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Abstract: The language profile of patients suffering from Alzheimer’s disease (AD) is characterized not
only by lexicosemantic impairments but also by phonological deficits, as shown by an increasing num-
ber of neuropsychological studies. This study explored the functional neural correlates underlying pho-
nological and lexicosemantic processing in AD. Using Hj;50 PET functional brain imaging, a group of
mild to moderate AD patients and a group of age-matched controls were asked to repeat four types of
verbal stimuli: words, wordlike nonwords (WL+), non-wordlike nonwords (WL—) and simple vowels.
The comparison between the different conditions allowed us to determine brain activation preferentially
associated with lexicosemantic or phonological levels of language representations. When repeating
words, AD patients showed decreased activity in the left temporo-parietal and inferior frontal regions
relative to controls, consistent with distorted lexicosemantic representations. Brain activity was abnor-
mally increased in the right superior temporal area during word repetition, a region more commonly
associated with perceptual-phonological processing. During repetition of WL+ and WL— nonwords,
AD patients showed decreased activity in the middle part of the superior temporal gyrus, presumably
associated with sublexical phonological information; at the same time, AD patients showed larger activa-
tion than controls in the inferior temporal gyrus, typically associated with lexicosemantic levels of repre-
sentation. Overall, the results suggest that AD patients use altered pathways to process phonological
and lexicosemantic information, possibly related to a progressive loss of specialization of phonological
and lexicosemantic neural networks. Hum Brain Mapp 30:185-199, 2009.  ©2007 Wiley-Liss, Inc.
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Alzheimer’s disease (AD) is a common degenerative dis-
order characterized by a progressive decline of multiple
cognitive functions. Language is among the functions
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impaired in the most early stages of AD. Many studies
have found AD patients to have difficulties with tasks
involving lexicosemantic knowledge such as picture nam-
ing, semantic categorization, or semantic priming, and per-
formance on these tasks typically decline with progress of
disease [Garrard et al., 2001; Giffard et al., 2002]. Although
phonological processing was initially thought to be pre-
served in AD, mainly on the basis of spontaneous speech
reports [Nicholas et al., 1985], more detailed assessments
have reported impaired phonological abilities in even mild
AD patients. For instance, consistent difficulties have been
described in phoneme discrimination, letter fluency, or sin-
gle nonword repetition tasks [Croot et al.,, 2000; Glosser
et al., 1997, 1998].

While a number of neuroimaging studies have explored
phonological and lexicosemantic processing in healthy
young populations in considerable detail [Vigneau et al.,
2006], relatively few have investigated the neural sub-
strates of language processing in AD patients. With respect
to lexicosemantic deficits in AD, neuroimaging studies
using positron emission tomography (PET) or structural
magnetic resonance imaging (MRI) techniques have inves-
tigated correlations between behavioral performance on
semantic tasks and brain metabolism or structure in AD
patients. These studies have shown that the extent of the
semantic impairment correlates with reduced resting state
brain metabolism or cortical atrophy located in the left lat-
eral temporal, inferior parietal, or medial occipital areas
[Desgranges et al., 1998, Grossman et al., 2003; Hirono
et al., 2001; Zahn et al., 2004]. Furthermore, an fMRI study
investigated semantic processing in AD patients by mea-
suring hemodynamic brain responses during a pleasant-
ness judgment task for printed words [Grossman et al.,
2003]. The results confirmed that AD patients showed sig-
nificantly less recruitment of the left temporoparietal, lat-
eral frontal, and occipital areas during the task, while at
the same time there was greater recruitment of the left in-
ferior temporal cortex, relative to healthy elderly subjects.
Few data are available regarding the neural bases of phono-
logical processing in AD. Harasty et al. [2001] documented
two cases of autopsy-confirmed severe AD patients, one
with prominent phonological disturbances and the other
with more typical semantic deficits. Their results showed
that the patient with a selective phonological deficit had a
severe neuronal loss in the vicinity of Broca’s area (area 45)
and the anterior and posterior insula, as well as a lesion in
the superior temporal gyrus. The authors interpreted these
data as suggesting that the neuronal atrophy of the insula,
together with the loss of receptive phonological processing
capacities in the superior temporal gyrus, may have crucially
impaired the linking, coordinating, and controlling aspects of
phonological production.

Two limitations, however, make the interpretation of
these findings uncertain. First, many of the studies men-
tioned earlier used correlation analyses between language
performance measured outside the scanner and resting
brain metabolism. It is possible that elderly controls and AD

patients are differentially engaged in semantic processing
during the resting state, and thus the correlations observed
could reflect this differential engagement in semantic proc-
essing during resting state rather than genuine hypometabo-
lism of the semantic processing areas [Binder et al., 1999].
Therefore, activation studies, in which the brain activity of
participants is measured while directly performing a precise
cognitive task represent a more direct approach to investi-
gate the specific brain regions used by AD patients when
they are actively processing phonological or lexicosemantic
material. A further concern is the fact that the language
tasks used in the aforementioned studies involved metalin-
guistic decision processes (e.g., pleasantness judgments).
The hypometabolic areas highlighted in these studies could
be related, at least partially, to the decline in metalinguistic
rather than basic linguistic cognitive performance. Conse-
quently, it is important to specifically investigate the neural
substrates of phonological and lexicosemantic representa-
tions in AD patients by eliminating, as far as possible, the
intervention of metalinguistic processes, such as decision,
evaluation, or monitoring processes.

In activation studies, phonological and lexicosemantic
representations can be accessed by contrasting the pattern
of brain activity when processing word and nonword stim-
uli in very basic tasks, such as passive listening or imme-
diate repetition. Immediate repetition paradigms have in
fact been extensively used in psycholinguistic research to
explore the structure of phonological and lexical represen-
tations. These studies have typically shown faster and
more accurate performance for the repetition of words
than for nonwords [the “lexicality effect”; Hulme et al.,
1991; Vitevitch and Luce, 1998; Vitevitch et al., 1999]. This
advantage has been attributed to the recruitment of lexico-
semantic knowledge during word but not nonword repeti-
tion. Most interestingly, even repetition performance for
nonword lists is influenced by the activation of sublexical
language knowledge; this knowledge concerns the statisti-
cal properties of possible phoneme co-occurrences in a
given language. Indeed, repetition of lists of nonwords
containing phoneme co-occurrences that are frequent in
native language phonology (highly wordlike stimuli) is
faster and more accurate than repetition of nonwords com-
posed of infrequent phoneme combinations (less wordlike
stimuli) [see Gathercole et al., 1999; Majerus et al., 2004;
Vitevitch and Luce, 1998 for a description of this “phono-
tactic frequency effect”]. At a behavioral level, these lexi-
cality and phonotactic frequency effects have been
reported to be relatively preserved in AD [Peters et al.,
2007]. However, this does not necessarily imply that the
neural networks that subserve the processing of words
and nonwords do not differ between AD patients and
healthy elderly subjects.

In the present PET study, we explored this issue by
administering single word and nonword repetition condi-
tions to AD patients and age-matched control participants;
the nonwords were of two types: highly wordlike or less
wordlike. Brain activation, measured during repetition for
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the three stimulus conditions, was compared to explore
the neural substrates related to lexicosemantic and phono-
logical levels of representation. In addition, random effect
statistical analyses were used in order to ensure intersub-
ject consistency of results. On the basis of studies in
healthy young participants, we know that lexicosemantic
levels of language processing (e.g., when comparing word
to nonword processing) involve the activation of mainly
left-sided regions in the middle and inferior temporal cor-
tices, the inferior parietal (angular) cortex, temporoparietal
junction, and the inferior frontal and dorsal prefrontal
regions [Binder et al., 1996, 1997; Demonet et al., 1992,
1994; Howard et al., 1992; Majerus et al.,, 2002; Perani
et al., 1996; Price et al., 1996; Scott et al., 2000]. By contrast,
brain regions underlying (sublexical) phonological levels
of language processing are primarily located in the left (or
bilateral) superior temporal area, and more specifically in
the superior temporal sulcus and the posterior superior
temporal gyrus; these regions are activated when partici-
pants listen to both meaningful and meaningless speech
(e.g., nonwords), but not when listening to acoustically
matched nonverbal sounds [Binder, 2000; Binder and Price,
2001; Binder et al., 2000; Burton et al., 2000, 2005; Demonet
et al., 1992, 1994; Hickok and Poeppel, 2000; Jacquemot
et al., 2003; Jancke et al., 2002; Majerus et al., 2002;
Mazoyer et al., 1993; Mummery et al., 1999; Perani et al.,
1996; Poldrack et al., 2001; Specht and Reul, 2003]. In our
study, on the basis of available neuroimaging studies that
have studied language processing in AD, we expected
decreased activation in left temporoparietal areas, as well
as in the left lateral frontal cortex when AD patients had
to repeat words and activate lexicosemantic levels of lan-
guage representation [Desgranges et al.,, 1998; Grossman
et al., 2003, 2004; Zahn et al., 2004]. With respect to phono-
logical processing, we expected decreased activity (com-
pared to elderly controls) in the posterior superior tempo-
ral gyrus and Broca’s area when AD patients had to repeat
nonwords, in line with previous structural neuroanatomi-
cal findings [Harasty et al., 2001].

MATERIALS AND METHODS
Subjects

A group of 10 patients suffering from AD (8 women and
2 men; aged 63-82 years) and a group of 12 healthy elderly
controls matched for age (10 women and 2 men; aged 62—
85 years) and for educational level (number of years of
education; AD group’s mean: 10.8; control group mean:
11.33; (1, 20) = 0.38, P > 0.05) gave their written informed
consent to take part in this study, which was approved by
the Ethics Committee of the Faculty of Medicine of the
University of Liege and conforms with “The Code of
Ethics of the World Medical Association” (Declaration of
Helsinki). All subjects were native French-speakers and
had normal auditory acuity as measured by tonal audiom-
etry testing. The diagnosis of AD was established by an

experienced neurologist (E.S.) based on a semistructured
interview with the patient and a relative, Mini-Mental
State Examination (AD group mean: 18.1), and neurologi-
cal and neuropsychological examinations, according to
National Institute of Neurological and Communicative Dis-
orders and Stroke/AD and Related Disorders Association
criteria [McKhann et al., 1984]. Structural imaging showed
mild cerebral atrophy only, and a few patients had a mild
degree of leukoaraiosis. The elderly volunteers had no his-
tory of alcohol abuse, psychotropic drug use, or psychiatric
disorders. They were recruited on a voluntary basis and
received a small hourly fee for compensation. The Demen-
tia Rating Scale [Mattis, 1973] was administered to all sub-
jects. Each control subject performed above the cutoff score
of 130 at the Mattis scale (AD group mean: 117.7 (100-
129); control group: 142.2 (134-144)). Lastly, the mean
duration of disease in AD group was 3.5 years.

Cognitive Tasks

In this study, four different conditions were adminis-
trated to the subjects: word condition [W], highly wordlike
nonword condition [WL+], less wordlike nonword [WL—],
and a reference (baseline) condition [vow]. In the reference
condition, in order to minimize the amount of verbal con-
tent, subjects were simply asked to repeat pairs of identical
vowels. Four vowels were used: /a/-/a/, /i/-/i/, /o/-/
o/, and /u/-/u/. For the other three conditions, three lists
of disyllabic stimuli were created: 50 words, 50 highly
wordlike nonwords, and 50 less wordlike nonwords. Each
stimulus had the same consonant (C) —vowel (V) structure:
CVCCVC. The WL— nonwords were constructed using CV
and VC diphones that are quite rare in French, and had no
lexical neighbors' (e.g., in the nonword |fuglof§| the
diphones | ful, |ug| |1e| and |of | are not very frequent in
French, and this nonword has no lexical neighbor in
French, see Table I and Appendix A). On the other hand,
the WL+ nonwords contained CV and VC diphones that
are quite frequent and, whereas the mean number of lexi-
cal neighbors was also very low in WL+ nonword condi-
tion, and this was significantly greater than in the WL—
nonwords condition (e.g., in the nonword |patlon| the
diphones |pa|, |at , |12]|, and are very frequent in French,
and this nonword has two lexical neighbors: “patronne” and
“pateline”). The diphone frequencies were taken from a pho-
netic database of French created by Tubach and Boé [1990].
This database was developed on the basis of a phonetic tran-
scription of formal and informal conversations between
French-speaking subjects. There was a significant difference in
summed diphone frequency counts for the syllables of the
wordlike+ versus wordlike-nonwords (4444.7 vs. 297.1), F(1,
147) = 91.4, P < 0.0001, but no difference in summed diphone

'Lexical neighborhood was defined as the number of existing
words that differed from the nonword by the substitution, dele-
tion, or addition of a single phoneme [e.g., Vitevitch and Luce,
1999].
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TABLE I. Mean summed diphone frequency counts,
mean number of lexical neighbors, and stimulus
duration for the word and nonword lists used

Summed Mean number
diphone of lexical Mean spoken
frequency® neighbors® duration (ms)
Words 4530.7 1.21 1290.6
Wordlike + 4444.7 0.16 1294.7
nonwords
Wordlike — 297.1 0.00 1291.9
nonwords

“Diphone frequency counts are derived from a database of French
phonology by Tubach and Boe [1990].

P Mean number of lexical neighborhood are derived from “Lexique
2,” a french lexical database by New et al. [in press].

frequency counts for the syllables of wordlike+ nonwords ver-
sus words (4444.7 vs. 4530.7), F(1, 147) = 0.46, P > 0.05. The
stimuli were recorded by a trained native French speaker. All
stimuli were spoken in isolation. The stimuli were digitized at
a sampling rate of 22,050 Hz. All stimuli were edited into indi-
vidual files and stored on a computer disk. There were no sig-
nificant differences in mean stimulus duration for the different
stimulus lists: words vs. WL+ nonwords (1,291 vs. 1,294 ms),
F(1,147) < 1, P = 0.84, and WL+ vs. WL— nonwords (1,294
vs. 1,290 ms), F(1, 147) < 1, P = 0.80. Stimulus presentation
was controlled via

E-Prime beta software (Psychology Software Tools, 2000) in-
stalled on a PC computer.

The stimuli were presented through headphones at a
comfortable amplitude output level (~80 dB). Moreover,
practice trials for each stimulus condition were adminis-
tered before the start of the experimental session in order
to familiarize the participants with the task requirements.
During the experiment, each subject was given two blocks
of 25 words, two blocks of 25 WL+ nonwords, two blocks
of 25 WL— nonwords, and two blocks of a vowel repeti-
tion condition. Before each block, subjects were told which
type of stimulus they would hear and were instructed to
repeat the stimuli as quickly and accurately as possible.
The subjects were explicitly informed about the nature of
the stimuli they would hear (and two examples were given
to them) in order to avoid lexical search processes when
presenting nonwords at a time when they might have
been expecting to hear words. In each block, the stimuli
were presented at a rate of one item every 4 s. The order
of presentation of the blocks and of the stimuli within
each block was pseudorandomized. Behavioral data were
collected by recording the subjects’ responses via a digital-
to-analogue tape recorder connected to a microphone;
response latencies (time between the onset of the stimulus
and the onset of the subjects’ responses) were recorded via
a second microphone, installed 10 cm from the participants
head, and connected to E-Prime software. The percentages
of correct responses and the mean reaction times were cal-
culated for each block and then averaged for each list con-

dition. Lastly, we also computed the proportion of four
different types of errors: phonological errors (responses
that share 50% or more of their phonemes with the corre-
sponding target item), neologisms (responses sharing less
than 50% of phonemes with the target item), lexicalizations
(the target nonword being replaced by a real word), and
omissions (absence of oral response).

PET Scanning

PET data were acquired on a Siemens CTI 951 R 16/31
scanner in 3D mode. The subject’s head was stabilized by
a thermoplastic facemask secured to the head holder
(TruScan Imaging, Annapolis, MD), and a venous catheter
was secured in a left antebrachial vein. First, a 20-min.
transmission scan was acquired for attenuation correction
using three rotating sources of 68Ge. Then, regional cere-
bral blood flow, taken as a marker of local neuronal activ-
ity [Jueptner and Weiller, 1995], was estimated during
eight emission scans. Subjects were scanned with eyes
closed and room light dimmed. Each scan consisted of two
frames: a 30-s background frame and a 90-s acquisition
frame. The slow intravenous radiolabeled water (H,'°0)
infusion began 10 s before starting the second frame. Six
mCi (222 MBq) in 5 ml saline was injected over a period
of 20 s for each scan. The infusion was totally automated
in order not to disturb the subject during the scanning
period. Data were reconstructed using a Hanning filter
(cutoff frequency: 0.5 cycles/pixel) and corrected for
attenuation and background activity. Each experimental
task (block) corresponded to one acquisition and started
10 s before the second frame.

Data Analysis

Data were transformed and analyzed using SPM2 soft-
ware (Wellcome Department of Cognitive Neurology,
Institute of Neurology, London, UK) implemented in
MATLAB (Mathworks, Sherborn, MA). First, spatial trans-
formations were performed to accommodate within-subject
head movement in scan replications and intersubject dif-
ferences in gyral and functional anatomy. For each subject,
all scans were realigned together, and then normalized to
a standard PET template [Friston et al., 1995]. Spatial regis-
tration and normalization of images conform to the space
defined by the ICBM-NIHP-20 project, and approximate
that of the space described in Talairach and Tournoux’s
stereotaxic atlas [Talairach and Tournoux, 1988]. Finally,
PET images were smoothed using a Gaussian kernel of 16-
mm full width at half maximum.

Statistical analyses on imaging data were conducted
using the random effect model (Holmes and Friston, 1998).
The random effect model is a two-step procedure, based on
the approach using mean summary statistics on repeated
measures [Frison and Pocock, 1992] applied to accommo-
date both interindividual and intraindividual variability
in PET data. It requires all members of the population
to show this effect, such that its expectation is greater than
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under the null hypothesis. At the first step, PET data were
analyzed separately at a within-subject level using standard
subtraction analyses. Because a separable model is required
to allow subsequent modeling of the between-subject var-
iance, the adjustment for one subject was made independ-
ent from other subjects by using an ANCOVA adjustment
of the global activity. In addition, the mean accuracy score
for each stimulus condition was entered as a covariate
in the model in order to control for possible differences
in response accuracy between word and nonword condi-
tions, and between AD and control groups [Glosser et al.,
1997].

At this step, the comparison of brain activity between the
different stimulus conditions allowed us to isolate brain
regions preferentially associated with lexicosemantic or
phonological levels of representation in AD. For lexicose-
mantic knowledge, we performed two contrasts comparing
brain activation between the word and nonword repetition
conditions in each elderly control and each AD participant
separately: word versus WL+ nonword ([W vs. WL+]),
word versus WL— nonword ([W vs. WL—]). Then, three
other contrasts were performed to highlight the cerebral
areas associated to phonological knowledge in each partici-
pant: WL+ nonword versus vowel repetition ([WL+ vs.
VOW]), WL— nonword versus vowel repetition ((WL— vs.
VOW]), and WL+ nonword versus WL— nonword ((WL+
vs. WL—]). The resulting estimates (contrast images) fitted
the within-subject component of the variance and could
then be used for a subsequent second-level analysis, in
which the between-subject variance was taken into account.

At the second level, between-subject analyses were per-
formed with identical contrasts across stimuli to highlight
the brain areas in which activity specifically underlay the
processing of each stimulus type within each group: con-
trol group: ([Controlw-wi+], [Controly-wr-], [Con-
trolwr + ~vowl, [Controlwr,—~vowl], and [Controlwy +~wr-]);
and AD group: ([ADw-wr+], [ADw-wr-1, [ADwr+~vowl,
[ADwi—~vowl], and [ADywy+-wr—-]). Finally, we conducted
interaction analyses in order to determine which brain
regions were differentially activated in the AD and control
groups, as a function of stimulus condition ([(ADw-wr+)
vs. (Controlw-wr+)], [(ADwswr-) vs. (Controlw-wr-)],
[(ADwr+>vow) vs. (Controlwr+svow)l, [(ADwr->vow)
vs. (Controlwy--vow)], and [(ADwr+-wr—) vs. (Con-
trolwr+>wr—)]). For all analyses, the resulting set of voxel
values for each contrast constituted a map of the ¢ statistic,
SPM(T), thresholded at P < 0.001 (uncorrected). In addi-
tion, the mean difference of accuracy scores between list
conditions was entered as a covariate in the corresponding
contrast in order to control for possible differences in
response accuracy between AD and control groups. An in-
clusive masking procedure was also applied for all interac-
tion analyses. The masking procedure ensured that the
resulting map of voxels was restricted to the areas acti-
vated for the two separate contrasts entering the interac-
tion term; the inclusive mask was thresholded at P < 0.05.
Then, small volume correction (SVC) was applied (using P

< 0.05, corrected) on published coordinates for a priori
brain regions considered to be involved in either phono-
logical or lexicosemantic processing. For lexicosemantic
knowledge, a 10-mm radius spherical volume was used
centered on [(—55, 14, —21); Majerus et al., 2002] for the
anterior superior temporal sulcus, [(—54, —48, —6), Davis,
2004] for the posterior middle temporal gyrus, [(—61, —22,
—17), Majerus et al, 2002] for the inferior temporal
gyrus, [(—47, —83, 25), Binder et al., 2005] for the inferior
parietal lobule (angular gyrus), and [(—45, 35, —4), Binder
et al.,, 1996] for the inferior frontal gyrus [Binder, 2000;
Binder et al., 1996, 1999, 2005; Demonet et al., 1992, 1994;
Howard et al., 1992; Majerus et al.,, 2002; Perani et al.,
1996; Petersen et al., 1988; Price et al., 1996; Scott et al.,
2000]. Similarly, a priori regions of interest for phonologi-
cal levels of representation were based on previous
studies of sublexical phonological processing of speech:
SVC was centered on [(—60, —4, —10) and (66, —12, 0),
Scott et al., 2000] for the bilateral superior temporal sulci
and [(—53, —43, 6) and (56 —30 4), Binder et al., 2000] for
the bilateral posterior superior temporal gyri [Binder, 2000;
Binder and Price, 2001; Binder et al., 2000; Burton et al.,
2000, 2005; Demonet et al., 1992, 1994; Hickok and Poep-
pel, 2000; Jacquemot et al., 2003; Jancke et al., 2002; Maje-
rus et al, 2002; Mazoyer et al., 1993; Mummery et al,,
1999; Perani et al., 1996; Poldrack et al., 2001; Specht and
Reul, 2003].

RESULTS
Behavioral Performance

We performed a mixed ANOVA with group condition
(Controls vs. AD) as between-subject factor and list condi-
tion (W vs. WL+ vs. WL—) as within-subject factor. First,
mean proportion of correct responses was used as a de-
pendent variable. Mean scores are summarized in Table I
The results revealed significant main effects for the group
(F(20,1) = 32.2, P < 0.0001; Controls > AD) and list condi-
tions (F(40,2) = 222.9, P < 0.0001; W > WL+ > WL-). In
addition, a significant interaction was found (F(40, 2) =
12, P < 0.0001). Tukey’s post hoc comparisons showed
that performance in the word condition was similar
between control and AD groups (P > 0.05), but the control
group had higher scores than the AD group for WL+ (P
< 0.01) and WL— nonword lists (P < 0.05). As mentioned
in the Methods section, these group and condition-related
differences in performance were accounted for in the
brain imaging analyses by introducing the behavioral
scores as covariates. A second mixed ANOVA was con-
ducted with reaction times as dependent variable. The
results revealed a main effect of list condition (F(40, 2) =
56.84; P < 0.05; Words < WL+ = WL-), whereas the
main effect of group and the interaction between group
and list conditions were not significant (F(1, 20) = 0.001;
P > 0.05 and F(2, 40) = 0.789; P > 0.05, respectively), sug-
gesting that reaction times varied across list conditions
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TABLE Il. Task performance

AD Controls
Words
Correct responses 0.85 (0.06) 0.96 (0.03)
Incorrect responses
Phonological errors 0.86 (0.17) 0.95 (0.06)
Omissions 0.11 (0.13) 0.05 (0.12)
Neologisms 0.04 (0.08) 0 (0)
Lexicalizations 0 (0) 0 (0)
Wordlike+ nonwords
Correct responses 0.49 (0.12)* 0.80 (0.11)
Incorrect responses
Phonological errors 0.95 (0.05) 0.99 (0.03)
Omissions 0.03 (0.06) 0.01 (0.03)
Neologisms 0.02 (0.03) 0 (0)
Lexicalizations 0 (0) 0 (0)
Wordlike— nonwords
Correct responses 0.36 (0.14)* 0.59 (0.13)
Incorrect responses
Phonological errors 0.85 (0.11) 0.95 (0.05)
Omissions 0.03 (0.05) 0.01 (0.02)
Neologisms 0.12 (0.10) 0.04 (0.05)
Lexicalizations 0 (0) 0 (0)

Mean percentage of correct responses (standard deviation) in the
repetition tasks as a function of list condition in a group of 12
healthy elderly participants (Controls) and 10 patients with
Alzheimer’s disease (AD).

?Significant group difference (P < 0.05) after Tukey’s post hoc
multiple comparisons.

but similarly in AD and control groups. Lastly, we also
performed separate mixed ANOVAs with the proportion
of error types as dependent variable (phonological errors,
omissions, and neologisms); given the very low propor-
tion of lexicalization errors, these were not included in
this analysis. For phonological errors, the results revealed
a main effect of group (F(20, 1) = 5.27; P < 0.05; Controls

> AD) and a main effect of list conditions (F(40, 2) = 3.89;
P < 0.05; WL+ > Words = WL-), but no significant inter-
action (F(40, 2) = 0.01; P > 0.05). There was also a signifi-
cant main effect of group (AD > Controls) and a main
effect list condition (WL— > Words = WL+) for the pro-
portion of neologisms, but no interaction between group
and list conditions. Concerning the proportion of omis-
sions, the analyses revealed a main effect of list conditions
(Words > WL+ = WL-) but no effect of group and no
significant interaction. Generally, these results indicate
that the same profile of errors was observed in both
groups of subjects (a predominant proportion of phono-
logical errors over other types of errors), although the
responses in AD group were slightly more distorted than
in the control group (as evidenced by a slightly greater
proportion of neologisms; Table II).

Imaging Results
Differential effects

Lexicosemantic contrasts. For lexicosemantic knowledge,
we performed two contrasts comparing brain activation
between the word and nonword repetition conditions,
separately for the elderly control group and the AD group
(W > WL+], [W > WL-]). In the W > WL+ contrast,
the control group showed increased activation in the left
angular gyrus. Moreover, contrasting words and WL—
nonwords in the control group [W > WL—] revealed
increased brain activity in two distinct areas of the left
middle temporal gyrus (posterior and anterior parts), in
the left inferior temporal gyrus and in the left inferior pre-
frontal cortex. In the AD group, comparison of brain acti-
vation for words and WL+ nonwords did not elicit any
significant activation at the statistical thresholds chosen
here. However, the right inferior temporal gyrus was sig-

TABLE lll. Differential effects: Lexicosemantic contrasts

Stereotaxic coordinates

Brain areas Hemisphere Cluster Brodmann area Z-value X Y V4
Words > wordlike + nonwords
Controls
Angular L 38 39 4.05 —48 —80 32
AD
No significant activation
Words > wordlike— nonwords
Controls
Inferior prefrontal L 26 47 3.96 —44 38 —-16
Posterior middle temporal L 63 21 3.81 —42 -32 —4
Middle temporal L 31 21 3.61 =50 —-10 —-18
Inferior temporal L 15 20 3.39 —64 -6 -30
AD
Inferior temporal R 202 20 4.42 54 —14 -20
Inferior temporal R 59 20 4.36 46 —34 —20

Locus and extent of peak activations after subtraction analysis related to lexicosemantic knowledge: Word Condition minus Nonwords
Conditions (wordlike+ nonword and wordlike— nonword repetition) in a group of 12 healthy elderly participants (Controls) and 10

patients with Alzheimer’s disease (AD).
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TABLE IV. Differential effects: Phonological contrasts

Stereotaxic coordinates

Brain areas Hemisphere Cluster Brodmann area Z-value X Y zZ
Word-like+ nonwords > vowels repetition
Controls
Inferior prefrontal L 958 47 3.55 —44 26 0
Temporoparietal junction L 958 22 3.78 —62 -14 10
Superior temporal L 958 22 4.62 —66 =10 0
Superior temporal R 547 22 4.28 65 —-10 2
AD
Superior temporal L 47 22 3.46 —62 -2 -2
Superior temporal R 77 22 3.81 54 -12 8
Middle temporal R 114 21 3.83 58 2 —24
Word-like— nonwords > vowels repetition
Controls
Inferior prefrontal L 58 47 3.50 -52 18 —4
Temporoparietal junction L 32 42/40 3.61 —34 —28 22
Superior temporal L 114 21/22 3.71 =70 —14 —6
Superior temporal R 14 22 3.37 62 —-18 6
AD
Inferior precentral L 204 6 4.19 —54 8 20
Central L 183 4 4.60 =50 -8 42
Temporoparietal junction L 463 22 4.25 —44 —38 16
Middle temporal L 200 21 4.53 =70 —14 -12
Superior temporal R 172 38 4.29 52 6 -6
Wordlike + nonwords
Controls
Superior temporal L 91 22 424 =50 —54 16
Inferior temporal L 86 20 412 —58 —-18 —26

AD
No significant activation

Locus and extent of peak activations after subtraction analysis related to phonological knowledge: nonword conditions (Wordlike+ and
Wordlike— nonwords) minus vowels repetition condition, and Wordlike+ nonword condition minus Wordlike— nonword condition in
a group of 12 healthy elderly participants (Controls) and 10 patients with Alzheimer’s disease (AD).

nificantly more activated in AD patients when comparing
the word and WL— nonword conditions (Table III).
Phonological contrasts. In both groups, comparison of the
two nonword conditions relative to the vowel condition
[WL+ > Vow, WL— > Vow] revealed increased activity in
the anterior and middle portions of the superior temporal
gyrus bilaterally and the left temporoparietal junction (see
Table III). In the control group, additional activation foci
were found in the left inferior prefrontal gyrus, whereas in
the AD group, WL+ nonwords [WL+ > Vow] yielded addi-
tional activation in the anterior portion of the right middle
temporal gyrus. In the control group, the posterior part of
the left superior temporal gyrus and the left inferior temporal
gyrus were more activated when comparing WL+ and WL—
nonwords. In the AD group, the same contrast did not reveal
any significant activation at the statistical thresholds chosen
(Table IV).

Interaction analyses

Lexicosemantic contrasts. Peak activations of interaction
analyses are summarized in Table V. Relative to the con-
trol group, the AD group showed decreased activation in
a number of language areas including the left temporopar-

ietal junction, the left superior and middle temporal gyri,
and the left inferior frontal gyrus [(AD < Control) for (W
> WL-)]. AD patients also showed additional decrease of
activation in the right inferior precentral gyrus compared
to controls [(AD < Control) for (W > Vow)]. Conversely,
AD patients activated more the right superior temporal
gyrus than controls when the word condition was com-
pared to the WL+ nonword condition [(AD > Control) for
(W > WL+); Table V, Fig. 1].

Phonological contrasts. Three interaction analyses were
performed to investigate phonological levels of representa-
tion [WL+ > Vow; WL— > Vow; WL+ > WL-]. The
results indicated decreased brain activity in the AD group
relative to the control group in the left superior and middle
temporal gyri when comparing Wordlike+ and wordlike-
nonwords [(AD < Control) for (WL+ > WL-)]. When
comparing the WL+ and Vow conditions, the results also
showed less activity in the right inferior precentral gyrus in
the AD group compared to the control group. At the same
time, when AD patients processed WL— nonwords, the
task elicited stronger brain activation in the left inferior
temporal gyrus than in the control group [(AD > Control)
for (WL— > Vow); Table VI, Fig. 2].
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TABLE V. Interaction effects: Lexicosemantic representations

Stereotaxic coordinates

Brain areas Hemisphere Cluster Brodmann area Z-value X Y V4
Words vs. wordlike+ nonwords
AD < Controls
No significant activation
AD > Controls
Superior temporal R 51 22 3.99 60 4 —4
Words vs. wordlike— nonwords
AD < Controls
Inferior frontal L 56 47 3.61 —42 38 0
Temporoparietal junction L 491 22/39 4.63 —42 —34 10
Posterior superior temporal L “ 22 3.98 —42 —36 8
Posterior middle temporal L “ 21 3.76 —42 -32 —4

AD > Controls
No significant activation

Locus and extent of peak activations after interaction analysis: Contrasts of brain activation related to lexicosemantic material (W >
WL+ Nonwords; W > WL— Nonwords) in 10 patients with Alzheimer’s disease (AD) compared with 12 healthy elderly controls (Con-

trols).

Lexico-semantic representations

I AD < CONTROL

W Words B WL+

AD Controls

B Words B Wi

AD Controls

AD > CONTROL

Figure I.

Patterns of activation illustrating interaction effects between
group (healthy elderly subjects (Control) vs. Alzheimer’s disease
patients (AD)) and list conditions associated with processing lex-
icosemantic material (words > WL+ nonwords, words > WL—
nonwords). The resulting set of voxels for each contrast was
thresholded at P < 0.001 (uncorrected). Then small volume cor-
rection was applied on published coordinates for a priori regions
considered to be involved in lexicosemantic processing in healthy

young subjects. The interactions illustrating reduced activation in
AD patients relative to elderly controls are shown in green,
while the interactions illustrating greater activation in AD
patients relative to elderly controls are shown in red. On the
right side of the figure, mean values of the parameter estimates
in the right superior temporal gyrus [60, 4, —4] and the left
temporo-parietal junction [—42, —34, 10] (from up to bottom)
are plotted.
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TABLE VL. Interaction effects: Phonological representations

Brain areas Hemisphere

Cluster

Stereotaxic coordinates

Brodmann area Z-value X Y Z

Wordlike+ nonwords > vowels
AD < Controls
Orbitofrontal gyrus L 41
Inferior precentral gyrus R 56
AD > Controls
No significant activation
Wordlike— nonwords > vowels
AD < Controls
No significant activation
AD > Controls
Inferior temporal L
Wordlike+ vs. wordlike— nonwords
AD < Controls
Superior temporal L
Middle temporal L
AD > Controls
No significant activation

144

136

11 3.61 —-32 44 —22
43 4.14 72 —14 20

20 3.77 —62 —12 —28

22 4.03
21 4.12

—48
—50

—12 —4
—14 —-12

Locus and extent of peak activations after interaction analysis: Contrasts in brain activation related to phonological material (WL+ Non-
words > Vowels repetition; WL— Nonwords > Vowels repetition; WL+ Nonwords > WL— Nonwords) in 10 patients with Alzheimer’s

disease (AD) compared with 12 elderly healthy controls (Controls).

DISCUSSION

In this study, we investigated the neural substrates of lex-
icosemantic and phonological processing in AD patients
and matched elderly control subjects. We observed differen-
tial activation in the language processing areas, mostly in
the left hemisphere, as a function of stimulus condition and
group, involving, for the AD group relative to the control
group, a relative decrease of cerebral activity in the superior
temporal lobe during phonological processing, and a rela-
tive decrease of activity in more posterior temporal lobe
and prefrontal regions during lexicosemantic processing.

Cortical Activation for Lexicosemantic
Representations in AD

We observed that elderly controls recruited several areas
of the left hemisphere when processing lexicosemantic in-
formation: the angular gyrus, the anterior portion of the in-
ferior temporal gyrus, the posterior middle temporal gyrus,
and the inferior prefrontal gyrus. These activation patterns
are consistent with a number of previous investigations in
healthy young subjects comparing words to nonwords or
to nonverbal stimuli (e.g., tones or letter strings) [Davis
et al.,, 2004; Fiebach et al., 2002; Price et al., 2003]. More-
over, these areas are also activated during judgment tasks
that specifically target semantic processing for verbal or
nonverbal stimuli [Binder et al., 1997, Demonet et al., 1994;
Pugh et al., 1996; Simos et al., 2002]. In summary, increased
cerebral activity in the angular gyrus, inferior temporal
gyrus, posterior middle temporal gyrus, and inferior pre-
frontal gyrus is consistent with the activation of semantic
representations, regardless of stimulus modality.

With respect to AD patients, a somewhat different acti-
vation profile was observed for word processing. Interac-
tion analyses revealed that a network including the left
temporoparietal and inferior frontal regions was signifi-
cantly less recruited in AD patients than in the control
group, when comparing word to WL— nonword condi-
tions. This result is in keeping with previous neuroimaging
findings showing a correlation between semantic deficits
in AD patients and impairment of left temporoparietal
areas, as measured by structural MRI or resting brain me-
tabolism [Desgranges et al., 1998; Grossman et al., 1997,
1998]. As suggested by Grossmann et al. [2003], impaired
activity in the left temporoparietal and frontal regions in
AD patients could reflect impaired integration of lexicose-
mantic information, regardless of the domain of knowl-
edge or the nature of the task. In addition, when compar-
ing word to WL+ nonword conditions, interaction analy-
ses revealed enhanced activity in the middle part of the
right superior temporal gyrus, in AD patients relative to
controls. In healthy young adults, there is accumulating
evidence that the right superior temporal gyrus is involved
in perceptual-phonological processing, and more specifi-
cally that this region responds to increasing spectral com-
plexity of human vocal sounds [Demonet et al., 1992;
Johnsrude et al., 2000; Lattner etal., 2005; Okada and Hick-
ock, 2006; Scott et al., 2000; Zatorre and Belin, 2001]. The
AD patients’” enhanced activity in the right superior tem-
poral gyrus during word repetition could thus be related
to abnormal recruitment of phonological information,
maybe in an effort to counter less efficient processing of
the left temporoparietal and frontal lexicosemantic net-
works. An alternative explanation that also has to be con-
sidered is that the increased activation of the right superior
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Phonological representations

B AD < CONTROL

Controls

| WL

AD Controls

W WL+

AD

Controls

AD > CONTROL

Figure 2.

Patterns of activation illustrating interaction effects between
group (healthy elderly subjects (Control) vs. Alzheimer’s disease
patients (AD)) and list conditions associated with processing
phonological material (WL+ nonwords > vowels repetition,
WL— nonwords > vowels repetition, WL+ nonwords > WL—
nonwords). The resulting set of voxels for each contrast was
thresholded at P < 0.001 (uncorrected). Then small volume cor-
rection was applied on published coordinates for a priori regions
considered to be involved in phonological processing in healthy

temporal gyrus could reflect the relatively greater diffi-
culty of the word repetition condition for AD patients as
compared to elderly controls. Indeed, some studies have
shown that increasing task difficulty leads to recruitment
of language homologue areas in the right hemisphere [Just
et al., 1996; St George et al., 1999; see also Drager et al.,
2004 who did not confirmed these results]. However, task
accuracy was similar during word repetition for AD and
control participants, a finding that is not consistent with
an interpretation in terms of group-related differences in
task difficulty; rather, abnormal activation in the right

young subjects. The interactions illustrating reduced activation in
AD patients relative to elderly controls are shown in green,
while the interactions illustrating greater activation in AD
patients relative to elderly controls are shown in red. On the
right side of the figure, mean values of the parameter estimates
in the right precentral gyrus [72, —14, 20] and the left inferior
[—62, —12, —28] and superior [—48, —12, —4] temporal gyri
(from up to bottom) are plotted.

superior temporal gyrus, in conjunction with preserved
levels of performance for repeating words, may be inter-
preted as reflecting the recruitment of alternative, compen-
satory lexicosemantic networks during word repetition.

Cortical Activation for Phonological
Representations in AD

With respect to phonological processing, the elderly con-
trol participants recruited inferior parietal, superior tempo-
ral, and inferior prefrontal areas during nonword repeti-
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tion, as compared to vowel repetition. Previous studies
have consistently shown these regions to be involved in
phonological processing (Scott et al., 2000 ; Sekiguchi et al.,
2001). More interestingly, we also investigate the wordlike-
ness effect by comparing wordlike and less wordlike non-
words. We observed a significant increase in activation in
the left inferior and posterior superior temporal gyri for
WL+ nonwords versus WL— nonwords in elderly control
participants. Activation in the left posterior superior tem-
poral area has been observed in many studies exploring
phonological processing and access to sublexical phonolog-
ical representations [e.g., Binder et al., 1999; Majerus et al.,
2005; Uppenkamp et al., 2006]. Hence, this activation in el-
derly controls for WL+ nonwords could be related to the
more frequent sublexical sound combinations the WL+
nonwords are made of. However, although all nonwords
were not obviously related to existing words (the number
of lexical neighbors was very low), we cannot rule out that
this activation also reflects lexical processes, given that the
WL+ nonwords contained diphones more likely to occur
in familiar words than the WL— nonwords. Increased acti-
vation in the left inferior temporal, often reported to be
involved in lexicosemantic processing, is also in line with
this possibility [e.g.,, Damasio et al., 1996, Vandenberghe
et al., 1996]. On the other hand, we must note that actual
lexicalization errors were quite rare, suggesting that all
participants processed the nonwords as nonwords and not
as similarly sounding words. Of course, since very few
studies have investigated the neural substrates of the pho-
notactic frequency effect [for an exception, see Majerus
et al.,, 2002 in which the same verbal material as in the
present study was used], and none of them has explored
this effect in normal aging, it is also possible that the acti-
vation observed in inferior and superior temporal areas is
characteristic of nonword processing in elderly individu-
als. Indeed, when comparing Wordlike+ and Wordlike—
nonwords conditions in a group of young participants,
Majerus et al. [2002] did not found increased activity in
these areas. However, future neuroimaging studies encom-
passing a direct comparison of the phonotactic frequency
effect in young and elderly subjects are necessary to an-
swer to this question.

When turning to the activation profile for phonological
processing in AD patients, notable differences between the
patient and the control group were observed. AD patients
showed less activation in the middle portion of the left
superior and middle temporal gyri when processing non-
words (WL+ nonwords > WL— nonwords). This
decreased activity in the left superior temporal gyrus is
consistent with previous studies reporting postmortem
measures of cerebral atrophy in that area for AD patients
with phonological disturbances [Harasty et al., 1999, 2001].
In normal young subjects, these brain areas have been
related to the processing of sound structures that charac-
terize intelligible speech sounds such as syllables, non-
words, or words [Belin et al., 2002; Binder et al., 2000; Bur-
ton et al., 2005; Poeppel et al., 2004; Scott et al., 2000]. It

follows that impaired processing for WL+ nonwords in
AD patients might be attributed to difficulties in accessing
sublexical phonological knowledge processed in the left
superior/middle temporal gyrus. In addition, interaction
analysis also revealed that AD patients showed decreased
activation in the right inferior precentral gyrus compared
with control subjects when processing WL+ nonwords
(WL+ nonwords > Vowels). The precentral gyrus is
known to be involved in articulatory programming in nor-
mal young population, and many patients with brain
lesions in the precentral areas are characterized by mark-
edly impaired articulation abilities [Dronkers, 1996; Fox
et al., 2000; Tanji et al.,, 2001]. Thus, it seems likely that
decreased activation in the right precentral gyrus in AD
patients could be related to reduced articulatory program-
ming of the sequences of phonemes that form WL+ non-
words. A finding which might appear to be less consistent
with previous studies concerns the absence of decreased
activity in Broca’s area and associated insular cortex, areas
associated with basic phonological and articulatory output
processing [Harasty et al., 2001]. However, we should
mention that, by comparing repetition of WL+ nonwords
with the repetition of WL— nonwords or vowel pairs,
areas associated with basic articulatory output processing
are supposedly recruited equally by all these conditions,
and hence any fundamental difference in activation in
these areas between AD patients and controls will be diffi-
cult to observe, given our subtractive statistical methods.

A further important difference in brain activity between
AD patients and control participants is the observation of
stronger activation in the left lateral inferior temporal
gyrus in AD patients when processing WL— nonwords rel-
ative to single vowels. Interestingly, activation in the left
inferior temporal gyrus has often been associated with
lexicosemantic retrieval [Thioux et al., 2005]. Severe lexical
retrieval deficits, as seen in some cases of AD and Pick’s
disease, have been associated with lesions confined to the
left anterior temporal lobe and the inferior temporal cortex
[Damasio et al., 1991; Graff-Radford et al., 1990; Semenza
and Zettin, 1989]. Furthermore, as we already noted, the
control subjects activated this same region when they
repeated words or WL+ nonwords but not WL— non-
words. In AD patients, despite the increased activity in the
left inferior temporal gyrus, their accuracy in WL— non-
word repetition was significantly reduced, suggesting that
this enhanced activation did not compensate their diffi-
culty in accessing phonological information.

Brain degeneration, such as in AD, may result in a spec-
trum of different changes in terms of regions or degree of
activation in functional neuroimaging studies. These
changes may include (1) a loss of activated regions, (2)
diminished activation as compared to healthy subjects, (3)
enhanced activation of regions in order to compensate for
a brain deterioration (with relatively preserved accuracy),
and (4) the emergence of inappropriate activated regions,
normally not involved in the task, and that does not help
to maintain normal levels of behavioral performance [see
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Cabeza, 2002 for a description of the “dedifferentiation”
mechanism]. In the present study, we observed several of
those changes in AD patients. On one hand, the neural
substrates of lexicosemantic representation in AD patients
was characterized by a reduced degree of activation in the
temporoparietal junction (“type 2” change), an area that is
importantly involved in semantic processing, and at the
same time, by a possible compensatory activation in the
right superior temporal gyrus (“type 3” change), suggest-
ing that additional processing of the perceptual-phonologi-
cal attributes of words was taking place in AD patients.
On the other hand, the pattern of activation observed in
AD patients for phonological representation (decreased
performance associated with the recruitment of untypical
cerebral areas for the given performance) could be related
to the hypothesis of dedifferentiation (“type 4” change),
introduced in the context of studies exploring age-related
reorganization of brain functions [Cabeza, 2002; Li and
Lindenberger, 1999]. According to this hypothesis, diffi-
culty in accessing specialized neural mechanisms is
reflected by the recruitment of inappropriate regions and
by a decrement in performance. In AD patients, the prob-
lems accessing phonological knowledge could therefore be
related to the increase in activity in the left inferior tempo-
ral gyrus, which is associated with lexicosemantic knowl-
edge, leading to inefficient processing of nonwords, espe-
cially for nonwords that differ maximally from familiar
lexical word forms.

Methodological Limitations

Given the highly reduced levels of scanner noise (rela-
tive to fMRI), PET scanning can be considered an attractive
technology especially for conducting language studies
requiring the presentation of auditory verbal information
and the collection of verbal responses. At the same time,
this technique also entails a number of methodological
limitations. In the present study, each scan was acquired
for 90 s during which the subjects repeated 25 different
items of the same list condition. Unfortunately, by using
this type of block design, correct and incorrect responses
are confounded during that period, and it is therefore
impossible to separate them. One could argue that the
incorrect responses added noise to the imaging data, or
might even have biased contrast estimation. We should
note here that, at the statistical level, we tried to control
for differences in accuracy as much as is possible using
PET data. We in fact included accuracy scores for each
stimulus condition as a covariate in the model, hence con-
trolling for any possible linear relationship between accu-
racy and brain metabolism. Second, the error analysis
showed that most incorrect responses were phonological
errors close to the target stimuli (although slightly more
distorted in the AD group) and omissions were very rare
in each group of participants. This supports the view that
subjects were fully engaged in the task, and that task-irrel-
evant activation was relatively limited in this study.

Finally, producing erroneous responses in repetition task
is inherent to the nature of speech repetition tasks and the
psycholinguistic processes addressed in producing correct
or phonologically related incorrect responses are the same:
perceptual-phonological analysis and interfacing with
speech motor processes and networks are recruited in all
cases, even if the result of these processes might some-
times be faulty. This would be different if the responses
are fundamentally different from the target stimulus (i.e., a
word produced for a nonword or a nonword produced for
a word) or if there are no responses at all. However, as
presented in our error analyses, this was not the case and
the majority of errors in both participant groups were pho-
nologically related errors close to the target. As a conse-
quence, although in general, it is probably preferable to
separate correct and incorrect responses in the imaging
analyses (if possible), we believe that the present results
reflect task-related brain activation, independently of
response accuracy.

CONCLUSIONS

In summary, although our AD patients showed pre-
served levels of performance when processing words, they
showed markedly different patterns of brain activation rel-
ative to controls. On the one hand, decreased activity was
observed in the left temporoparietal and inferior frontal
regions. This is consistent with the existence of distorted
lexicosemantic representations in AD and supports previ-
ous studies that have related lesions or hypometabolism of
the left temporoparietal regions with lexicosemantic defi-
cits in AD patients. On the other hand, the AD patients’
brain activity was abnormally high in the right superior
temporal cortices during word repetition, suggesting that
additional processing of the perceptual-phonological
attributes of words was taking place. For phonological
processing (repetition of nonwords), AD patients (relative
to elderly controls) showed decreased activation in the
superior and middle temporal gyri, in regions classically
associated with phonological knowledge in normal young
subjects. At the same time, the AD patients showed greater
activation than controls in the inferior temporal gyrus,
which is closely related to lexicosemantic knowledge.
Enhancement of activity in this region may underlie an
abnormal recruitment of lexicosemantic areas because of
disrupted access to phonological representations. Overall,
these data are consistent with the view that patients with
neurodegenerative dementia of the AD type use alternative
pathways to process phonological and lexicosemantic in-
formation, possibly related to a progressive dedifferentia-
tion of phonological and lexicosemantic neural networks.
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