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Abstract

This study examined the time course of object naming in 21 individuals with primary progressive
aphasia (PPA) (8 agrammatic (PPA-G); 13 logopenic (PPA-G)) and healthy age-matched speakers
(n=17) using a semantic interference paradigm with related and unrelated interfering stimuli
presented at stimulus onset asynchronies (SOAs) of —1000, —500, —100 and 0 ms. Results showed
semantic interference (SI) (i.e. significantly slower RTs in related compared to unrelated
conditions) for all groups at =500, —100 and 0 ms, indicating timely spreading activation to
semantic competitors. However, both PPA groups showed a greater magnitude of Sl than normal
across SOAs. The PPA-L group and six PPA-G participants also evinced Sl at —1000 ms,
suggesting an abnormal time course of semantic interference resolution, and concomitant left
hemisphere cortical atrophy in brain regions associated with semantic processing. These subtle
semantic mapping impairments in non-semantic variants of PPA may contribute to the anomia of
these patients.
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Introduction

Primary progressive aphasia (PPA) is a clinical dementia syndrome cause by
neurodegenerative disease, which affects the language network and language functions
while preserving attention, memory and other aspects of cognitive processing during the
initial stages (Mesulam, 2003). One of the most prominent deficits seen in PPA is anomia
manifested by word finding and object naming difficulty (Mesulam, 1982). The most severe
anomia is seen in the semantic subtype of PPA (PPA-S), where word comprehension is also
severely impaired (Adam, Patterson, Rogers, Nestor, Salmon, Acosta-Cabronero, et al.,
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2006; Gorno-Tempini, Dronkers, Rankin, Ogar, Phengrasamil, Rosen, et al., 2004;
Mesulam, Rogalski, Wieneke, Cobia, Rademaker, Thompson, & Weintraub, 2009g;
Mesulam, Wieneke, Rogalski, Cobia, Thompson, & Weintraub, 2009b; Neary, Snowden,
Gustafson, Passant, Stuss, Black, et al., 1998). However, patients with agrammatic (PPA-G)
and logopenic (PPA-L) variants of PPA, who have relatively spared word comprehension,
also have naming impairments thought to stem from faulty word retrieval (e.g., phonological
and/or articulatory deficits) rather than faulty semantic processes (Mesulam et al., 2009a,
Mesulam et al., 2009b).

According to models of spoken word production, to name an object it is necessary to
recognize the object, access the meaning or semantic representation of the object, selectively
link the two representations, and activate the phonological form of the associated lexical
item. These interrelated processes must unfold rapidly and in a manner that protects them
from disruptive interference (Levelt 1992; Levelt, Roelofs, & Meyer, 1999; Rapp &
Goldbrick, 2000; Roelofs 1992; also see Mesulam et al., 2009b). One method for
investigating these aspects of naming is the picture-word interference paradigm, an
adaptation of the Stroop task (Stroop 1935), which involves presentation of pictures to name
coupled with lexical probes or interfering stimuli (IS, hereafter) presented with variable time
relationships to the object. Normally, when the IS is semantically (categorically, but not
associatively) related to the target picture, a semantic interference effect occurs. That is,
picture naming is slowed compared to when the IS is unrelated to the target item. For
example, naming a picture of a fox is slower in the presence of the IS goat compared to
globe. This slowing occurs because the lexical-semantic network associated with the IS is
automatically activated when it is encountered; in turn, the target picture activates its
network, which includes the IS. Thus, competition occurs and the need to deactivate the IS
is required (La Heif 1988; Schriefers, Meyer & Levelt, 1990; Starreveld & La Heij, 1995,
1996). Whether the source of the semantic interference effect is associated with semantic
and/or lexical competition is unclear. Some suggest that both the IS and target are
automatically lexicalized and, hence, available for production. The phonological form of the
latter must, therefore, be inhibited in order for the target word to be produced (Bloem & La
Heij; 2003; Bloem, van den Bogart, & La Heij, 2004; Finkbeiner & Caramazza, 2006;
Janssen, Schrim, Mahon, & Caramazza, 2008; Mahon, Costa, Peterson, Vargas, &
Caramazza, 2007). In either case, competition must be resolved before naming of the target
item can be accomplished.

A parameter of importance for this task is the temporal relation between presentation of the
probe and the picture to be named, that is, stimulus-onset asynchrony (SOA). At some SOAs
semantically related IS hinder naming through the process of competitive interference as
described above, whereas, at others the probe could conceivably facilitate naming by
bringing the correct word closer to a retrieval threshold. Semantic interference effects are
the most common and have been shown in healthy speakers when IS are presented at SOAs
ranging from —300 ms to +100 ms (i.e., up to 300 ms prior to picture presentation or 100 ms
following it) (Glaser & Dungelhoff, 1984; La Heij, Dirkx, & Kramer, 1990; Lupker, 1979;
Rayner & Springer, 1986; Starreveld & LaHeij, 1995, 1996; Underwood, 1976).

Semantic interference is a normally occurring phenomenon. However, its magnitude and
duration can be influenced by brain damage. In fact, the SI paradigm can be used to test the
robustness of information processing routines that underlie object naming. Only a few
studies have used the picture-word interference paradigm for this purpose in neurologically
impaired patients with naming deficits. In a study by Hashimoto and Thompson (2010),
involving 11 individuals with mild aphasia resulting from stroke, aphasic participants
showed abnormally heightened semantic interference effects at SOAs of —300 and 0 ms. But
at SOA = +300, semantic interference effects disappeared as in normal age-matched
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speakers. In another study examining semantic interference with one aphasic individual,
Wilshire, Keall, Stuart, and O’Donnell (2007) also found abnormal effects, albeit patterns
that differed from those seen by Hashimoto and Thompson (2010). That is, the semantic
interference effect was absent at SOA = 0 ms, but trends toward semantic interference were
found at SOAs of +200 and +400 ms. Interestingly, none of the patients in Hashimoto and
Thompson (2010) or in Wilshire et al. (2007) showed strong evidence pointing to semantic
deficits in off-line testing.

Abnormal patterns of semantic interference also were seen in a group of individuals with
primary progressive aphasia (PPA) studied by Vandenberghe, Vandenbulcke, Weintraub,
Johnson, Porke, Thompson, and Mesulam (2005). Like the stroke-induced aphasic speakers
studied by Hashimoto and Thompson (2010) and Wilshire et al. (2007), abnormal semantic
interference effects were found for the PPA speakers even though no word comprehension
deficits were noted on behavioral testing. In contrast to unimpaired participants, who
showed semantic facilitation (i.e., faster naming for related compared to unrelated words) at
—750 ms SOA, the PPA group showed semantic interference in this condition. This pattern
suggested that individuals with PPA successfully activate semantic representations in
response to IS, however, deactivation is slowed compared to normal, leaving the competitor
network active when the target is to be named. Alternatively, this pattern could suggest a
delay in the time course of lexical activation, that is, later than normal rise time. In either
case, the subsequent iterative process of linking the target object to its name was abnormally
vulnerable to the interference of competing representations.

Priming studies provide some insights into how lexical-semantic activation proceeds in
aphasic speakers. Individuals with Broca’s aphasia resulting from stroke, typically involving
anterior brain tissue, have shown reduced levels of activation and/or slow rise time; whereas,
those with Wernicke’s aphasia, associated with posterior brain lesions, show greater
activation than normal as well as delayed deactivation (Blumstein, & Milberg, 2000; Janse,
2006; Prather, Zurif, Love, & Brownell, 1997; Swinney, Zurif, & Nicol, 1989; Yee,
Blulmstein, & Sedivy, 2008). Both priming and word-interference paradigms operate on the
premise that the functional architecture of the lexical processing system involves spreading
activation across linguistic units or nodes (Dell, 1986; Masson, 1995), which results in
competition among potential candidates. Hence, activation of primes in priming paradigms
and that for the IS presented in word-interference paradigms involve similar processes;
however, the word-interference paradigm requires an addition step — naming of a related or
unrelated competitor — following this activation.

The present experiment was designed to examine the effects of semantic interference on
naming in individuals with PPA-G and PPA-Land to examine patterns of cortical atrophy in
participants with abnormal semantic interference effects. We enrolled PPA patients and age-
matched healthy controls in a word interference paradigm with SOAs of —1000, —500,
—100, and 0 ms. Based on similarities between cerebrovascular lesion sites and the location
of peak atrophy involving the inferior frontal gyrus, we hypothesized that reduced or
delayed activation may be seen for the PPA-G group, akin to the performance of individuals
with stroke-induced Broca’s aphasia. In the case of reduced activation, semantic interference
effects would be either absent or weak across all SOAs, whereas a pattern of delayed
activation would result in semantic interference effects only in SOA = —500 and/or —1000
ms conditions. Conversely, we conjectured that PPA-L participants, who often show
involvement of posterior brain structures (Gorno-Tempini et al., 2004; Gorno-Tempini,
Brambati, Ginex, Ogar, Dronkers, Marcone et al., 2008; Mesulam et al., 2009b), may show
patterns of excessive 1S-induced activation, or delayed deactivation, similar to those
observed in patients with stroke-induced Wernicke’s aphasia. In the former case, the
magnitude of semantic interference would exceed that of normal control participants across
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conditions, whereas in the latter, semantic interference effects would be present in longer
SOA conditions, i.e., at —1000 ms. We also entertained the possibility that both patient
groups would show normal patterns of semantic interference if the source of their naming
deficit stemmed strictly from post-semantic phonological and/or articulatory impairments.

Participants included 21 individuals with PPA (8 PPA-G and 13 PPA-L) and 17 cognitively
intact volunteers. All were recruited through the Cognitive Neurology and Alzheimer’s
Disease Center (CNADC) at Northwestern University (Chicago, IL) and tested in the
Aphasia and Neurolinguistics Research Laboratory at Northwestern (Evanston, IL). The
three participant groups were matched for age (PPA-G: M = 62 years, sd = 6.13; PPA-L: M
= 64 years, sd = 7.29; control group: M = 63 years; sd = 6.4) (x3(2, N = 38) = .626; p = .731,
Kruskal-Wallis Test) and education (PPA-G: M = 17 years, range = 14-20; PPA-L: M = 16
years, range = 12-20; controls: M = 16 years, range = 11-20) (x2(2, N=38) =.353;p=.
838, Kruskal-Wallis Test). All were monolingual English-speaking, passed a pure-tone
audiometric hearing screening, and were right handed, with the exception of two participants
with PPA who were left handed (PPA-G1 and PPA-L8). All also presented a negative
history of prior neurological or psychiatric deficits. Compensation for participation in the
study was provided and informed consent was obtained prior to participation. The
Institutional Review Board at Northwestern University approved this study.

The diagnosis of PPA was based on neurological, neuropsychological and neurolinguistic
testing, showing an absence of neurological signs other than progressive language deficits.
Symptom onsets ranged from 2 — 10 years prior to testing, however, the two PPA groups
were matched for symptom duration (PPA-G: M = 4 years, range = 2-5; PPA-L: M =4
years, range = 2-10) (Z = —.876, p = .381, Mann-Whitney U Test) (see Table 1).

To rule out memory, attention, and executive function deficits the Mini-Mental State
Examination (MMSE) (Folstein, Folstein, & McHugh, 1975), Wechsler Memory Scales-11I
(Faces I and II) (Wechsler, 1997), Facial Recognition Test (Benton, Hamsher, Varney, &
Spreen, 1998), Trail Making Test (Partington & Leiter, 1949), and a 10-item version of the
Visual Verbal Test (Feldman & Drasgow, 1959; also see Wickland, Johnson, & Weintraub,
2004) were administered (see Table 2 for participant scores). Both PPA groups generally
performed within normal limits on these measures, with no significant differences found
between them and the control groups based on the Kruskal-Wallis Test, with the exception
of the MMSE (x2(2, N = 38) = 18.160; p = .05). On this test, both PPA groups performed
more poorly than the controls, likely due to the patients” compromised language ability
(Golper, Rau, Erskine, Langhans, & Houlihan, 1987; Osher, Wicklund, Rademaker,
Johnson, & Weintraub, 2008). A motor speech examination also was administered; only four
participants (PPA-G6, PPA-G8; PPA-L7, PPA-L11) presented with mild impairments,
which did not affect speech intelligibility or ability to perform the experimental task.

To detail the language impairment of the PPA participants, a battery of neurolinguistic tests
was administered. See Tables 3 and 4 for a summary of results. Aphasia Quotients (AQs)
derived from administration of the Western Aphasia Battery (WAB, Kertesz, 2006) ranged
from 73.9 to 85 (M = 79.5) for the PPA-G participants, which was significantly lower than
those for the PPA-L participants, ranging from 78.6 to 97.1 (M = 90.2) (Z = —3.259, p< .01,
Mann-Whitney U Test). WAB fluency scores also differed between groups: fluency scores
for the PPA-G group ranged from 4 to 6 (M = 5.1)) and for the PPA-L group from 5 to 10
(M =8.2) (Z=-3.232, p< .01, Mann-Whitney U Test).
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Confrontation naming was evaluated using the Boston Naming Test (BNT, Kaplan,
Goodglass, & Weintraub, 2001) and the Northwestern Naming Battery, a test of category-
specific naming and word processing (NNB, Thompson & Weintraub, experimental
version). On both tests, all participants showed naming difficulty. Scores ranged from 45%
t0 98.3% (M = 81.9%) for the PPA-G group and from 35 to 98.3% (M = 83.2%) for the
PPA-L group on the BNT (Z = —.511, p = .609, Mann-Whitney U Test) and from 85 to
100% (M = 93.9%) for the PPA-G group and 73.3 to 100% (M= 91.8%) for the PPA-L
group on the noun naming subtest of the NNB (Z = —.474, p = .636, Mann-Whitney U Test).
Noun to verb ratios also were calculated based on a subset of items from the NNB noun and
verb naming subtests, with results showing significantly greater ratios for the PPA-G
compared to the PPA-L participants, indicating greater difficulty naming verbs compared to
nouns.

Both PPA groups showed relatively preserved single word comprehension tested using a 36-
item subset of the Peabody Picture VVocabulary Test (PPVT, Dunn & Dunn, 2007) (i.e.,
moderately difficult items, #157-192). Scores ranged from 89.9 to 100% (M = 95.1%) for
the PPA-G group and from 83.3 to 100% (M = 96%) for the PPA-L group (Z = —.695,p =.
487, Mann-Whitney U Test). To evaluate semantic knowledge the Pyramids and Palm Trees
Test (PPT; Howard & Patterson, 1992) was administered, (both word and picture versions).
On the word version, scores ranged from 88.5 to 100% correct (M = 94%) and 92.3 to 100%
correct (M = 97%) for the PPA-G and PPA-L groups, respectively (Z = —1.292, p =.196,
Mann-Whitney U Test); scores on the picture version ranged from 94.2 to 100% correct (M
= 96.6%) and from 78.8 to 100% correct (M = 95.7) for the two groups, respectively (Z = —.
223, p = .824, Mann-Whitney U Test). Performance on the picture version was within
normal limits for both patient groups (x2(2, N = 38) = .828; p = .661, Kruskal-Wallis Test),
however, the PPA-G group performed significantly more poorly than the control group on
the word version (Z = —2.380, p< .05, Mann-Whitney U Test).

Sentence comprehension and production were tested using the Northwestern Assessment of
Verbs and Sentences (NAVS, Thompson, experimental version). The Sentence
Comprehension Test (SCT) and the Sentence Production Priming Test (SPPT) of the NAVS
examined comprehension and production, respectively, of both canonical and noncanonical
sentence structures. Both production and comprehension of noncanonical sentences were
more difficult for the PPA-G participants (SCT: M = 74.2%; SPPT: M = 41.1%) compared
to PPA-L group (SCT: M = 89.2%; SPPT: M = 88.2%) (SCT: Z = —2.055, p< .05; SPPT: Z
= —2.456, p< .05, Mann-Whitney U Test). The Northwestern Anagram Test (NAT)
(Thompson, Mesulam & Weintraub, 2009,
http://www.soc.northwestern.edu/NorthwesternAnagramTest/; also see Weintraub,
Mesulam, Wieneke, Rademaker, Rogalski, & Thompson, 2009) also was administered to
evaluate sentence production. Like the NAVS SPPT, the NAT examines production of both
canonical and noncanonical sentences; however, rather than spoken responses, participants
are required to create sentences that match pictures by ordering randomly presented word
cards. Results showed patterns similar to those derived from the SPPT; the PPA-G,
compared to the PPA-L, group performed significantly worse on noncanonical sentences (M
=32.2% vs. 81.7%) (Z = —3.071, p< .01, Mann-Whitney U Test), but there was no
significant group difference in performance on canonical sentences (Z = —1.314, p = .189,
Mann-Whitney U Test).

Finally, aspects of spontaneous speech were evaluated by collecting and analyzing narrative
language samples derived by asking participants to tell the story of Cinderella from a
wordless picture book (after Thompson, Ballard, Tait, Weintraub, & Mesulam, 1997;
Thompson, Shapiro, Tait, Jacobs, Schneider, & Ballard, 1995). The narrative data showed
that, although the PPA-G and PPA-L groups produced fewer words per minute than controls
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participants, words per minute was lower in the PPA-G group (M =56.8 vs. 94.8) (Z =
—2.317, p< .05, Mann-Whitney U Test), who also produced fewer grammatically correct
sentences (M = 40.9% vs. 80%) (Z = —3.187, p< .01, Mann-Whitney U Test).

Stimuli included forty black and white line drawings of either living (n = 20) or non-living
items (n = 20). The living items were selected from the categories of birds/mammals or
fruits/vegetables (10 each) and the nonliving items were either tools or clothing (10 each).
An additional 10 filler items (also black and white line drawings), selected from a variety of
other categories such as food items (e.g., pizza) and physical phenomenon (e.g., volcano)
also were included for a total of 50 items. For each item, IS consisting of written words (all
nouns) were selected, four of which were semantically related to the target (or filler) item
and four that were not. For each of the four SOAs, one semantically related and one
semantically unrelated IS was randomly selected and paired with each stimulus picture, for a
total of 160 related target pairs, 160 unrelated target pairs, and 80 filler pairs (40 related and
40 unrelated). For example, for the target item penguin, robin, goose, walrus, and seal were
selected as semantically related IS and handle, weather, comic, and receipt were selected as
unrelated IS. Ten healthy volunteers (age 25 — 46) rated all word pairs for semantic,
categorical rather than associative, relatedness (1 = not related; 7 = highly related). Only
semantically related pairs with a mean ranking of 5.5 and above and unrelated pairs with a
ranking of 2.5 or lower were used in the experiment. None of the IS overlapped
phonologically with the target items. All items (both targets and IS) ranged from 1 -3
syllables in length and were checked for frequency using the CELEX and MRC databases.
Target (but not fillerl) items were matched for frequency by category (i.e., living and non-
living things) (target picture: t(38) =.899, p =.375) and with IS across categories; (t(318) =.
062, p = .950). However, overall, the mean frequency of the semantically related IS (M =
0.6285) was significantly lower than that of unrelated IS (M = 1.1311) across SOAs. See
Appendix A for a complete list of simuli.

The 400 stimulus pairs were pseudo randomly divided into 10 sets of 40 items each. Care
was taken to ensure that each target item did not occur more than once per set. In addition,
items from the same SOA condition were separated by at least three trials on each set. The
picture and word stimulus pairs were entered into Super lab (version 4.0; Cedrus, Phoenix,
AZ) in three versions, which varied the inter stimulus interval (1SI): 3500 ms, 5000 ms or
7000 ms ISI, to accommodate general naming delays evinced by some PPA participants. For
all healthy participants the 3500 ms version was used; the version used for the PPA
participants depended on naming latency observed during administration of the BNT: eight
participants (five PPA-G and 3 PPA-L) were tested with the 5000 ms version and 4 PPA-L
participants were tested with the 7000 ms version; for all others the 3500 ms version was
used.

Participants were tested on a Macintosh (20 inch, iMac 5, 1) HD Version 10.4.10. They
were seated at a distance of approximately 2 feet from the computer screen on which the 1S
and target pictures were presented. Each trial began with presentation of a cross fixation
(500 ms.), followed by an IS and target picture in the four SOA conditions (see Figure 1).
Participants were asked to name each picture as quickly as possible and ignore the IS to the
extent possible. The acoustic waveform of each response produced was recorded through a
computer microphone using Praat 5.0 software (Boersma & Weenink 2010). Prior to

IFiller items were higher in frequency than the experimental targets, however, all items (both experimental and filler) were matched
for number of syllables and picturability.
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beginning the experiment, participants were provided with pre-training to familiarize them
with all picture stimuli (both target and filler items) and to ascertain their ability to name
them. We also tested all written IS to determine reading ability. Each picture was presented
for naming with no response contingent feedback provided. Items that could not be named
correctly within a 5 second response time were presented a second time. All participants
included in the study were able to name at least 80% of the pictures on either the first or
second trial. The written IS were then presented one at a time for participants to read aloud,;
all showed good reading ability with performance ranging from 92% to 100%. Erred items
were presented a second time, with feedback provided. Finally, practice trials were
presented, which required participants to name target pictures overlaid with written words.
These trials used stimuli similar, but not identical, to the experimental items.

Data Analysis

Naming responses that matched the target picture were considered correct. This included
responses phonologically related to the target (e.g., pinkquin for penguin) as well as false
starts and self-corrections, occurring within the allotted response time. All other responses
were considered incorrect. Correct responses then were analyzed for reaction time (RT),
measured from picture onset (marked with an inaudible beep) to production of the first
phoneme of the target word marked in the acoustic waveform. Thirty percent of the data
were rescored for both accuracy and RT by an independent coder for scoring reliability
purposes; overall point-to-point agreement between the primary and secondary coders was
97%. Any disagreements were resolved by consensus. Mean accuracy and RTs derived from
each SOA condition were computed for related and unrelated trials for each participant
group.

Cortical Thickness Measurement: Data Acquisition and Analysis

Results

Magnetic resonance (MR) imaging, performed at the Northwestern University Department
of Radiology Center for Advanced MRI (CAMRI), was undertaken for both the PPA and
control participants. T1-weighted images, using 3D MP-RAGE sequences (TR = 2300 ms,
TE = 2.86 ms, flip angle = 9°, FoV = 256 mm) recording 160 slices at a thickness of 1.0 mm
were acquired on a 3T Siemens TRIO system using a 12-channel birdcage head coil. MR
images were processed using the image analysis suite Free Surfer (version 4.5.0), which is
documented and freely available for download online (http://surfer.nmr.mgh.harvard.edu/).
Cortical thickness estimates were calculated by measuring the distance between
representations of the white-gray and pial-CSF boundaries across each point of the cortical
surface (see Fischl, Sereno, Tootell, & Dale, 1999, for details). Statistical surface maps then
were generated using a general linear model (GLM) that displayed differences in cortical
thickness between PPA and control groups for each vertex along surface representations.

Naming accuracy

Table 5 provides the mean percentage correct naming for the control, PPA-G, and PPA-L
groups by condition. Overall, groups showed good ability to name. The mean of
semantically related and unrelated trials was 97.6% and 97.9% correct, respectively, for the
controls; 94.4% and 95.5% correct, respectively for the PPA-G group; and 89.5% and 91%
correct, respectively, for the PPA-L group. A 3 (group) x 4 (SOA) x 2 (relatedness)
ANOVA indicated a significant main effect of group (F (2, 35) = 6.694, p < .01), but not
SOA (F (3, 105) = .299, p = .826). Pairwise comparisons for individual groups revealed that
the PPA-L group performed statistically more poorly than the control group (p < .01), but
not the PPA-G group (p = .27). A main effect of relatedness approached significance (F (1,
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35) = 3.838, p =.058), with semantically related trials being more difficult, that is less
accurate, than unrelated trials. There were no significant interaction effects.

Reaction time analyses

Only correct responses were analyzed for RT, which required removal of 2.2% (118/5440),
4.84% (124/2560), and 9.43% (377/40002) of the data from the control, PPA-G, and PPA-L
groups, respectively. Furthermore, outliers (RTs greater than two standard deviations above
the group mean) were replaced with the group mean. Less than 2% of the data for the patient
groups and none for the controls were outliers.

Table 6 provides the mean RTs for related and unrelated trials at each SOA for each
participant group. Because we were unable to completely control for frequency of
occurrence of the related and unrelated IS, i.e., the semantically related IS were significantly
lower in frequency than the unrelated stimuli, we first examined the relation between 1S
word frequency and RT using the Pearson test (2-tailed), with results showing no significant
correlation between them for either the control or PPA groups (controls: r=.064, p=.418;
PPA: r=.107, p=.180). Analysis of homogeneity of variance of the RT data also showed no
significant differences (p> .05). The RT data were, therefore, first analyzed using a 3
(group) x 4 (SOA) x 2 (Relatedness) x 2 (living versus non-living things) repeated measures
ANOVA, which revealed main effects of group (F (2, 35) = 33.611, p <.000), SOA (F (3,
105) = 79.035, p < .000), relatedness (F (1, 35) = 41.796, p < .000), and living versus non-
living things (F(1, 35) = 17.410, p<.000). Follow-up pairwise comparisons indicated that
naming RTs were significantly longer for both PPA groups compared to the control group
(p’s<.001) and RTs for living things were significantly longer than for non-living things for
the control participants (p<.001), but not for either PPA group. In addition, there were
interactions between relatedness and group (F (2, 35) = 6.163, p <.01) and between SOA
and relatedness (F (3, 105) =14.981, p <.001). In order to determine how relatedness
affected groups and SOAs, a 3 (group) x 4 (SOA) ANOVA was conducted with differences
between related and unrelated naming RTs as the dependent variable. Results showed a
main effect of SOA (F (3, 105) = 14.981, p <.001), with Sl effects in the SOA =0 ms
condition being greater than those seen at the all other SOAs (p’s < .01). In addition, there
was a main effect of group (F (2, 35) = 6.163, p <.01), with both PPA-G and PPA-L groups
demonstrating significantly greater naming RTs for related compared to unrelated trials, that
is, overall greater Sl effects, than the normal controls (p’s < .01). Figure 2 displays the
percentage of RT latency differences between groups, calculated using the following
formula: [(unrelated-related)/unrelated) x 100]3, showing that at all SOAs the magnitude of
Sl effects was greater for both PPA groups compared to the healthy control participants.

In order to determine whether or not the overall magnitude of SI was related to performance
on neuropsychological or language tests administered prior to the study, we undertook
correlational analysis, using Pearson tests. Results showed no significant correlations
between the magnitude of Sl (calculated by computing the mean magnitude of Sl across all
SOA: s for each participant) and performance on any of these tests. These data are presented
in Table 7.

Additional analyses were undertaken to examine Sl effects within each participant group
using a 4 (SOA) x 2 (Relatedness) ANOVA. For the control group, significant main effects
of SOA (F (3, 48) = 44.480, p < .001) and Relatedness (F (1, 16) = 8.986, p <.01) and an
interaction between SOA and Relatedness (F (3, 48) = 7.418, p <.001) were found. Post-hoc

2For one logopenic subjects, one script (160 responses) could not be analyzed due to computer error.
3After Wilshire et al. (2007).
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analyses using a paired t-test (one-tail) revealed Sl effects, that is, significantly slower
naming RTs for semantically related compared to unrelated trials, at SOAs of 0 (p < .01),
—100 (p < .01), and =500 ms (p < .01), but not at SOA —1000 ms. Inspection of the
individual data derived from the SOA = —1000 ms condition showed that none of the control
participants demonstrated slower mean RTs in the related compared to the unrelated
condition, with 10 (of 17) showing the opposite pattern: faster RTs in the semantically
related compared to the unrelated condition, which was significant for three participants

(p< .01). No significant RT differences between related and unrelated conditions were found
for the remaining control participants (p> .05). For the PPA-G group, there also were main
effects of SOA (F (3, 21) = 10.400, p < .001) and Relatedness (F (1, 7) = 5.678, p < .05) as
well as an interaction between SOA and Relatedness (F (3, 21) = 6.510, p < .01). Post-hoc
analyses indicated significant SI at SOAs of 0 (p < .01), —100 (p < .05) and =500 ms (p <.
05) but not at SOA —1000 ms (p = .089). Notably, however, six of the eight PPA-G
participants (all but PPA-G1 and PPA-G5) showed semantic interference effects at —1000
ms (i.e., greater mean RTs in the related compared to the unrelated condition, ranging from
11.78 ms (PPA-G3; RT related = 1340.96 ms; unrelated = 1329.18 ms) to 282.08 ms (PPA-
G2; RT related = 1553.59 ms; unrelated = 1271.51 ms) (PPA-G group mean RT difference =
55.94 ms). These RT differences were significant for all participants (p< .05), with the
exception of PPA-G3, which approached significance (p = .0654).

For the PPA-L group, main effects of SOA (F (3, 36) = 39.628, p < .001) and Relatedness
(F (1, 12) = 49.613, p < .001) and a significant interaction between SOA and Relatedness (F
(3, 36) = 3.997, p < .05) also were found, with post-hoc analyses indicting Sl effects for the
PPA-L group at all SOAs: SOA 0 (p <.001), —100 (p < .05), —500 (p <.001), and —1000
ms (p <.01). Importantly, a Sl effect at —1000 ms was found for 10 of the 13 PPA-L
participants (all except for PPA-L2, PPA-L6, and PPA-L10). That is, mean RTs for related
trials were longer than for unrelated trials for these participants, ranging from 8.01 ms (PPA-
L3; related = 1084.52 ms; unrelated = 1076.51 ms) to 144.69 ms (PPA-L4; related =
1177.28 ms; unrelated = 1032.59 ms) (PPA-L group mean RT difference = 60.9 ms). For all
participants RTs for related trials were significantly slower than unrelated trials (p< .05). Sl
affects at each SOA (calculated by subtracting RTs for unrelated trials from related trials)
for participant group are shown in Figure 3.

Once again, we examined for correlations between SI and the PPA participants’
performance (both PPA-G and PPA-L) on our pre-test neuropsychological and language
measures. Results revealed no significant correlations between these variables (see Table 7).
We also queried whether symptom duration or age were correlated with Sl effects at SOA =
—1000 ms and found no significant correlations for either (symptom duration: r=.173, p=.
453; age: r=.051, p=.828). In addition, in order to determine that the abnormal Sl effects
seen at —1000 ms were not driven by disease severity we compared WAB AQ scores for
those who did (n=16) and did not (n=5) show this effect. Results indicated no significant
differences between groups (M = 85.13 and 86.72 for participants with normal and abnormal
semantic interference, respectively; p = .840 (Mann-Whitney U Test)).

Cortical Thinning

Because participants from both the PPA-G and PPA-L groups evinced abnormal Sl effects at
—1000 ms, we examined atrophy patterns for patients who showed abnormal effects (n=13;
five PPA-G and eight PPA-L participants4). Two participants were left-handed (PPA-G1,
PPA-L8) and therefore were not included in this analysis and an MR scan was not obtained
for two of the participants with abnormal effects (PPA-G4, PPA-L5). Notably, because of

4Participants PPA-G2, 3, 6,7, and 8; PPA-L1, 3,4,7,9, 11, 12, and 13.
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the low number of PPA participants with no semantic interference at —1000 ms and the fact
that MR scans were obtained for only three of them (one PPA-G and two PPA-L
participants5) we did not perform cortical thickness analysis for this small group.Figure 4
shows the regional distribution of cortical thinning (atrophy) for the participants showing
abnormal SI compared to controls (FDR, p = 0.01). Results showed asymmetric cortical
thinning, with atrophy constrained to the left hemisphere, most severely in the perisylvian
region, with extensive atrophy in the lateral temporal cortex. Notably, significant cortical
thinning also was found in the left inferior frontal gyrus, parahippocampal gyrus and in the
posterior fusiform gyrus.

Discussion

In this experiment we examined the effects of semantic interference on object naming by
presenting semantically related and unrelated interfering stimuli or word probes at SOAs of
—1000, —500, —100, and 0 ms. For the control group, statistically significant semantic
interference effects were found at SOAs of 0, —100, and —500 ms, but not at —1000 ms.
Previous studies also have found such effects in normal speakers at SOAs up to —300 ms
(Glaser & Diingelhoff, 1984; Hashimoto & Thompson, 2010; Starreveld & LaHeij, 1996).
However, studies have reported no semantic interference at earlier SOAs (see, for example,
Glaser and Diingelhoff (1984) who found no semantic interference at SOA = —400 ms). We
suggest that the semantic interference effect found in the present study at SOA = —500 ms
likely relates to the age of our control participants (mean age = 63 years; SD = 6 years)
compared to those in most studies of semantic interference effects, which have included
younger participants (age range approximately 18 to 30 years). Indeed, Taylor and Burke
(2002) found greater Sl effects for older participants (age 62—85), similar in age to our
control cohort, compared to younger speakers (age 18—-29 years). Semantic priming studies
also show greater priming effects for older compared to younger speakers, likely due to their
extensively developed lexical-semantic networks (Laver & Burke, 1993).

Another possibility is that we found semantic interference at =500 ms for the healthy control
participants because of frequency differences between our related and unrelated interfering
stimuli. That is, the semantically related probes were significantly lower in frequency than
our unrelated pairs, which may have inflated semantic interference effects. Indeed, Miozzo
and Caramazza (2003) found longer RT latencies associated with lower distractor word
frequency in word-interference paradigms. However, they found no interaction between
frequency and semantic relatedness. Importantly, we also found no correlation between the
frequency of our interfering stimuli and reaction time for either the control or PPA
participants.

In keeping with previous studies we did not find interference effects in the SOA —1000 ms
condition for the control participants. In fact, in this condition, naming was faster when
distractors were semantically related (967.9 ms) compared to when they were unrelated
(978.9 ms), albeit not significantly so for the group. Vandenberghe et al. (2005) and La Heij
et al. (1990) found similar semantic facilitation effects in neurologically intact participants at
SOAs of —750 and —800 ms, respectively. These data, considered collectively, suggest that
activations triggered by a semantically related interfering stimulus normally cease to exert a
competitive influence on object naming within approximately 750 seconds of presentation,
at which time the residual activation trace appears to facilitate naming.

Turning to the results from our PPA participants, both PPA groups evinced significant
semantic interference effects at —500, —100, and 0 ms, consistent with control participants,

5Participants PPA-G5, PPA-L 6, and PPA-L10.
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indicating that exposure to a semantically related interfering stimulus induced spreading
activation to related items that competitively interfered with subsequent naming of an object
in that category. However, both PPA groups showed heightened activation, that is, a larger
magnitude of semantic interference compared to age-matched controls at all SOAs. These
greater semantic interference effects are similar to those found by Hashimoto and Thompson
(2010). In addition, abnormal semantic interference in the —1000 ms SOA condition was
noted for both logopenic and agrammatic PPA participants. For the logopenic group, the
speed of object naming was slowed by a mean of 60.9 ms by a semantically related
(compared to unrelated) word presented 1000 ms prior to object presentation. Interestingly,
most of the agrammatic participants (six of eight) also showed this pattern, although the
group effect was not significant (p = .089), with a mean RT difference between the two trial
types of 55.9 ms. This finding supports those reported by VVandenberghe et al. (2005) who
found semantic interference effects for PPA patients at —750 ms.

These abnormal semantic interference effects suggest excessive activation of semantic
networks in aphasic individuals compared to normal speakers as well as greater vulnerability
to distractor interference than normal. Interestingly, vulnerability to distractor interference
has been shown to be particularly pronounced in individuals with the semantic variant of
PPA, where a blurring of semantic distinctions among members of semantic categories
becomes a major factor contributing to anomia, leading to characteristic semantic par
aphasias and coordinate errors in word-object matching tasks (Mesulam et al., 2009a).
Although the performance of individuals with the semantic variant of PPA was not
examined in the present study, because their characteristically poor naming ability precluded
participation, there is considerable overlap of symptoms among PPA variants. Therefore, it
is possible that the abnormal semantic interference effects found in both agrammatic and
logopenic participants stem from semantic mapping deficits characterized by difficulty in
rapidly dissociating the interfering stimulus from the target when the two are semantically
related and hence more likely to be blurred or confused. As discussed in the introduction, we
point out once again that the source of such semantic mapping deficits may derive from
impairments at the semantic or lexical, phonological level of word processing (or both). On
Levelt’s model of lexicalization (e.g., Levelt 1992; Levelt et al., 1999), for example, when
an interfering stimulus is encountered, spreading activation to semantically related items
occurs automatically and, in turn, lexical detail associated with both the IS and its semantic
network are accessed. Hence, inhibition of semantic competitors is required at the semantic
as well as the phonological level. Where in this path processing goes awry in individuals
with PPA is, however, unclear.

Interestingly, the naming impaired participants in the present study performed well on tests
of single word comprehension and semantic knowledge, as did the PPA individuals studied
by Vandenberghe et al (2005), on the face of it suggesting that that the source of these
individuals’ naming deficits related more to word-retrieval difficulty, rather than to semantic
deficits. The abnormal semantic interference effects found here, however, suggest otherwise
— that naming deficits in PPA derive at least in part from impairments associated with subtle
semantic processing deficits, which may not be detectable using off-line testing methods. In
fact, in the present study, we found no significant correlations between any of our pre-test
language measures and either the overall magnitude of semantic interference across SOASs or
abnormal semantic interference at —1000 ms. Other work in our laboratories also has shown
subtle abnormalities of semantic processing in PPA subtypes (e.g., PPA-G and PPA-L) that
are not associated with overt abnormalities of word comprehension or object identification
(Rogalski, Rademaker, Mesulam, & Weintraub, 2008).

Notably, the abnormal semantic interference effects found in the present study could not be
attributed to general cognitive deficits, such as memory or executive function, in that pre-
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testing of these functions showed that the PPA participants performed well across all
measures. In addition, no significant correlations were found between performance on any
of the neuropsychological tests administered and the magnitude of semantic interference
across SOAs or abnormal semantic interference at —1000 ms. Notably, we also found no
significant correlations between chronological age or PPA symptom duration and abnormal
semantic interference. These findings indicate that the semantic mapping deficits found in
our PPA participants cannot be explained by any general cognitive compromise or decline.

The patterns of cortical atrophy found for the PPA-G and PPA-L participants who showed
abnormal semantic interference effects at —1000 ms also are in line with the semantic
processing deficits noted. This group of individuals showed extensive atrophy in the left
lateral temporal cortex, including the superior, middle, and inferior temporal gyri as well as
the temproparietal junction. Notably, previous studies with non-semantic variants of PPA
also have found atrophy in these regions. For example, Wilson, Henry, Besbris, Ogar,
Dronker, Jarrold et al. (2010) and Gunawardena, Ash, McMillan, Avants, Gee, & Grossman
(2010) reported temporal atrophy in their cohort of logopenic and agrammatic PPA
participants, respectively. In the present study we also found atrophy in the parahippocampal
gyrus on the ventral surface of the brain as well as in the ventral temporal occipital region
(i.e., posterior fusiform gyrus) and in portions of the inferior frontal gyrus, also in the left
hemisphere. Each of these regions has been implicated in semantic processing and could
provide substrates for the Sl effects we observed. In addition to research associating the
lateral temporal cortex with semantic processing deficits (Gorno-Tempini et al., 2004;
Hodges, Patterson, Oxbury, & Funnell, 1992; Mesulam, et al., 2009a; Mesulam et al.,
2009b; Mummery, Patterson, Wise, Vandenberghe, Price & Hodges, 1999; Rosen, Kramer,
Gorno-Tempini, Schuff, Weiner, & Miller, 2002), several studies indicate that the ventral
occipitotemporal region, including the fusiform gyrus, is involved in processing of visual
word forms (Devlin, Jamison, Gonnerman, & Matthews, 2006; Hillis, Newhart, Heidler,
Barker, Herskovits, & Degaonkar, 2005; Kronbichler, Bergmann, Hutzler, Staffen, Mair,
Ladurner et al., 2007; Simmons, Koutstaal, Prince, Wagner, & Schachter, 2003) as well as
visual objects (Haxby, Gobbini, Furey, Ishai, Schouten, & Pietrini, 2001). Price and Devlin
(2011) suggest that this region is engaged in both bottom-up and top-down processing,
integrating visuospatial features abstracted from sensory input with higher-level
associations, including meaning representations. The IFG also is engaged for semantic
processing, with numbers of neuroimaging studies using a variety of tasks, including making
semantic decisions about words and generating words based on semantic relationships,
reporting significant activation in this region (Costafreda, Fu, Lee, Everitt, Brammer &
David, 2006; Demb, Desmond, Wagner, Vaidya, Glover, & Gabrieli, 1995; Fiez, 1997;
Gabrieli, Desmond, Demb, Wagner, Stone, Vaidya et al., 1996; Kapur, Craik, Tulving,
Wilson, Houle, & Brown, 1994; Klein, Milner, Zatorre, Meyer, & Evans, 1995; Peterson,
Fox, Posner, Mintun, & Raichle, 1988; Poldrack, Wagner, Prull, Desmond, Glover, &
Gabrieli, 1999; Wagner, Paré-Blagoev, Clark, & Poldrack, 1998). Thompson-Schill,
D’Esposito, Aguirre, and Farah (1977) also found greater IFG activation associated with the
selection demands of neuroimaging tasks, suggesting a role of this region is selection of
competing alternatives from semantic memory. In addition, the left IFG has been implicated
in response inhibition (Swick, Ashley, & Turken, 2006). These latter roles fit well with the
present findings in that the abnormal S| effects may result at least in part from an inability to
select from (and deactivate or inhibit) activated semantically interfering related items.

Regardless of the precise role of these regions in semantic processes associated with either
normal or disordered naming, the present findings indicate that agrammatic and logopenic
PPA participants show similar automatic lexical-semantic processing routines. Hence our
prediction that their performances would mirror those of stroke-induced anterior and
posterior aphasias was not completely supported. Priming studies show that Broca’s aphasia,
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which in clinico anatomical terminology is associated with a prototypical anterior aphasia
with necrosed tissue in the inferior frontal region, leads to an under activation of lexical
competitors and/or delayed activation; whereas, Wernicke’s aphasia, the prototypical
posterior aphasia, with posterior perisylvian brain damage, leads to over activation as well as
delayed deactivation of lexical competitors (Blumstein, & Milberg, 2000; Janse, 2006;
Prather et al., 1997; Swinney, et al., 1989; Yee et al., 2008)6. However, neither the
agrammatic or logopenic PPA individuals in the present study showed evidence of under
activation. Rather both groups showed spreading activation to semantically related items,
with semantic interference effects noted at all SOAs, with the exception of —1000 ms for
some participants. They also did not show performance patterns suggestive of delayed
activation of semantic networks in that both PPA groups showed semantic interference
effects in the SOA = 0 ms and —100 ms conditions. However, the magnitude of semantic
interference was abnormal for both PPA groups across all SOAs, an effect associated with
over activation of semantic competitors, expected for patients with posterior but not anterior
lesions. In addition, both groups showed evidence of delayed deactivation, as seen in
Wernicke’s aphasia, in that semantic interference effects persisted to the SOA = —1000 ms
condition, indicating a failure to completely inhibit the lexical-semantic network associated
with interfering stimuli in a timely manner, leaving them active during attempts to name
target pictures.

The lack of clear-cut distinctions in lexical-semantic processing routines for the two PPA
groups may reflect the nature of the clinical pathology associated with PPA compared to
vascular aphasia. In aphasias caused by cerebrovascular lesions, portions of the brain are
completely and permanently destroyed. In contrast, neurodegenerative disease that causes
PPA leads to a gradual and partial loss of neurons at sites of atrophy. Hence, the remaining
neurons, even at sites of maximal atrophy, continue to participate in relevant language tasks
(Sonty, Mesulam, Weintraub, Johnson, Parrish, & Gitelman, 2007). The deficits in these
patients, therefore, may reflect contributions from the residual functioning of atrophied
tissue, resulting in blurred distinctions between PPA subtypes at least in early stages of
language decline.

Further research using, for example, an eye-tracking paradigm similar to that used by Yee et
al. (2008), may help to clarify the nature of lexical-semantic processing deficits in PPA and
perhaps elucidate differences between PPA subtypes. The time course of activation and
resolution of semantic competitors can be tracked by monitoring participant’s eye
movements, elucidating either over or under activation of semantic competitors as well as
any delays in activation or abnormal resolution of semantic competition. A failure to resolve
lexical competition would show a pattern of timely, but abnormally long-lasting, fixations
on competitor items, whereas, a deficient activation pattern would show delayed fixations on
competitor items. Regardless of which is correct, however, the abnormal semantic
interference effects found for patients with PPA (both agrammatic and logopenic variants)
suggest that naming difficulty in these patients does not result only from phonological
encoding problems. Rather, faulty semantic processing is implicated as well.

Conclusion

Both agrammatic and logopenic PPA and healthy age-match participants show slowed
object naming speeds when exposed to semantically related interfering stimuli 500 or 100 m
sec prior to or simultaneously with presentation of an object to be named. However, this
semantic interference effect was greater in magnitude and also lasted longer, detectable even

Bstudies showing differential priming effects for individuals with stroke-induced Broca’s and Wernicke’s aphasia provide only gross
descriptions of patient lesions, therefore, they only estimate the neural correlates of these lexical-semantic processes.
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in the —1000 ms SOA condition. These results show that individuals with non-semantic
forms of PPA are able to activate appropriate semantic fields in response to experimental
lexical probes but that they are excessively vulnerable to interference by semantic
competitors during the subsequent iterative process that links an object to its name. Even
PPA patients with intact word comprehension may thus have a perturbation of semantic
processing that compromises naming ability.

e A semantic interference paradigm examined the time course of naming in PPA.

« Semantic interference at SOA = 0, —100, and —500 ms was seen in PPAs and
controls.

*  Only PPA participants evinced abnormal Sl at —1000 ms.

e A greater magnitude of SI was found for PPAs compared to controls across all
SOAs.

e Atrophy in left perisylvian cortex was found for PPAs with abnormal Sl effects.
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Figure 1.
Cartoon of stimulus trials. On each trial a 500 ms. cross fixation preceded presentation of an
interfering stimulus (1S) and target picture to be named in each SOAs condition.
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(a) Magnitude of semantic interference effect (RT latency differences between related and
unrelated trials) at each SOA for control, agrammatic (PPA-G), and logopenic (PPA-L)
participant groups; (b) Magnitude of semantic interference effect for control and PPA
groups (PPA-G and PPA-L) combined.
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Semantic interference effects (mean RT for related-unrelated trials) for the (a) control group,

(b) agrammatic (PPA-G) group, and (c) logopenic (PPA-L) group.
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500 175 500

Figure 4.

Distribution of cortical thinning of the lateral (top) and ventral (bottom) left hemisphere pial
surface for PPA individuals showing abnormal semantic interference effects in the SOA
—1000 ms. condition. Yellow indicates regions of greatest thinning — compared to a normal
cohort. Significance is displayed as a log10y p-value. IFG: inferior frontal gyrus, CS: central
sulcus; IPL: inferior parietal lobule; TPJ: temporoparietal junction; STG: superior temporal
gyrus, MTG: middle temporal gyrus, ITG: inferior temporal gyrus; TP: temporal pole; PHG:
parahippocampal gyrus; OC: occipital cortex (posterior fusiform gyrus).

Brain Lang. Author manuscript; available in PMC 2013 March 1.



Page 23

Thompson et al.

NIH-PA Author Manuscript

o1uadofo] = 7 ‘onewwelfy = v 810N

VIN (e) o1 (9) €9 [01uod
r2)se (@91 (D) v 7-Vdd
(eT)8e (e) L1 (929 9-Vdd

(@s) uesiy

4 <] 97 4 9. €T 71-Vvdd

€ <] 0¢ N 29 ¢T1-Vdd

9 <] 97 N 14 11 1-Vdd
4 <] 8T N 09 0T T1-Vdd
¢ <] 9T E| 74 6 1-vdd
¢ 1 [4) N 99 8 1-Vdd
S <] €T 4 S99 1. 1-Vdd

4 <] 9T N 89 9 71-vdd

L <] 14 N 69 S 1-Vdd
8¢ <] 97 4 79 ¥ 1-Vdd
¢ <] 8T N €9 €71-vdd
S'6 <] 67 N 99 ¢ 1-Vdd
S¢ <] ST N 69 T1-Vdd
S'€ <] 14 E| 69 8 O-Vdd
€ <] 97 B 29 L 9-Vdd
S <] 0¢ N cL 9 O-Vdd
S <] 8T E| 19 § O-Vdd
ST <] 8T B 4] ¥ O-Vdd
TE <] [4% N 69 € O-Vdd
S <] 0¢ N 29 ¢ O-Vdd
Sy 1 qT N 09 T 9-Vdd
(saeah)  ssaupspueH uoneONP3  J3pUID) aby  juedionued

uoneang woldwAs

T alqel

NIH-PA Author Manuscript

e1ep olydesbowsp uedionred vdd Jo Arewwng

NIH-PA Author Manuscript

Brain Lang. Author manuscript; available in PMC 2013 March 1.



Page 24

Thompson et al.

"sainseaw ssoJoe spuedioiued (€T 1-Vdd — T 1-Vdd) 21uadobo] pue (8 9Vdd — T 9-Vdd) direwiweide 10} $3103s 153 [ea1BojoyoAsdoinau Jo Arewwing

NIH-PA Author Manuscript

(0T) 68T (80006  (68)v0E (6e)69v (0e)T6E  (8€)SzLE  (9°0) «L'6C [oillve}
(0m)9sr (6028 (BLT)6'LE we)eoy (o) ese  (@e)eve (€)oo 1-Vdd
Dver nvye  (692) 66y (6e)e8r (e)Tie (Sv)ose (zeleLe 9-Vdd
(as) ueay
0z 01 72 Ly L€ €e v¢  €171-Vdd
0z 01 1€ 8y L€ 8¢ 62 ¢TI 1-Vdd
T L €e 05 6¢ 6¢ 62  TT1-Vdd
67 6 5¢ 0§ o L€ 82 0T 1-Vdd
VIN VIN LT 6 L€ 0¢ 8z 6 1-vdd
67 6 9 Ly 6¢ 8¢ 62 8 1-Vdd
VIN VIN VIN 14 6C 92 67 L 1Vdd
67 6 6 44 44 v €2 91-vdd
8T 8 18 6€ 8y 1€ A G 1-Vdd
8T 8 8z 9y VIN VIN 92 ¥ 1-Vdd
81 8 62 8y VIN VIN Lz € 1-Vdd
VIN VIN 8y VIN VIN VIN 24 21Vdd
8T 6 1€ 14 VIN VIN 0 PRRZE
LT L 55 2§ 9€ Ty 8z 8 9-Vdd
9T 9 8z €5 9 ve 9z L 9Vdd
0z 01 e [4S 134 g€ 8z 9 9-Vdd
9T 9 9 oy 8¢ 1€ 0¢€ § 9-Vdd
87 8 74 S 6¢ L€ > ¥ 9-Vdd
8T 8 80T 1§ 1€ 8z 0z € 9-Vdd
0z 01 a4 8y 6¢ 6¢ 8z Z29Vdd
0z 0t 134 8y VIN VIN 8c T 9-Vdd
(02) (om) v (rs) (sy) (8v) (0g) 1uedinued
1591 |ieda]  uomuboosy pakelag  areIpawIW|
1os s [e1oe-
[eqUdA  [eQJBA paads uondaaiad
[ensiA  [ensiA  Buissadsold [ensIn H1-SM IS

¢?olqel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Brain Lang. Author manuscript; available in PMC 2013 March 1.



Page 25

Brain Lang. Author manuscript; available in PMC 2013 March 1.

Thompson et al.

wT)tee (8T)686 (L1)066 (0000T (TT)G66 (22)ees (9196 (T0)00T (T0)00T (00) 00T (9°0) 8'66 louod

(99)2s6 (906 (@909 (00T (T8)816 (0T2)ees (L0)T6 (6098 (L0)S6 (9T z8 (59) z06 7-vdd

299 (6vove GrTse ©€0,2T (@9ees (1618 (G016 EDV,LL (0,68 O, TS 98,56 9-vdd

(as) ueay

7'86 0'00T 716 0T €'86 €€ 96 zL 96 8 888 €1 71-Vdd

1'86 186 6'88 60 198 o'oY T6 01 8'6 6 866 ¢TI 1-Vdd

796 796 0001 TT L'16 €86 88 6 8'6 g 7€8  T171Vdd

7'96 796 0001 TT 0'00T €'86 6 68 L'6 6 €6 0T 1-Vdd

6 Y6 716 TT €86 €88 v'6 6 01 o1 716 6 1-Vdd

€6 €6 7.6 60 €€l 0'Ge VL 6 8'6 6 06 8 1-vdd

8'8L 16 €€ A €€ €8 78 88 vl 9 9'8L L1Vdd

0'00T 0°00T 716 TT 0'56 006 01 6 S7'6 9 6'98 9 1-Vdd

0'00T 1'86 7.6 0T L'96 198 6 vl 68’6 6 506 §1-vdd

7'96 VIN VIN TT €€ 006 €6 6 76 6 €6 ¥ 1-vdd

796 000T 07001 0T 0°00T 1'96 §6 68 G8'6 o1 16 € 1-vdd

0'00T VN wN 0T 006 €'€6 76 99 01 8 9'G8 Z1-vdd

7'86 17'86 716 60 1'96 €'86 86 6 76 6 26 T 1-Vdd

6 588 6'88 TT 0°00T €'€6 68 98 01 9 8 8 9-Vdd

16 76 7’76 2 0'98 0'sy 76 g G8'L 9 6°€L L 9Vdd

7'96 17'86 6'88 ST 0'a8 €€l v'6 6'G 6 9 908 9 9-Vdd

796 G838 0001 0T €86 €88 98 88 Gz'8 4 €6L § 9-Vdd

1'86 1'86 7.6 A €6 L9L €6 9L S8 g 8'8. ¥ 9-Vdd

16 06 76 TT 0'56 L'18 €6 8L 68’8 4 6'6. € 9-Vdd

0'00T 0°00T  0°00T ) €'€6 €86 01 8 T6 4 €28 Z9Vdd

0'00T VIN 7.6 TT 0'00T €86 '8 zL 96 9 08 1 9-Vdd

(%) (%) (%) (%) (%) (1) (o1) (om) (o) (001)  juednted
S94N101d SPJOM AN unoN weN day dwo) Bl oV

ldd 1Add anN AINg Aaeneg eiseydy UIaISOM

‘sjuedioiued (€T 1-Vdd — T 1-Vdd) duadofio] pue (8 Odd — T 9-Vdd) dnewuwrelbe 1oj $a109s 1581 abenbue| Jo Arewiwng
€ 9lgqel
NIH-PA Author Manuscript

NIH-PA Author Manuscript NIH-PA Author Manuscript



Page 26

Thompson et al.

"(sdnoub 7-wdd pue 9-Wdd Usamiaq saoualapip wueaisiubis 10sp4a.) 100" >d
%

¥

‘70" >d

X
‘50" >d

*

159|984 Wjed pue splwelAd = 1dd ‘1591 Arengeso A aimold Apoqead = 1 Add ‘0lel QIBAUNON = A:N ‘1s81gns Buiweu

unou = unoN ‘Aseneg BuiweN ulsissmyuoN = gNN ‘1591 BuiweN uolsog = INg ‘BulweN = weN ‘uonnadsy = day ‘uoisuayaidwo) Alolpny = dwo) ‘Aduan|4 = 4 ‘uanonQ eiseydy = OV :910N

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

Brain Lang. Author manuscript; available in PMC 2013 March 1.



Page 27

Thompson et al.

(Lev)ses (T TTT (961)8T€T  (00)000T (000)0'00T  (000)0'00T (000) 0°00T  (0°0) 0°00T  (0°0) 0°00T louod
(ter)oos (s¥r)ze8  (sse)gve  (002)L08  (¥9)096  (6vT)ees8 (00T v'S6  (S¥T) 268 (7'9) 6'96 1-Vdd
(622,600 (22, L9 (02),895 (T61),22 (r9z)008 (988, TV (zy1)gug (LS, Zv. (56T) 218 9-Vdd
(as) ueay
€718 10T Tv6 €'€6 0'00T 0'00T 0'00T 0'00T 000T €T 1Vdd
€6 10T 8'G0T 0°00T 0°00T 0°00T 0°00T 0°00T 000T  2T71-Vdd
TS z6 €19 0'00T 0001 008 0001 0'00T 000T  TT1-Vdd
688 98 685 008 198 1'99 198 009 008 0T 1-Vdd
7'0L 6€T L'ST €6 0°00T L'98 0°00T 0°00T 0'00T 6 1-vdd
9§ 9L 0'€8 0'00T 0001 0°00T 0001 0'00T 0'00T 8 1-vdd
9v8 'S T6T Loy 198 0'00T 198 L'99 198 L1Vdd
18 G0T 1811 €eL 0°00T L'98 0°00T €€l 0°00T 971-vdd
LS8 €9 0'98 €'€s 0001 €'€s L'99 008 0'00T §1-vdd
L'v6 8L 186 VIN VIN €'€6 0'00T €'€6 0'00T ¥ 1-vdd
788 6L TTYT VIN VIN 0°00T 0°00T 0°00T 0°00T € 1-vdd
0'zL 6L 8001 VIN VIN 008 0001 0'00T 0'00T Z1-vdd
0'26 §6 SY0T 1'99 198 0'00T 0'00T 198 €'€6 T 1-Vdd
529 89 00y 009 £'99 L'98 0°00T 0°00T 0°00T 8 9-Vdd
L0T TL 9Ly 00 €'ee VIN VIN L'98 €'€6 L 9Vdd
871C €11 TLL €ee 0'00T 002 008 €'€S 198 9 9-Vdd
€85 7'G 0'9g €ee 0°00T €eT 0°00T €€l €eL G 9-Vdd
G'.S 9L €011 €ee 0001 L9z 008 L'99 009 ¥ 9-Vdd
0'09 0 'aS VIN VIN VIN VIN L'99 €'€6 € 9-Vdd
00T (137 zse €ee 008 L9 £'99 009 L9 Z9Vdd
L9y 59 T'€9 VIN VIN €'€6 0001 L'98 0'00T 1 9-Vdd
w Mww:w_%m NN INdM ON O  ON-lddS  O-1ddS ON-10S 0-10S  uedpnied
Saanses| aAnelIeN 1VN SAVN
"$21005S 159 afenbue| [euonippe Jo Alewwng
¥ alqel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Brain Lang. Author manuscript; available in PMC 2013 March 1.



Page 28

Thompson et al.

*(sdnoub 1-vdd pue 9-dd Usamiag Saouaiapiip uedyiubis 10a)ya1) 10 >d
*

*
‘50" >d
*

"30ueJa)IN JO YIBUST LB\ = NN ‘iU Jad SPIOA = N ‘S80USIUSS [BIILIOUBILUON
= DN !$90U3JUas [edIuoURD = D) 1S3 WelBeuy UIBISAMULION = | /N ‘S30US]Uas [2OILUOUBIUON ‘131 Bullllid UOIIONPO.d 80Us1UaS = DN-1ddS ‘S8ousiuas [ealuoue) 1sa] Bulliild UONINPoId 0U3JUaS = D
-1ddS ‘$80U81Uss [291UOUBIUON 1S3 UOISUsyaIdwo)) 80usluas = DN-1DS ‘S80UsIUSS [2IIUOURD ‘IS8 UOISUBYBIdWOD 82UBIUSS = D-1DS ‘S80UBIUSS PUB SIS/ JO JUSLUSSASSY UIBISIMULION = SAVN :810N

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

Brain Lang. Author manuscript; available in PMC 2013 March 1.



Page 29

Thompson et al.

"WVOS Yoea 1e sdnoub (7-vdd) Vdd 21uadoboj pue (9-vdd) Vdd direwiwrelbe ‘[0juod Joy (uoneinsp pJepuels pue) Buiweu 1031109 abejuadlad uesiy

NIH-PA Author Manuscript

woHote (16)s68 (02026  (#8)906  (02) 026 parIUN
(eo1)g68 (coT)g68 (e0T)288 (9TT) 068 (0°0T) 806 parejay
7-vdd

(62)5s6 (9e)1v6  (L2)e9e (2966 (Tv)es6 parpiun

) vve (Le)ose (18)T¥6  (9%)0s6  (9G) 826 pae|oy
9-Vdd

(90626 (ze)rie (8228  (92)186  (¢€)L'L6  parpiun
oo (e Qarwe (92086 (8€) VL6 paejay
|041u0D

Adoeanday elo L dnoio

swo Sw 00T Sw 05—  sSwW000T-

AuoayouAsy 19suQ sninwins

G 9lgel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Brain Lang. Author manuscript; available in PMC 2013 March 1.



Page 30

Thompson et al.

"T00" >d

X¥¥

‘10 >d

*¥

‘50" >d
*

"(WOS) AuoiyduAse 18suo sninwinis Aq (QsS) UoneIASp pJepuels pue ‘(sw) Spuodastjiw ul (1) Sawil uondeas uesyy 810N

GT5T £95 zeen 609  8UaIRMId
LEVT LOTYT L6VT  GO09ET T'20T 0ZveT  T0ST 6'/€2T  paeppIun
P8 w09l pTiT WBIVT eppT L CPET e 4, 886CT pajejey
IVdd
€067 8.6 L'€6 6'G5  99UaIBNIQ
1981 gleyT 0¢eT  €O06ET 67TST g0TET €661 YZIET  paejpiun
0T8T ' 89T ggrz I8V g0z LSVOVT  gg6T £'89€T pareley
9-vdd
€09 VLT 6'82 0'17— 9uslBIId
v'IET T€ZIT LTel  €SS0T €9 7566 8'86 6'8/6  pare[RIUN
T90T  »VE8IT  ggrT L L7¢0T sy W IWE0T  Z0g 6',96 parejey
|0U0D
as 18 as 1M as 1 as 1
sw 0 sw 00T— SW 00S— sw 000T—

Auoayouhsy 18suQ sninwins

"WOS Yoea 1e sdnoib (1-vdd) Vdd 21uadoBo] pue (9-vdd) Vdd dinewwelbe ‘[0uod 1o} S[ell) palejaiun pue pare|as Ajednuewas 10) awil Uo1oeal Uesn|

99|qel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Brain Lang. Author manuscript; available in PMC 2013 March 1.



Page 31

Thompson et al.

(pajie1-g) UoNe|a1100 UosIead :3l0N

868" 0€0 0LE 902 — 8IN10Id-1dd
LT €LE 423 ¢Ge— PIOM-1dd
116 L00'— ey 161 — 1Add
860" TLE 960" ¢LE— NA'N-dNN
80¢° 98¢— 1L G80° UNON-aNN
v18 G660 — Tov” €61 — INd
6.V €T’ 8¢ L¥e— N-avM
169" 060°— L06° 120 d-avMm
666" 000° €v9’ 801 — oV-avM
8 Y0 5474 LLT 3-avM SaINSeslN
289 ¥OT' 696 600 ov-avm afenbue
¥6¢€’ 1474 891 €81 — Siulod
[eGI3NA [ENsIA
19¢€ 9¢e €¢s 191— SHIYS
[eQIIA [EnsIA
619 660'— 8¢8’ ¢G0— VIsaL |fell
T98 ¢ro— 069 S60° uoniufoosy [eroe
9T¢’ QLT vy €61 — pakefsd I11-SINM
168 Ge0'— 6TS (AR aleIpaww| saInsesin
1HI-SWM
0eL 080’ .8 Le0'— ASNIN
[ea1BojoyaAsdoinaN
d A d 1

Sw 000T— ¥ IS IS 40 apnuben

"sainseaw abenfue| pue [ealbojoysAsdoinau 1s8)
-a1d uo aourwWIOMad pue sW OOOT— = YOS dY1 18 aoualapiaiul J1uRWaS (0) pue ‘8duaiaiaiul dluewWwas Jo apniiubew |[eJano ayl (B) Usamiaq SUoIe|aLIo)

L9lqel

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

Brain Lang. Author manuscript; available in PMC 2013 March 1.



Page 32

Thompson et al.

pnw ple| 100] dwems pooy eyjed 1S9/ 19108 ano|b g
1001 15e0] EEIN| JaIyL JEINENY J1ab6ep A1apno JEYETR] 30} ¥
Auung Mmopeys peuwiou Jamol4 1950]9 Jadwey EIN[o1:0] suniy Jassaip e
Bue|s 08U 11oMms Jlouy| wnnaoeA ybnojd ]aAoys afel woolq 2z
uloge Jadelp Husys Asuinop 19010 Jareaq Jaddoyo Jaxiw Japus|q 1
BuialjuoN-186re |
(r0) 1T (ev0)eTT (8yO)veT  (rO)eTT (IS0 vL0  (ero)vs0  (#F0)90  (870) L¥O (oro) 1T (@s) W Aduanbaiy
ajod [e0d wab 1BN BENBITR] sl 199 ENIIIN wiom 0z
1eaMS avs 2qo|h abpo uiydjop pinbs JEND) nos aleym 6T
3|1xal Aydon Aneaq JoquiAs Jaydob Jaiswey 03296 |oseam Jadiinbs 8T
£ X8l 1yoeA ade] BoH X0} ajow Jeoq Bid /T
1digoal 21W09 Jayream a|pueH |eas snijem asooh uiqol uinBbuad 9T
1s8U M zel 4o awiI 199(q eAend wek Jead ST
ssed ped uoow wno uaIm onp simey 311038 Mo 2
ploogal uooued a|ppy Janno Jaddad abeqqed J1abuib Jiseq uoruo €T
JUBWOD ysiuny 10b.1e] leseq ueag diuim apoid wn)d anljo T
Japunyy Jaypes) 3|y oleH uols epued e[|11ob ooJeBuey Aayuow 1T
uonoj uiqes apuew |anON adojaue ofeyng 3]|9zeb Ye1eayd ajgellf 0T
18X20] 101191 118s3p Jauned Jaddad 1p 1nus| diussed RITTLE) 6
uaq0} 09sIp [age] ureIn Jrenb uems lopuod Kaxany 9)bes 8
alayds puod aned asealn 910A09 arey |aseam Muiw Bop /
Jeads jua) Bni ureig wey a|nw Mek ewe|| MO02 9
pienb Xem Bun waod 1e3YM ysenbs ead As|leq ulod S
8N sa|6boh Jauuip INJINS  JBMO|1|NeDd As|ssed RN yoeuids 10410 ¥
uonuaAul ad1oal J9Indwod wnasniy olnbsow RIIEN 1SN20| apadnusd Ajyanng €
1B 32019 UMe| dwels ady asoowl 1e0b MIE] Jeaq 2z
192Jed uoBirel oyos a|neg Auayo obuew uojaw 1MIX |dde T
0VOS 00T-VOS 00S-VOS 000T- VYOS 0VOS 00T-VOS 00S-VOS 000T-VOS
S1 palejaaun S1 paejey Buini-196ae |

Brain Lang. Author manuscript; available in PMC 2013 March 1.

(s@s) suoneIAap pJepurls pue salouanbaiy ueaw yum (S)) 1nwins Burlapisiul Buipuodsaliod pue 1abre |
Vv Xipuaddy
NIH-PA Author Manuscript

NIH-PA Author Manuscript NIH-PA Author Manuscript



Page 33

Thompson et al.

(090 12T (290)eTT (220)9TT (GF0) 260 (190)20T (L60)80T (250)S80  (69°0) 89°0 (eg'0)ee'T  (As) N Aousnbaig
unb Yreaiq MeJd dwnp 18nbnog ouQeRy 3ons abesi0 Y1eaim 01
fenmu Japuane| Jaauoid 1apuayo Hniq HIP neae|d ureunow 0UBd|OA 6
aNEM me| 3u0d N ETELTl plob ERETNREN] 18PjUe Buu 8
FENNII J1sou SNJIA MOpeSIA 0oe] eubese| ojLNg maybeds ezzId /
yinoA e ss0q alous abexoed pJeasod xoq|rew uewssod JENE]] 9
00z Aen ysew 31Se/\\ abeieb lew pays uleq asnoy g
JueIA) Jejoau juswaned a|den 18ULIR|D 1189 any auoydoxes Jeunb ¥
Ani Auey sa1sAyd nuai\ aed Apued Buippnd aid 31002 €
wreoy |read wel 1eA M Janng wrealo unBoA 95990 b4
ny wow Bunj qu| 01y 1e0 Aa|leq [EEIEN) pealq T
194
(s50)80T (s50)LTT (190 erT (IS0 T0T (990)580 (6v0)290 (650) 260  (29°0) ¥9°0 (59:0) 560  (@s) W Aouanbaiy
1SUM wnis yajou ETIS 3mnys uofem uepas snq SNy 0z
Kool anjels 10adsns 10]id ueAesed uresy aberired daal 1Xe} 6T
aJed  ayoeisnow ajbun( AKaupriy ABBNnq abelires uofem quo 19110428 8T
pep oy asou apIN9 J1areay aoeuny Jahip a|pp1b anols T
Auueu abeisoy uan| JoqubiaN yore] 13p|04 Japuiq dipp Ja|dels 9T
1sanf 114 sunl Nied Jaiseq e|njeds jod dna uoods ST
anesh 15eak 1inq 15044 ebo] Buoses M ssaip ups ¥T
Bng 30U ulo9 Bue SR s1asnouy s1axoq sueal sJoys €T
aed 1e0 Aeq an|o Jaddis suojAu 193y 19Xeaus aoys T
ured 150y 390] ITIS) 1eH uspW ERECTH Rasial uiys 1T
anlau quinyy abpnib be | Noel uid 1109 nu MaI2S 0T
Joreay) Jounf ugey uopied  Jauadieys Jaselss lozel Jaxjew S10SS19S 6
wejd Bol pou weH EIIE 1893y axe 18s1yd Mes 8
aualbAy sluua) $S893. a|ddup Jauuny 191eW Japues sbuoy siand /
dnos s Boj wems ledjeas 180UR| 1uU0Aeq ploms ajuy| 9
0VOS 00T-VOS 00— VOS 000T—VOS 0VOS 00T-VOS 00— VOS 000T— VYOS
S1 palejaaun S| paejey Buini-1ebae L

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

PMC 2013 March 1.

in

available

1

Brain Lang. Author manuscript



