articulated phonemes. In fact, a study by
Ackermann et al. (1999) found Parkinson patients to perform similarly to controls
when asked to produce /daten/ and /taten/ as part of the sentence ‘‘Ich habe
gelesen’’. Moreover, Forrest et al. (1989) reported that sentence-initial stops con-
tained shorter formant durations than other stops. The cooccurence of long VOTs
with shorter formant transition durations may be evidence that the patients maintain
the overall duration of the segment but simply experience difficulty ininitiating vocal
cord vibration. It seems unlikely, then, that Parkinson’'s disease results in higher-
level speech disorders, but more probably impacts speech production at an articula-
tory level. Only one experiment directly assessed this question by measuring reaction
times between the presentation of aclick and the onset of speech (Ludlow, Connor, &
Bassich, 1987). These authors reported no significant differences in phonation onset
between Parkinson patients and controls. However, the stimuli (/a/, /ba/, and /ga/)
were uttered only once by each of the patients.

Perception.  Although Lieberman et a. (1992) tested the ability of Parkinson pa-
tients to perceive grammatically complex sentences, no studies have assessed phone-
mic perception for this group. In addition to motor impairments, Parkinson patients
have exhibited difficulty in cognitive tasks that require the shifting of attention or
type of processing (Hayes, Davidson, Keele, & Rafal, 1998). However, it is doubtful
that such an impairment would impact speech perception.

Conclusions. Parkinson patients produce overlapping VOT distributions that ap-
pear to be primarily due to the longer VOTSs of the voiced cognate. As these patients
are known to have trouble initiating movements in general, it is reasonable to con-
clude that they would also display difficultiesin initiating speech. Parkinson patients
may be relatively unimpaired at producing voiceless stops because they have more
time before vocal cord adduction and, thus, sufficient time to prepare this sequence
of gestures.

Unlike cerebellar patients, we would expect speech processing difficulties to be
manifest only in the production of phonemic contrasts. Parkinson patients' genera
slownessininitiating movementsis unlikely to interfere with their ability to perceive
sound as these processes are performed by separable motor and perceptual neural
areas.

Language-Impaired Children

Another group displaying impairments of voicing perception and production is
children with specific language impairment. LI is defined as ‘‘ a developmental disor-
der in which severe problems of comprehension of language and of language output
are manifested in the absence of hearing loss, cognitive impairment, or emotional
problems’ (Stark & Tallal, 1979, p. 1703). Tallal and colleagues have proposed that
this disorder is the result of a general impairment in processing rapidly presented
stimuli and, therefore, define this disorder as auditory rather than phonological or
phonetic (Tala & Piercy, 1973, 1974; Talla, Miller, & Fitch, 1993). In support of
the rapid processing hypothesis, is a study showing that adult dyslexics (see Tald,
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Miller, & Fitch, 1993, for a discussion of the high coincidence of dyslexia and LI)
have cellular defects of the magnocellular pathway—cells that respond primarily to
transient or moving stimuli (Galaburda & Livingstone, 1993). There is evidence,
however, suggesting that these children may actually have a speech-specific deficit
rather than a general auditory disorder. These arguments will be presented after a
discussion of LI children’s performance with voicing contrasts.

Production.  Although most studieswith LI children have focused on speech per-
ception, two studies by the Tallal group have reported how LI children fare when
producing initial stop consonants varying in place and voicing (Talal et a., 1976;
Stark & Tallal, 1979). Tallal et al. (1976) asked 12 children diagnosed with LI and
12 age-matched control children to repeat initial stop consonants six to eight times
each as part of a syllable or syllable cluster (e.g., /ble/). The authors hypothesized
that L1 children should have the most trouble with stop consonants spoken as part
of a cluster because formants change more rapidly in this context than as part of a
simple consonant + vowel syllable. Acoustic data were not reported in this study;
instead, results were displayed as the percentage of errors made by two transcribers
in identifying the utterances of LI children and controls. Transcribers made more
errors for al children’s productions when consonants occurred in clusters, but the
LI children showed a greater difference between the two conditions. Unfortunately,
errors were not identified as either place or voicing errors, so it is impossible to
know whether LI children were selectively impaired on one feature or whether their
difficulty was manifest with both features.

A follow-up experiment conducted by Stark and Tallal (1979) provided much more
data. They examined the performance of 12 LI and control children on their abilities
to produce initial stop consonants as part of syllables and words. Each consonant
was repeated between four and six times. Again, two transcribers counted the number
of errors they made in identifying the productions of the children. Both place and
voicing errors were equaly likely. The authors aso measured VOT, and reported
that LI children had much greater variability for both voiced and voiceless initia
stops. Modal values of both voicing cognates appeared to be similar between groups.
Further, the severity of LI was highly correlated with the degree of variability dis-
played in VOT indicating that LI children with more severe perceptual problems
were more likely to produce highly variable VOTSs.

Perception.  On the perceptual front, most work has been done on the perception
of place rather than voicing and, specifically, with the perception of two consonants
/bl and /d/. In a number of studies, Talla and colleagues have reported that LI
children experience difficulty in discriminating between these two initial stop conso-
nants. However, when the formant transitions are lengthened to 80 ms, these subjects
perform as well as controls (Tallal & Piercy, 1973, 1974, 1975). The exclusion of
other phonemic contrasts by the Tallal group has been criticized by others because
of the importance of knowing how LI children would fare on contrasts that may or
may not require rapid processing (Studdert-Kennedy et a., 1994). Only one study
to date has examined the performance of LI children on voicing contrasts (Tallal &
Stark, 1981). Thisis especially striking given the results indicating VOT production
difficulties for LI children.

As part of an experiment observing performance on a number of speech contrasts,
Tallal and Stark (1981) assessed 35 LI children and 38 age- and 1Q-matched controls
on voicing perception. Subjectsidentified the syllables /da/ and /ta/ synthesized with
a60-ms difference in VOT using a go/no go procedure. They pushed a button when
hearing /da/, but were instructed to withhold button presses and shake their heads
“‘no’” when presented with /ta/. L1 children made more errorsin identifying voicing
contrasts and place of articulation contrasts (/ba/ vs. /da/) than control children.
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Voicing errors were not as common as place of articulation errors for all subjects,
but the authors point out that there are more cues available to distinguish voicing
pairs.

The basis for the Talla group’s claims of an auditory disorder of speech comes
from the results of nonspeech tasks that ask subjects to discriminate between se-
guences of tones or touches (Johnston, Stark, Mellits, & Tallal, 1988; Talal, Stark,
Kalman, & Méllits, 1981; Tallal, Stark, & Méllits, 1985). For example, a subject
may be asked whether the low tone came before the high tone or vice versa. LI
children show impairments at the task when the interstimulus interval (1Sl) is small,
but perform normally when the ISl is lengthened (Talal & Piercy, 1973, 1974). It
has been argued, however, that impairments with nonspeech stimuli are not really a
problem with rapid signal processing but with temporal order judgments. In contrast,
the speech problems exhibited by LI children do not appear to be temporal order
impairments. No one has ever shown, for example, that L1 children have difficulties
discriminating /ba/ from /ab/. Without an adequate nonspeech control experiment,
it isimpossible to tell whether speech impairments are auditory in nature or speech-
specific.

Mody, Studdert-Kennedy, & Brady, (1997) attempted to provide such a control
using syllable-like stimuli composed of two sine waves. They also tested discrimina-
tion with a /ba/—/da/ continuum synthesized to contain differences in two formants.
Unlike the Tallal group, Mody et al. were primarily interested in the performance
of good and poor readers. Although poor reading skills are often associated with LI,
these subjects were not diagnosed with LI per se. However, these subjects did show
impairments in the discrimination of the /ba/—/da/ continuum presented at the fastest
ISI like LI children. More importantly, poor readers were unimpaired in the non-
speech condition, outperforming the control subjects.

Those who view LI as a speech-specific disorder claim that these children have a
higher-level deficit that only becomes apparent when having to process phonemes
quickly (Mody et a., 1997; Studdert-Kennedy et al., 1994, Studdert-Kennedy &
Mody, 1995). There is some evidence that LI children are impaired at phonemic
contrasts that do not rely on the perception of brief signals. Tallal and Stark (1981)
reported that L1 children were impaired in the perception of /sa/ and /sha/ which,
unlike other place of articulation contrasts, differ throughout the initial 130 ms of
frication noise. As LI children performed equally to controls when the formant transi-
tion of /ba/ and /da/ were stretched to 80 ms, it was hypothesized that the LI children
should have no problems discriminating this contrast. The authors note, ** This sug-
gests that the perceptual deficit of LI children may not be limited to discriminating
specific types of temporal cues. Rather, these children also may have difficulty dis-
criminating certain spectral cues”’ (p. 574).

Another concern with the Tallal studies is the presence of ceiling effects which
make it difficult to determine whether LI children do improve in tasks that reduce
rapid processing demands. Although LI children’s performance improves when stop
transitions are lengthened to 80 ms, the effect of this manipulation on controls is
unclear because they are already performing perfectly on syllables that have transi-
tions of only 40 ms. If controls were not at ceiling, they might show improvements
of the same magnitude as LI children when transitions are lengthened.

Fortunately, a recent study conducted by Wright and colleagues does not suffer
from ceiling effects and still maintainsthat LI children suffer from ageneral auditory
deficit. They suggest that the phonemic perception problems experienced by LI chil-
dren may not be due to impairments in rapid stimulus processing per se, but are
caused by their difficulty in separating a brief sound from a rapidly following sound
of similar frequency (Wright et a., 1997). They report that LI children suffer from
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an excessive amount of backward masking. When having to detect whether a tone
was present, LI children’s detection thresholds were significantly higher only when
the tone preceded the onset of noise, but thresholds were similar to controls if the
onset of the tone was presented during or after the noise signal.

This explanation is dlightly different than the origina claim of deficits in rapid
signal processing. The nature of the disorder would still be considered auditory, but
is due to impaired perception of brief, successive signals and not to a deficit in pro-
cessing rapid signals per se.

Conclusions. Children classified as language-impaired have trouble with the dis-
crimination and identification of place of articulation and voicing contrasts as well
as being less able to detect a tone followed by noise. Impairments in both speech
and nonspeech domains indicate a general auditory disorder although it is unclear
whether the difficulty is due to deficits in rapid signal processing or excessive back-
ward masking. Although Mody et al. (1997) reported normal performance on a non-
speech control task, their group of poor readers may not be comparable to those
specificaly classified as language-impaired.

Most of the research on LI has focused on perceptual abilities; however, these
subjects display deficits in production as well. Similar to the cerebellar patients, LI
children produce VOTswith normal modal values but disrupted variability indicating
implementation problems rather than a loss of phonetic knowledge. Two alternative
explanations have been offered by the Tallal group for the presence of implementa
tion difficulties for LI children (Stark & Tallal, 1979). First, the perceptual problems
displayed by LI children may cause them to have trouble learning how to produce
speech. Both difficultieswith rapid signal processing or backward masking may result
in perceptual feedback that is not sufficient for learning the motor patterns associated
with certain phonemes. Alternatively, acentral disorder may underlie both the percep-
tual and the motor difficulties. In the case of a disorder of rapid signal processing,
subjects may have problems producing a series of rapid movements; however, it is
difficult to claim a central disorder of masking that would appear in both perceptual
and production domains. Thus, theideathat excessive backward masking underliesL|
may beruled out if it isfound that L1 children have problems making rapid nonspeech
movements.

PHONETIC LEVEL OF PROCESSING

After extracting temporal and spectral information from the incoming signd, lis-
teners must match these parameters to certain regularized features associated with
phonemes. In the same way, speakers need to be able to retrieve the motor patterns
associated with these features in order to accurately reproduce them. Two neurologi-
cal populations appear to have difficulty with one or the other of these phonetic
tasks—Broca's aphasics and speech apractics. Broca's aphasia is characterized by
slow, deliberate speech using very simple grammatical structure. It is generally asso-
ciated with more anterior lesions including the left, frontal operculum (Geschwind,
1965).

The causes of apraxia of speech are more controversial, but evidence has been
presented that suggests the involvement of the insular cortex (Dronkers, 1996).
Apraxia of speech is believed to reflect a disturbance in the programming of move-
ments for speech separate from aphasia. ** Unlike aphasia, in which there are nearly
aways multimodality impairments of language, apraxia of speech can exist indepen-
dent of impairments in verbal comprehension, reading comprehension, and writ-
ing . .. and its occasional emergence as the only disturbance of speech justify its
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identification as a unique speech disorder (Duffy, 1995, p. 259). Patients with this
disorder will *‘inconsistently misarticulate words and then struggle for the correct
pronunciation in repeated trials’ (Dronkers, 1996, p. 160). A substantial portion of
these patients also have nonverbal oral apraxiawhichis characterized by the inability
to perform volitional movements or imitate gestures such as coughing, smacking the
lips, clicking the tongue, or blowing (Duffy, 1995). The site of the lesion causing
this disorder is very close to the neural areainvolved in apraxia of speech, although
each of these disorders can exist independently of the other.

In general, previous research with these groups has not attempted to dissociate
their performance on speech tasks. Instead, speech deficits of Broca s aphasics, or
less commonly apractics, have been contrasted with those of Wernicke's aphasics.
Subjects in these experiments are classified according to their type of aphasia based
primarily on their performance on certain aphasia diagnostic batteries such as the
Boston Diagnostic Aphasia Inventory, and not on CT or MRI scans. Thus, it is often
unclear whether participants are *‘pure’’ Broca' s aphasics or apractics or have both
disorders. In fact, Broca's area is in very close physical proximity to the insular
region. It is quite probable, then, that these two disorders often cooccur. Indeed,
Duffy (1995) suggests that, in order for Broca' s aphasia to be diagnosed, apraxia of
speech must be present. For this reason, | have combined the discussions of Broca's
aphasia and apraxia of speech in an attempt to dissociate the impairments shown on
voicing production and perception by each of these groups.

Production. Several studies have shown that Broca's aphasics are impaired at
producing distinct VOTS, an essential cue to voicing. Subjects in these experiments
utter anywhere from 5 to 40 tokens each of initial voiced and voiceless stops. The
typical pattern of resultsindicates that Broca s aphasics produce more variable VOTs
for both voicing cognates and average VOTSs that are closer to the midpoint between
the two distributions than controls (Blumstein et al., 1977, 1980; Gandour & Dardara-
nanda, 1984; Baum et a., 1990).

Other studies have measured apractics performance on VOT tasks with the same
result (Hoit-Dalgaard et al., 1983; Itoh et al., 1982). Itoh and colleagues (1982) asked
four Japanese apractic speakers to produce initial stop consonants, /de/, /tel, /gel,
and /kel, 25 times each, and found considerable overlap of the VOT distributions.
Modal VOTs tended to be closer to the midpoint and variability was greater than for
fluent aphasics and controls for both voicing cognates, but especially voiced stops.
Hoit-Dalgaard et a. (1983) found similar results of mean VOT with English speakers,
although voiced and voiceless stops were equally aberrant. However, variability did
not appear abnormal in a perusal of the graphs.

In both these studies, the occurrence of aphasia was noted for some (Itoh et al.,
1982) or all (Hoit-Dalgaard et a ., 1983) of the subjects along with apraxia of speech.
However, the pure apractic results reported by Itoh et al. did not appear to differ
from those with a cooccurence of apraxia and aphasia. In contrast, Seddoh and col-
leagues (1996) did not find any deficits in VOT production for a group of apractic
subjects. They asked five pure apractic subjects to repeat words beginning with /b/
and /p/ 10 times as part of a carrier phrase ‘*‘That's a a day.”” Apractic
subjects had significantly higher mean VOTs for both voicing cognates, but were not
more variable. Graphs indicating the number of tokens uttered at a given VOT were
not presented but, based on the mean and variability information, it would appear
that these apractic subjects were able to produce nonoverlapping VOT distributions
albeit at long total durations. Thus, one experiment has found VOT abnormalities
for apractics in the absence of aphasia while another has not. Replications of the
above experiments with pure apractic subjects would be helpful in concluding
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whether VOT abnormalities are a symptom of apraxia of speech only or if aphasia
must be present.

Perception. Studies of Broca s aphasics have indicated perceptual abnormalities
when hearing voicing contrasts. In an identification task, Basso et a. (1977) reported
that 10 of 11 Broca's aphasics showed mild to severe impairments in identifying
a /da/—/ta/ contrast. Slight impairment was defined as misclassifying tokens of the
continuum at times but still showing a steep categorical function. The other end of
the rating scale was termed ‘* very severe’’ and indicated that the perceptual function
was flat with no trend toward correct identification. Four of 11 were classified as
having a very severe perceptual impairment.

In contrast, Blumstein et a. (1977) found that four of five Broca s aphasics could
discriminate voicing contrasts and three of those four could also label them. In an-
other study, Blumstein et a. (1977) found that Broca' s aphasics made significantly
fewer discrimination errors of voicing contrasts than Wernicke's aphasics. It is un-
clear whether Broca' s aphasics would be impaired at this task relative to controls as
healthy subjects were not tested. Broca' s aphasics erred in discriminating words dif-
fering in their initial stop consonants 10% of the time, and it is easy to imagine that
controls would perform perfectly at this task as the words were tokens of natural
speech presented clearly.

A study of five apractics with aphasia indicated that they were impaired at the
identification of a 38-point continuum of /bees/—/peas/. Errors ranged from 4 to 60%
based on normative data (control subjects were not tested). However, Square-Storer
et al. (1988) report that ‘‘pure’’ apractic patients show no perceptua impairments.
Voicing data were not specifically reported but, instead were combined over place
and manner contrasts. In general, apractics performed like controls in discriminating
spoken real words and syllables. Apracticswith aphasia, however, made significantly
more errors than controls on this discrimination task. This experiment suggests, then,
that pure apractics will not exhibit perceptual difficulties. Only if aphasiais present
will subjects be impaired at phonemic contrasts.

Conclusions. The fact that Broca' s aphasic/apractic speakers produce VOTSs that
fall at all points of the continuum indicates that the problem is most likely with motor
programming rather than with phonological selection. If phonetic information were
intact, these patients should produce clearly distinct VOT distributions with tokens
occasionally falling well within the range of the opposing distribution. Instead, the
commands to the articulators are incorrect and result in widely divergent VOTs. Of
course, these results also fit with the hypothesis that these patients have both selection
and programming impairments. It could be that the tokens falling between the two
distributions are due to motor programming errors, but that the productions falling
within the opposing distribution are errors of phonological selection. Given the close
proximity of the neural areas involved in nonverbal oral apraxia and apraxia of
speech, it seems quite likely that the substitution-like errors of Broca's aphasics/
apractics are simply severe distortions of the correct phoneme. In addition, deficits
in VOT production do not appear to be motoric in nature. Although nonspeech move-
ments may be abnormal for apractics, they do not necessarily have to be.

Broca's aphasics/apractics also show impairments in discriminating and identi-
fying voicing contrasts. This deficit is most likely phonetic rather than phonological
in nature given that discrimination and identification are both abnormal. If phonetic
processing were intact, one would expect preserved discrimination and impaired iden-
tification. Instead, it appears that aphasic/apractics have difficulty in extracting pho-
netic features from the incoming acoustic stream. These perceptual impairments are
probably not due to auditory deficits in general given normal performance on non-
speech stimuli. Divenyi and Robinson (1989) found aphasics to be unimpaired in
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identifying frequency sweeps and other nonlinguistic stimuli. Thus, it would appear
that temporal and spectral parameters are properly extracted but, if required to match
those specifications to phonetic features, these patients will be impaired.

Although Broca' s aphasics appear to show deficits in the discrimination of voicing
contrasts, pure apractics may not have such an impairment. This finding may explain
why there has been such alow correlation in these studies for performance in percep-
tual and production tasks (Blumstein et al., 1977; Gandour & Dardarananda, 1984).
It is aso reasonable to assume that a phonetic deficit in motor planning would be
dissociable from a phonetic perceptua problem. A common store of phonological
knowledge could be accessed independently by motor and perceptual areas.

PHONOLOGICAL LEVEL OF PROCESSING

At the phonological level, listeners must match phonetic features of the acoustic
signal to stored phonological representations. In a similar fashion, speakers must
select phonemes correctly with accurate links between that phoneme and the phonetic
knowledge of how to produce that sound. Wernicke' s aphasics appear to be impaired
at these types of phonological tasks, and this deficit can be observed on both percep-
tion and production tasks. This type of aphasia is characterized by fluent speech in
conjunction with severe comprehension deficits. It is associated with more posterior
lesionsincluding left superior temporal gyrus and often extends to the supramarginal
and angular gyrus (Damasio, 1991).

Production. One of the earliest studies of aphasics' productions of voicing con-
trastswas conducted by Blumstein et al. (1977). They compared the VOT productions
of anumber of different types of aphasic patients including two Wernicke' s aphasics.
Each subject uttered 12 tokens of the initial stop consonant /d/ and an equal number
of its voiceless cognate /t/ as part of a monosyllabic word. All four control subjects
and four non-Wernicke's aphasics produced nonoverlapping distributions, one for
the voiced and the other for the voiceless cognate. Wernicke's aphasics' productions
were similarly distributed, but with a few notable exceptions. Although there was a
clear separation between the voiced and the voiceless distributions, two productions
of the voiced token from one of the subjects were well within the voiceless range.
Thus, unlike Broca's aphasics, Wernicke's aphasics showed a clear separation be-
tween the two distributions with no tokens falling midway between them.

In another study by the Blumstein group (1980), five Wernicke's aphasics were
required to utter 40 tokens each of the initia stop consonants, /b/, /d/, and /g/, and
their voiceless cognates, /p/, /t/, /k/, as part of a monosyllabic word. The word was
produced as part of the carrier phrase ‘' This "’ s0 any problems initiating
speech would not affect the results. Controls showed no errors of production while
Wernicke' s aphasics erred 8% of the time. Half of the errors produced by Wernicke's
aphasics were tokens that fell within the VOT range of the opposing distribution
(what the authors term ‘*phonemic errors’). The other half fell between the two
distributions, and were termed ‘ ‘ phonetic errors.”’ The ratio of phonemic to phonetic
errors was higher for the Wernicke's aphasics than for the Broca's or conduction
aphasics. Both Broca's and conduction aphasics made about 9—12% more phonetic
than phonemic errors and they had more errors overall (Broca's = 40%; conduc-
tion = 29%).

The first thing to note here is that Wernicke's aphasics have a much lower inci-
dence of aberrant VOT productions than other aphasics. Indeed, two other studies
(Gandour & Dardarananda, 1984; Baum et a., 1990) have reported that Wernicke's
aphasics make no errors of VOT production. These aphasics have traditionally been
termed fluent aphasics because of their well-articulated speech.
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The second result of note is that Wernicke's aphasics still produce some VOTs
that fall between the two distributions, although they produce fewer of these types
of errors relative to phonemic substitution errors than other aphasics. Moreover, the
criteria used to classify phonetic errors was based on normative data provided by
Lisker and Abramson (1964), and not on a determination of individual boundary
points. Since graphs of subjects’ productions were not provided it is impossible to
determine whether any overlap between the two VOT distributions occurred. Al-
though Wernicke' s aphasics may have produced errors according to Lisker and Ab-
ramson’s normative VOT boundaries, they still may have produced contrastive voic-
ing tokens. In fact, Blumstein et al. (1980) assessed the VOT distributions for
“‘correct’”” productions of the six consonants and found that the variability of the
voiceless distribution for Wernicke's aphasics was similar to that of controls and
significantly different from that of Broca's aphasics. On the other hand, Wernicke's
aphasics were more variable than controls and Broca' s aphasics in the production of
voiced stop consonants because of their tendency to prevoice these phonemes.

Thus, there is some evidence that Wernicke' s aphasics suffer from voicing produc-
tion deficits that are phonological in nature. They make few errors overall and a high
proportion of these are substitution errors.

Perception. Wernicke's aphasics are known primarily for their severe compre-
hension deficits, and so more research has dealt with possible phonemic perceptual
rather than production impairments. In an early study by Basso et a. (1977), 13 of
18 Wernicke's aphasics were categorized as having slight to very severe difficulty
in identifying a 30-point continuum of /da/—/ta/ tokens with VOT durations varying
in 10-ms steps. Seven subjects were described as having no perceptual boundary
zone and no trend toward correct identification. None of the right-hemisphere-
damaged patients exhibited any perceptua difficulties. Itoh et al. (1986) reported a
similar result for Japanese-speaking Wernicke's aphasics. Wernicke's aphasics pro-
duced less steep categorical functions and made more confusions in identifying a
/ga/—/kal continuum than controls.

Blumstein et a. (1977) tested both discrimination and identification capabilities
of Wernicke's aphasics on a /da/—/ta/ continuum. In one part, subjects were asked
to identify the phonemes they heard. In the second part, subjects were asked to dis-
criminate pairs of syllables differing in VOT by 20 ms. Each pair was presented two
to three times each. Interestingly, al four Wernicke's aphasics could discriminate
the stimulus pairs. They responded ‘‘different’’ to stimuli on either side of the VOT
boundary and *‘same’’ to stimuli within a category. In contrast, only one of the four
Wernicke's aphasics could correctly identify those same tokens. Correct identifica
tion was defined as consistent (70%) identification of stimuli with a steep slope be-
tween the two category values. This finding seems to indicate that phonetic informa-
tion is intact in these patients. They are able to perceive differences in acoustic
parameters aswell as being ableto detect which acoustic variations signal aphonemic
opposition. For example, to be deemed a“* correct’’ discrimination response, subjects
need to determine that a phoneme with a20-msVOT is phonologically different than
one with a 40-ms VOT, but respond that two syllables are the same if their VOTs
are 40 and 60 ms, respectively. Thus, their difficulty lies in linking this phonetic
information to a phonological label.

However, discrimination deficits have been reported for Wernicke's aphasics in
another study (Blumstein et a., 1977). A group of six Wernicke's aphasics was ob-
served to make more voicing discrimination errors than Broca's aphasics (control
subjects were not tested). This result would seem to contradict the finding that Wer-
nicke's aphasics are able to extract phonetic features from incoming speech. How-
ever, this study differed from the others in one important aspect. In the previous
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studies, the phonemic contrast of interest was part of a syllable, but in Blumstein et
al.’s (1977) study the stop consonant was the initial portion of aword. Perhaps what
isimpaired in Wernicke's aphasia is not only the labeling of isolated syllables, but
also the ability to use lexical itemsin atop-down fashion to aid in phonetic discrimi-
nation. Thus, two connections are faulty—the link between phonetic features and
phonologica knowledge and the connection between lexical items and their phono-
logical constituents. Instead of relying on a bottom-up strategy to discriminate pairs
of words differing in their initial stop consonants, they perceive the whole word and
then check to seeif the phonological constituents are the same. Evidence that subjects
use such a strategy comes from their data showing that all aphasic groups make more
discrimination errors on nonsense than real words. In cases of ambiguous phonetic
information, then, subjects rely on lexical information if it is available.

Further evidence for Wernicke' sinability to uselexical information in atop-down
fashion comes from studies of word priming and semantic judgments (Milberg &
Blumstein, 1981; Milberg, Blumstein, & Dworetzky, 1988). Wernicke's aphasics of-
ten show normal priming of semantically and phonologically related words in alexi-
cal decision task; however, when asked to make overt judgments of whether the same
two words are related in meaning, they perform very poorly.

Conclusions. Wernicke's aphasics have few problems in articulating voicing
contrasts. However, when they do err, their incorrect productions are more likely to
be substitution errors than implementation errors. This suggest that the planning of
speech movements are intact, but that either phonological selection or the link be-
tween phonological knowledge and motor plans is impaired.

With the exception of discriminating pairs of words, Wernicke's aphasics seem
to have few problems in discriminating voicing contrasts. However, when the task
is to identify those voicing cognates, Wernicke's aphasics are severely impaired.
Again, this suggests that the link between phonetic features and phonological knowl-
edge is disrupted with the result that identification, but not discrimination, of voicing
contrasts suffers.

GENERAL CONCLUSIONS

Although several neurologically impaired groups have trouble perceiving and pro-
ducing voicing contrasts, each group has distinct deficits underlying their poor perfor-
mance (see Table 1). Accurate and reliable processing is required at different levels
in order for voicing contrasts to be heard and articulated correctly. The fact that so
many neurological groups are impaired at voicing tasks is an indicator of the great
number of computations contributed by separable neural structures. Experiments
have emphasized the importance of estimating duration accurately, initiating move-
ments rapidly, perceiving brief successive sounds, extracting features that are charac-
teristic of certain phonemes, planning the movements required to produce those fea-
tures, linking those features to a phonological store, and retrieving the correct motor
plans to produce the desired phoneme. Figure 1 displays the model of phonemic
processing described earlier with the neural areas thought to be contributing to each
of those computations.

Assessment of Model

Starting at the auditory/motoric level, the model claimsthat damage to the cerebel-
lum, basal ganglia, or magnocellular pathway will result in discrimination and/or
production deficits for all sounds. Cerebellar patients' difficulties with temporal pro-
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TABLE 1
Summary of Results of Voicing Experiments

Production deficits

Perceptua deficits

Contrastive
Patient group Discrimination Identification mean VOT Variability
Cerebellar patients  Not tested Abnormal (media  Normal Abnormal
closure duration voiceless
only) cognate
Parkinson patients ~ Not tested Not tested Abnormal voiced Not reported
cognate of ini-
tial word
LI children Abnormal Abnormal Normal Abnormal
Pure apraxics Normal Normal Unclear Unclear
Broca's aphasic/ Abnormal Abnormal Abnormal Abnormal
apraxics
Wernicke's apha- Normal (sylla- Abnormal Normal but occa- Normal
sics bles)—abnormal sional substitu-
(words) tions

duction and perception may affect their abilities to produce and perceive speech accu-
rately. All of the experiments reviewed above support the notion that cerebellar pa-
tients suffer from a non-speech-specific deficit. In terms of the production of voicing
contrasts, cerebellar patients are able to maintain a distinction in VOT duration be-
tween voicing cognates. Note that mean VOTs are rarely disrupted for these patients
despite being abnormally variable in their productions. This pattern of resultsis what
we should expect if cerebellar patients have trouble with the implementation of pho-
netic knowledge rather than phonetic knowledge per se. They have a notion of how
voicing cognates differ, but lack the ability to execute motor specifications because
of a deficit in temporal computations.

Also consistent with the model is the cerebellar patients' results on identification
tasks. Given their general timing impairments, cerebellar subjects only show deficits
in identifying stops where the only cue to voicing is durational. If other cues such
as aspiration are present, cerebellar patients do as well as control subjects in identi-
fying voicing contrasts. Interestingly, these patients have not been tested on discrimi-
nation of initial stops. A prediction of the model would be that these patients should
show discrimination impairments only on phonemes that differ by durational cues.
If cerebellar patients were unimpaired at discrimination but poor at identification, a
more speech-specific deficit would have to be the cause rather than general timing
impairments.

For Parkinson patients, it is hypothesized that the bradykinesia associated with
basal ganglia lesions results in speech deficits that are primarily motoric in nature.
In fact, one study has found problems for Parkinson patients in initiating speech
(Forrest et ., 1989). Moreover, studies that have Parkinson patients utter words with
an initial stop placed in the middle of a sentence do not find problems with VOT
production (Forrest et al., 1989; Ackermann et al., 1999). Importantly, the model
predicts that there should be no problems in perceiving phonemes. No studies of
speech perception with Parkinson patients have been conducted, but these experi-
ments would constitute a critical test of the model.

Theclaim that LI children suffer from ageneral auditory deficit is more controver-
sial, but the model asserts that damage to the magnocellular pathway associated with
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LI resultsin a deficit of processing rapid, successive sounds that influences both the
motor and perceptual aspects of speech. Difficulties with rapid, successive sound
may be due to problems with rapid signal processing per se or to excessive backward
masking. In support of a general auditory disorder, is the fact that LI children have
problems perceiving brief acoustic signal s associated with both speech and nonspeech
(Tallal, 1973, 1974, 1975; Wright et al., 1997). In terms of production, modal VOTs
seem to be unimpaired in this group while variahility is greater than normal indicating
that subjects are attempting to maintain the voicing contrast but display problemsin
execution. It is unclear whether production difficulties are caused by poor motor
learning due to perceptual impairments or whether a central disorder underlies both
production and perception deficits. Research focusing on the ability of LI children
to produce rapid nonspeech movements would be helpful in resolving this issue.
Moreover, the results of such an experiment could rule out the explanation of exces-
sive backward masking as a cause of L1 if it were shown that these subjects do have
trouble making rapid, successive movements. It would be difficult to posit a central
disorder of backward masking that would affect both movement and hearing.

In contrast, impairments at the phonetic and phonological levels are claimed to be
selective to speech tasks. Groups impaired at the phonetic level are thought to have
deficits in planning speech gestures or extracting phonological features from the in-
coming signal. Insular cortex lesions are hypothesized to primarily affect the specifi-
cation of accurate motor commands for speech sounds whereas damage to Broca's
areamay be more involved in the matching of phonetic featuresto sound characteris-
tics. Thereis some support so far that pure apractics without aphasia have no percep-
tual difficulties with voicing contrasts (Square-Storer et al., 1988), while Broca's
aphasics with apraxia have been shown to be impaired at both discrimination and
identification. More studies of pure apractics are needed to test the predictions of
this model, however.

Broca's aphasics with apraxia also show disrupted VOT means as well as great
variability in voicing production. This is in contrast to the pattern of results shown
by those groups hypothesized to have impairments at the motoric level. In accordance
with the model, Broca's aphasics/apractics display a disturbance of phonetic knowl-
edge that results in the production of VOT means that are not contrastive. It is un-
known at this point whether damage to Broca's area alone would result in VOT
production deficits, although one study (Itoh et al., 1982) did find aberrant VOT
durations for pure apractics.

Lesions that include Wernicke's area are thought to result in phonologica pro-
cessing deficits consisting of incorrect phoneme selection and identification. In line
with the model’ s predictions, Wernicke's aphasics show contrastive VOT durations
as well as normal variability. When errors do occur, they are substitution errors indi-
cating a fault in phoneme selection rather than in motor planning or execution. The
results of speech perception tasks for these patients conforms to the model’ s predic-
tions for syllables but not for words. In line with the notion that Wernicke's aphasics
are unimpaired at extracting phonetic features from the incoming signal, discrimina-
tion of voicing contrasts when part of a nonsense syllable is normal. Wernicke's
aphasics only show difficulties when having to match that sound to a phoneme. In
contrast, Wernicke' s aphasics wereimpaired at discriminating voicing cognates when
presented as the initial stop of a meaningful word. It has been suggested that Wer-
nicke's aphasics are unable to use lexical information in speech perception tasks in
a top-down fashion (Milberg & Blumstein, 1981; Milberg et a., 1988). In line with
the model, however, Wernicke's aphasics show priming of phonologically related
words so the discrimination of phonemes that constitute real words must be intact.
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Future Directions

With current technological advances, researchers should be able to conduct more
systematic inquiries of phonemic processing in different neurological populations.
For example, magnetic resonance imaging allows scientists to more accurately pin-
point sites of neurological damage. Instead of having to rely on standard aphasia
or communicative batteries which may provide too gross a classification of speech
disorders, researchers can determine the relationship of lesion site to observed impair-
ments. This should help reduce confusion that can result when a supposedly unitary
group shows divergent results. For example, parietal and insular apraxics are nor-
mally lumped together in speech experiments. However, important differences may
exist between the two groups in terms of speech impairments. It may explain why
some studies show production deficits for pure apraxics and others do not.

Advancesin speech analysis and synthesis programs also allow researchers to con-
trol and examine awider variety of phonemic contrasts. Even so, little work has been
done that examines patients performance on other types of phonemic tasks. Thisis
especially true in the area of production. Although some have explored whether the
durations of segments other than VOT are impaired in certain groups (Forrest et al.,
1989), very few have examined whether spectral parameters are also affected. It is
important to know, however, if any deficits in the production of spectral information
vary systematically for each patient group. For example, would Parkinson patients
produce aberrant formant onsets for only the first phoneme of each sentence?

In the past, many researchers did not report individual mean VOTs and standard
deviations that could be helpful in assessing different kinds of voicing aberrations.
These statistics can help in determining what aspects of VOT are produced abnor-
mally. For example, LI children produce modal VOTSs that are distinct for each cog-
nate while variability is greater than normal. However, Broca s aphasics/apraxics
appear to produce abnormal mean VOTs and be much more variable as well. Parkin-
son patients appear to have more trouble articulating the voiced cognate while cere-
bellar subjects find the voicel ess cognate more difficult because of the type of motoric
deficits experienced by each group. Future studies need to report both statistics.

In the same way, it is important to specify the speech perception impairments of
the various groups. For example, it would be helpful to know how consistent subjects
are at labeling or discriminating phonemes along a continuum rather than relying on
crude measures such as the total number of errors. Are certain neurological groups
inconsistent at discriminating phonemes along all points of the continuum or just in
the middle? In the same vein, more studies of phonemic perception using a variety
of stimuli such as syllables, words, and nonsense words are needed. As stated previ-
ously, Wernicke's aphasics may have trouble with phonemic discrimination with
words but not syllables. In contrast, this manipulation may affect the other neurologi-
cal groups differently. For example, using words may help cerebellar patients to dis-
criminate phonemes but impair discrimination for Wernicke's aphasics.

In addition, perceptual studies reporting an improvement in patients' performance
under certain conditions need to account for possible ceiling or floor effects. Equating
the difficulty of the task for controls and patients is necessary to eliminate ceiling
effects and alow for the determination of whether a group actually does improve
relative to controls. For example, would controls in the Tallal group’s experiments
improve just as much as L1 children when formant transitions are lengthened if they
were not aready performing perfectly?

Finally, experiments studying a number of patient groups performance on the
same task would be useful in dissociating the levels of processing impaired. Neuro-
logically impaired control groups should be tested on these same tasks. Although
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some studies have attempted provide such agroup (Blumstein et al., 1977; Gandour &
Dardarananda, 1984), it often consists of a single right-hemisphere-damaged patient.
It would be interesting to know whether some of the reported deficits in speech pro-
duction and perception are due to brain damage in general.

Phonemic processing is a perfect example of the way neural areas function together
to perform atask that, on the surface, appears effortless. By assessing the performance
of several neurological groups, we are able to determine what types of subprocesses
are involved in phonemic tasks and what neurological sites are involved in those
computations. In the end, this research should not only allow us to build a model of
the computationsinvolved in phonemic processing, but also tell us about the function
of several neural areas.
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