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Abstract

Pure word deafness (PWD) is a rare neurological syndrome characterized by severe difficulties in understanding
and reproducing spoken language, with sparing of written language comprehension and speech production. The
pathognomonic disturbance of auditory comprehension appears to be associated with a breakdown in processes
involved in mapping auditory input to lexical representations of words, but the functional locus of this disturbance
and the localization of the responsible lesion have long been disputed. We report here on a woman with PWD
resulting from a circumscribed unilateral infarct involving the left superior temporal lobe who demonstrated
significant problems processing transitional spectrotemporal cues in both speech and nonspeech sounds. On speech
discrimination tasks, she exhibited poor differentiation of stop consonant-vowel syllables distinguished by voicing
onset and brief formant frequency transitions. Isolated formant transitions could be reliably discriminated only at
very long durations (.200 ms). By contrast, click fusion threshold, which depends on millisecond-level resolution
of brief auditory events, was normal. These results suggest that the problems with speech analysis in this case were
not secondary to general constraints on auditory temporal resolution. Rather, they point to a disturbance of left
hemisphere auditory mechanisms that preferentially analyze rapid spectrotemporal variations in frequency. The
findings have important implications for our conceptualization of PWD and its subtypes.
(JINS, 2005, 11, 456–470.)
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INTRODUCTION

Pure word deafness (PWD) is a rare neurological syndrome
characterized by severe difficulties in understanding and
reproducing spoken language, with otherwise intact speech
production and written language comprehension (Kuss-
maul, 1877; Lichtheim, 1885). The deficiencies in decod-
ing language occur at a stage of analysis that markedly
impairs the processing of speech sounds, words, phrases,
and sentences, but leaves environmental sound recognition
and identification relatively preserved. Because deficits are
specific to the auditory modality, this pattern of impairment
has also been referred to as “word sound deafness” (Kohn

& Friedman, 1986; Franklin, 1989) or “verbal auditory agno-
sia” (Ulrich, 1978; Wang et al., 2000). In the majority of
published reports, it is the sequelae of cerebrovascular acci-
dents, but it has also been described in association with
tumor (Goldstein, 1948), seizures (Stefanatos, 1993; Fung
et al., 2000), head injury (Seliger et al., 1991), degenerative
aphasia (Mesulam, 1982; Croisile et al., 1991; Otsuki et al.,
1998), encephalitis (Goldstein et al., 1975), and drug tox-
icity (Donaldson et al., 1981).

The syndrome is of significant theoretical importance
because it provides clinical support for the modularity of
speech perception as separable from nonverbal auditory rec-
ognition systems and more central language computational
networks (Allport & Funnell, 1981; Polster & Rose, 1998;
Poeppel, 2001; Pinard et al., 2002). However, longstanding
disagreement exists regarding the nature of the pathogno-
monic auditory comprehension deficits and their neurolog-

Reprint requests to: Gerry A. Stefanatos, D. Phil., Director, Cognitive
Neurophysiology Laboratory, Moss Rehabilitation Research Institute, Albert
Einstein Medical Center, 1200 West Tabor Road, Philadelphia, PA 19141.
E-mail: Stefanag@Einstein.edu

Journal of the International Neuropsychological Society (2005), 11, 456–470.
Copyright © 2005 INS. Published by Cambridge University Press. Printed in the USA.
DOI: 10.10170S1355617705050538

456

https://doi.org/10.1017/S1355617705050538 Published online by Cambridge University Press

https://doi.org/10.1017/S1355617705050538


ical basis (Goldstein, 1974; Buchman et al., 1986; Praamstra
et al., 1991). Phenomenological descriptions, in some cases,
have implicated a substantial dissolution of auditory per-
ceptual processing, sufficient in severity to impede recog-
nition of the acoustic characteristics of the human voice
(Miceli, 1982). Speech is described in such terms as “a
noise” (Coslett et al., 1984; Buchman et al., 1986), “a hurr
or buzzing” (Mendez & Geehan, 1988), like “wind in
the trees” (Ziegler, 1952), or “the rustling of leaves”
(Luria, 1966). However, other subjective descriptions allude
to subtler disturbances, suggesting a continuum of severity.
Spoken communications are recognized as speech, but a
breakdown appears to occur early in the process of map-
ping the acoustic input to lexical representations of words.
Discourse sounds like “jabbering” or “a foreign language”
(Denes & Semenza, 1975; Auerbach et al., 1982; Buchman
et al., 1986; Mendez & Geehan, 1988), or simply does not
“register” (Saffran et al., 1976). There are also frequent
suggestions that perceptual or cognitive resources are inca-
pable of keeping up with the rate at which speech is pro-
duced: “words just run together” (Klein & Harper, 1956) or
“come too quickly” (Albert & Bear, 1974).

Experimental investigations of word deafness have yielded
substantively different conceptions of the functional locus
of the underlying processing disturbances. Several reports
have noted fundamental problems in basic aspects of audi-
tory temporal processing, including deficient intensity-
duration functions (Kanshepolsky et al., 1973) and poor
resolution of temporally distinct auditory events (Albert &
Bear, 1974; Auerbach et al., 1982; Tanaka et al., 1987; Buch-
tel & Stewart, 1989; Best & Howard, 1994; Godefroy et al.,
1995). Based on such findings, it has been argued that PWD
results from general limitations in fine-grained auditory tem-
poral analysis (Albert & Bear, 1974; Auerbach et al., 1982;
Phillips & Farmer, 1990) that are particularly detrimental
to language comprehension because they impede the ability
to perceive brief spectrotemporal cues in speech that are
important to the derivation of linguistic meaning. In con-
trast, others have noted systematic patterns of error on speech
discrimination and identification tasks that implicate prob-
lems at phonetic levels of analysis, a higher-order stage of
auditory processing specific to speech (Saffran et al., 1976;
Caramazza et al., 1983; Metz-Lutz & Dahl, 1984; Praam-
stra et al., 1991).

There is also disagreement regarding the neuroanatomical
substrate of the syndrome. The majority of cases reported in
the literature demonstrate bilateral temporal lobe lesions, par-
ticularly involving the middle and posterior portions of the
superior temporal gyrus or underlying geniculotemporal path-
ways (Bauer & Zawacki, 2000; Poeppel, 2001). However,
PWD was first described in patients considered to have uni-
lateral lesions of the left posterior temporal lobe (Kussmaul,
1877; Lichtheim, 1885), and a number of subsequent case
reports have affirmed that subcortical-cortical lesions in this
localization can result in the symptom complex (Saffran et al.,
1976; Kamei et al., 1981; Metz-Lutz & Dahl, 1984; Shindo
et al., 1991; Takahashi et al., 1992; Wang et al., 2000).

To reconcile these contrasting views, it has been sug-
gested that there may be at least two types of PWD (Auer-
bach et al., 1982; McCarthy et al., 1990; Phillips & Farmer,
1990). One proposed form is the sequelae of bitemporal
lesions and is associated with “prephonemic” disturbances
of auditory temporal resolution. By contrast, a second form
stems from lesions of the left superior temporal lobe and
underlying white matter and is linked to impairment at pho-
netic levels of processing.

In this article, we describe the results of a detailed analy-
sis of auditory processing in a prototypical case of PWD
resulting from a well-defined, discrete, unilateral left tem-
poral lesion. Our findings revealed substantial impairment
in the ability to process rapid spectrotemporal variations in
speech and nonspeech sounds. However, other aspects of
auditory processing were relatively spared, even though they
required a higher degree of temporal resolution. These obser-
vations have important implications for our conceptualiza-
tion of PWD and its subtypes.

CASE REPORT

NH (PR00001-NH)* is a 43-year-old right-handed Cauca-
sian female who sustained a left temporal lesion secondary
to a ruptured middle cerebral artery aneurysm. Several
months previously, she began to experience transient visual
disturbances, lasting 1 to 2 min, during which areas of her
visual field darkened. This was sometimes followed by scin-
tillating scotoma (seeing stars). At first, these events were
isolated and she did not seek medical attention. However,
after a few months, they were regularly followed by head-
ache, distributed predominantly in the basal posterior area
of her head. The frequency of headache increased until they
were almost daily occurrences. On the day of her admis-
sion, she experienced an “unbearable” headache and had to
be escorted to her family physician, where she subsequently
lost consciousness in the waiting room. She was then rushed
to the emergency room of a local university hospital. Neuro-
imaging studies revealed a left perisylvian subarachnoid
hemorrhage. She immediately underwent endovascular treat-
ment with implantation of Guglielmi Detachable Coils to
seal the aneurysm. The procedure was completed without
complication, and she made a full recovery from the
operation.

As awareness returned postoperatively, NH noted that
she could not understand the dialogue in programs aired on
her hospital room television, although she could pick out
words periodically. She readily oriented to and could hear
spoken communications by hospital staff but had profound
difficulty comprehending the meaning of simple verbal ques-
tions or statements. She was transferred to an inpatient reha-
bilitation hospital at 3 weeks post-onset.

*Human subjects policy at the sponsoring institution now precludes
identifying participants by their actual initials. The identifier used here is
a code. Future reports issued from our institution that involve this subject
will identify her by this same code (PR00001-NH).
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Assessment of speech and language during the fourth
week revealed average oromotor function. There was no
facial asymmetry, and labial, lingual, and velar movements
were within normal limits. Expressive language was fluent
with good intelligibility, articulatory precision, rate, and
prosody. She produced infrequent phonemic paraphasias.
Object naming was adequate but repetition was impaired at
the word level. Understanding of basic one-step commands
generally required frequent repetition along with a decreased
rate of speech. While she had briefly demonstrated reading
problems postoperatively, these had resolved at the time of
this evaluation. Narrative writing skills were also adequate.

Following a week of inpatient rehabilitation, she was dis-
charged to a Day Program, which she attended for 4 weeks.
She continued to receive outpatient speech-language ther-
apy twice weekly. While she learned compensatory strat-
egies for her receptive problems, the auditory processing
deficits remained unchanged. The investigations described
below were completed during this time.

Premorbid History and Medical
Examination
NH’s history prior to the events surrounding her aneurysm
bleed was noncontributory. She had no history of seizures,
significant head injury, or neurologic disease. She had
attended public schools and generally received B’s and C’s
in her mainstream classes. On completing the 11th grade,
she obtained her General Education Diploma and worked
as a salesperson until she started having children.

On physical examination a few months post-onset, she
was found to have nonnodular thyroid swelling but thyroid
function tests were normal. Her balance was slightly
impaired. She could stand on her right foot for 12 s and on
her left for 15 s. She did not demonstrate evidence of later-
alized motor deficits, although she reported that her right
hand had diminished sensation and fatigued easily. She dem-
onstrated a full range of motion in her upper and lower
extremities and, consistent with her subjective report of
somatosensory changes, she had mildly decreased sensa-
tion to sharps on the right side of her body.

Audiological Evaluation
An audiological screening was completed using a standard
calibrated clinical audiometer varying in 5 dB steps. Pure-
tone thresholds were within normal limits for the left ear. Her
threshold was at 10 dB at 250 Hz, 500 Hz, 750 Hz, 1 kHz,
2 kHz, 3 kHz, and 4 kHz while at 8 kHz her threshold was
15 dB. In the right ear, sensitivity remained between 10 and
20 dB at frequencies from 250 Hz to 3 kHz. However, slightly
raised thresholds (30 dB) were evident at 4 and 8 kHz.

Structural Neuroimaging
Proton density, T1-, and T2-weighted magnetic resonance
images were obtained using a 1.5 Tesla scanner (see Fig. 1).
These scans revealed encephalomalacia and gliosis involv-

ing the dorsal surface of the left temporal lobe extending
into subadjacent white matter. This included the planum
polare, the transverse temporal (Heschl’s) gyrus, and the
planum temporale. In the lateromedial plane, the abnormal-
ities extended from the dorsal convexity of the superior
temporal gyrus to the insula. At points, there was also min-
imal involvement of adjoining intrasylvian cortex in the
frontoparietal operculum. Homologous areas of the right
temporal and perisylvian region appeared intact. A small
amount of artifact was present from the implanted coil.

Neuropsychological Evaluation

Nonverbal cognitive ability, assessed with the General
Assessment of Mental Abilities (Naglieri & Bardos, 1997),
revealed a nonverbal IQ of 87, corresponding to the upper
end of the low average range. Academic abilities were
commensurate with expectations given her general level
of cognitive function and educational background. On the
Wide Range Achievement Test–Third Edition (Jastak &
Wilkinson, 1992), her reading0word recognition skills fell
in the low average range in comparison with other individ-
uals her age. On the Gates-MacGinitie Reading Tests
(MacGinitie & MacGinitie, 1978), her score on the read-
ing comprehension subtest corresponded to a grade level
equivalent of 10.9.

Assessment of speech and language utilizing the Western
Aphasia Battery (WAB) (Kertesz, 1982) revealed marked
problems with auditory language comprehension and rep-
etition. She had substantial difficulty understanding sequen-
tial commands (e.g., “point to the window and then the
door”) (20080) and in correctly answering biographical0
nonbiographical questions requiring a basic “yes0no”
response (27060). She made only a few mistakes in her
auditory recognition of color names, real objects, body parts,
numbers, and letters (56060), although this appeared to be
facilitated by the fact that items are identified from a small
closed set of alternatives (6) and one repetition is allowed.
Consistent with other reports of PWD (Shindo et al., 1991;
Jacobs & Schneider, 2003), she also appeared to utilize lip
reading to facilitate her auditory comprehension. Her abil-
ity to correctly repeat single words, phrases and sentences
was significantly impaired (390100).

By contrast, expressive language was relatively spared.
Speech was fluent and grammatically correct with normal
phrase length. Rare phonemic paraphasias were noted and
appeared related to periodic lapses in self-monitoring. She
obtained a perfect score (60060) on the naming subtest of the
WAB, and word fluency was adequate (14020). Per-
formance on the sentence completion (2010) and responsive
speech (2010) subtests was poor secondary to her compre-
hension deficits. Reading comprehension (34040) on theWAB
was within normal limits. Spontaneous writing was ade-
quate, but she had significant difficulties writing to dicta-
tion. Overall, she obtained an Aphasia Quotient of 69.7.

Several ancillary measures of language were also admin-
istered. On the Token Test (DeRenzi, 1978), a measure of
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auditory comprehension using nonredundant commands, she
scored at the 1st percentile in comparison with individuals
her age. Her performance on measures of speech discrimi-
nation was also impaired. On Benton’s Phoneme Discrimi-
nation Test (Benton et al., 1983), she was required to make
perceptual judgments (same-different) on pairs of nonsense
syllables0words. Half of the pairs differed in one major pho-
nemic feature. She correctly discriminated only 18 of 30 items.
A score less than 22 is below the lowest performance of the
normative controls and is considered “defective.” Similarly,
she performed poorly on a word discrimination task from the
Psycholinguistic Assessments of Language in Aphasia (Kay
et al., 1992) requiring her to match single spoken words to a
corresponding picture in a three-alternative forced-choice for-
mat. Whereas the mean score for control subjects is 39040
(SD5 1.7), NH obtained a score of 33040.

NH was administered a dichotic listening test using words
(Damasio & Damasio, 1980) presented at approximately
60 dB above threshold. During practice trials with monau-

ral presentation, she demonstrated significant difficulty, cor-
rectly repeating only 30% of items. There did not appear to
be a remarkable difference in performance comparing left
and right ears, although she subjectively noted that speech
presented to the right ear was more difficult to identify. On
dichotic presentation, she demonstrated comparable levels
of performance. However, right ear extinction was appar-
ent in a complete inability to accurately recall words pre-
sented to the right ear.

To further examine the extinction effect, NH was admin-
istered the consonant-vowel dichotic task described by
Hugdahl et al. (1991). Stimuli consisted of a set of 36
dichotic consonant-vowel pairs produced by combining the
stop consonants—0ba0, 0da0, 0ga0, 0ka0, 0pa0, 0ta0—in
all possible combinations (including six identical pairs,
e.g., 0ba0-0ba0). Three different attentional conditions
included: (1) a nonforced (NF) attention condition, in which
she was asked to indicate what she heard on each trial;
(2) a forced left (FL) condition, where she was asked to

Fig. 1. Magnetic resonance images
showing encephalomalacia and gli-
osis in the left temporal region
involving the planum polare, the
transverse temporal (Heschl’s)
gyrus, and the planum temporale
and subadjacent white matter.
Abnormalities extended in the lat-
eromedial axis from the dorsal sur-
face of the superior temporal gyrus
to the insula. This study was
obtained 4 months post-onset.
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recall only stimuli presented to the left ear; and (3) a
forced right (FR) condition, on which she was instructed
to focus and identify only right ear stimuli. Following
Hugdahl and Asbjornsen (Manual for Dichotic Listening
with CV-Syllables), only the first response was scored from
each trial. In the NF condition, NH demonstrated better
recall from the left ear (26.67%) compared to the right ear
(16.67%). This ear asymmetry was accentuated in the FL
condition (L ear 5 40%, R ear 5 3.32%), but there was
little change in her overall level of performance. In the FR
condition, left ear recall was 36.67% while right ear recall
was 16.67%. When monaural consonant-vowels were pre-
sented to the right ear, her accuracy (23.3%) was not sub-
stantially different from her best right ear performance on
the dichotic pairs. Similarly, when monaural stimuli were
presented to only the left ear, her performance (40%)
remained close to her best left-ear performance with the
dichotic pairs. When compared to age norms, she demon-
strated depressed recall of information presented to her
right ear in all dichotic conditions.

NH was administered a 40-item environmental sounds rec-
ognition test (Stefanatos & Madigan, 2000). Each item was a
2 s segment of an environmental sound corresponding to one
of four sound categories: (1) human nonverbal (e.g., laugh-
ing, coughing); (2) man-made, inanimate (e.g., car crash, toi-
let flushing); (3) nonhuman, animate (e.g., dog barking, cow
mooing); and (4) natural, inanimate (e.g., wind, fire crack-
ling). After hearing each sound, she was asked to point to the
corresponding picture in a four-alternative forced-choice par-
adigm. Each response card included a pictorial representa-
tion corresponding to the target, an acoustic foil, a semantic
foil, and an object that was neither acoustically nor seman-
tically related to the target. Acoustic distractors produced
sounds similar to the target but were from a different seman-
tic category. Semantic distractors were from the same seman-
tic category as the target but were acoustically disparate. A
third distractor type was neither semantically or acoustically
confusable with the target. She produced only four errors on
this entire task, which is within normal limits based on com-
parison with a small normative sample. She produced two
acoustic errors (volcano eruptingr pistol firing, heavy foot-
steps on wooden stairway r hammering a nail) and two
semantic errors (avalanche r tree falling, baby cooing r
baby sleeping, mouth closed). These findings suggested that
her auditory processing problems did not extend to environ-
mental sounds. Moreover, she claimed no change in her per-
ception and appreciation of music, except that she could no
longer understand the lyrics.

Experimental Investigations

Speech and nonspeech perception

Three parallel tasks were devised to examine NH’s per-
ception of speech (vowels and consonant-vowels) and
nonspeech sounds (complex tones). All stimuli were digi-
tally synthesized (16-bit resolution at a sampling rate of

44.1 kHz) using PRAAT 4.1 software to permit precise
control over acoustic parameters such as onset0offset,
envelope shape, and frequency characteristics. The digital
waveforms were converted to analog signals by a high-
performance external USB soundcard0amplifier (Edirol
UA-5) and passed through custom-built attenuators prior
to transduction by Sennheisser HD-580 headphones. Unless
otherwise indicated, tasks required a perceptual discrimi-
nation between pairs of stimuli presented with an 800 ms
interstimulus interval (ISI). She was instructed to listen to
each pair and press one button on a response pad to indi-
cate that the two sounds presented were the “same” or an
adjacent button to indicate they were “different.” Stimulus
presentation and response collection were controlled by
using E-prime software (Psychology Software Tools, 2001).
Each task included six tokens that were contrasted in all
possible combinations.

On a vowel discrimination task, NH was asked to dis-
criminate between pairs of the following vowels: 0i0 as in
beet, 0I0 as in bit, 0E0 as in bet, 0æ0 as in bat, 0ɑ0 as in cot,
and 0u0 as in boot. These were generated utilizing the param-
eters for vowel formant frequencies outlined by Peterson
and Barney (1952). The second task, a nonspeech analogue
of the vowel discrimination task, required NH to discrimi-
nate pairs of complex tones. Each token was comprised of
four pure-tone frequency components corresponding to the
center formant frequencies of the equivalent vowel described
above. A third task assessed consonant-vowel (CV) discrim-
ination. The CV tokens were synthesized by pairing six
stop consonants (0b0, 0d0, 0g0, 0p0, 0t0 and 0k0) with one
of the synthesized vowels, 0ɑ0. The consonantal burst appro-
priate to each CV was sampled from natural productions by
a male speaker and inserted at the onset of each CV. All
stimuli were 250 ms in duration. Spectrograms of a repre-
sentative complex tone, vowel, and CV are provided in Fig-
ures 2A, 2B, and 2C, respectively. As can be appreciated in
these illustrations, both complex tone and vowel stimuli
were characterized by steady state spectra, whereas CV syl-
lables contained rapidly changing spectrotemporal cues at
onset. Normal controls perform at or near ceiling on all
three of these tasks (92–100%).

Each contrast was presented 12 times in random order in
the course of two sessions. NH demonstrated significant
difficulties in discriminating the consonant-vowel sylla-
bles. She correctly identified 69% of the items, which was
not significantly better than chance (Binomial Test). There
were no systematic error patterns related to distinctive fea-
ture contrasts. She demonstrated as much difficulty with
contrasts of voicing as she did with place of articulation.
However, she performed better when speech sounds dif-
fered by more than one distinctive feature (both voicing
and place of articulation).

By contrast, she was able to correctly discriminate com-
plex tone contrasts on 90% of trials, which is not substan-
tially different from performance seen in age and sex
matched control subjects. An intermediate level of perfor-
mance was evident on the vowel discrimination task. She
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correctly identified 82% of the contrasts correctly. She made
errors on closely related contrasts such as 0I0 versus 0E0
and 0E0 versus 0æ0. This is slightly lower than performance
we have seen in controls.

Decomposition of speech transitions: of a
single formant

Because formant frequency transitions are fundamental cues
to distinguishing consonants, we devised a task to assess
her ability to discriminate transitions in a single formant.

By parametrically varying the time course of transitions,
we aimed to determine which durations posed difficulty
for her. The extent of the frequency transition was mod-
eled after the second formant transitions in the CV’s 0bɑ0
and 0dɑ0. The up-going formant ramp started at 900 Hz
and transitioned to a steady-state frequency of 1240 Hz.
The comparison down-going formant ramp started at
1580 Hz and transitioned to the same steady-state fre-
quency (1240 Hz). These stimuli were paired in all possi-
ble combinations: up-up, down-down, up-down, down-up.
The duration of the formant transition was the same for
each pair. Five different durations were examined (40, 80,
120, 200, 500) with 20 trials per stimulus pair. Examples
of the single formant stimuli are depicted in Figure 2D.

NH’s performance on the single formant ramp perceptual
discrimination task is depicted graphically in Figure 3. She
responded with 45 to 70% accuracy on ramp durations from
40 to 200 ms. Binomial tests suggested that her discrimina-
tion accuracy was no better than chance for all but the 500 ms
ramp duration. Normal listeners score between 93 and 100%
on these discriminations, so her performance remained some-
what poor even at the longest ramp duration.

Click Fusion

Auditory temporal resolution was assessed with a click fusion
task in which very brief, spectrally broadband stimuli (clicks)
are presented in rapid succession separated by an interven-
ing period of silence. When this ISI is extremely short, the
temporal boundary between each click is insufficient to result
in separate percepts, so listeners “fuse” two clicks and report
hearing one. Extending the duration of the ISI beyond a
threshold value results in the perception of two distinct clicks.

In the current implementation of this task, the duration of
a silent interval inserted between two 0.5 ms binaurally pre-
sented square wave clicks was varied from 0 to 10 ms in 1 ms
steps. Ten stimuli were presented at each ISI. NH was asked
to press one button on a response box if one click was heard,
and another button if two clicks were perceived. Figure 4 plots
her percent correct identifications as a function of ISI.

Fig. 2. These spectrograms plot the frequency spectra of the four
types of speech and nonspeech stimuli. A represents a four com-
ponent complex tone, B depicts the corresponding vowel 0ɑ0,
C shows the CV syllable 0bɑ0, and D provides examples of the
single formant stimuli. The extent of these formant transitions was
modeled after the second formant in 0dɑ0 and 0bɑ0.

Fig. 3. Results from the single formant
perceptual discrimination task. The
abscissa is the duration of the formant
transition and the ordinate is the percent
correct.
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NH was able to discriminate one from two “clicks” with
100% accuracy when separated by an ISI of 3 ms or more.
She correctly identified clicks with no intervening silence
(0 ms) as a single click on 80% of trials. Overall, her per-
formance compares favorably with results from normal lis-
teners (Patterson & Green, 1970). The findings suggest that
NH was able to adequately process brief temporal cues in
sound defined by onset0offset characteristics.

DISCUSSION

Historical Considerations

Following Wernicke’s (1874) seminal description of “sen-
sory aphasia,” Kussmaul (1877) noted similar deficits in
auditory comprehension in a patient who did not demon-
strate the coexisting problems with reading or the copious
“paraphasias” (a term he coined) that Wernicke had noted.
Kussmaul postulated that this symptom complex consti-
tuted a distinguishable syndrome “word deafness” that
resulted from destruction of the first left temporal gyrus.
He contrasted this with an analogous disturbance in pro-
cessing language in the visual modality, “word blindness,”
which he believed was secondary to left angular gyrus and
supramarginal gyrus lesions. When the two syndromes
occurred together, he suggested, they represented Wer-
nicke’s sensory aphasia.

Lichtheim (1885) also regarded “isolated word deafness”
as a distinct clinical entity, characterizing it in terms of
selective deficits in auditory language comprehension, rep-
etition, and writing to dictation. He supported this with a
description of a case who demonstrated early symptoms of
Wernicke’s aphasia that improved rapidly, leaving a more
selective pattern of deficits that spared volitional speech,
reading, copying written material, and spontaneous writing
(p. 460). While Kussmaul had implicated destruction of
auditory cortex, Lichtheim speculated that word deafness
resulted from a deep left temporal lesion that essentially
isolated Wernicke’s area from the “auditory reception cen-
ter” (primary auditory cortex). His conceptualization implied
that Wernicke’s area and auditory cortex might indepen-
dently be capable of normal or near normal functioning.

Subsequently, several case studies confirmed an associa-
tion of PWD with deep unilateral superior temporal lesions
(Liepmann & Storch, 1902; Schuster & Taterka, 1926).

A number of reports also emerged suggesting that PWD
could result from bilateral temporal lesions (Pick, 1892;
Déjerine & Serieux, 1898; Ballet, 1903; Barrett, 1910; Hen-
schen, 1919, 1920). In contrast to the unilateral cases, these
patients frequently demonstrated persisting aphasic distur-
bances or collateral symptomatology suggestive of a resolv-
ing general auditory agnosia or cortical deafness (Buchman
et al., 1986). The rarity of cases fully meeting criteria for
PWD prompted some to question the existence of the syn-
drome. Pierre Marie (1906) remarked in no uncertain terms
that PWD was “a simple myth” stating “I must declare, first
of all, that to my knowledge pure word deafness does not
exist from either the clinical or the anatomical pathological
point of view . . . it is impossible to find an authentic case
of this pretended clinical form” (translated by Cole & Cole,
1971, pp. 77–78). Head (1926) concurred, noting that in
every instance where case reports provided sufficient detail,
nonverbal perceptual impairment existed or there was clear
evidence of an aphasic disturbance apparent in problems
executing both written and oral commands. Despite persist-
ing concerns over definitional issues, many cases labeled as
PWD were subsequently reported with unilateral left tem-
poral or bitemporal lesions, which did not entirely comply
with the original criteria.

The broadening concept of PWD arguably contributed to
confusion regarding its validity, its basis, and its bound-
aries that continues to the present day. Both the selectivity
for verbal material and the preservation of other language
functions remain focal points in contemporary controver-
sies (Goldstein, 1974; Buchman et al., 1986). A current
review of the literature reveals a predominance of cases
(;72%) secondary to bitemporal infarcts, typically involv-
ing fairly symmetric cortico-subcortical lesions compromis-
ing middle and posterior regions of the superior temporal
gyrus (Poeppel, 2001), some with sparing of Heschl’s gyrus
(Bauer & Zawacki, 2000). Word deafness resulting from
unilateral lesions is more rarely reported, and in only a few
cases has the location of the lesion been adequately delin-
eated (Hamanaka et al., 1980; Kamei et al., 1981; Metz-

Fig. 4. Results from the click fusion task. The
abscissa denotes the duration of the silent ISI
between 0.5 ms square wave clicks. The ordi-
nate is the percent correct.
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Lutz & Dahl, 1984; Takahashi et al., 1992; Wang et al.,
2000). In all but one unilateral case, PWD has been reported
in association with left hemisphere pathology.

As a consequence of both the higher proportion of bitem-
poral lesions and the general rarity of cases that adhere to
strict diagnostic criteria, prevalent views regarding the func-
tional basis of PWD are disproportionately influenced by
studies in which word deafness was identified as a symp-
tom mixed with other aphasic components (Miceli, 1982;
Buchman et al., 1986; Buchtel & Stewart, 1989; Praamstra
et al., 1991) or with features of a broader auditory recogni-
tion disorder (Auerbach et al., 1982; Vignolo, 1982). As a
case in point, the only report of PWD resulting from a
unilateral right temporal lesion (Roberts et al., 1987) is
a patient who lost his ability to recognize both spoken words
and musical tunes and arguably should not be regarded as a
“pure” case of word deafness. In reviewing the literature,
Buchman et al. (1986) suggested that the modifier “pure”
be dropped but supported the concept that “word deafness”
was a distinct clinical entity.

A Prototypical Presentation of PWD

NH represents one of the rare instances where the clinical
picture conforms well to the original descriptions of PWD.
Consistent with Lichtheim’s description, she exhibited early
signs of a broader aphasic disturbance resembling a Wer-
nicke’s aphasia that rapidly resolved in the course of a cou-
ple of weeks, leaving her with a remarkably circumscribed
disturbance of auditory language comprehension. She dem-
onstrated moderate to severe difficulties in understanding and
repeating spoken language with otherwise intact speech pro-
duction and nonauditory language comprehension. Both read-
ing and spontaneous writing were preserved. In addition, there
was no evidence of a broader auditory agnosia. She demon-
strated intact environmental sound recognition and reported
no change or difficulties in her appreciation of music, although
she complained that she could no longer understand the lyr-
ics. Her peripheral hearing sensitivity in the frequency range
most critical to speech was broadly within normal limits,
although her audiogram showed mildly raised thresholds at
4 and 8 kHz in the ear contralateral to her lesion.

Similar audiological findings have been described in other
unilateral cases of PWD (e.g., Saffran et al., 1976) although
interaural disparities in sensitivity have also been evident at
somewhat lower (250–1000 Hz) frequencies (Takahashi
et al., 1992; Wang et al., 2000). By comparison, patients
with word deafness secondary to bitemporal lesions com-
monly demonstrate bilateral increases in pure-tone thresh-
olds (Lhermitte et al., 1971; Kanshepolsky et al., 1973;
Phillips & Farmer, 1990) that are also frequently associated
with a gradient whereby higher frequencies (�4 kHz) are
more affected (Jerger et al., 1972; Auerbach et al., 1982;
Motomura et al., 1986; Tanaka et al., 1987; Yaqub et al.,
1988; Praamstra et al., 1991; Griffiths, Rees & Green, 1999).

Analysis of NH’s ability to perceive speech revealed a sub-
stantial impairment in her ability to distinguish between stop

consonants while her perception of vowels was significantly
better. This pattern of phonemic imperception has been pre-
viously described in PWD (Saffran et al., 1976; Auerbach
et al., 1982; Miceli, 1982; Yaqub et al., 1988) but is not spe-
cific to it. Inordinate difficulty with consonant processing can
emerge in aphasia (Miceli et al., 1978; Baker et al., 1981;
Gow & Caplan, 1996; Caramazza et al., 2000) and problems
with specific stop consonants (for example, alveolars t, d)
can be secondary to moderate hearing loss (Walden & Mont-
gomery, 1975). However, NH’s difficulties with phonemic
perception are both more severe and pervasive than those typ-
ically associated with aphasia or mild to moderate hearing
loss. In the context of her overall presentation, they suggest
that a fundamental breakdown exists in processes that medi-
ate the mapping of acoustic features of consonants onto dis-
crete phonological representations or in the representations
themselves. Viewed from the perspective of current models
of speech perception (McClelland & Elman, 1986; Franklin,
1989; Marslen-Wilson & Warren, 1994; Frauenfelder & Floc-
cia, 1998; Norris et al., 2000), this would impede the match-
ing of acoustic input with lexical entries that in turn could
result in failures to activate the retrieval of meaning attributes
of words in the semantic system.

The prelexical impairment in auditory analysis associated
with “word sound deafness” can be contrasted with “word
meaning deafness” (Bramwell, 1927; Kohn & Friedman,
1986) in which patients have severe difficulties understand-
ing auditory language but are able to repeat speech and write
to dictation. Preservation of the ability to repeat speech in
these cases suggests that their analysis of phonological infor-
mation is relatively intact (but see Tyler & Moss, 1997).
Rather, the disruption of language comprehension in word
meaning deafness appears to occur at the level of lexical
access, possibly secondary to a failure to match the intact pho-
nological code with corresponding lexical representations or
to a “post access” failure of lexical items to activate corre-
sponding representations in the semantic system (Ellis, 1984;
Kohn & Friedman, 1986; Franklin et al., 1996).

NH also exhibited significant perturbations in dichotic lis-
tening performance that are consistent with previous descrip-
tions of unilateral cases of PWD (Albert & Bear, 1974; Saffran
et al., 1976). Specifically, she demonstrated extinction of
words presented to the right ear during dichotic stimulation
and relative suppression of right ear recall when listening to
dichotic CV syllables. A strong left ear advantage on dich-
otic listening tasks has also been observed in patients with
aphasia and interpreted as evidence of functional neuroplas-
ticity and a greater role of right hemisphere mechanisms in
mediating speech processing (Moore & Papanicolaou, 1988,
1992). It is somewhat unusual to obtain complete or near com-
plete extinction of the right ear in aphasia (Niccum et al.,
1986), although it can occur with lesions to Heschl’s gyrus
or geniculotemporal pathways with or without aphasia.

Several factors may account for this pattern in NH. First,
the extent and distribution of her lesion likely prevents right
ear input from reaching Wernicke’s area via crossed genic-
ulocortical auditory pathways. Right ear input may conceiv-
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ably reach Wernicke’s area via transcallosal pathways,
although it must compete against left ear input arriving at
right auditory cortex via stronger contralateral pathways.
Given that contralateral pathways are functionally predom-
inant over ipsilateral channels, this competition is biased
against the right ear input. Degradation of the signal may
result from the circuitous path to the language dominant
hemisphere, and this may be further affected by alterations
in hearing competence seen contralateral to hemispheric
lesions (Linebaugh, 1978; Niccum & Speaks, 1991). Finally,
it is also possible that transcallosal pathways have been
compromised by the subcortical extension of her lesion (Gaz-
zaniga et al., 1973). Selective attention appeared to have
little effect on this asymmetry.

It is noteworthy that NH showed generally lower overall
performance on dichotic word tasks than has been noted in
other unilateral cases of PWD. We used an open set of
words while both Saffran et al. (1976) and Albert and Bear
(1974) used small (�12) closed sets of dichotic stimuli
(monosyllabic names and digits). Because patients with PWD
appear to make use of contextual cues (Saffran et al., 1976;
Best & Howard, 1994), repeated presentation of distinct
stimuli from a closed set may have contributed to the rela-
tively better overall accuracy in those studies.

Word Deafness, Speech Processing, and
Temporal Imperception

The fundamental nature of the processing disturbance that
characterizes PWD has not been firmly established, nor is it
clear that the same mechanism is operative in all cases.
Recent attempts to identify the functional locus of their
verbal auditory recognition disorder have focused on detailed
analyses of their difficulties with speech perception (Denes
& Semenza, 1975; Saffran et al., 1976; Auerbach et al.,
1982; Yaqub et al., 1988; Praamstra et al., 1991). A key
issue concerns the basis for the dissociation between con-
sonant and vowel perception and whether a lawful break-
down occurs in their processing of particular phonetic
features during consonant perception.

Vowels are characterized acoustically by a formant fre-
quency structure that maintains a relatively steady state for
100–150 ms. Although not invariably the case (Tanaka et al.,
1987; Praamstra et al., 1991; Tanji et al., 2003), the reason-
ably static cues for vowel perception, such as the frequency
of the first formant (F1) and the relative spacing between
F1 and F2 (Delattre et al., 1952; Ladefoged, 2001), are
generally processed without substantial difficulty in PWD,
even in patients with bitemporal lesions (Auerbach et al.,
1982; Miceli, 1982; Yaqub et al., 1988).

By contrast, the processing of consonants is impaired in
both unilateral and bitemporal cases of PWD (Denes &
Semenza, 1975; Auerbach et al., 1982; Yaqub et al., 1988;
Kazui et al., 1990; Godefroy et al., 1995; Jacobs & Schneider,
2003). This has been observed when tested by means of
natural CV syllables (Denes & Semenza, 1975; Saffran et al.,
1976) as well as computer-synthesized speech sounds (Saf-

fran et al., 1976; Miceli, 1982). The perception of conso-
nants necessitates successful online perceptual elaboration
of short-term acoustic features in the speech signal. Cues
important for the perception of stop consonants of English
(p, t, k, b, d, g) include the spectrum of brief (5 and 15 ms)
noise (consonantal) bursts (Fant, 1973), and the rate, dura-
tion, and direction of rapid (20–50 ms) formant frequency
transitions (Delattre et al., 1952; Liberman et al., 1967;
Keating & Blumstein, 1978; Diehl, 1981). The frequency
of the burst and the trajectory (rising vs. falling) of formant
transitions give rise to the perception of different places of
articulation (labial, alveolar, or velar). There are also mul-
tiple cues to distinguish voiced (b, d, g) from voiceless
(p, t, k) consonants. A primary cue related to voiced-
voiceless distinctions is the “voice-onset time,” which cor-
responds to the time lag between the consonantal burst and
the onset of voicing (the first glottal pulse).

Some studies have suggested that patients with PWD dem-
onstrate a systematic breakdown involving the coding of
particular phonetic features. This is of considerable interest
because it may specify the level of phonemic processing
where problems arise (Saffran et al., 1976; Caramazza et al.,
1983; Metz-Lutz & Dahl, 1984). Saffran et al. (1976) noted
greater difficulty in identifying consonants differentiated
by voiced-voiceless distinctions than place of articulation
in a patient with word deafness secondary to left hemi-
sphere pathology. More frequently, however, the converse
pattern has been observed (Miceli, 1982; Yaqub et al., 1988),
or patients demonstrate roughly equal problems with con-
sonant perception whether the critical feature contrast is
dependent on place or voicing cues (Tanaka et al., 1987;
Praamstra et al., 1991). Given the relatively small number
of cases, variations in underlying pathology, and differ-
ences in methodology, there is insufficient information at
present to discern whether systematic dissimilarities in con-
sonant perception may exist between patients with unilat-
eral and bilateral lesions. However, the observed patterns
of error do not appear to be predictable on the basis of
problems at the level of phonological representation. Con-
sequently, it has been suggested that their difficulties with
speech perception may be related to prephonemic distur-
bances (Saffran et al., 1976; Auerbach et al., 1982).

Prephonemic Disturbance in Word Deafness

The precise nature and extent of prephonemic disturbances
associated with PWD remain to be elaborated. A number of
studies have suggested that deficits in temporal resolution
may be key to their difficulties in processing speech. While
normal individuals demonstrate click fusion thresholds on
the order of 1 to 3 ms (Miller & Taylor, 1948; Patterson &
Green, 1970; Hirsh, 1975), it has been reported that patients
with PWD require 15–300 ms between two clicks before
they are able to reliably make this discrimination (Albert &
Bear, 1974; Auerbach et al., 1982; Tanaka et al., 1987; Best
& Howard, 1994; Godefroy et al., 1995). Auerbach et al.
(1982) proposed that this elevated threshold reflected

464 G.A. Stefanatos et al.

https://doi.org/10.1017/S1355617705050538 Published online by Cambridge University Press

https://doi.org/10.1017/S1355617705050538


impaired auditory temporal acuity, which in turn could cause
special difficulties with consonant perception by impeding
the analysis of rapid formant frequency transitions.

The link between impairment of auditory temporal res-
olution and problems with specific aspects of speech per-
ception or language comprehension in PWD has remained
speculative. Indirect evidence supporting an association
may be garnered from a study by Godefroy et al. (1995)
who followed a patient with “auditory agnosia” in the course
of his recovery. They found that click fusion thresholds
assessed in the acute stage were significantly elevated.
However, as the word deafness resolved, there was a cor-
responding normalization of click fusion thresholds. The
parallel recovery of word deafness and click fusion strength-
ens the argument for a common underlying disturbance,
although clearly it is not possible to suggest causal rela-
tions from such correlations.

The precise nature of the temporal processing deficits
indexed by faulty click fusion also remains at issue. Kan-
shepolsky et al. (1973) found that as the duration of audi-
tory stimuli became very short, sound intensity had to be
raised appreciably (20 to 25 dB) in order for their patient
with word deafness to hear the stimulus. A few studies
have shown that these problems tend to co-occur in patients
with word deafness secondary to bitemporal infarction,
particularly with lesions involving or extending into sub-
cortical white matter (Motomura et al., 1986; Tanaka et al.,
1987). However, Buchtel and Stewart (1989) suggest that
poor temporal resolution is evident in PWD in the absence
of difficulties perceiving brief stimuli in isolation. Noting
that their patient with PWD was completely unable to per-
ceive clicks due to their brevity, they utilized a modified
fusion task, replacing clicks with 30 ms tone bursts that
their patient had no difficulty hearing. Manipulating the
duration of the silent ISI between these tone bursts, they
found that their patient demonstrated profound difficulties
in discriminating one from two tones presented in rapid
succession. Whereas normal subjects reliably differenti-
ated two tones when separated by silent intervals of approx-
imately 15 ms, their patient required a silent gap of
approximately 250 ms.

Based on observations of a frequent co-occurrence of
abnormal intensity-duration functions and elevated fusion
thresholds, Tanaka et al. (1987) speculated on a common
neurophysiological basis for these diverse disturbances of
timing. They suggested that such problems might be expli-
cable in terms of abnormal persistence of neural activity,
prolonged refractory periods, or slow initial recruitment.
Some studies have observed that timing anomalies are also
evident in PWD in the perception of rapid visual events
(Best & Howard, 1994; Tanaka et al., 1987) raising the
possibility of a supramodal timing deficit. Extending a con-
ceptualization by Auerbach et al. (1982), Best and Howard
(1994) suggested that a slow or inconsistent neural clock
may the most parsimonious explanation for the diverse tem-
poral processing deficits associated with PWD. They con-
ceived of this biological timing mechanism in terms of a

reciprocal loop from the cortex to the cerebellum and sug-
gested that it may serve as a central timing mechanism for
several neural systems.

Temporal Processing in Unilateral Cases

Aproblem with the slow clock hypothesis and other accounts
positing that PWD is based in fundamental disturbances of
temporal resolution is that the supporting data are derived
almost entirely from patients with bilateral lesions. Only one
study has examined click fusion in a unilateral case of PWD,
and while the findings were abnormal (Albert & Bear, 1974),
the observed threshold (15 ms) was substantially lower than
that described in several cases of word deafness secondary
to bitemporal lesions (30 to 300 ms) (Auerbach et al., 1982;
Motomura et al., 1986; Tanaka et al., 1987).

Evidence from NH suggests that temporal processing def-
icits can exist in PWD in the absence of basic deficiencies
in resolving distinct auditory events. NH demonstrated a
normal click fusion threshold, yet had profound difficulties
with the spectrotemporal analysis of transient modulations
in formant frequency occurring within a temporal window
of up to 200 ms. Because short-term dynamic patterns such
as frequency modulations (FM) are ubiquitous to speech
and serve as fundamental cues to the phonemic identifica-
tion of consonants, the observed deficits would pose signif-
icant obstacles in understanding spoken language. By
contrast, she appeared able to process slower modulations.
Although not specifically examined, this may support sat-
isfactory processing of suprasegmental aspects of speech
analysis such as prosody and intonation contours, consis-
tent with a case described by Coslett et al. (1984).

Deficiencies in FM analysis of tonal stimuli have also
been described by Wang et al. (2000) in a PWD patient with
a unilateral left hemisphere lesion involving cortical and
subcortical white matter of left temporal lobe extending
superiorly into frontoparietal regions. Their patient had dif-
ficulty in discriminating the directional trajectory (up-
going vs. down-going) of pure-tone glides 302 ms in duration
as well as 50 ms linear frequency ramps followed by a
steady-state tone. These observations are broadly consis-
tent with our findings with formant frequency modulations.
Wang et al. (2000) did not utilize a measure of temporal
acuity, so it cannot be discerned whether the deficits observed
in their case were also independent of more basic problems
with temporal resolution.

Neurophysiological and Neuroanatomical
Considerations

Overall, our findings provide compelling evidence that pre-
phonemic auditory temporal processing disturbances can
occur in PWD secondary to unilateral left temporal lobe
lesions and result in substantial problems with auditory com-
prehension. The dissociation between click fusion and fre-
quency modulation analysis observed in NH cannot readily
be accommodated by the concept of a slow clock as sug-
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gested by Best and Howard (1994). Rather, the results appear
to implicate specialized mechanisms that mediate rapid FM
analysis. Evidence from animal neurophysiological studies
and human psychophysical experiments suggest that tem-
porally varying sounds undergo specialized analysis involv-
ing modulation sensitive neural mechanisms that are distinct
from processes underlying the analysis of steady-state sounds
(Kay, 1974). These mechanisms or “channels” are not merely
concerned with the detection of a change from one fre-
quency to another but are sensitive to the instantaneous
temporal properties of frequency change such as the rate,
shape, direction, and periodicity of modulation (Kay & Mat-
thews, 1972; Green & Kay, 1973; Collins & Cullen, 1978;
Gardner & Wilson, 1979; Regan & Tansley, 1979). They
are physiologically distinguishable from analogous mecha-
nisms that process amplitude modulations in sound (Regan
& Tansley, 1979; Kay, 1982). The temporal tuning that char-
acterizes the response properties of FM sensitive neurons,
their connectivity with other auditory neurons, and their
hierarchical organization in the auditory system suggests an
intrinsic capacity to track modulations in time.

Frequency modulation sensitive mechanisms have func-
tional characteristics critical to speech reception (Kay, 1982).
Studies of the cortical organization of these mechanisms
suggest that they are elaborated in the superior temporal
cortex in areas confluent with primary auditory cortex and
classical language reception areas (Arlinger et al., 1982;
Hari & Makela, 1986; Makela et al., 1987). Recent func-
tional magnetic resonance imaging studies have localized
FM sensitive mechanisms to so-called belt and parabelt asso-
ciation cortex anterolateral and lateral to Heschl’s gyrus
(Johnsrude et al., 1997; Binder et al., 2000; Zatorre et al.,
2002) in areas that appear to be specialized for processing
rapid time varying aspects of sound (Hart et al., 2003).
Joanisse and Gati (2003) observed that speech and dynam-
ically varying nonspeech stimuli produce remarkable over-
lap in neural activation on functional magnetic resonance
imaging. Indeed, they suggest that differences appeared to
be related to the degree of activation rather than differences
in spatial localization.

Interestingly, these areas have been implicated in corti-
cal mapping studies as critical to consonant perception.
Examining patients undergoing cortical mapping in prepa-
ration for surgical treatment of intractable epilepsy, Boat-
man et al. (1995) demonstrated that electrical stimulation to
lateral mid and posterior superior temporal cortex disrupted
the perception of consonant-vowel syllables but not vow-
els. These regions may form a functional subunit of a pos-
terior stream of auditory processing distributed along the
supratemporal cortical plane (Wise et al., 2001).

While there is evidence of bilateral mediation of the speech
code, there is growing support from dichotic listening, elec-
trophysiological, neuromagnetic, and functional neuroimag-
ing studies to suggest that there are hemispheric differences
in the computational networks that specialize in the analy-
sis of rapid acoustic modulations in speech. Poeppel (2003)
has proposed that the neural architecture that analyzes speech

signals is asymmetrically analyzed in the time domain, with
left-hemisphere mechanisms preferentially extracting infor-
mation over shorter (25–50 ms) temporal integration win-
dows while right hemisphere mechanisms integrate temporal
variations over longer (150–250 ms) windows. Our find-
ings are broadly consistent with this viewpoint. However,
the dissociation between click fusion and frequency modu-
lation analysis suggests that the temporal window concept
is in need of a higher degree of specification. Specifically,
our results suggest that window size may depend on the
type of information that is being analyzed in the time domain.
Differentiation of auditory objects based on information
present in amplitude modulations (on and off ) was not
affected in our patient with PWD. We would therefore sug-
gest that hemispheric asymmetries are more related to the
analysis of rapid spectrotemporal variations that require the
tracking of relational structure or temporal patterns in sound.

CONCLUSION

The specificity of the auditory comprehension deficit
observed in NH affirms our understanding of the modular
organization of the speech recognition system and suggests
that this can be impaired by neural damage with relative
sparing of more central language computational networks.
In addition, the data presented here support a modular view
of auditory processing and suggest that substantial difficul-
ties involving the analysis of rapid frequency changes over
time can exist despite adequate temporal resolution. The
results are in keeping with emerging conceptions that human
speech perception is based on multiple, hierarchical pro-
cessing pathways and that there are left hemispheric mech-
anisms that are particularly adept at high-speed processing
of acoustic cues important to the perception of speech.

We concur with Head (1926) and more contemporary
conceptualizations (Ellis & Young, 1988) that perceptual
impairment does indeed exist beyond that for words in
cases of PWD. This may be an inescapable consequence
of the interactive and highly interconnected architecture
that subserves the processing of speech. Because language
emerged as a system that codes linguistically important
acoustic differences related to subtle variations in articu-
lation, it poses special challenges to auditory temporal pro-
cessing capacities of the brain. We are rarely called upon
in everyday life to make subtle distinctions between envi-
ronmental sounds based on rapid spectrotemporal cues last-
ing a few tens of milliseconds. A possible example might
be to distinguish whether a violin has been plucked or
bowed by listening to the difference in the attack. It is
perhaps not surprising then that a temporal processing dis-
order of the kind we observed would be clinically most
evident in processing speech.

ACKNOWLEDGMENTS
We thank the Albert Einstein Society and the Pennsylvania Depart-
ment of Health for funding research programs that allowed us to

466 G.A. Stefanatos et al.

https://doi.org/10.1017/S1355617705050538 Published online by Cambridge University Press

https://doi.org/10.1017/S1355617705050538


study this patient. We also gratefully acknowledge Denise Haas
and Sharon Kaplan of the Center for Communication Disorders at
Moss Rehabilitation Hospital for insights on this patient.

REFERENCES

Albert, M.L. & Bear, D. (1974). Time to understand. A case study
of word deafness with reference to the role of time in auditory
comprehension. Brain, 97, 373–384.

Allport, D.A. & Funnell, E. (1981). Components of the mental
lexicon. Philosophical Transactions of the Royal Society of
London, 295B, 397– 410.

Arlinger, S., Elberling, C., Bak, C., Kofoed, B., Lebech, J. & Saer-
mark, K. (1982). Cortical magnetic fields evoked by frequency
glides of a continuous tone. Electroencephalography and Clin-
ical Neurophysiology, 54, 642– 653.

Auerbach, S.H., Allard, T., Naeser, M., Alexander, M.P., & Albert,
M.L. (1982). Pure word deafness. Analysis of a case with bilat-
eral lesions and a defect at the prephonemic level. Brain, 105,
271–300.

Baker, E., Blumstein, S.E., & Goodglass, H. (1981). Interaction
between phonological and semantic factors in auditory com-
prehension. Neuropsychologia, 19, 1–16.

Ballet, G. (1903). Un cas de surdité verbale par lesion sous-
nucleaire (sous-corticale) avec atrophie secondaire de l’ecorce
de la premiere temporale. Revue Neurologique, 11, 685– 688.

Barrett, A. (1910). A case of pure word-deafness with autopsy.
Journal of Nervous and Mental Disease, 37, 73–92.

Bauer, R.M. & Zawacki, T. (2000). Auditory agnosia and amusia.
In M.J. Farah andT.E. Feinberg (Eds.), Patient-BasedApproaches
to Cognitive Neuroscience Issues in Clinical and Cognitive
Neuropsychology (pp. 97–106). Cambridge, MA:The MITPress.

Benton, A.L., Hamsher, K., Varney, N.R., & Spreen, O. (1983).
Phoneme Discrimination Test (Vol. New York). New York:
Oxford University Press.

Best, W. & Howard, D. (1994). Word sound deafness resolved?
Aphasiology, 8, 223–256.

Binder, J.R., Frost, J.A., Hammeke, T.A., Bellgowan, P.S., Springer,
J.A., Kaufman, J.N., & Possing, E.T. (2000). Human temporal
lobe activation by speech and nonspeech sounds. Cerebral Cor-
tex, 10, 512–528.

Boatman, D., Lesser, R.P., & Gordon, B. (1995). Auditory speech
processing in the left temporal lobe: An electrical interference
study. Brain and Language, 51, 269–290.

Bramwell, E. (1927).Acase of cortical deafness. Brain, 50, 579–580.
Buchman, A.S., Garron, D.C., Trost-Cardamone, J.E., Wichter,

M.D., & Schwartz, M. (1986). Word deafness: One hundred
years later. Journal of Neurology, Neurosurgery and Psychia-
try, 49, 489– 499.

Buchtel, H.A. & Stewart, J.D. (1989). Auditory agnosia: Apper-
ceptive or associative disorder? Brain and Language, 37, 12–25.

Caramazza, A., Berndt, R.S., & Basili, A.G. (1983). The selective
impairment of phonological processing. Brain and Language,
18, 128–174.

Caramazza, A., Chialant, D., Capasso, R. & Miceli, G. (2000).
Separable processing of consonants and vowels. Nature, 403,
428– 430.

Cole, M.F. & Cole, M. (1971). Review of the question of aphasia:
What to think about subcortical aphasias (pure aphasias). In
Pierre Marie’s papers on speech disorders (pp. 75–102). New
York: Hafner.

Collins, M.J. & Cullen, J.K., Jr. (1978). Temporal integration of
tone glides. Journal of the Acoustic Society of America, 63,
469– 473.

Coslett, H.B., Brashear, H.R., & Heilman, K.M. (1984). Pure word
deafness after bilateral primary auditory cortex infarcts. Neu-
rology, 34, 347–352.

Croisile, B., Laurent, B., Michel, D., Le Bars, D., Cinotti, L., &
Mauguiere, F. (1991). Different clinical types of degenerative
aphasia. Revue Neurologique, 147, 192–199.

Damasio, H. & Damasio, A.R. (1980). Dichotic listening pattern
in conduction aphasia. Brain and Language, 10, 281–286.

Déjerine, J. & Serieux, P. (1898). Un cas de surdité verbale pure
terminée par aphasie sensorielle. Revue de Psychiatrie, 2,
7–11.

Delattre, P., Lieberman, A., Cooper, F., & Gerstman, L. (1952). An
experimental study of the acoustic determinants of vowel color.
Word, 8, 195.

Denes, G. & Semenza, C. (1975). Auditory modality-specific ano-
mia: Evidence from a case of pure word deafness. Cortex, 11,
401– 411.

DeRenzi, E.F.P. (1978). The Token Test: A sensitive test to detect
receptive disturbances in aphasics. Brain, 85, 655– 678.

Diehl, R.L. (1981). Feature detectors for speech: A critical reap-
praisal. Psychological Bulletin, 89, 1–18.

Donaldson, J.O., Hale, M.S., & Klau, M. (1981). A case of revers-
ible pure-word deafness during lithium toxicity. American Jour-
nal of Psychiatry, 138, 242–243.

Ellis, A.W. (1984). Introduction to Byrom Bramwell’s (1897) case
of word meaning deafness. Cognitive Neuropsychology, 1,
245–248.

Ellis, A. & Young, A.W. (1988). Human Cognitive Neuropsychol-
ogy. London: Lawrence Erlbaum.

Fant, G. (1973). Stops in CV Syllables, in Speech Sounds and
Features. Cambridge, MA: MIT Press.

Franklin, S. (1989). Dissociations in auditory word comprehen-
sion: Evidence from fluent aphasic patients. Aphasiology, 3,
189–207.

Franklin, S., Turner, J., Lambon Ralph, M., Morris, J., & Bailey,
P.J. (1996). A distinctive case of word meaning deafness? Cog-
nitive Neuropsychology, 13, 1139–1162.

Frauenfelder, U. & Floccia, C. (1998). The Recognition of Spoken
Word. New York: Language Comprehension.

Fung, V.S., Sue, C.M., & Somerville, E.R. (2000). Paroxysmal
word deafness secondary to focal epilepsy. Neurology, 54,
533–534.

Gardner, R.B. & Wilson, J.P. (1979). Evidence for direction-
specific channels in the processing of frequency modu-
lation. Journal of the Acoustical Society of America, 66,
704–709.

Gazzaniga, M., Glass, A., Sarno, M., & Posner, J. (1973). Pure
word deafness and hemispheric dynamics: A case history. Cor-
tex, 9, 136–143.

Godefroy, O., Leys, D., Furby, A., De Reuck, J., Daems, C., Ronde-
pierre, P., Debachy, B., Deleume, J.F., & Desaulty, A. (1995).
Psychoacoustical deficits related to bilateral subcortical hem-
orrhages. A case with apperceptive auditory agnosia. Cortex,
31, 149–159.

Goldstein, K. (1948). Language and Language Disturbance. New
York: Grune & Stratton.

Goldstein, M. (1974). Auditory agnosia for speech (pure word-
deafness): A historical review with current implications. Brain
and Language, 1, 195–204.

Word deafness and temporal processing 467

https://doi.org/10.1017/S1355617705050538 Published online by Cambridge University Press

https://doi.org/10.1017/S1355617705050538


Goldstein, M., Brown, M., & Hollander, J. (1975). Auditory agno-
sia and cortical deafness: Analysis of a case with three-year
follow-up. Brain and Language, 2, 324–232.

Gow, D.W., Jr. & Caplan, D. (1996). An examination of impaired
acoustic-phonetic processing in aphasia. Brain and Language,
52, 386– 407.

Green, G.G. & Kay, R.H. (1973). The adequate stimuli for chan-
nels in the human auditory pathways concerned with the mod-
ulation present in frequency-modulated tones. Journal of
Physiology. London, 234, 50–52.

Griffiths, T.D., Rees, A., & Green, G.G. (1999). Disorders of human
complex sound processing. Neurocase, 5, 365–378.

Hamanaka, H., Asano, K., Morimune, S., & Seko, K. (1980). Ein
fall von reiner worttaubheit ohne akustische agnosie. Studie
Phonologica, 14, 16–24.

Hari, R. & Makela, J.P. (1986). Neuromagnetic responses to fre-
quency modulation of a continuous tone. Acta Otolaryngolo-
giaSuppl, 432, 26–32.

Hart, H.C., Palmer, A.R., & Hall, D.A. (2003). Amplitude and
frequency-modulated stimuli activate common regions of human
auditory cortex. Cerebral Cortex, 13, 773–781.

Head, H. (1926). Aphasia and Kindred Disorders of Speech. Cam-
bridge: Cambridge University Press.

Henschen, S. (1919). On the hearing sphere. Acta Oto-laryngologia,
1, 423– 486.

Henschen, S. (1920). Klinische und anatomische Beitrage zu
Pathologie des Gehirns. Stockholm: Nordiska Bokhandeln.

Hirsh, I.J. (1975). Temporal aspects of hearing. In D. B. Tower
(Ed.), The Nervous System, Volume 3: Human Communication
Disorders (pp. 157–162). New York: Raven Press.

Hugdahl, K., Wester, K., & Asbjornsen, A. (1991). Auditory neglect
after right frontal lobe and right pulvinar thalamic lesions. Brain
and Language, 41, 465– 473.

Hugdahl, K. & Asbjornsen. A. (N.d.). Dichotic Listening with
CV—Syllables Manual. Department of Biological and Medical
Psychology, University of Bergen: Norway.

Jacobs, B.J. & Schneider, S.L. (2003). Analysis of lexical-semantic
processing and extensive neurological, electrophysiological,
speech perception, and language evaluation following unilat-
eral left hemisphere lesion: Pure word deafness? Aphasiology,
17, 123–141.

Jastak, S.F. & Wilkinson, G.S. (1992). The Wide Range Ach-
ievement Test–Third Edition. Wilmington, DE: Wide Range,
Inc.

Jerger, J., Lovering, L., & Wertz, M. (1972). Auditory disorder
following bilateral temporal lobe insult: Report of a case. Jour-
nal of Speech and Hearing Disorders, 37, 523–535.

Joanisse, M.F. & Gati, J.S. (2003). Overlapping neural regions for
processing rapid temporal cues in speech and nonspeech sig-
nals. Neuroimage, 19, 64–79.

Johnsrude, I.S., Zatorre, R.J., Milner, B.A., & Evans, A.C. (1997).
Left-hemisphere specialization for the processing of acoustic
transients. Neuroreport, 8, 1761–1765.

Kamei, H., Nakane, K., Nishimaru, K., Shiraishi, K., & Matuo, M.
(1981). Pure word deafness after cerebrovascular disease: A
case study. Clinical Neurology, 21, 402– 408.

Kanshepolsky, J., Kelley, J.J., & Waggener, J.D. (1973). A cortical
auditory disorder: Clinical, audiologic and pathologic aspects.
Neurology, 23, 699–705.

Kay, J., Lesser, R., & Coltheart, M. (1992). Psycholinguistic Assess-
ment of Language Processing in Aphasia (PALPA). Hove, UK:
Erlbaum (UK) Taylor & Francis.

Kay, R.H. (1974). The physiology of auditory frequency analy-
sis. Progress in Biophysics and Molecular Biology, 28,
109–188.

Kay, R.H. (1982). Hearing of modulation in sounds. Physiological
Review, 62, 894–975.

Kay, R.H. & Matthews, D.R. (1972). On the existence in human
auditory pathways of channels selectively tuned to the modu-
lation present in frequency-modulated tones. Journal of Phys-
iology, 225, 657– 677.

Kazui, S., Naritomi, H., Sawada, T., Inoue, N., & Okuda, J. (1990).
Subcortical auditory agnosia. Brain and Language, 38,
476– 487.

Keating, P. & Blumstein, S.E. (1978). Effects of transition length
on the perception of stop consonants. Journal of the Acoustical
Society of America, 64, 57– 64.

Kertesz, A. (1982). The Western Aphasia Battery. New York: Grune
& Stratton.

Klein, R. & Harper, J. (1956). The problem of agnosia in the light
of a case of pure word deafness. Journal of Mental Science,
102, 112–120.

Kohn, S.E. & Friedman, R.B. (1986). Word-meaning deafness: A
phonological-semantic dissociation. Cognitive Neuropsychol-
ogy, 3, 291–308.

Kussmaul, A. (1877). Disturbances of speech. In H. von Ziemss-
ien (Ed.), Cyclopedia of the Practice of Medicine (pp. 581–
875). New York: William Wood and Company.

Ladefoged, P. (2001). Vowels and Consonants: An Introduction to
the Sounds of Languages. Oxford: Blackwell.

Lhermitte, F., Chain, F., Escourelle, R., Ducarne, B., Pillon, A., &
Chedru, F. (1971). Etudes des troubles perceptif et auditif dans
les lésions temporales bilatérales. Revue Neurologique, 124,
327–351.

Liberman, A.M., Cooper, F.S., Shankweiler, D.P., & Studdert-
Kennedy, M. (1967). Perception of the speech code. Psycho-
logical Review, 74, 431– 461.

Lichtheim, L. (1885). On aphasia. Brain, 7, 433– 484.
Liepmann, H. & Storch, E. (1902). Der mikroskopische Gehirn-

befund bei dem Fall Gorstelle. Monatsschrift fur Psychiatrie
und Neurologie, 11, 115–120.

Linebaugh, C.W. (1978). Dichotic ear preference in aphasia:
Another view. Journal of Speech and Hearing Research, 21,
598– 602.

Luria, A.R. (1966). Higher Cortical Functions in Man. New York:
Basic Books.

MacGinitie, W.H. & MacGinitie, R.K. (1978). Gates-MacGinitie
Reading Tests–2nd Edition. Itasca, IL: Riverside Publishing.

Makela, J.P., Hari, R., & Linnankivi, A. (1987). Different analysis
of frequency and amplitude modulations of a continuous tone
in the human auditory cortex: A neuromagnetic study. Hearing
Research, 27, 257–264.

Marie, P. (1906). Revision de la question de l’aphasie: Que faut-il
penser des aphasies sous-corticales (aphasies pures)? La
Semaine Medicale (Paris), 26, 493–500.

Marslen-Wilson, W. & Warren, P. (1994). Levels of per-
ceptual representation and process in lexical access: Words,
phonemes, and features. Psychological Review, 101,
653– 675.

McCarthy, P.A., Montgomery, A.A., & Mueller, H.G. (1990). Deci-
sion making in rehabilitative audiology. Journal of the Ameri-
can Academy of Audiology, 1, 23–30.

McClelland, J.L. & Elman, J.L. (1986). The TRACE model of
speech perception. Cognitive Neuropsychology, 18, 1–86.

468 G.A. Stefanatos et al.

https://doi.org/10.1017/S1355617705050538 Published online by Cambridge University Press

https://doi.org/10.1017/S1355617705050538


Mendez, M.F. & Geehan, G.R., Jr. (1988). Cortical auditory dis-
orders: Clinical and psychoacoustic features. Journal of Neu-
rology, Neurosurgery, and Psychiatry, 51, 1–9.

Mesulam, M.M. (1982). Slowly progressive aphasia without gen-
eralized dementia. Annals of Neurology, 11, 592–598.

Metz-Lutz, M.N. & Dahl, E. (1984). Analysis of word compre-
hension in a case of pure word deafness. Brain and Language,
23, 13–25.

Miceli, G. (1982). The processing of speech sounds in a patient
with cortical auditory disorder. Neuropsychologia, 20,
5–20.

Miceli, G., Caltagirone, C., Gainotti, C., & Payer-Rigo, P. (1978).
Discrimination of voice versus place contrasts in aphasia. Brain
and Language, 6, 47–51.

Miller, G. & Taylor, J. (1948). Perception of repeated bursts of
noise. Journal of the Acoustical Society of America, 20,
171–182.

Moore, B.D., III & Papanicolaou, A.C. (1988). Dichotic-listening
evidence of right-hemisphere involvement in recovery from
aphasia following stroke. Journal of Clinical and Experimen-
tal Neuropsychology, 10, 380–386.

Moore, B.D., III & Papanicolaou, A.C. (1992). Dichotic listening
in aphasics: Response to Niccum and Speaks. Journal of Clin-
ical and Experimental Neuropsychology, 14, 641– 645.

Motomura, N., Yamadori, A., Mori, E., & Tamaru, F. (1986). Audi-
tory agnosia. Analysis of a case with bilateral subcortical lesions.
Brain, 109, 379–391.

Naglieri, J.A. & Bardos, A.N. (1997). GAMA: General Ability
Measure for Adults. Minneapolis, MN: National Computer Sys-
tems Inc.

Niccum, N., Selnes, O.A., Speaks, C., Risse, G.L., & Rubens,
A.B. (1986). Longitudinal dichotic listening patterns for apha-
sic patients. III. Relationship to language and memory vari-
ables. Brain and Language, 28, 303–317.

Niccum, N. & Speaks, C. (1991). Interpretation of outcome on
dichotic listening tests following stroke. Journal of Clinical
and Experimental Neuropsychology, 13, 614– 628.

Norris, D., McQueen, J.M., & Cutler, A. (2000). Merging phonetic
and lexical information in phonetic decision-making. Behav-
ioral and Brain Sciences, 23, 299–325.

Otsuki, M., Soma, Y., Sato, M., Homma, A., & Tsuji, S. (1998).
Slowly progressive pure word deafness. Eur Neurol, 39,
135–140.

Patterson, J. & Green, D. (1970). Discrimination of transient sig-
nals having identical energy spectra. Journal of the Acoustical
Society of America, 48, 894–905.

Peterson, G. & Barney, H. (1952). Control methods used in a
study of the vowels. Journal of the Acoustical Society of Amer-
ica, 24, 175–184.

Phillips, D.P. & Farmer, M.E. (1990). Acquired word deafness,
and the temporal grain of sound representation in the primary
auditory cortex. Behavioural Brain Research, 40, 85–94.

Pick, A. (1892). Beitrage zur lehre con der storungen der sprache.
Archiv fur Psychiatrie und Nervenkrankheit, 23, 896–918.

Pinard, M., Chertkow, H., Black, S., & Peretz, I. (2002). A case
study of pure word deafness: Modularity in auditory process-
ing? Neurocase, 8, 40–55.

Poeppel, D. (2001). Pure word deafness and the bilateral process-
ing of the speech code. Cognitive Science, 25, 679– 691.

Poeppel, D. (2003). The analysis of speech in different temporal
integration windows: Cerebral lateralization as “asymmetric
sampling in time.” Speech Communication, 41, 245–255.

Polster, M.R. & Rose, S.B. (1998). Disorders of auditory pro-
cessing: Evidence for modularity in audition. Cortex, 34,
47– 65.

Praamstra, P., Hagoort, P., Maassen, B., & Crul, T. (1991). Word
deafness and auditory cortical function. A case history and
hypothesis. Brain, 114 (Pt 3), 1197–1225.

Psychology Software Tools, I. (2001). E-Prime (Version 1.0.20.2).
Pittsburgh, PA.

Regan, D. & Tansley, B.W. (1979). Selective adaptation to
frequency-modulated tones: Evidence for an information-
processing channel selectively sensitive to frequency changes.
Journal of the Acoustical Society of America, 65, 1249–1257.

Roberts, M., Sandercock, P., & Ghadiali, E. (1987). Pure word
deafness and unilateral right temporo-parietal lesions: A case
report. Journal of Neurology, Neurosurgery and Psychiatry,
50, 1708–1709.

Saffran, E.M., Marin, O.S., & Yeni-Komshian, G.H. (1976). An
analysis of speech perception in word deafness. Brain and Lan-
guage, 3, 209–228.

Schuster, P. & Taterka, H. (1926). Beitrag zur anatomie und klinik
der reinen worttaubheit. Zeitschrift fur Die Gesamte Neurolo-
gie und Psychiatrie, 105.

Seliger, G.M., Lefever, F., Lukas, R., Chen, J., Schwartz, S., Code-
ghini, L., & Abrams, G. (1991). Word deafness in head injury:
implications for coma assessment and rehabilitation. Brain
Injury, 5, 53–56.

Shindo, M., Kaga, K., & Tanaka, Y. (1991). Speech discrimination
and lip reading in patients with word deafness or auditory agno-
sia. Brain and Language, 40, 153–161.

Stefanatos, G.A. (1993). Frequency modulation analysis in chil-
dren with Landau-Kleffner syndrome. Annals of the New York
Academy of Sciences, 682, 412– 414.

Stefanatos, G.A. & Madigan, S. (2000). The Environmental Sounds
Perception Test. Philadelphia, PA.

Takahashi, N., Kawamura, M., Shinotou, H., Hirayama, K., Kaga,
K., & Shindo, M. (1992). Pure word deafness due to left hemi-
sphere damage. Cortex, 28, 295–303.

Tanaka, Y., Yamadori, A., & Mori, E. (1987). Pure word deafness
following bilateral lesions. A psychophysical analysis. Brain,
110 (Pt 2), 381– 403.

Tanji, K., Suzuki, K., Okuda, J., Shimizu, H., Seki, H., Kimura, I.,
Endo, K., Hirayama, K., Fujii, T., & Yamadori, A. (2003). For-
mant interaction as a cue to vowel perception: A case report.
Neurocase, 9, 350–355.

Tyler, L.K. & Moss, H.E. (1997). Imageability and category-
specificity. Cognitive Neuropsychology, 14, 293–318.

Ulrich, G. (1978). Interhemispheric functional relationships in audi-
tory agnosia: An analysis of the preconditions and a conceptual
mod. Brain and Language, 5, 286–300.

Vignolo, L.A. (1982). Auditory agnosia. Philosophical Transac-
tions of the Royal Society of London-Biological Sciences, 298,
49–57.

Walden, B.E. & Montgomery, A.A. (1975). Dimensions of conso-
nant perception in normal and hearing-impaired listeners. Jour-
nal of Speech and Hearing Research, 18, 444– 455.

Wang, E., Peach, R.K., Xu, Y., Schneck, M., & Manry, C., II
(2000). Perception of dynamic acoustic patterns by an individ-
ual with unilateral verbal auditory agnosia. Brain and Lan-
guage, 73, 442– 455.

Wernicke, C. (1874). The aphasic symptom complex: A psy-
chological study on a neurological basis. Breslau: English
translation by Eggert, G.H. (1977). Wernicke’s Works

Word deafness and temporal processing 469

https://doi.org/10.1017/S1355617705050538 Published online by Cambridge University Press

https://doi.org/10.1017/S1355617705050538


on Aphasia: A Source Book and Review. The Hague:
Moulon.

Wise, R.J., Scott, S.K., Blank, S.C., Mummery, C.J., Murphy, K.,
& Warburton, E.A. (2001). Separate neural subsystems within
“Wernicke’s area.” Brain, 124, 83–95.

Yaqub, B.A., Gascon, G.G., Al-Nosha, M., & Whitaker, H.
(1988). Pure word deafness (acquired verbal auditory

agnosia) in an Arabic speaking patient. Brain, 111 (Pt 2),
457– 466.

Zatorre, R.J., Belin, P., & Penhune, V.B. (2002). Structure and
function of auditory cortex: Music and speech. Trends in Cog-
nitive Science, 6, 37– 46.

Ziegler, D. (1952). Word deafness and Wernicke’s aphasia. Archives
of Neurological Psychology, 67, 323–331.

470 G.A. Stefanatos et al.

https://doi.org/10.1017/S1355617705050538 Published online by Cambridge University Press

https://doi.org/10.1017/S1355617705050538

