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Abstract

Alexia without agraphia, or ‘‘pure’’ alexia, is an acquired impairment in reading that leaves writing skills intact. Repetition

priming for visually presented words is diminished in pure alexia. However, it is not possible to verify whether this priming deficit is

modality-specific or modality independent because reading abilities are compromised. Hence, auditory repetition priming was as-

sessed with lexical decision and word stem completion tasks in pure alexic patients with lesions in left inferior temporal–occipital

cortex and the splenium. Perceptually based, modality-specific priming models predict intact auditory priming, since auditory as-

sociation cortex is spared in the patients. Alternatively, modality-independent models, which suggest that priming reflects the

temporary modification of an amodal system, might predict impairments. Baseline performance was matched in the patients and

controls, although lexical decision priming measures showed an interaction between group and repetition lag. The patients showed

intact immediate priming but significantly less priming than controls at longer delays. Furthermore, word stem completion priming

was abolished in the patients. One explanation for the deficit is that left inferior temporal–occipital cortex supports amodal aspects

of priming, as suggested by recent neuroimaging results. Another possibility is that long-term auditory priming relies on covert

orthographic representations which were unavailable in the patients. The results provide support for interactive models of word

identification.

� 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Repetition priming is a type of implicit memory

characterized by an improvement in one�s ability to

identify a stimulus after prior exposure (Gabrieli, 1998).

Studies with amnesic patients have suggested that many

types of priming appear to be independent of episodic

memory, including lexical decision (Gordon, 1988;
Verfaellie, Cermak, Letourneau, & Zuffante, 1991),

word stem completion (Graf, Squire, & Mandler, 1984;

Warrington & Weiskrantz, 1970), and perceptual iden-

tification of briefly presented or degraded stimuli (Cer-

mak, Chandler, & Wolbarst, 1985; Warrington &

Weiskrantz, 1970). One leading hypothesis suggests that

priming effects are mediated by separate, pre-semantic,

modality-specific perceptual representation systems
* Corresponding author. Fax: 1-925-229-2315.

E-mail address: diane@ebire.org (D. Swick).

0093-934X/$ - see front matter � 2004 Elsevier Inc. All rights reserved.

doi:10.1016/j.bandl.2004.01.005
(PRS) for visual word forms (Tulving & Schacter, 1990)

and auditory word forms (Schacter & Church, 1992;

Schacter, Church, & Treadwell, 1994). Alternatively,

repetition priming may reflect the temporary modifica-

tion of an amodal system. Abstractionist, or lexical,

models hypothesize that priming reflects the transient

activation (Morton, 1969) or modification (Morton,

1979) of abstract, modality-independent lexical repre-
sentations. A problematic finding for completely amodal

theories, however, is that priming is reduced when

stimulus modality is switched between study and test

(Graf, Shimamura, & Squire, 1985; Roediger & Blaxton,

1987). Therefore, a revision of Morton�s original

account holds that perceptually abstract, but modality-

specific, input systems are the sites of word priming

effects (Jackson & Morton, 1984; Morton, 1979). These
systems are said to be insensitive to changes in surface

features such as voice (but see Schacter & Church,

1992).
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Recent work on constructing cognitive models has
been supplemented by neuroimaging experiments that

seek to elucidate the neural regions involved in repeti-

tion priming (reviewed in Henson, 2003; Wiggs &

Martin, 1998). Thus, the prominent PRS hypothesis

proposes that visual word priming is reliant on extra-

striate visual regions in temporal–occipital (temp–occip)

cortex. An early PET experiment found decreased blood

flow in right occipital cortex, centered in the region of
the lingual gyrus, during word stem completion priming

(Squire et al., 1992). The extrastriate deactivation sug-

gested to these authors that perceptual processing be-

came more efficient with stimulus repetition, reflected

both in behavioral priming and in blood flow decreases

in right occipital cortex. Subsequent experiments ob-

served blood flow reductions in bilateral temp–occip

regions during visual word stem completion priming
(Buckner et al., 1995; Schacter, Alpert, Savage, Rauch,

& Albert, 1996). Interpretation of these results rests on

the assumption that the observed priming effects were

perceptual in nature. In contrast, conceptual priming is

thought to reflect repeated processing of stimulus

meaning, rather than stimulus form (Gabrieli, 1998).

Deactivations in left occipital cortex were reported with

the perceptual priming task of word fragment comple-
tion, but changes in left temporal and frontal regions

occurred for priming of semantic associates, a concep-

tual task (Blaxton et al., 1996).

The PRS model predicts that auditory priming should

result in decreased activity in auditory association areas

(Tulving & Schacter, 1990). Surprisingly, two imaging

experiments reported deactivations in inferior temporal

and occipital regions during auditory word stem com-
pletion priming (Badgaiyan, Schacter, & Alpert, 1999;

Buckner, Koutstaal, Schacter, & Rosen, 2000). These

findings were unexpected based on the PRS model

of priming, which postulates that stimulus repetition

produces more efficient perceptual processing in mo-

dality-specific brain regions. In light of these unforeseen

results, an amodal account of priming was favored for

the activity reductions observed in lateral occipital cor-
tex (Badgaiyan et al., 1999) and inferior temporal cortex

(Buckner et al., 2000).

Lesion studies provide another source of information

on the neural substrates of priming, although few case

reports have been conducted in the auditory modality. A

patient with impaired auditory comprehension (word

meaning deafness) following left lateral temporal dam-

age showed intact priming on auditory identification
tasks (Schacter, McGlynn, Milberg, & Church, 1993),

supporting the notion of a pre-semantic PRS for audi-

tory word forms. Conversely, Wernicke�s aphasics ex-

hibited an altered pattern of priming in lexical decision

(Blumstein et al., 2000). Inhibition was noted for im-

mediate repetitions but relatively normal levels of facil-

itation were observed at longer delays. Results from
Broca�s aphasics were similar to those of the Wernicke�s
patients, with preserved priming at longer lags but re-

ductions at the immediate lag (Blumstein et al., 2000).

More neuropsychological data exist for visual prim-

ing. A patient with a right occipital lesion exhibited in-

tact explicit memory but impaired priming for

perceptual identification and within-modality stem

completion (Gabrieli, Fleischman, Keane, Reminger, &

Morrell, 1995). Perceptual identification priming was
impaired in another patient with large bilateral lesions

that included portions of both occipital lobes (Keane,

Gabrieli, Mapstone, Johnson, & Corkin, 1995). An ad-

olescent patient who sustained an early medial/dorsal

occipital lesion that resulted in developmental surface

dyslexia was impaired in visual word stem completion

priming following visual presentation, and showed a

deficit approaching significance after auditory presen-
tation (Samuelsson, Bogges, & Karlsson, 2000). Patients

with damage in right inferior temp–occip cortex did not

show significant priming at intermediate and long delays

in lexical decision (Swick & Knight, 1995) or in word

stem completion (Nielsen-Bohlman, Ciranni, Knight, &

Shimamura, 1997), but the former deficit did not repli-

cate in another study (Yonelinas et al., 2001).

Neuropsychological studies have thus provided some,
albeit conflicting, evidence on the necessity of right ex-

trastriate cortex for visual word priming. The role of left

temp–occip cortex in priming has been examined in

patients with ‘‘pure’’ alexia, or alexia without agraphia

(Carlesimo, Fadda, Sabbadini, & Caltagirone, 1994;

Nielsen-Bohlman et al., 1997; Schacter, Rapscak, Ru-

bens, Tharan, & Laguna, 1990; Swick & Sadil, 1996).

Alexia without agraphia is an acquired inability to read
words that leaves writing skills intact (Damasio &

Damasio, 1983; DeRenzi, Zambolin, & Crisi, 1987).

Words are not perceived as whole entities, but rather are

read letter by letter. Theoretical accounts of alexia have

attributed the reading impairment to different processes.

One model hypothesizes that damage has occurred to a

system that decodes the visual form of words (War-

rington & Shallice, 1980), whereas an alternative sug-
gests that the ‘‘visual word form system’’ is intact but

disconnected from the letter-form analysis system

(Patterson & Kay, 1982). Other models emphasize im-

pairments in early visual processing (Farah & Wallace,

1991) or single letter identification (Arguin & Bub, 1993;

Behrmann & Shallice, 1995). Since a common theme of

most accounts of alexia is that orthographic input is

degraded (Behrmann, Plaut, & Nelson, 1998) or dis-
connected (Bowers, Arguin, & Bub, 1996), priming

studies can reveal more about the nature of the under-

lying lexical representations. Two alexic individuals

(A.L. and E.M.), included in the present study, showed

visual priming deficits in word stem completion (Niel-

sen-Bohlman et al., 1997) and lexical decision (Swick &

Sadil, 1996). However, abnormal baseline performance
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(i.e., letter-by-letter reading) presents difficulties for de-
termining whether a priming deficit in the visual mo-

dality is modality-specific or modality independent.

Because of this confound, auditory repetition priming

was assessed in pure alexic patients with lesions in left

inferior temporal–occipital cortex and the splenium.

The present experiment evaluated implicit memory

for spoken words using lexical decision and word stem

completion tasks as a test of two competing theories of
priming. The PRS hypothesis (Tulving & Schacter,

1990) predicts that the visual priming deficits exhibited

by alexic patients would not be observed when priming

is tested in the auditory modality. According to this

view, visual priming effects are mediated by extrastriate

visual areas, while auditory priming relies on auditory

association areas that are spared in the patients. Alter-

natively, modality-independent models suggest that
repetition priming reflects the temporary modification of

an amodal system. Although alexia is an acquired

reading disorder that is obviously based in the visual

system, the alexic patients do have damage to the left

inferior temporal region described by Buckner et al.

(2000). If this area is a critical component of the system

that supports repetition priming at the level of abstract

lexical representations, then the patients should show
impairments in auditory priming. To distinguish be-

tween these theories, we administered an auditory lexical
Fig. 1. Representative images from the computerized tomographic (A,B) or m

A.L.; (C) E.A.; (D) R.S. These horizontal sections show the lesions in the m

portions of the fusiform, parahippocampal, and lingual gyri (including calcar

callosum. The relative size of the lesions, from smallest to largest, is A.L., R
decision task to four alexic patients. Priming was eval-
uated as a function of delay, and we also examined

whether the patients would show differential effects for

words versus nonwords. A subsequent experiment with

two of the alexic patients examined word stem comple-

tion priming to provide another measure of auditory

implicit memory.
2. Methods

2.1. Subjects

The participants were four patients with focal lesions

of left medial, inferior temporal–occipital (temp–occip)

cortex, posterior hippocampus, and the splenium due to

left posterior cerebral artery (PCA) infarct (Fig. 1). All
four patients presented with the syndrome of alexia

without agraphia, as well as impairments in verbal

memory and confrontation naming (Table 1). The PCA

stroke in E.A. was the most severe, with complete

damage to the left hippocampus, extending dorsally into

white matter regions implicated in global alexia (Binder

& Mohr, 1992; Larsen, Baynes, & Swick, in press). The

patients tested within normal limits on the Western
Aphasia Battery (WAB; Kertesz, 1982) and are not

classified as aphasics of any type (Table 2). The Boston
agnetic resonance imaging (C,D) scans of the patients. (A) E.M.; (B)

edial temporal–occipital region. In all cases, the infarctions damaged

ine cortex), the posterior hippocampus, and the splenium of the corpus

.S., E.M., and E.A.



Table 1

Summary data on each patient for age, years of education (Ed), handedness (Hand), time post-onset, and neuropsychological testing

Patient Age Ed Hand Time post-onset LM I LM II VR I VR II RCPM BNT

E.A. 53 17 R 9 months 9 9 1 5 50 35/60 (1%ile)

A.L. 69 14 R 9.5 years 2 1 94 95 90 30/60 (1%ile)

E.M. 83 18 L 8 years 11 10 38 15 75 35/60 (1%ile)

R.S. 60 15 R 10 weeks 1 1 37 12 25 32/60 (1%ile)

Mean 66.0 16.0 6 5 43 32 69 33/60 (1%ile)

Note. Percentile scores are given for LM I and LM II (WMS-R Logical Memory I and II); VR I and VR II (WMS-R Visual Reproduction I and

II; patients E.A. and R.S. were administered WMS-III); and RCPM (Raven�s Coloured progressive Matrices). Raw (and percentile) scores are given

for BNT (Boston Naming Test).

Table 2

Scores from the Western Aphasia Battery (WAB)

WAB scores Max E.A. A.L. E.M. R.S.

Spontaneous

speech

20 20 20 20 19

Comprehension 200 194 200 200 198

Repetition 100 98 94 95 94

Naming 100 78 90 83 80

Writing 100 97 97 100 80a

aNote that this WAB was taken very acutely for R.S. (one month

after stroke), and his writing improved since then.
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Naming Test (BNT; Kaplan, Goodglass, & Weintraub,

1983) is a more sensitive measure of confrontation

naming abilities, and all did poorly on the BNT. Pa-

tients A.L. and E.M. are chronic letter-by-letter readers

whose accuracy on single-letter identification (500ms

exposure duration) and oral reading of common 3 letter

words (2 s exposure) is in the 90% range. Patient R.S.
was tested more acutely: 3 months after infarct of infe-

rior temp–occip cortex. A second hemorrhagic stroke 2

weeks later caused splenial damage. His accuracy was

84% for letter naming and 56% for 3 letter words (4 s

exposure). E.A. was most severely impaired: her letter

identification was only 20%, and she was unable to read

a single 3 letter word. Table 3 illustrates their reaction

times to make lexical decisions to visually presented
words. Three of the four patients are clearly letter-by-

letter readers: they were 422ms slower to read 4 letter

words than 3 letter words, whereas controls were only
Table 3

Letter length effects in reading obtained during a lexical decision task

for visually presented words, presented with a 5 s exposure duration

Letter length effects (ms)

3-letter 4-letter Diff.

Control 945 950 5

A.L. 3678 4039 361

E.M. 3795 4224 429

R.S. 1870 2346 476

Three of the four patients are classic letter-by-letter readers, as seen

by their RTs for 3 vs. 4 letter words. Patient E.A. is completely unable

to read.
5ms slower. The visual priming abilities of these patients

will be the topic of a separate report.

For Experiment 1, a group of 22 controls (19 R

handed, 3 L handed) were matched for age (mean

68.6� 9.6 years) and education (mean 14.5� 2.3 years)

to the four alexic patients. Only two of the patients

(A.L. and E.A.) were available to participate in Exper-

iment 2. A group of 20 controls (all R handed) were
matched for age (mean 61.8� 9.1 years), but had slightly

less education (mean 13.4� 2.0 years) than these two

patients. All participants were free from dementia,

psychiatric disturbances, and substance abuse. Subjects

were paid for their participation and signed informed

consent statements approved by the Institutional Re-

view Boards of the Martinez Department of Veterans

Affairs and the University of California, Davis.

2.2. Stimuli and procedures

2.2.1. Experiment 1: Lexical decision

Stimuli were spoken words and pronounceable non-

words, 1 or 2 syllables in length. The stimulus list was

constructed for a prior study on reading in alexia (Swick

& Sadil, 1996) and consisted of items 3–4 letters long.
One hundred nonwords were created by altering 1 or 2

letters in real words. One hundred words of moderate to

low frequency were chosen (below 30 occurrences/mil-

lion, Francis & Kucera, 1982), with a mean frequency of

11.24/million. Half of the words were concrete, the other

half were abstract. About 90% of the stimuli were 1

syllable, and 10% were 2 syllables. The stimuli were re-

corded in a quiet room by a female speaker and digitized
at a sampling rate of 22 kHz (16 bits, stereo) by an an-

alogue-to-digital sound card. The mean stimulus dura-

tion was 561ms (568ms for words, 554ms for

nonwords), and the stimulus onset asynchrony was 3 s.

A total of 100 items occurred in a block: 25 words and

25 nonwords, each of which repeated once. Lags (de-

lays) between first and second presentation were 3 s

(0 intervening items, or lag 0), 6–12 s (lag 1–3), and 30–
60 s (lag 9–19).

A short practice list was presented before the four test

blocks were given. Participants listened to the stimuli
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through headphones and were instructed to press the
right button for words and the left button for nonwords,

with equal emphasis on speed and accuracy. A.L., E.A.,

and 12 controls were tested in a sound booth and re-

sponded using their left and right thumbs. E.M., R.S.,

and 10 controls were tested in a quiet room and re-

sponded using their right hands on the numberpad of a

keyboard. This difference in procedure was necessary

because E.M. and R.S. were not able to visit the labo-
ratory for testing. A group of control subjects was

therefore matched to E.M. and R.S. using the same

testing procedures.

2.2.2. Experiment 2: Word stem completion

The stimuli were 100 words of mostly moderate to

low frequency, with a mean frequency of 10.92/million

(Francis & Kucera, 1982). Words were 2–4 syllables in
length (mean¼ 2.19), and each word contained a unique

first syllable that could be completed with at least six

different endings (resulting in at least six different

words). Approximately half of the words denoted con-

crete entities, and half were abstract. The stimuli were

divided into two sets of 50 words each, List A and List

B, that were matched for frequency, number of syllables,

and number of completions. The words were recorded
by a female speaker and digitized. The first syllable was

edited and used as an auditory word stem. These audi-

tory stimuli are a subset of those from the study of

Badgaiyan et al. (1999) and were kindly provided by

Rajendra Badgaiyan. Short practice blocks of 10 trials

were provided before both the study and test tasks, and

these consisted of similar words that were not part of the

experimental stimulus set.
During the study phase, 50 stimuli were presented

through speakers at a rate of 1 word every 3 s. Half of

the subjects received List A, and half received List B.

Forty of the words in each list served as critical items

that were later presented as stems during the test phase.

The study task was to decide whether each of the words

was concrete or abstract. Subjects responded with the
Table 4

Mean reaction times (in milliseconds) and percent priming in the auditory le

Condition Words

Controls Alexics

M SEM M SEM

RT

New 1052.4 30.3 1119.5 53.1

Lag 0 795.6 34.6 752.5 83.4

Lag 1–3 907.8 31.9 1031.4 85.3

Lag 9–19 902.3 31.4 1060.3 64.7

% Priming

Lag 0 24.7 1.8 33.3 4.5

Lag 1–3 13.9 1.4 8.3 3.5

Lag 9–19 14.5 0.8 4.9 6.2
index and middle fingers of their right hand for concrete
and abstract words, respectively. After the study phase,

a 10min visual pre-cuing task (using the general design

of Posner, 1980) intervened and served as a distractor.

The test phase consisted of the auditory stem comple-

tion task. Eighty auditory word stems were presented

once every 5 s. Half of these were from the study list, and

half were from the alternate (unstudied) list. Subjects

were instructed to listen to each syllable and to reply by
completing each stem with the first word that came to

mind. The subjects spoke aloud into a microphone

connected to a voice-activated relay, and their answers

were also recorded on cassette tape. However, the re-

action time data contained too many artifacts to be

useful, so only the stem completion rates are reported.

To obtain more data from the patients, they were

tested twice: once with study list A, and once with study
list B. Five weeks elapsed between the sessions for E.A.,

and three months for A.L. Word stem completion

priming is thought to be a relatively short-lived effect

that reaches baseline levels within 2 h (Squire, Shi-

mamura, & Graf, 1987), and thus retention across such

a long interval would not be expected to contaminate

performance.
3. Results

3.1. Experiment 1: Lexical decision

Reaction time (RT) and accuracy data were initially

analyzed with repeated measures ANOVAs with factors

of group (controls vs. alexics), stimulus type (word vs.
nonword), and condition (new, lag 0, lag 1–3, lag 9–19).

Greenhouse-Geisser corrected p values are reported.

Significant main effects of stimulus type, F ð1; 24Þ ¼
15:08, p < :001, and condition, F ð3; 73Þ ¼ 120:65,
p < :0001, were obtained for RT (taken from correct

responses only). An interaction between stimulus type

and condition was also observed, F ð3; 73Þ ¼ 14:72,
xical decision task

Nonwords

Controls Alexics

M SEM M SEM

1157.0 35.8 1178.9 135.8

824.4 36.4 753.6 124.4

1080.3 42.6 1160.4 154.6

1115.5 34.9 1196.9 137.4

28.8 1.9 36.9 3.8

6.8 1.6 2.0 2.4

3.5 0.9 )1.7 2.9



Table 5

Accuracy (percentage correct) in the auditory lexical decision task

Condition Words Nonwords

Controls Alexics Controls Alexics

M SEM M SEM M SEM M SEM

New 91.1 1.6 84.7 4.1 86.7 2.2 85.1 4.4

Lag 0 94.3 1.4 88.2 4.9 88.8 2.0 90.0 6.7

Lag 1–3 94.7 1.3 85.7 5.1 85.6 2.5 84.3 7.4

Lag 9–19 94.1 1.3 88.1 5.3 86.2 3.1 80.7 5.5
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p < :0001, with greater priming effects for words than

nonwords at the longer delays. The groups did not differ

in overall speed of response (controls: 979ms; patients:

1032ms; F ¼ 0:38), but group interacted with condition,

F ð3; 73Þ ¼ 8:13, p < :002, indicating that priming was

altered in the alexic patients (Table 4). The reliability of

priming effects in the two groups was assessed separately

for each stimulus type with planned comparisons be-
tween new items and items repeated at each of the three

lags. Controls were faster in responding to repeated

stimuli at all delays (words: p�s < .0001; nonwords

p�s < .0001 for lag 0 and lag 1–3, p < :006 for lag 9–19).

For the alexic group, priming was reliable only for im-

mediately repeated stimuli (words: p < :0001; nonwords
p < :005).

Among the individual patients, E.A., A.L., and R.S.
were well-matched with controls for overall RTs (948,

921, and 932ms, respectively), but E.M. was slower

(1326ms), even in comparison to the oldest eight con-

trols (1017ms). Therefore, priming was also expressed as

percent RT facilitation for the three delays, each com-

pared to first presentation (Table 4). Priming was

greatest for immediately repeated stimuli, F ð2; 48Þ ¼
119:98, p < :0001, and showed a steeper pattern of decay
over lag for nonwords compared to words F ð2; 48Þ ¼
13:67, p < :0001. Priming was greater for words than

nonwords at lag 1–3, F ð1; 24Þ ¼ 11:65, p < :003, and lag

9–19, F ð1; 24Þ ¼ 16:68, p < :0005, but nonwords showed
greater facilitation than words at lag 0, F ð1; 24Þ ¼ 5:68,
p < :03. Of critical importance, the lag� group inter-

action, F ð2; 48Þ ¼ 10:87, p < :0001 reflected the altered

pattern of priming exhibited by the alexic patients, who
showed greater priming than controls at lag 0 but less

priming at the two longer lags. The priming decrement

was highly significant for lag 9–19, F ð1; 24Þ ¼ 18:65,
p < :0005, but only showed a slight trend at lag 1–3,

F ð1; 24Þ ¼ 2:53, p < :13. The ‘‘hyperpriming’’ effect at

lag 0 approached significance, F ð1; 24Þ ¼ 3:42, p < :08.1

Accuracy data revealed that participants were most

accurate for immediately repeated stimuli (Table 5). The
percentage of errors tended to be greater for new than

for repeated items, particularly for words. The main
1 Two of the four patients showed greater immediate priming than

controls (A.L., R.S.)
effect of Condition, F ð3; 72Þ ¼ 3:95, p < :02, and the

Stimulus Type�Condition interaction, F ð3; 72Þ ¼ 3:32,
p < :05 were significant. No main or interactive effects of

group were found for accuracy.

3.2. Experiment 2: Word Stem Completion

3.2.1. Encoding Task

Since the present stimulus set was not initially con-

structed with a concrete/abstract encoding task in mind,

some of the words were ambiguous (n ¼ 5), for example

‘‘volume’’ and ‘‘council,’’ and thus either answer was

considered correct. Other words (n ¼ 10) received mixed

ratings from a group of nine subjects who did not par-

ticipate in the experiment, e.g., ‘‘proton’’ and ‘‘cartoon.’’

Nevertheless, analysis of the accuracy data revealed that
the alexic patients (79.4%) were less accurate than the

controls (91.2%) and fell outside the lower 99% confi-

dence interval. The controls were more accurate for

abstract (94.9%) than for concrete words (87.5%),

tð1; 19Þ ¼ 2:60, p < :05, chiefly because of confusing

words like ‘‘vapor’’ and ‘‘octet.’’ The patients were

variable for stimulus type (abstract: E.A. 71%, A.L.

86%; concrete: E.A. 92%, A.L. 68%). For analysis of the
RT data, only correct trials were included. The patients

(1607ms) were slower overall than controls (1438ms),

once again outside the 99% confidence interval. A sig-

nificant effect of stimulus type was observed in controls,

tð1; 19Þ ¼ 2:78, p < :05, with faster responses to concrete

(1389ms) than to abstract words (1487 ms). This ad-

vantage for concrete words was also observed in the

alexics (concrete 1540ms, abstract 1673ms).

3.2.2. Word stem completion priming

Given that the subjects were middle-aged to elderly

adults with varying amounts of hearing loss, we fol-

lowed the procedure of Schacter et al. (1994) and ana-

lyzed the stem completion data in two ways: using the

number of completions out of all items, and number

of completions conditionalized on correct perception of
the word stem. For example, a stem was scored as

misperceived if, for the syllable pronounced ‘‘gray,’’ the

response given was ‘‘crayon.’’ Then the number of mi-

sperceptions was subtracted from 40, and the resulting

number was used to calculate completion rates. The



Fig. 2. Word stem completion performance for controls and two alexic

patients. The baseline guessing rate is hatched, and the error bars in-

dicate standard error of the mean for primed completions.

Table 6

Summary data on each patient and the control group for number of stems completed with studied words, baseline completion (number of unstudied

words given), percent priming based on these numbers (studied–unstudied), and conditionalized percent priming (corrected for misperceived stems)

Stems completed Baseline completion % Priming % Priming

(out of 40) (out of 40) (corrected)

Patient

E.A. 8.00� 7.00 2.5%� 3.3%�

A.L. 4.00� 4.50 )1.3%� )2.1%�

Controls (n ¼ 20)

Mean 10.75 5.65 12.8% 13.0%

SEM 0.68 0.67 1.5 1.6

99% CI 8.8–12.7 3.7–7.6 8.5–17.0 8.5–17.6

For the patients, the mean of two separate sessions is given. The patients were outside the range of the 99% confidence interval (CI) for controls

for number of stems completed and both % priming measures (indicated by �), but not for baseline completions.
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controls misperceived an average of 4.0% of the studied

and 5.6% of the unstudied stems, which was not signif-

icantly different (p > :26). The patients misperceived an

average of 5.6% of the studied and 6.9% of the unstudied

stems, which fell within the range for controls. The re-
sults were the same for both the corrected and the un-

corrected analyses.

Table 6 and Fig. 2 illustrate the basic finding that

stem completion priming was reduced in the patients.

The corrected scores for the controls indicated comple-

tion rates of 27.8% for studied and 14.8% for baseline

stems, tð1; 19Þ ¼ 8:26, p < :001, a highly significant

priming effect. Conversely, corrected scores for the al-
exics were 16.0% for studied and 15.4% for baseline

stems. Baseline completion rates for both A.L. and E.M.

fell within the 99% confidence interval for controls

(Table 6), but their primed completions and percent

priming scores both fell outside this range for controls.

One possible concern is that since the patients scored

poorly on the BNT, they might have difficulty producing

completions for all of the stems within 5 s. This was not
the case for E.A., who responded to 39/40 primed stems

and 39/40 baseline stems during her first session and
gave responses to all 80 stems during her second session.

On average, controls gave responses to 38.5/40 primes

and 38.4/40 of the baseline stems. Patient A.L., by

contrast, only gave completions for 28/40 of the studied

stems and 27/40 of the unstudied stems during his first
session. Therefore, for his second session, we increased

the allotted time to respond from 5 to 10 s. His com-

pletion rate improved dramatically, and he responded to

35/40 primes and 39/40 baseline stems. Note, however,

that his priming rate was actually higher for the first

session, when he completed 12.5% of studied and 8.6%

of unstudied stems with target words (both corrected for

misperceptions), for a priming score of 3.9%. In his
second session, he actually completed fewer of the

studied stems with target words (8.1%) than he did for

the baseline stems (16.2%), resulting in a negative

priming score of )8.1%. Therefore, we argue that his

lowered response rate in the first session did not artifi-

cially depress his level of priming.
4. Discussion

The present experiment observed reductions in audi-

tory repetition priming in patients with an acquired

reading disorder. In the lexical decision task, the pattern

of auditory priming was dependent upon the lag be-

tween the first and second presentations of a stimulus.

Specifically, words and nonwords that were repeated
immediately (with no intervening items) elicited spared

RT benefits in the patients, while stimuli repeated at

longer temporal intervals invoked less priming in the

patients than in the controls. Two of these patients (A.L.

and E.M.) demonstrated the same pattern of priming in

a visual lexical decision task, during which their baseline

RTs were extremely elevated (3967ms vs. 980ms for

controls) due to their letter-by-letter reading (Swick &
Sadil, 1996). Although these preliminary results were

taken as evidence for the preservation of an immediate

visual ‘‘iconic’’ mechanism that decays rapidly, the

ability to generalize about normal visual word priming

mechanisms from deficits in the alexic individuals was
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limited.2 Inferences about priming in the auditory mo-
dality were not subject to this limitation, since auditory

comprehension and lexical decision performance were

intact in the patients.

The alexics also showed diminished auditory priming

in the stem completion task, similar to their priming

deficit in the visual modality for this task (Nielsen-Bo-

hlman et al., 1997). Intact auditory stem completion

performance was previously reported in an alexic patient
(Carlesimo et al., 1994), but visual priming was im-

paired. This individual may have been a surface alexic,

however, instead of a classic letter-by-letter reader, be-

cause a letter length effect was not noted, and he was

unable to discriminate the meaning of homophones.

Another alexic patient showed significant priming in a

modified version of a visual perceptual identification

task (Schacter et al., 1990), but again this individual
showed different symptomology than most other alexics,

including the patients in our study.

Before considering possible interpretations of the re-

sults in the alexics, we examine the effects of lag and

lexicality on priming in the controls. Similar to prior

studies of auditory repetition priming (McKone &

Dennis, 2000; Mimura, Verfaellie, & Milberg, 1997), the

controls showed much greater priming at lag 0 than
when even a few stimuli intervened between presenta-

tions. For words, no further decay in priming was ob-

served after lag 1–3. Nonwords were associated with a

greater immediate priming effect than words, replicating

the finding of Mimura et al. (1997). These authors

suggested that the immediate priming effect has a purely

phonological locus, and that contact with a semantic

representation actually inhibited priming for words in
comparison to nonwords. In contrast, nonword priming

in the controls showed a steep pattern of decay across

lags, which conflicts with previous results (McKone &

Dennis, 2000; Mimura et al., 1997). One explanation for

this discrepancy is that the participants in the present

study were older adults, while the other experiments

tested young adults. Based on the finding of a decline in

visual nonword priming with age (Swick & Knight,
1997), we previously argued that nonword priming may

rely on explicit memory mechanisms to a greater extent

than word priming. Although nonword priming can be

partially supported by word identification mechanisms

due to resemblance to words at the level of orthography

and phonology (Dorfman, 1999), there are no actual

‘‘lexical entries’’ or semantic representations for non-

words. Thus, repetition priming for words relies on an
additional lexical or semantic factor not available for
2 Conversely, one can make the argument that since (1) the failure

to read words and nonwords as entire entities is a reflection of a

damaged/disconnected orthographic input lexicon, and (2) the alexics

showed priming impairments at lags longer than zero, then the

orthographic input lexicon is the locus of visual priming effects.
nonwords, which would lend support to the abstrac-
tionist stance.

The patients showed intact lexical decision priming

effects at lag 0, and also exhibited the lag 0 priming

advantage for nonwords over words. The dissociation

between immediate and longer-term auditory repetition

effects in the patients suggests that different mechanisms

mediate the two types of priming. The immediate

acoustic or phonological representation that underlies
the short-term priming effect was not sufficient to sup-

port longer-term auditory repetition priming. In con-

trast to the alexics, aphasic patients showed the opposite

pattern of results (Blumstein et al., 2000), providing a

double dissociation of auditory repetition priming at

immediate and longer delays.

Next we discuss a number of alternative interpreta-

tions of the priming deficit. Based on the PRS model of
auditory priming (Schacter & Church, 1992; Schacter

et al., 1993), repetition effects for spoken words should be

mediated by (1) abstract phonological representations in

the left hemisphere and (2) voice-specific acoustic infor-

mation in the right hemisphere. The alexic patients do

not show deficits in auditory repetition (repeating spoken

phrases) or phonological processing. From a neuro-

anatomical standpoint, the perceptual priming model
would implicate the surpramarginal and angular gyri of

the left parietal lobe, and the auditory cortex of the right

hemisphere. The alexic patients do not have damage in

the right hemisphere, auditory cortex, or left parietal

cortex. Hence, the standard version of the PRS theory is

not supported by the current results.

Another possibility is that the lesions disrupted pro-

cessing in the ‘‘basal temporal language area’’ in the left
fusiform gyrus (L€uders et al., 1991), which has close

connections with Wernicke�s area. All four alexic indi-

viduals performed quite poorly on the Boston Naming

Test, indicating deficits in naming. This anomia was not

restricted to naming visually presented objects and pic-

tures, but also occurred for objects presented in the

tactile modality and for naming to definition (Swick &

Sadil, 1996; Larsen et al., in press), as has been previ-
ously reported in alexic patients (DeRenzi et al., 1987).

The patients demonstrated intact semantic knowledge of

the objects they could not name, and their anomia was

ameliorated by phonemic cues. Electrical stimulation of

the basal temporal language area produced a marked

impairment of confrontation naming in patients with

epilepsy (L€uders et al., 1991). Neuroimaging studies

have reported activations in this area in response to
auditory word presentation when subjects performed

semantic decision tasks (Binder et al., 1997; Chee,

O�Craven, Bergida, Rosen, & Savoy, 1999), as well as

during picture naming and word reading (Bookheimer,

Zeffiro, Blaxton, Gaillard, & Theodore, 1995). This

same left inferior temporal region showed reduced ac-

tivity during priming for repeated auditory and visual
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word stems (Buckner et al., 2000). It is possible, then,
that the alexics have sustained damage to a processing

system that mediates retention of an amodal implicit

memory trace within the lexical-semantic system.

Thus far, the evidence appears to favor an amodal

locus for long-term auditory priming in the lexical de-

cision and word stem completion tasks. Another possi-

bility draws on the phenomenon of cross-modal

priming, whose mere existence can be used to support
the notion that abstract representations mediate at least

some portion of the priming effect. But another inter-

pretation of cross-modal priming is that rather than

operating on completely amodal lexical entities, per-

ceptual transfer occurs. In this view, visual-to-auditory

priming indicates transfer from orthography to pho-

nology, and auditory-to-visual priming suggests that

spoken words are recoded into their orthographic forms
(McKone & Dennis, 2000). In support of the perceptual

transfer idea, cross-modal auditory-to-visual priming

was enhanced by instructions to imagine the written

appearance of words spoken at study (Roediger &

Blaxton, 1987; Schacter & Graf, 1989), but notable

priming was observed even without these instructions,

which would support the occurrence of automatic

transfer (see also Blum & Yonelinas, 2001).
Recurrent feedback models of word identification

(Rueckl, 1990; Van Orden & Goldinger, 1994), in which

the coupling between orthography and phonology is ‘‘a

two-way street’’ (Stone, Vanhoy, & Van Orden, 1997),

provide a useful framework. In a rhyme priming par-

adigm using auditory word pairs (Leonard & Baum,

1997), control and aphasic participants showed faster

lexical decision times when the pairs were both pho-
nologically and orthographically related (e.g., blood–

flood) than when they were phonologically related but

orthographically unrelated (e.g., seed-bead). This find-

ing provides additional evidence that phonology can

activate orthographic representations. Consequently, a

third priming model maintains that visual imagery and/

or the covert activation of orthographic representations

may actually play a role in auditory priming. If this
process is an integral component of an implicit memory

system for spoken words in certain types of priming

tasks (e.g., lexical decision and stem completion), and if

the activation of visually-based, whole-word orthogra-

phy from auditory input is compromised, then the pa-

tients would show decrements. However, results from

the rhyme priming paradigm described above suggest

that the alexics can access orthography from spoken
words (Miller & Swick, 2003), although retention of

this information was only tested over a short delay in

that study. The current results do not allow us to dis-

tinguish whether the representations that underlie

priming are abstract but modality-specific or com-

pletely amodal (modality-independent). A critical

question for the future is whether nonalexic patients
with similar lesions in left inferior temp–occip cortex,
including basal temporal language areas but sparing the

splenium, would be impaired in auditory priming. This

would help determine the relative importance of the

basal temporal language area per se, versus alexia and

damage to the orthographic processing system, in the

reduction of the longer-term auditory repetition effect.

Anomic patients with left inferior frontal lesions

showed intact priming in the visual modality for word
stem completion (Shimamura, Gershberg, Jurica,

Mangels, & Knight, 1992) and lexical decision tasks

(Swick, 1998), so the symptom of anomia itself is not

sufficient to cause the impairment in repetition priming.

Another line of inquiry will be to examine the perfor-

mance of the alexics in auditory priming tasks in which

any cross-modal activation of orthography is irrelevant

to performance. Identification of filtered or noise-
masked words is the most perceptually based auditory

priming test, dependent on the acoustic and phono-

logical properties of spoken words, and thus predicted

to be intact in the alexics. Priming in a semantic deci-

sion task, which requires access to word meaning,

might activate orthographic representations to a lesser

extent than lexical decision, and therefore may show

greater sparing if access to a visual word form is an
important factor. Likewise, the repeated generation of

verbs in response to nouns (Buckner et al., 2000) might

rely on orthography to a lesser degree than word stem

completion. In summary, we obtained evidence that au-

ditory priming in lexical decision and word stem com-

pletion does not rely on perceptually-based mechanisms

within the auditory system. Instead, an amodal (or multi-

modal) lexical system in left inferior temporal–occipital
cortex was a critical neural substrate. The fact that audi-

tory repetition priming was impaired in patients with

alexia lends support to models of priming that incorpo-

rate multiple loci and task-specific effects (Bentin &

Moscovitch, 1988; Rueckl, 1990; Vaidya et al., 1997).
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