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Abstract

Naming and word-retrieval deficits, which are common characteristics of primary progressive
aphasia (PPA), differentially affect production across word classes (e.g., nouns, verbs) in some
patients. Individuals with the agrammatic variant (PPA-G) often show greater difficulty producing
verbs whereas those with the semantic variant (PPA-S) show greater noun deficits and those with
logopenic PPA (PPA-L) evince no clear-cut differences in production of the two word classes. To
determine the source of these production patterns, the present study examined word-finding pauses
as conditioned by lexical variables (i.e., word class, frequency, length) in narrative speech samples
of individuals with PPA-S (n=12), PPA-G (n=12), PPA-L (n=11), and cognitively healthy controls
(n=12). We also examined the relation between pause distribution and cortical atrophy (i.e.,
cortical thickness) in nine left hemisphere regions of interest (ROIs) linked to word production.
Results showed higher overall pause rates for PPA compared to unimpaired controls; however,
greater naming severity was not associated with increased pause rate. Across all groups, more
pauses were produced before lower vs. higher frequency words, with no independent effects of
word length after controlling for frequency. With regard to word class, the PPA-L group showed a
higher rate of pauses prior to production of nouns compared to verbs, consistent with noun-
retrieval deficits arising at the lemma level of word production. Those with PPA-G and PPA-S,
like controls, produced similar pause rates across word classes; however, lexical simplification
(i.e., production of higher-frequency and/or shorter words) was evident in the more-impaired word
class: nouns for PPA-S and verbs for PPA-G. These patterns are consistent with conceptual and/or
lemma-level impairments for PPA-S, predominantly affecting objects/nouns, and a lemma-level
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verb-retrieval deficit for PPA-G, with a concomitant impairment in phonological encoding and
articulation affecting overall pause rates. The greater tendency to pause before nouns was
correlated with atrophy in the left precentral gyrus, inferior frontal gyrus and inferior parietal
lobule, whereas the greater tendency to pause before less frequent and longer words was
associated with atrophy in left precentral and inferior parietal regions.

Keywords

primary progressive aphasia; narrative analysis; word retrieval deficits; word class effects; brain-
behavior relationship

Introduction

Naming and word-finding deficits are commonly seen in patients with primary progressive
aphasia (PPA), even though the nature of these and other deficits differs across PPA
variants. Models of word production address multiple stages of naming, including
conceptual preparation, lemma retrieval (i.e., access and selection of an abstract lexical unit
specified for semantic and syntactic information), retrieval of the phonological word-form,
phonological encoding (i.e., syllabification and segmentation), and motor speech planning
and articulation (Caramazza, 1997; Dell & O'Seaghdha, 1992; Levelt, Roelofs & Meyer,
1999; Roelofs, 1992). Accordingly, naming impairments in PPA may reflect breakdown at
one or more of these stages. For example, the semantic variant of PPA (PPA-S) has been
linked to difficulty at the conceptual and/or lemma levels. Noun naming is more impaired
than verb naming in PPA-S, stemming from impaired lexical-semantic representations (e.g.,
a blurring of semantic distinctions within taxonomic categories) as well as impaired
mapping from the semantic features of objects to the retrieval of noun lemmas (Hillis et al.,
2006; Hillis, Oh, & Ken, 2004; Hurley, Paller, Rogalski, & Mesulam, 2012; Mesulam et al.,
20093, 2013; Thompson et al., 2012a; Thompson, Lukic, King, Mesulam, & Weintraub,
2012c; Wilson et al., 2010). Noun naming deficits lead to semantically impoverished
language, with production of primarily high-frequency, abstract, and/or vague words (Bird,
Lambon Ralph, Patterson, & Hodges, 2000; Hoffman, Meteyard, & Patterson, 2014;
Meteyard & Patterson, 2009; Wilson et al., 2010).

The source of naming deficits in the logopenic (PPA-L) and agrammatic (PPA-G) variants is
less clear. Both subtypes have been associated with impairments at the phonological level,
with some studies pointing to impaired phonological word-form retrieval in PPA-L and
deficits in phonological encoding, as well as motor speech planning and articulation, in
PPA-G (Ash et al., 2006; Ballard et al., 2014; Bird et al., 2000; Hoffman et al., 2014; Hurley
etal., 2012; Mack et al., 2013a; Meteyard & Patterson, 2009; Mesulam et al., 2009a, 2013;
Mesulam, Wieneke, Thompson, Rogalski, & Weintraub, 2012; Wilson et al., 2010).
However, studies of online word production, showing abnormal semantic interference
effects in individuals with PPA-L and PPA-G, suggest possible lemma-level deficits as well
(Thompson et al., 2012b). In PPA-G, verbs are more impaired than nouns and these effects
are more pronounced in confrontation naming (Hillis et al., 2006; Hillis, Oh, & Ken, 2004;
Thompson et al., 2012c) than in narrative speech, although noun to verb (N:V) ratios are
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numerically (but not significantly) elevated compared to controls (Thompson et al., 2012a;
Wilson et al., 2010). In addition, individuals with PPA-G exhibit more difficulty retrieving
verbs with complex (two-argument) vs. simple (one-argument) lemmas, despite intact
comprehension of both verb types (Thompson et al., 2012c), suggesting that verb production
deficits may arise at the lemma level. Differences in verb production between naming and
narrative tasks have not yet been explained. One possibility is that verb deficits in narratives
are manifest in part through lexical simplification, e.g., selection of higher-frequency and/or
phonologically less complex word forms to lessen retrieval demands, which may reduce the
degree of impairment as measured by overall word class production patterns (i.e., N:V
ratios).

In PPA-L, word class effects have not been found in naming (Thompson et al., 2012c), but
trends towards impaired noun production have been noted in narrative speech (Thompson et
al., 2012a; Wilson et al., 2010). One possible reason for this is that PPA-L may be
associated with lemma-Ilevel noun retrieval deficits that emerge due to the demands of
narrative speech, i.e., tracking a set of referents (e.g., Cinderella, prince, fairy godmother,
glass slipper) and repeatedly selecting from this set throughout the construction of the
narrative. Alternatively, trends towards reduced noun production in narrative speech may
result from impaired phonological word-form retrieval (Mack et al., 2013a). Even in
unimpaired speakers, nouns tend to be longer and of lower frequency than verbs in
Cinderella story narratives (Bird and Franklin, 1996; MacWhinney, Fromm, Holland,
Forbes, & Wright, 2010). Because word length and frequency may affect the ease of
phonological word-form retrieval (Garrett, 1982; Jescheniak & Levelt, 1994; Wilson,
Isenberg, & Hickok, 2009), these variables may particularly affect noun production in PPA-
L.

One variable in spoken language that reflects word retrieval processes is the distribution of
pauses. In unimpaired individuals, pauses have been shown to reflect word production
difficulty both at the level of lemma access and selection (pauses tend to be produced before
less semantically-predictable words; Beattie & Butterworth, 1979; Goldman-Eisler, 1958;
Griffin & Bock, 1998) and at the level of phonological word-form retrieval and encoding
(pauses tend to occur before less-frequent words; Beattie & Butterworth, 1979; Griffin &
Bock, 1998; Jescheniak & Levelt, 1994). Similarly, aphasic individuals may produce pauses
due to processing difficulty either at the lemma or phonological level (Garrett, 1982). In
addition, pauses may result from deficits in motor speech planning and articulatory
processes (Ballard et al., 2014; Duffy, 2006). Thus, the distribution of pauses can potentially
inform accounts of word retrieval deficits in PPA across multiple levels of representation.

Pauses also are of interest due to their putative prevalence in PPA-L. Indeed, Mesulam and
Weintraub (1992) initially defined “logopenic” speech as a paucity of output due to long
word-finding pauses (p. 587), and more recently, we (Mesulam et al., 2012, p. 1550) noted
that word-finding pauses are the “most conspicuous clinical feature” of PPA-L, given that
grammar and word comprehension are generally intact in this subtype. Consistent with this
observation, previous studies have found a high rate of pauses in PPA-L (Ash et al., 2013;
Teichmann et al., 2013; Wilson et al., 2010). However, PPA-G has also been associated with
abnormally frequent and/or long pauses (Ballard et al., 2014; Ash et al., 2013; Rohrer et al.,
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2010; Wilson et al., 2010). This raises the question of whether the distribution of pauses
differs between the two subtypes, potentially reflecting distinct language processing
impairments.

The present study examined the distribution of pauses across nouns and verbs produced in
the narrative speech of individuals with PPA and age-matched cognitively healthy control
speakers. Word class effects on pause distribution may reflect lemma-level retrieval deficits,
whereas word frequency effects may relate to impaired phonological word-form retrieval
(Jescheniak & Levelt, 1994) and word length effects may reflect impaired phonological
word-form retrieval or subsequent phonological encoding and articulatory processes (Wilson
et al., 2009), neither of which would affect production by word class. On the hypothesis that
noun-retrieval deficits in PPA-S emerge at the lemma and/or conceptual levels (Hurley et
al., 2012; Mesulam et al., 2009a, 2013), we predicted that individuals with PPA-S would
pause more frequently before nouns compared to verbs. In contrast, given that verb
production is more impaired than noun production in PPA-G (Thompson et al., 2012c), we
expected more frequent pausing before verbs, reflecting lemma level impairment. However,
if impaired phonological encoding and articulatory processes also are impaired in PPA-G
(Ash et al., 2010; Mack et al., 2013a; Ballard et al., 2014), high pause rates overall,
influencing both noun and verb production, were expected. For PPA-L, we tested two
possible accounts: that word-retrieval impairments (1) are lemma-based (cf. Hurley et al.,
2012; Thompson et al., 2012b) and would, therefore, result in increased pausing before
nouns, and/or (2) result from impaired phonological word-form retrieval (Mack et al.,
2013a), in which case increased pausing before low-frequency and longer words, with no
independent effects of word class, was predicted.

The present study also aimed to identify the neural correlates of pauses in PPA. Only three
studies, to our knowledge, have investigated this relationship, finding atrophy in the left
superior temporal gyrus (STG) (Ash et al., 2013; Wilson et al., 2010), the inferior parietal
region (Ash et al. 2013), and/or frontal regions (Ballard et al., 2014). Differences across
studies may relate to pause coding procedures and the specific pause measures chosen (e.g.,
filled pauses vs. unfilled pauses, pause rate vs. pause duration, etc.). In addition, the neural
substrates of pauses may differ depending on their source (e.g., lemma retrieval vs.
phonological word-form retrieval vs. phonological encoding and articulation), which has not
been addressed in previous studies. We examined cortical atrophy in nine left hemisphere
ROls that have been linked to fluency and word production in healthy individuals as well as
those with stroke aphasia and PPA: the pars opercularis, pars triangularis, and pars orbitalis
of the inferior frontal gyrus (IFG), the caudal middle frontal gyrus (cMFG), the precentral
gyrus, the middle temporal gyrus (MTG), the superior temporal gyrus (STG), the inferior
parietal cortex (IPC), and the supramarginal gyrus (SMG) (Ash et al., 2013; Gunwardena et
al., 2010; Indefrey, 2011; Indefrey & Levelt, 2004; Mirman et al., 2015; Rogalski et al.,
2011; Schnur, Schwartz, Brecher, & Hodgson, 2006; Schnur et al., 2009; Schwartz et al.,
2009; Wilson et al., 2010; de Zubicaray, McMahon, Eastburn, & Wilson, 2002). We
hypothesized that pause distribution by word class would predict atrophy in regions
supporting lemma retrieval, such as the MTG (Indefrey, 2011; Indefrey & Levelt, 2004;
Schwartz et al., 2009; de Zubicaray et al., 2002) and/or the IFG, which has been claimed to
exert top-down control over lemma access and selection during word production (Schnur et
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al., 2006, 2009; Schwartz et al., 2009). However, we did not make specific predictions about
the direction of word class effects due to mixed results in the neuroimaging literature
(Crepaldi, Berlingeri, Paulesu, & Luzzatti, 2011; Vigliocco, Vinson, Druks, Barber, &
Cappa, 2011). Pause distribution by frequency was expected to predict atrophy in
temporoparietal regions that support phonological word-form retrieval (Abel et al., 2009;
Indefrey, 2011; Indefrey & Levelt, 2004; Prabhakaran, Blumstein, Myers, Hutchison, &
Britton, 2006; Wilson et al., 2009; de Zubicaray et al., 2002), whereas pause distribution by
word length was expected to predict atrophy in these regions as well as regions that support
phonological encoding and articulation, such as the precentral gyrus, IFG, and cMFG
(Ballard et al., 2014; Graves, Grabowski, Mehta, & Gordon, 2007; Gunawardena et al.,
2010; Mirman et al., 2015; Rogalski et al., 2011; Wilson et al., 2009; 2010).

Participants in the experiment included three groups of patients with PPA and a group of 12
healthy controls matched for age and education (see Table 11. The PPA patients presented
with progressive language deficits and no evidence of other neurological impairments. The
PPA groups consisted of 12 patients with PPA-G, 11 with PPA-L, and 12 with PPA-S. The
three patient groups did not differ in symptom duration (1.5 to 7 years). All participants
were monolingual English speakers with no prior history of neurological or psychiatric
disorders, and all but two were right handed. In order to meet the study's aim of
investigating the distribution of pauses across word classes in narrative speech, only
participants who produced at least 10 nouns and 10 verbs in their narrative samples were
included. All participants were part of the PPA Research program at Northwestern
University, tested in the Cognitive Neurology and Alzheimer's Disease Center (CNADC)
(Chicago, IL) and the Aphasia and Neurolinguistics Research Laboratory at Northwestern
University, Center for the Neurobiology of Language Recovery (CNLR) (Evanston, IL).
Prior to the study, informed consent was obtained. The study was approved by the
Institutional Review Board at Northwestern University.

A battery of non-language neuropsychological tests was administered (see Table 1 for a
summary of scores), which included the Mini-Mental State Examination (MMSE: Folstein,
Folstein, & McHugh, 1975), the Clinical Dementia Rating (CDR: Morris, 1993), and the
Digit Span (forward and backward spans) subtest from the Wechsler Memory Scale-I11
(WMS-I1I: Wechsler, 1997). All PPA groups performed significantly lower than controls on
the MMSE, likely reflecting compromised language abilities (see Golper, Rau, Erskine,
Langhaus, & Houlihan, 1987; Osher, Wicklund, Rademaker, Johnson, & Weintraub, 2008).
The CDR Sums of Boxes scores of PPA-G and PPA-S groups, indicative of the impact of
cognitive deficits on daily living activities, were also significantly higher than controls.
However, the mean total scores obtained by the PPA groups were in the very mildly
impaired range. The PPA-G and PPA-L groups performed significantly worse than controls
on the Digit Span Forward and Backward tests, possibly reflecting working memory

1Participant groups were compared using nonparametric statistical tests (Kruskal-Wallis tests, with follow-up pairwise Mann-Whitney
U tests with FDR adjustment of p-values to correct for multiple comparisons).
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deficits, although we point out that digit span scores also may be compromised by language
impairments.

PPA subtyping was based on criteria presented in Mesulam et al. (2012). As demonstrated
through performance on a language test battery (see Table 2 for a summary of scores),
individuals with PPA-G exhibited grammatical deficits with relatively intact word
comprehension, and those with PPA-S exhibited impaired word comprehension with
relatively intact grammatical processing. Participants with PPA-L evinced impaired phrase
and sentence repetition, with relatively intact word comprehension and grammar. Single
word comprehension was measured using a 36-item subset of the Peabody Picture
Vocabulary Test (PPVT, i.e. moderately difficult items, 157-192; Dunn & Dunn, 2007), and
PPA-S participants performed significantly lower than all other groups. Grammatical
sentence processing abilities were assessed with the Sentence Production Priming Test
(SPPT) and Sentence Comprehension Test (SCT) of the Northwestern Assessment of Verbs
and Sentences (NAVS; Thompson, 2011) and the Northwestern Anagram Test (NAT:
Thompson, Weintraub, & Mesulam, 2012; also see Weintraub et al., 2009). The PPA-G
group exhibited poorer noncanonical sentence production and comprehension as compared
to all three other groups. Phrase/sentence repetition was measured using a subset of items
(10-15; Rep6) from the Repetition subtest of the Western Aphasia Battery-Revised (WAB-
R: Kertesz, 2006). All PPA groups showed impaired performance on this measure relative to
controls.

Verb and noun naming ability was characterized using the Boston Naming Test (BNT:
Kaplan, Goodglass, & Weintraub, 1983) and the Northwestern Naming Battery (NNB:
Thompson & Weintraub, 2014). Noun naming ability as measured by the BNT was
significantly impaired for the PPA-S group compared to all other groups. The PPA-G and
PPA-L groups also showed significant noun naming impairments relative to controls. On the
NNB, participants with PPA-G showed greater difficulty naming verbs compared to nouns,
with higher Noun to Verb (N:V) ratios than the controls, whereas individuals with PPA-S
exhibited differentially impaired noun naming, as reflected by lower N:V ratios than all
other groups.

Additional tests were also administered to detail patient language deficit patterns, including
the Western Aphasia Battery-Revised (WAB-R; Kertesz, 2006), the Pyramids and Palm
Trees Test (PPT: Howard & Patterson, 1992), and a motor speech screening (i.e., an oral
apraxia screen and repetition of one-, two-, and three-syllable words; after Dabul (2000) and
Wertz, LaPointe, & Rosenbek (1984)) (see Table 2 for a summary of scores). All PPA
groups showed impaired performance on the WAB, with Aphasia Quotients differing
significantly from controls. In addition, semantic knowledge was evaluated using both the
picture and word versions of the PPT test. On both measures, the PPA-S group showed
significant impairment relative to all other groups. On the single-word repetition task used to
screen for motor speech deficits, the PPA-G group showed impaired performance relative to
all groups on three-syllable words only.
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Collection and Coding of Narrative Speech Samples—~Participants sat in a quiet
room with the examiner and were asked to tell the story of Cinderella. A wordless picture
book was provided to help the participant remember the story, but this was removed before
narrative production. The experimenter provided minimal cueing when necessary (e.g., “Can
you tell me more?” or “What happened next?”). Narrative samples were recorded using
Praat or Audacity, transcribed, and coded using the Northwestern Narrative Language
Analysis system (NNLA; Thompson, Ballard, Tait, Weintraub, & Mesulam, 1997;
Thompson et al., 1995, 2012a). All language samples were transcribed and coded in their
entirety by two researchers, with disagreements resolved through discussion. The
participant's speech was transcribed verbatim and then segmented into utterances using
prosodic, syntactic, and semantic criteria. The utterances were then coded for a variety of
lexical and morphosyntactic properties, including morphosyntactic and semantic well-
formedness, the number and type of syntactically complex utterances, the word class and
morphological structure of all words produced, and the argument structure of each verb
produced (see e.g., Thompson et al., 20123, for details). These analyses yielded the
following measures: Words Per Minute (WPM), Mean Length of Utterance (MLU), %
Grammatical Sentences, Open: Closed class ratio, Noun: Verb ratio, and the Total Numbers
of Nouns and Verbs produced. Copula and auxiliary verbs were not included in the verb
totals.

To determine the distribution of pauses across word classes, we tallied and timed pauses
preceding nouns and verbs (again excluding copula and auxiliary verbs) produced in the
Cinderella narrative sample. For the PPA participants we coded all nouns and verbs
produced up to a maximum of 120 tokens (nouns and verbs combined); whereas for control
participants, we coded only the first 60 tokens produced, approximately matching the
number of tokens coded for the PPA participants. There were no significant group
differences in the number of tokens coded for nouns (Mean (Standard Deviation) for PPA-
G: 48.5 (22.6); PPA-L: 44.5 (17.7); PPA-S: 29.9 (18.1); Controls: 35.4 (3.1); Kruskal-Wallis
test, p > .05) or for verbs (PPA-G: 32.8 (12.2); PPA-L: 38.9 (16.7); PPA-S: 31.1 (17.1);
Controls: 24.6 (3.1); Kruskal-Wallis test, p > .05).

Nouns and verbs (the same tokens included in the pause analyses) were coded for lexical
frequency, using the Corpus of Contemporary American English (Davies, 2008-) and for
length in phonemes. Both unfilled and filled pauses were included in the pause coding. A
period of silence of greater than 300 ms between the word preceding the target word and
production of the target word constituted an unfilled pause, based on research indicating that
pauses greater than 200 ms reflect disfluency in neurotypical adult English speakers
(Goldman-Eisler, 1968). Filled pauses contained a filler word (e.g., um, er) between the
word preceding the target and the target word. When a word was preceded by a filled and
unfilled pause, only one pause was counted in the overall pause rate. The overall rate of
pauses was calculated as the percent of words preceded by a pause. The rate of pauses for
each word class (noun, verb) was calculated in the same way.
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Structural MRI Data Acquisition—Structural T1-weighted images (MP-RAGE
sequences; repetition time (TR) = 2300 ms, echo time (TE) = 2.86 ms, flip angle = 9°, field
of view (FOV) = 256 mm; 160 slices with a slice thickness of 1.0 mm) were acquired using
a 3T Siemens Trio system with a 12-channel birdcage head coil. Scanning took place at the
Center for Translational Imaging at Northwestern University.

Data Analysis

Narrative Speech Analysis—We used nonparametric statistics to test for group
differences in narrative variables. For variables with significant omnibus group differences
(Kruskal-Wallis test), pairwise Mann-Whitney U tests, with p-values FDR-adjusted to
correct for multiple comparisons, were used to test differences between groups.

In addition, we used mixed-effects logistic regression to investigate the distribution of
pauses as conditioned by lexical variables. The dependent variable for this analysis was the
presence/absence of a pause. The independent variables tested were group (PPA-G, PPA-L,
PPA-S, Control), word class (noun, verb), word length (phonemes), (log) lexical frequency,
the interactions between group and each lexical variable, and words per minute (WPM).
WPM was included to determine the nature of the relationship between pause rate and
speech rate, and to control for this relationship to the extent possible. A “simple coding”
system was used for the categorical variables and continuous variables were centered in
order to reduce co-linearity. A stepwise model comparison procedure using the ANOVA test
was used to determine which fixed effects significantly contributed to the model fit. All
models tested contained random by-participant intercepts and slopes.

In addition, we investigated the sensitivity and specificity of the pause rate by word class for
discriminating participant groups. Pause rate by word class was calculated using the
following formula: [((Noun pause rate — Verb pause rate)/((Noun pause rate + Verb pause
rate)/2)) * 100]. This number reflects the percent difference in pause rate for nouns vs.
verbs, divided by the mean pause rate across categories; thus, a positive number indicates a
greater tendency to pause before nouns, while a negative number indicates a tendency to
pause before verbs. Because we had nearly equal numbers of participants in each group, we
used the third quartile value as the cutoff value for calculating sensitivity and specificity.

To investigate the relationship between naming ability and pauses in narrative speech, we
computed correlations between overall naming ability (combined score on the 16 noun and
16 verb items that contribute to the Northwestern Naming Battery Noun: Verb ratio) and
overall pause rate, as well as between word class effects in naming (Noun: Verb ratio from
the NNB) and the pause rate by word class in narrative speech. Control participants were
excluded from these analyses due to ceiling performance on naming measures, and NNB
scores were unavailable for four participants with PPA-S. Correlations were computed for
the full group of participants with PPA and for each PPA subtype separately, with FDR-
correction for multiple comparisons.

Statistical Analyses: Structural MRI Data—Structural MR images were processed
using FreeSurfer (version 5.1.0; http://surfer.nmr.mgh.harvard.edu/) using procedures
described previously (Mesulam et al., 2009b, 2012; Rogalski et al., 2011). In order to
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identify regions of significant cortical atrophy, cortical thickness maps for each participant
group were contrasted with those from a cohort of 35 right-handed, age- and education-
matched controls (18 females), which included 11 of 12 control participants from the
narrative study. The control cohort was matched to the PPA participants for whom MRI
scans were available (n=30: 9 with PPA-G, 10 with PPA-L, and 11 with PPA-S) with
respect to age and education (age: 2 (3, N = 65) = 5.216, p = .157; education: ¥2(3, N = 65)
= 1.134; p =.769, Kruskal-Wallis Test). The analyses employed a general linear model
(GLM) for each vertex along the cortical surface. False Discovery Rate (FDR; threshold of
0.01) was used to correct for multiple comparisons (Genovese, Lazar, & Nichols, 2002).

In addition, we used multiple regression to investigate the relationship between pause
measures and cortical thickness in a set of 9 left-hemisphere regions of interest (ROIs) using
the Desikan parcellations provided in FreeSurfer: pars opercularis, pars triangularis, pars
orbitalis, caudal middle frontal, precentral gyrus, middle temporal gyrus, superior temporal
gyrus, inferior parietal, and supramarginal gyrus (Desikan et al., 2006). All participants for
whom structural MRI images were available (n=30 PPA and n=11 controls) were included
in these analyses. Control participants were included in order to examine the relationship
between pause variables and cortical thickness in healthy older adults, as well as in those
with PPA. Using multiple linear regression, the mean thickness of each ROI was predicted
using a) pause measures derived from the logistic regression analysis of pause distribution,
i.e., participant-specific pause rate as conditioned by word class, lexical frequency, and
Iengthz; b) group (PPA-G, PPA-L, PPA-S, control), and the interaction between group and
each pause variable; c) WAB Aphasia Quotient (AQ) and age, included as nuisance
variables to control for overall aphasia severity and effects of aging on cortical thickness; d)
speech rate (WPM), parallel with the behavioral analyses of pause distribution. Categorical
variables were simple-coded and continuous variables were centered. A stepwise model
comparison procedure was used to identify the predictors that significantly contributed to
model fit.

Narrative results

Table 3 summarizes the narrative language profiles and lexical properties of nouns and verbs
produced, for each participant group. The PPA-G group exhibited reduced speech rate
(words per minute; WPM) as compared to the three other groups (PPA-G vs. controls: Z =
-3.926, p <.001; PPA-G vs. PPA-L: Z = -3.200, p < .01; PPA-G vs. PPA-S: Z=-3.291, p
<.001), as well as decreased mean length of utterance (MLU) as compared to controls (Z =
-3.406, p <.001). The PPA-G group also produced the lowest proportion of grammatical
sentences, which differed significantly from the control and PPA-L groups (PPA-G vs.
controls: Z =-2.599, p < .05; PPA-G vs. PPA-L: Z = -2.277, p < .05); the participants with
PPA-S also produced fewer grammatical sentences than controls (Z = -2.484, p < .05).
Open: Closed (O:C) class and Noun: Verb (N:V) ratios indicated reduced production of

2Separate mixed-effects logistic regression models were computed for each lexical variable (word class, frequency, length), in which
the lexical variable was used to predict the likelihood of a pause. Participant-specific random slopes for that variable were extracted
and entered into the cortical thickness analyses described above.
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open-class words, especially nouns, in the PPA-S group as compared to controls and
participants with PPA-G (O:C Ratio: PPA-S vs. controls;: Z = -2.944, p < .01; PPA-S vs.
PPA-G: Z = -2.944, p<.01; N:V Ratio: PPA-S vs. controls: Z = -3.44, p < .001; PPA-S vs.
PPA-G: Z =-3.09, p < .001). Participants with PPA-L also produced fewer nouns than
controls (Z = -2.682; p < .05), but no significant group differences were observed in the
total number of verbs produced.

As for the lexical properties of nouns and verbs produced, the mean word frequency for
nouns was higher in PPA-S than in all other groups (PPA-S vs. controls: z = -4.157, p<.
001; PPA-S vs. PPA-G: z = -3.984; p < .001; PPA-S vs. PPA-L: z = -3.323, p < .001). No
significant group differences were observed for verb frequency; however, individuals with
PPA-G exhibited a trend towards production of higher-frequency verbs than controls
(uncorrected p = .06). The analysis of word length indicated that the PPA-S group produced
shorter nouns as compared to all other groups (PPA-S vs. controls: z = 4.13, p <.001; PPA-
S vs. PPA-G: z = 3.26; p < .001; PPA-S vs. PPA-L: z = 3.35, p < .001). The PPA-G group
also produced shorter nouns than controls (z = 2.97, p < .01) and shorter verbs than
individuals with PPA-S (z = 2.71, p<.05). Across all groups, the nouns produced were
longer and of lower frequency than verbs (paired t-tests, p's <.001) and word length and
frequency were strongly inversely correlated (r = —.672, p <.001).

Table 4 provides summary statistics for the overall pause rate and pause rate by word class
by participant group, as well as the parameters of the mixed-effects model of pause
distribution. The following factors significantly contributed to model fit and were thus
retained: group, WPM, lexical frequency, word class, and the interaction between group and
word class. Word length and the interactions between group, word length, and lexical
frequency did not improve model fit and were thus excluded from the model. Starting with
the main effect of group, individuals from all PPA groups produced more pauses than
controls (PPA-G: Z = 4.766, p < .001; PPA-L: Z=3.930, p<.001; PPA-S: Z=2.394, p<.
05), and those with PPA-G produced significantly more pauses than those with PPA-S (Z =
3.152, p <.001) and marginally more pauses than those with PPA-L (Z = 1.926, p = .054).
Speech rate also affected pause distribution, such that individuals with slower speech rates
produced more pauses (Z = —4.044, p < .001). Across groups, higher pause rates were found
for low-frequency vs. high-frequency words (Z = -10.109, p < .001) and for verbs vs. nouns
(Z =-4.117, p < .001). There was a significant interaction between group and word class,
indicating that individuals with PPA-L paused more often before nouns (vs. verbs) as
compared to controls (Z = 3.009, p < 0.01) and participants with PPA-G (Z = 1.966, p=.
049), though they did not differ statistically from individuals with PPA-S (Z = 1.634, p =.
102), The distribution of pauses across word classes did not differ between individuals with
PPA-G, PPA-S, and controls (p's > .1). Post-hoc paired t-tests comparing the pause rates for
nouns vs. verbs indicated that the PPA-L group exhibited a significantly higher pause rate
before nouns than verbs (p < .05), whereas no word class effects on pause rate were
observed within the other participant groups (p's > .1).

Pause rate by word class was found to have relatively low sensitivity but high specificity in
identifying PPA-L. Seven of 11 participants with PPA-L scored above the third quartile
value for this measure of 35% (i.e., a 35% higher pause rate for nouns than verbs), resulting

Neuropsychologia. Author manuscript; available in PMC 2016 October 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mack et al.

Page 11

in 64% sensitivity for this measure. Overall, 31 of 36 individuals who did not have PPA-L
scored below this cutoff, resulting in 86% specificity. The proportion of participants who
scored below the cutoff was nine of 12 with PPA-G (75%), 11 of 12 with PPA-S (92%) and
11 of 12 controls (92%).

Correlations between naming impairments and pauses in narrative speech

Figure 1 illustrates the relationships between 1) naming ability (combined verb and noun
naming score on the Northwestern Naming Battery) and overall pause rate in narrative
speech; 2) word class effects in naming (Noun: Verb ratio on the NNB) and the distribution
of pauses by word class in narrative speech. In the full PPA group, a positive correlation
between severity and pause rate was found (r = .38, p=.03), with greater naming severity
(i.e., poorer NNB naming score) associated with fewer pauses. N:V ratios on the NNB were
positively correlated with the pause rate by word class, i.e., patients who named nouns better
than verbs tended to pause more frequently before nouns than verbs (r = .38, p=.03). This
correlation was driven predominantly by individuals with PPA-S, who exhibited poor noun
naming but paused relatively infrequently before nouns. Within each PPA subtype, no
significant correlations between naming ability and pause rate were found.

Neuroimaging results

All of the PPA subtypes displayed asymmetrically greater atrophy in the left hemisphere
(Figure 2), with no significant right hemisphere atrophy noted for the PPA-G group,
minimal atrophy in the right posterior superior temporal and supramarginal gyri for the
PPA-L participants, and atrophy restricted to the anterior third portion of the temporal lobe
region in the right hemisphere for the PPA-S group. In the left hemisphere, the PPA-G group
(n=9) showed peak atrophy in the posterior portion of the inferior frontal gyrus and the
caudal middle frontal gyrus of the left hemisphere, with concomitant significant thinning
extending from the middle to posterior aspects of the superior temporal gyrus including part
of the supramarginal gyrus. Peak atrophy in PPA-L (n=10) included the left temporoparietal
junction as well as the superior, middle and inferior temporal gyri with relative sparing of
the anterior aspects of the temporal pole. Additionally, left hemisphere atrophy was seen in
the sulci of the posterior aspects of the inferior frontal gyrus. The PPA-S group (n=11)
showed atrophy largely confined to the left temporal lobe, including the superior, middle
and inferior temporal gyri and the fusiform gyrus. These atrophy patterns are consistent with
previous reports (Mesulam et al., 2009b, 2012; Rogalski et al., 2011).

Multiple regression analyses identified several brain regions in which pause variables were
significant predictors of cortical thickness, after controlling for aphasia severity (WAB AQ),
age, and speech rate (WPM) (see Table 5 and Figure 3). We report the ROIs in which pause
variables were significant or marginally significant (p < .1) predictors of cortical thickness,
as well as any significant modulation of these effects by participant group. Pause rate by
word class (i.e., the tendency to pause more frequently before nouns vs. verbs) predicted
cortical thinning in the left pars triangularis, pars opercularis, precentral gyrus,
supramarginal gyrus, and inferior parietal cortex. In the inferior parietal cortex only, these
effects were stronger in controls than in participants with PPA-G (Z = 2.097; p = 0.044) and
PPA-L (Z = 2.466; p= 0.019). Pause rate by lexical frequency (i.e., the tendency to pause
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more frequently before low- vs. high-frequency words) was also associated with cortical
thinning in the inferior parietal cortex, with no modulation of this effect by participant
group. Pause rate by length (i.e., the tendency to pause more frequently before long vs. short
words) significantly predicted cortical thinning in the supramarginal gyrus and inferior
parietal cortex, and marginally so in the precentral gyrus (p = 0.051), with no modulation of
these effects by participant group.

Discussion

The goal of the present study was to contribute to the understanding of the neurolinguistic
basis of word retrieval impairments in PPA. Pauses have been shown to reflect word
production difficulty at multiple stages, including lemma retrieval (access and selection)
(Beattie & Butterworth, 1979; Goldman-Eisler, 1958; Griffin & Bock, 1998), phonological
word-form retrieval and encoding (Beattie & Butterworth, 1979; Griffin & Bock, 1998;
Jescheniak & Levelt, 1994), and motor speech planning and articulation (Ballard et al.,
2014; Duffy, 2006), and thus we examined pauses in narrative speech samples. In order to
tease out the source of word retrieval impairments across PPA variants, we detailed the
distribution of pauses as conditioned by lexical variables (i.e., word class, lexical frequency,
and word length) in narratives produced by individuals with agrammatic, logopenic, and
semantic PPA and unimpaired controls. We also investigated the neural correlates of pause
production in PPA, with the goal of identifying the neural basis of word-finding pauses.

The three PPA groups exhibited word class deficits which were largely consistent with
previous studies. For PPA-S, noun retrieval deficits were observed in confrontation naming
and narrative speech (cf. Hillis et al., 2004, 2006; Thompson et al., 2012a, 2012c; Wilson et
al., 2010). Also consistent with previous studies (Hillis et al., 2004, 2006; Thompson et al.,
2012c), individuals with PPA-G exhibited impaired naming of verbs. However, they did not
exhibit reduced verb production in narrative speech, in contrast with trends reported in
previous studies (Thompson et al., 2012a; Wilson et al., 2010). The latter finding may in
part be due to the inclusion of participants with relatively mild agrammatism, given the
requirement that all participants produce at least ten verbs (and ten nouns) in the narrative
sample. However, the PPA-G group did exhibit typical agrammatic sentence production
both in narrative speech and in structured tasks (i.e., fewer grammatical sentences, greater
impairments for noncanonical vs. canonical sentence production). For PPA-L, no word class
effects were observed in confrontation naming (cf. Thompson et al., 2012c) or in narrative
speech based on Noun: Verb ratios, which did not significantly differ from controls.
However, these ratios were numerically reduced (cf. Thompson et al., 2012a; Wilson et al.,
2010) and individuals with PPA-L produced significantly fewer total nouns than controls,
suggesting possible noun production impairments. Correlation analyses investigating the
relationship between naming ability and pause production revealed that greater severity of
naming impairments was not associated with increased pause rate. PPA individuals with
more severe naming impairments actually produced fewer pauses, largely due to the
inclusion of individuals with PPA-S who had relatively severe anomia yet produced fluent
speech with few pauses. Similarly, individuals with more severe noun production deficits
tended to pause less often before nouns. These findings point to differences in the processes
supporting noun and verb production in haming and in narrative speech.
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The analysis of pause distribution quantified patterns of pauses across lexical variables
known to affect different stages of word production: word class, which is represented at the
lemma level, lexical frequency, which has been argued to affect phonological word-form
retrieval (Beattie & Butterworth, 1979; Griffin & Bock, 1998; Jescheniak & Levelt, 1994,
Wilson et al., 2009), and word length, claimed to affect both phonological word-form
retrieval and subsequent phonological encoding and articulatory processes (Wilson et al.,
2009). Overall, individuals with PPA-G produced the highest rate of pauses, an effect that
persisted even after controlling for speech rate (words per minute) (cf. Ballard et al., 2014;
Rohrer et al., 2010b). Notably, a word class effect was not found for the PPA-G group in
that similar pause rates were found for both nouns and verbs. Individuals with PPA-S and
PPA-L also produced more pauses than unimpaired individuals. However, like PPA-G, no
word class effect was found for the PPA-S group. Only the PPA-L group showed a unique
distribution of pauses across word classes. Specifically, individuals with PPA-L produced a
higher rate of pauses before nouns than verbs, whereas no significant word class effects
were found in other groups. Critically, these effects persisted even though lexical frequency
was included in the model of pause distribution, suggesting that these effects are not merely
due to frequency differences between nouns and verbs in the Cinderella narrative. Across
groups, lexical frequency was a significant predictor of pause rate, with more pauses
produced before low-frequency words, but this variable did not differentially affect pause
rate between participant groups. Word length also did not significantly predict pause rate
after controlling for lexical frequency and word class.

What do these patterns suggest about the source of word retrieval deficits in PPA? First,
with regard to PPA-S, noun naming deficits in this population have been linked to deficits at
the lemma and/or the conceptual level of word retrieval (Hurley et al., 2012; Mesulam et al.
2009a; 2013), and thus we predicted elevated pause rates before nouns (but not verbs) in this
group. However, we found a similar distribution of pauses across word classes in PPA-S and
control participants. But, we also found that the nouns (but not verbs) produced by the PPA-
S individuals were more frequently-occurring than those produced by unimpaired
individuals and by those with PPA-G and PPA-L. This lexical simplification (i.e., selection
of higher-frequency nouns that are easier to retrieve and/or represent more familiar
concepts) supports patterns reported in previous studies and is consistent with conceptual
and/or lemma level impairments (Bird et al., 2000; Hoffman et al., 2014; Meteyard &
Patterson, 2009; Wilson et al., 2010). However, this phenomenon may have diminished
noun-retrieval difficulty at least to some extent in the narrative task, precluding clear word-
class pause patterns.

For PPA-G, because of the prevalence of verb naming deficits in these patients and verb-
lemma complexity effects in naming (Thompson et al., 2012c), we again predicted that
pauses would occur with relatively high frequency prior to the impaired word class: verbs.
We also entertained the idea that PPA-G individuals are impaired at subsequent stages of
word production, i.e., phonological and articulatory processes (e.g., Ballard et al., 2014;
Mack et al., 2013a), resulting in a high overall pause rate. The results were consistent with
the latter interpretation, as individuals with PPA-G produced a high rate of pauses overall;
however, pauses were equally distributed across word classes. Two factors may contribute
to the lack of word class effects in pause distribution. First, as mentioned above, the PPA-G
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participants in the present study were somewhat atypical in that they did not exhibit a trend
towards reduced verb production in narratives (in contrast with e.g., Thompson et al., 20123;
Wilson et al., 2010). Thus, the absence of word class effects in pause distribution may relate
to relatively mild verb production deficits in these participants. Second, lexical
simplification may have eased verb retrieval demands, precluding the need to use pauses;
hence, verb deficits were not reflected in the distribution of pauses. Some trends in the data
are consistent with this possibility, specifically that individuals with PPA-G produced
numerically shorter and higher-frequency verbs as compared to the other groups; however,
the only significant difference observed on these measures was between PPA-G and PPA-S
on verb length.

For PPA-L, we aimed to determine whether the distribution of pauses reflects lemma-level
noun-retrieval impairments (resulting in more pauses before nouns than verbs) or impaired
phonological word-form retrieval (resulting in more pauses before low-frequency and longer
words, with no independent word class effects). The pause distribution results were
consistent with lemma-level noun retrieval deficits, as also suggested by previous studies
(Hurley et al., 2012; Thompson et al., 2012b). However, it should be noted that the pattern
of results is also consistent with deficits in earlier stages of word production (i.e., impaired
conceptualization of objects), although this possibility seems less likely given that PPA-L is
not typically associated with conceptual semantic deficits. The distribution of pauses did not
provide clear evidence for phonological word-form deficits in PPA-L (Mack et al., 2013a),
as these individuals did not differ significantly from other groups with respect to effects of
word frequency and length on pause distribution.

These findings also support previous qualitative (Mesulam & Weintraub, 1992; Mesulam et
al., 2012) and quantitative (Teichmann et al., 2013) observations that PPA-L is associated
with a unique pattern of word-finding pauses. Indeed, including a measure of word-finding
pauses in the classification criteria for PPA-L, perhaps using automated or semi-automated
methods for pause coding that would be more efficient and clinically feasible (e.g., Ballard
et al., 2014), may improve the classification accuracy for this subtype. While some studies
have reported success in using the 2011 criteria (Gorno-Tempini et al., 2011) to classify
participants with PPA-L (Leyton et al., 2011), others have reported challenges (Sajjadi et al.,
2012; Wicklund et al., 2014). Sajjadi and colleagues (2012) reported that only 4.3% of PPA
patients met the diagnostic criteria for PPA-L (as compared to 28.3% for PPA-S and 26.1%
for PPA-G), and on the basis of these results questioned whether PPA-L is a discrete
subtype of PPA. Wicklund et al. (2014) reported a higher rate of PPA-L classification
(35%), but also noted a group of “unclassifiable” patients who lacked repetition impairments
but otherwise met the criteria for PPA-L. Addressing these issues, Mesulam and Weintraub
(2014) recommended that word retrieval deficits should remain a core feature of PPA-L,
whereas repetition impairments should be treated as an ancillary feature. In order to improve
classification accuracy under such a system, it would be necessary to identify quantitative
measures of word retrieval that distinguish PPA-L from the other subtypes. In the present
study, we tested the sensitivity and specificity of pause rate by word class (using a third-
quartile cutoff of 35% greater pauses for nouns than verbs) for distinguishing PPA-L from
other PPA subtypes and controls. This measure exhibited modest sensitivity (correctly
identifying 64% of patients with PPA-L) but good specificity (75% for PPA-G, 92% for
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PPA-S and controls). In future research, it may be possible to identify pause coding
procedures or measures that result in improved sensitivity to PPA-L, while retaining the
specificity of the pause rate by word class measure.

The neuroimaging results revealed regions of cortical atrophy that are associated with the
distribution of pauses in PPA. Increased pause rate by word class (a relatively strong
tendency to pause before nouns vs. verbs) was associated with increased atrophy in left
frontal and inferior parietal regions, specifically the pars triangularis and opercularis of the
inferior frontal gyrus (IFG), the precentral gyrus, the supramarginal gyrus (SMG) and the
inferior parietal cortex (IPC). These brain regions partially overlapped with regions sensitive
to the distribution of pauses as conditioned by frequency and word length. Frequency (a
relatively strong tendency to pause before low-frequency vs. high-frequency words) was
associated with greater atrophy in the IPC, whereas word length (a relatively strong
tendency to pause before longer vs. shorter words) was significantly associated with
increased atrophy in the IPC and SMG and a marginal predictor of atrophy in the precentral

gyrus.

The observed relationships between pause variables and atrophy in the precentral gyrus and
inferior parietal regions (SMG and IPC) may be due to the role of these regions in
supporting phonological and articulatory processes. Temporoparietal regions including the
posterior STG and inferior parietal regions have been associated with the retrieval of
phonological forms in neuroimaging studies of healthy individuals (e.g., Abel et al., 2009;
Graves et al., 2007; Indefrey & Levelt, 2004; Indefrey, 2011; Prabhakaran et al., 2006;
Righi, Blumstein, Mertus, & Worden, 2010; Wilson et al., 2009), and left fronto-parietal
regions including the SMG, pre- and post-central gyri, and premotor cortex have been linked
to the production of phonological errors in individuals with stroke aphasia (Mirman et al.,
2015; Schwartz et al., 2009). Furthermore, regions including the precentral gyrus and
inferior and middle frontal gyri have been shown to support motor speech processing in
healthy individuals as well as individuals with PPA (Ballard et al., 2014; Indefrey & Levelt,
2004; Indefrey, 2011). The fact that multiple pause variables were associated with increased
atrophy in the precentral gyrus, SMG, and IPC likely relates to the close relationships
between word class, frequency, and length in the narrative samples: nouns tended to be
longer and less frequent than verbs. All three pause variables predicted atrophy in inferior
parietal regions (word class and length in the SMG; word class, length, and frequency in the
IPC), possibly reflecting difficulty associated with retrieving the phonological form of less-
frequent and longer words (which also happened to be nouns). In contrast, articulatory
demands (i.e., the difficulty of producing longer vs. shorter words) may account for the
effects of word length in the precentral gyrus; the effects of pause rate by word class in this
region may be attributable to the length difference between nouns and verbs.

In contrast, the left posterior IFG was associated with pause rate by word class but not with
pause distribution as conditioned by frequency and length. The left IFG has been argued to
support top-down control of lexical access and selection processes in unimpaired adults,
both in word production (Schnur et al., 2006; 2009) and comprehension (Bedny, McGill, &
Thompson-Schill, 2008; Righi, 2010). Furthermore, damage to the left IFG in stroke aphasia
has been argued to contribute to lexical selection errors in word production (Schwartz et al.,
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2009) as well as impairment of higher-level lexical processes during word and sentence
comprehension (e.g., slowed lexical rise time, slowed prediction, abnormal activation of
lexical competitors; Love, Swinney, Walenski, & Zurif, 2008; Mack, Ji, & Thompson,
2013b; Mirman, Yee, Blumstein, & Magnuson, 2011). The results thus suggest that impaired
top-down control of lexical processes, caused by atrophy in the left pars triangularis and pars
opercularis, may contribute to noun retrieval deficits. Specifically, atrophy in these regions
may impair the ability to select between multiple referents, which must be tracked
throughout the discourse. Although individuals with PPA-L exhibited the strongest tendency
to pause before nouns vs. verbs, the relationship between pause rate by word class and
atrophy in the left IFG was of comparable strength across participant groups. This suggests
that atrophy in the posterior IFG may contribute to impaired noun retrieval across PPA
subtypes as well as in healthy aging.

Conclusion

Results of the present study, examining pause distribution in the narrative speech in PPA,
contributes to our understanding of the source of word retrieval deficits in this patient group.
Individuals with PPA produced more pauses than control speakers, but those with more
severe confrontation naming deficits did not produce a higher rate of pauses in narratives,
suggesting that distinct processes support word retrieval in naming and narrative tasks.
Individuals with PPA-L produced a unique distribution of pauses across word classes,
suggesting that word-finding pauses in PPA-L may stem from lemma-Ilevel noun retrieval
deficits. These results support previous observations that word-finding pauses are one of the
most prominent features of connected speech in PPA-L and accordingly, it may be useful to
incorporate a quantitative measure of the distribution of pauses into procedures for PPA
subtype classification, in order to aid in the classification of patients with PPA-L. No word
class effects were evident in PPA-G, PPA-S, or in unimpaired controls. However, trends
toward lexical simplification were evident for verbs in PPA-G, suggesting verb-lemma
retrieval impairments, and high overall pause rates in this group were consistent with
impaired phonological encoding and articulation. For PPA-S, lexical simplification was
evident for nouns, consistent with conceptual-level deficits in object representations and/or
lemma-level noun-retrieval deficits. The neuroimaging results also indicated the importance
of investigating the distribution of pauses for understanding the neural basis of word
retrieval deficits. In particular, pause rate by word class (i.e., the tendency to pause before
nouns Vvs. verbs) was associated with greater atrophy in left fronto-parietal regions,
overlapping with other lexical variables (length, frequency) in predicting atrophy in the
precentral gyrus and inferior parietal regions, but uniquely predicting atrophy in the
posterior IFG. The latter finding suggests that the posterior IFG, which has been argued to
support top-down control of word retrieval processes, may play an important role in
selecting noun lemmas during narrative speech production.
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Figure 1.
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The left figure illustrates the positive correlation between overall naming performance and

overall pause rate in PPA individuals. The right figure shows the positive correlation
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between Noun: Verb ratios in naming and the distribution of pauses by word class in PPA
narrative speech. NNB = Northwestern Naming Battery; N = noun; V = verb.
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Regions of Significant Atrophy for each PPA Group.
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Cortical thickness in each PPA group is compared to an age- and education matched cohort

(n=35) of cognitively healthy control participants. Results are corrected for multiple

comparisons (FDR.01).
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Note: Cortical atrophy in the highlighted regions was predicted by 1) pause rate by lexical

category (a tendency to pause before nouns vs. verbs), 2) pause rate by word length (a
tendency to pause before longer vs. shorter words), and/or 3) pause length by word
frequency (a tendency to pause before lower vs. higher frequency words). In the non-

highlighted regions, pause variables did not predict cortical thickness. *The effect of word

length in the precentral gyrus is marginally significant (p =.051).

Neuropsychologia. Author manuscript; available in PMC 2016 October 01.



1duasnuen Joyiny

1duosnuen Joyiny

Mack et al.

Table 1

Demographic and Neuropsychological Measures for Participants with PPA and Control Participants.

PPA-G PPA-L PPA-S Controls Omnibus
N =12 N=11 N=12 N=12 Significance
Demographic Variables
Age 62.33 66.18 60.58 64.00 ns.
(7.34) (6.24) (5.65) (6.76)
Gender 5 Males 3 Males 7 Males 6 Males
7 Females | 8 Females | 5 Females 6 Females
Education 16.58 16.64 16.08 16.00 ns.
(2.47) (1.43) (3.15) (2.52)
Handedness 12 Right 10 Right 11 Right 12 Right
1 Left 1 Ambidextrous
Symptom Duration 3.83 3.55 3.79 - ns.
(1.83) (1.98) (1.23)
Non-language Neuropsychological Measures
*k %k
('\21'\;')(550;0‘&' 2683¢ | 2527 | 2517 (2365%
(3.04) (4.03) (2.62) '
CDRSOB C 0.50 C 0.05 >
1.08 1.73
(max 18) (1.64) (0.63) (1.78) (0.16)
Digit Span Forward CS CS 6.33 7.25 il
4.00 4.64
(max 16) (2.04) (0.81) (1.30) 0.97)
Digit Span Backward 3 67C,S 3 730,8 5.25 5.42 *xx
(max 14) (1.61) (0.79) (0.87) (1.16)
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Values provided are means (standard deviations). Max = maximum score; MMSE = Mini Mental State Examination; CDR SOB = Clinical
Dementia Rating Scale Sum of Boxes

G- significantly impaired relative to PPA-G group (p < .05)
L= significantly impiared relative to PPA-L group (p < .05)
*=p<.05
c_ . .. . .

= significantly impaired relative to control group (p < .05)

S= significantly impaired relative to PPA-S group (p < .05); omnibus significance levels

*%

=p<.01

*kk

=p<.001, n.s. = not significant
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Table 2

Language Test Scores for Participants with PPA and Control Participants.

PPA-G PPA-L PPA-S Controls | Omnibus
n= n= n= n= ignificance
(n=12) (n=11) | (n=12) (n=12) Signifi
Grammatical Processing, Word Comprehension, and Repetition
NAVS SPPT Canonical 78 67C,S 87.88 97.04 100.00 *x
(% correct) (21' 27) (22.07) (8.89) (0.00)
NAVS SPPT Noncanonical CcLS C | 9333 100.00 e
50.00 82.42
(% correct) (27.62) (20.93) (15.63) (0.00)
NAT Canonical 94.55 95.56 99.44 100.00 *
b correct . . . .
(% ) (10.25) (5.77) (1.92) (0.00)
NAT Noncanonical CLS C 86.67 100.00 *oxx
2177 .67
(% correct) ?106 ) ?33‘?75) (19.48) (0.00)
NAVS SCT Canonical 87 22C,S 96.97 99.33 100.00 ok
(% correct) (li 53) (8.09) (2.11) (0.00)
NAVS SCT Noncanonical CLS C C 100.00 rxk
(% correct) 71.78 90.31 94.67 (0.00)
(13.731) (11.30) | (6.13)
(o 36) 3458C | 3430C [ 10.755C 550
(1.16) (1.57) (8.20) '
*k %k
&A(:%rfeecﬁ? 67475 | 7886 | 87.20° %8%8)0
(18.34) (12.67) | (11.23) '
Naming
*k %k
?n']\‘af( 60) 4692° | 49.45C | 0.83CCL ?1855%
(12.27) (15.19) | (3.74) '
NNB Noun: Verb Ratio C 0.92 CGL 1.00 *xx
113 ©31 | 965 (0.00)
(0.16) (0.35)
Other Language Measures
WAB Aphasia Quotient C C CL 99.64 ok
(max 100) 84.08 90.45 84.62 0.73)
(7.51) (6.84) (8.02)
PPT (pictures) C 49.00 CGL | 51.08 el
50.08 43.67
(max 52) (1.08) (3.49) (6.15) (0.67)
PPT (words) C 50.78 CGL | 51.25 il
49.92 43.82
(max 52) (1.83) (1.72) (3.63) (1.06)
1-syllable Repetition 1.98 2.00 2.00 2.00 ns.
(max 2) (0.06) (0.00) (0.00) (0.00)
2-syllable Repetition 1.96 2.00 2.00 2.00 n.s.
(max 2) (0.08) (0.00) (0.00) (0.00)
3-syllable Repetition 1 58C,L,S 1.96 1.98 2.00 i
(max 2) (6. 40) (0.08) (0.06) (0.00)
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Values provided are means (standard deviations). Max = maximum score; NAVS = Northwestern Assessment of Verbs and Sentences; SPPT =

Sentence Priming Production Test; NAT = Northwestern Anagram Test; SCT = Sentence Comprehension Test; PPVT = Peabody Picture
Vocabulary Test; WAB = Western Aphasia Battery; Rep6 = WAB Repetition subtest, items 10-15; BNT = Boston Naming Test; NNB =

Northwestern Naming Battery; PPT = Pyramids and Palm Trees Test

C= significantly impaired relative to control group (p < .05)

G= significantly impaired relative to PPA-G group (p < .05)
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L significantly impaired relative to PPA-L group (p < .05)
S significantly impaired relative to PPA-S group (p < .05); omnibus significance levels

*
=p<.05

*%

=p<.01

*k %k
=p<.001, n.s. = not significant
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Table 3

Narrative Language Profiles and Lexical Properties of Nouns and Verbs.

PPA-G PPA-L | PPA-S Controls | Omnibus
(n=12) (n=11) | (n=12) (n=12) Significance

Narrative Language Profiles (Northwestern Narrative Language Analysis)

Words Per Minute 73 27C,L,S 112.00 | 118.13 131.70 *oxx
(22.62) (23.74) | (28.66) (17.66)

Mean Length of Utterance 8 02C 9.23 9.70 11.53 i
(1.72) (2.34) (2.85) (2.10)

% Grammatical Sentences CL 84.68 C 90.18 *
62.61 (10.18) 75.77 (6.70)
(27.17) (16.00)

Open: Closed Ratio 0.94 0.87 0 80C,G 0.96 *x
(0.10) (0.07) ©0.11) (0.10)

Noun: Verb Ratio 1.48 1.25 1 00C,G 1.46 **
(0.49) (0.35) (0.46) (0.24)

**
Total Nouns Produced .;33537.7157) 48.09C 33.08C Zfé6675)
' (20.00) | (22.32) '

Total Verbs Produced 38.42 41.18 35.42 51.58 n.s.
(20.40) (20.07 | (25.79) (14.70)

Lexical Properties of Nouns and Verbs

Log Lexical Frequency: Nouns 7.80 7.75 9 57C,G,L 7.36 *xx
(0.76) (1.17) (0.45) 0.47)

Log Lexical Frequency: Verbs 11.35 11.14 11.07 10.92 ns.
(0.68) (0.68) (0.46) (0.68)

Mean Length in Phonemes: Nouns (e} 5.27 CGL | 557 i
4.86 ©.70) | 408 0.42
(0.51) (0.33)

Mean Length in Phonemes: Verbs 3 728 3.84 4.01 4.02 *
((')_30) (0.34) (0.17) (0.39)
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The “Narrative Language Profile’ measures, calculated using the Northwestern Narrative Language Analysis system, were derived from the full
narrative samples. The measures of ‘Lexical Properties of Nouns and Verbs’ were derived from a subset of the data in some participants; see
Methods for details. VValues provided are means (standard deviations).

C: significantly impaired relative to control group (p <.05)

C. significantly impaired relative to PPA-G group (p <.05)

L: significantly impaired relative to PPA-L group

S significantly impaired relative to PPA-S group (p < .05); omnibus significance levels

*

=p<.05

*%

=p<.01

*k %k
=p<.001, n.s. = not significant
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Table 4
Results of Analyses of Pause Distribution

Pause Distribution

PPA-G | PPA-L | PPA-S | Controls

(n=12) | (n=11) | (n=12) | (n=12)
Overall Pause Rate 40.30 24.74 16.71 11.89
(% Words with Pauses) | (12.29) (7.28) (9.69) (5.54)
Noun Pause Rate 40.25 30.94 14.42 10.69
(% Words with Pauses) | (10.42) | (10.29) | (9.37) (5.68)
Verb Pause Rate 39.62 18.47 18.80 13.84
(% Words with Pauses) | (18.32) | (9.50) | (11.01) | (6.77)

Parameters of the Mixed-Effects Regression Model of Pause Distribution

Variable Z p
Intercept —-21.304 | <0.001
Group: PPA-G vs. Control 4.766 <0.001
Group: PPA-L vs. Control 3.930 <0.001
Group: PPA-S vs. Control 2.394 0.017
Group: PPA-G vs. PPA-L 1.926 0.054
Group: PPA-G vs. PPA-S 3.152 0.002
Group: PPA-L vs. PPA-S 1.578 0.115
WPM -4.044 <0.001
Log Lexical Frequency -10.109 | <0.001
Word Class: Noun vs. Verb -4.117 <0.001
Group (PPA-G vs. Control) by Word Class (Noun vs. Verb) | 1.487 0.137
Group (PPA-L vs. Control) by Word Class (Noun vs. Verb) | 3.009 0.003
Group (PPA-S vs. Control) by Word Class (Noun vs. Verb) | 1.402 0.161
Group (PPA-G vs. PPA-L) by Word Class (Noun vs. Verb) | -1.966 0.049
Group (PPA-G vs. PPA-S) by Word Class (Noun vs. Verb) 0.078 0.938
Group (PPA-L vs. PPA-S) by Word Class (Noun vs. Verb) 1.634 0.102
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Values provided for measures of ‘Pause Distribution’ are means (standard deviations). Under ‘Parameters of the Mixed Effects Model of Pause

Distribution’, the effect of each variable on the likelihood of pause production is reported. Positive z-values indicate a higher rate of pause

production. The results indicate higher pause rates for 1) all three PPA groups vs. controls; 2) individuals with lower vs. higher WPM; 3) words
with lower vs. higher lexical frequency; 4) verbs vs. nouns; 5) individuals with PPA-L for nouns vs. verbs, as compared to controls and PPA-G.

WPM = words per minute.
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Multiple Regression Results: Pause Variables as Predictors of Cortical Thickness.

Table 5

Page 31

Pause Rate by Word Class (Noun Pause Rate by Frequency (Low > Pause Rate by Length (Long >
> Verb) High) Short)

Region z p z p z p
Pars orbitalis ns. ns. ns.

Pars triangularis -2.744 0.009 n.s. ns.

Pars opercularis -2.140 0.039 n.s. ns.

Caudal middle frontal gyrus ns. n.s. ns.

Precentral gyrus -2.263 0.029 n.s. -2.012 0.051
Middle temporal gyrus ns. n.s. ns.

Superior temporal gyrus ns. n.s. ns.
Supramarginal gyrus -2.352 0.024 n.s. -2.891 0.006
Inferior parietal cortex -2.724 0.010 -2.088 0.044 -2.537 0.015

Regions in which pause variables predicted cortical thickness (p < .1) are summarized.
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