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ARTICLE INFO ABSTRACT
Keywords: Alzheimer’s disease (AD) is now conceptualized as a biological entity defined by amyloid and tau deposition and
Posterior cortical atrophy neurodegeneration, with heterogeneous clinical presentations. With the aid of in vivo biomarkers, clinicians are

Logopenic variant primary progressive aphasia

N ! better poised to examine clinical syndromic variability arising from a common pathology. Word retrieval deficits,
mnestic

Cortical atrophy measured using verbal fluency and confrontation naming tests, are hallmark features of the early clinical stages

Verbal fluency of the amnestic presentations of AD, specifically in category fluency and naming with relatively spared letter

Naming fluency. As yet, there is no consensus regarding performance on these tests in atypical clinical phenotypes of AD,
including posterior cortical atrophy (PCA) and logopenic primary progressive aphasia (IvPPA), in individuals
who are amyloid-positive (Ap+) but present with different clinical profiles and patterns of neurodegeneration
compared to amnestic AD. The goal of the current study is to determine how Ap+ individuals across the syn-
dromic spectrum of AD perform on three different word retrieval tasks. A secondary goal is to determine the
neuroanatomical substrates underlying word retrieval performance in these Ap+ individuals. Thirty-two Af+
participants with the amnestic presentation, 16 with Ap+ PCA, 22 with AB+ 1IvPPA, and 99 amyloid-negative
(Ap-) control participants were evaluated with verbal fluency and visual confrontation naming tests as well as
high-resolution MRI. The A+ patient groups were rated at very mild or mild levels of severity (CDR 0.5 or 1) and
had comparable levels of global cognitive impairment (average MMSE = 23.7 + 3.9). Behaviorally, we found
that the word retrieval profile of PCA patients is comparable to that of amnestic patients, characterized by intact
letter fluency but impaired category fluency and visual confrontation naming, while IvPPA patients demon-
strated impairment across all tests of word retrieval. Across all AD variants, we observed that letter fluency was
associated with cortical thickness in prefrontal, central precuneus, lateral parietal and temporal cortex, while
category fluency and naming were associated with cortical thickness in left middle frontal gyrus, posterior
middle temporal gyrus, and lateral parietal cortex. Visual confrontation naming was uniquely associated with
atrophy in inferior temporal and visual association cortex. We conclude that a better understanding of the word
retrieval profiles and underlying neurodegeneration across the AD syndromic spectrum will help improve
interpretation of neuropsychological profiles with regard to the localization of neurodegeneration, particularly in
the atypical AD variants.

1. Introduction diagnosis, has more recently been understood as a biological entity
reliant on validated, widely-used in vivo biomarkers that serve as proxies

Alzheimer’s disease (AD), historically defined as a clinico- for AD neuropathic change (Jack et al., 2018; McKhann et al., 2011).
pathological entity requiring autopsy verification for definitive These tools allow researchers to investigate the entire AD syndromic
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spectrum, rather than select individuals based on initial symptoms or
signs. Apart from the typical amnestic presentation of AD, which is
characterized most prominently by episodic memory impairment
(Petersen, 2004) as well as semantic processing and fluency deficits
(Henry et al., 2004; Monsch et al., 1992; Papp et al., 2016; Salmon et al.,
1999), other clinical variants arising from AD pathology are posterior
cortical atrophy (PCA) and logopenic primary progressive aphasia
(IvPPA) (Koedam et al., 2010; Snowden et al., 2007). PCA, commonly
thought of as a “visual variant” of AD (Benson et al., 1988), is a clinical
syndrome characterized by a progressive decline in higher-order visual
processing and other posterior cortical functions (Lehmann et al., 2011;
Tang-Wai et al., 2004). In addition to visual cognitive deficits, word
retrieval deficits have also been identified in PCA though there is no
consensus on the precise nature of this impairment, with some in-
vestigations identifying phonemic fluency deficits (Crutch et al., 2013)
and others identifying impairment in confrontation naming and se-
mantic fluency (Putcha et al., 2018). LvPPA is characterized by variably
non-fluent speech, difficulties with word retrieval, naming, sentence
repetition, and phonological speech errors (Gorno-Tempini et al., 2011).
It is as yet unknown how word retrieval impairment in lvPPA and PCA
compares to that observed in the amnestic syndrome of AD on the most
commonly used neuropsychological tests measuring word retrieval
abilities: verbal fluency and confrontation naming tests. Additionally,
the specific patterns of cortical atrophy across these three variants, while
largely dissociable, share the overlapping involvement of posterior
temporal and parietal cortex (Migliaccio et al., 2009; Ossenkoppele
et al., 2015; Warren et al., 2012), regions posited to subserve word
retrieval (Leyton et al., 2017; Vonk et al., 2018). Here we aimed to bring
these converging lines of observation together in a study of word
retrieval deficits across the AD syndromic spectrum (amnestic, PCA, and
IvPPA), and associated patterns of cortical atrophy.

Word retrieval deficits are most commonly evaluated using verbal
fluency tests, measuring speeded word retrieval to letter (phonemic
fluency) and category (semantic fluency) cues. Word retrieval to a cue is
also commonly measured with visual confrontation naming tests,
requiring an individual to retrieve the name of a pictured item. Letter
and category fluency tasks both call upon executive functions (initiation,
goal-directed retrieval, updating, inhibition), which generally rely upon
the coordinated effort of mid-dorsolateral prefrontal and lateral inferior
parietal cortical regions that have historically been considered to be
hubs within the frontoparietal network (FPN; Vincent et al., 2008), as
well as regions of the superior frontal cortex and regions in and around
the inferior parietal sulcus (IPS), considered to be hubs within the dorsal
attention network (DAN) supporting top-down attention and working
memory (Corbetta and Shulman, 2002). These types of verbal fluency
tasks also rely on verbal processing and lexical retrieval skills (i.e., vo-
cabulary size, retrieval of orthographic or semantic memory; Shao et al.,
2014) which rely upon regions in lateral temporal cortex, temporopar-
ietal junction and angular gyrus, and medial parietal cortex, nodes of the
default mode (DMN) language subsystem and semantic networks
(Andrews-Hanna et al., 2010; Binder et al., 2009; Hickok and Poeppel,
2007; Patterson et al., 2007). However, there are some important dif-
ferences between the two fluency tasks: letter fluency is considered to be
particularly reliant on executive functions, specifically selecting and
retrieving words based on spelling/orthography (Birn et al., 2010; Shao
et al., 2014), while category fluency is considered to rely on a combi-
nation of executive retrieval as well as on lexical and semantic pro-
cessing (Papp et al., 2016; Shao et al., 2014; Vonk et al., 2018). The
posterior middle temporal gyrus (MTG) in particular, which has func-
tional connections with prefrontal hubs of both the DMN and FPN, has
been posited as playing a critical role as a “functional nexus” implicated
in the executive control of semantic processing (Davey et al., 2016;
Noonan et al, 2013), facilitating so-called “controlled semantic
cognition.”

Structural MRI and functional magnetic resonance imaging (fMRI)
investigations have reported varied and distributed regions as
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supporting word retrieval, generally representing hubs of the large-scale
FPN, DAN, DMN and semantic networks. The variability in reported
anatomical associations likely stem from paradigm-specific task char-
acteristics and differences across study populations, which have most
often been healthy individuals or patient groups with specific and cir-
cumscribed lesion sites (e.g., stroke patients). Letter fluency has been
primarily associated with the integrity of the left hemisphere predomi-
nant inferior frontal cortex and bilateral middle frontal gyrus (Birn et al.,
2010; Gourovitch et al., 2000; Meinzer et al., 2009; Vonk et al., 2018).
Additionally, one report dissociated a posterior-dorsal peak of activity
within inferior frontal cortex in response to letter fluency from an
anterior-ventral peak within the inferior frontal cortex in response to
category fluency (Costafreda et al., 2006). In contrast, category fluency
has historically been associated with the integrity of medial tempor-
olimbic structures (Hirni et al., 2013; Pihlajamaki et al., 2000), in part
due to observations that category fluency is particularly impaired in
early amnestic MCI, a population in which disease progression is
prominent in the medial temporal regions (Henry et al., 2004). How-
ever, more recent fMRI investigations suggest that these findings may be
a feature of the autobiographical relevance of category being tested
(Sheldon and Moscovitch, 2012). Indeed, category fluency has also been
associated with left-hemisphere inferior and middle frontal cortex
(Meinzer et al., 2009), medial parietal cortex and superior parietal
lobule (Pihlajamaki et al., 2000) as well as inferior parietal regions
including the angular gyrus (Vonk et al., 2018) and left inferior temporal
lobe (Grogan et al., 2009) in healthy individuals. This pattern has been
reported with less specificity in prodromal amnestic AD (Eastman et al.,
2013) in that category fluency was associated with bilateral atrophy of
largely the same regions. Visual confrontation naming impairment (e.g.,
performance on Boston Naming Test) is also commonly reported across
the AD spectrum (Crutch et al., 2013; Leyton et al., 2017) and has
similarly been associated with cognitive processes that include both
executive goal-directed retrieval demands supported by the frontopar-
ietal regions described above, in addition to regions consistent with
processing of visual information, including left middle and inferior oc-
cipital gyri and inferior temporal gyrus, in healthy individuals (Abra-
hams et al., 2003) and in prodromal AD (Leyton et al., 2017; Pravata
et al., 2016) and other neurodegenerative diseases such as FTD and CBD
(Grossman et al., 2004). Considering the diffuse cortical substrates of
these related and distinct word retrieval tasks, we expect word retrieval
impairment profiles to vary between the different AD syndromes.

The focus of the present study was to determine how individuals with
each AD syndrome—PCA, lvPPA, and amnestic—differ from each other
with regard to word retrieval performance, measured by common neu-
ropsychological tests of verbal fluency and visual confrontation naming.
A secondary goal was to determine the neuroanatomical substrates of
each type of word retrieval deficit, using measures of cortical atrophy
across the AD syndromic spectrum. Given the predominant posterior
temporal and parietal abnormalities in these patients, we hypothesized
that amnestic and PCA syndromes would demonstrate comparable ver-
bal fluency profiles, with relatively intact letter fluency but impaired
category fluency and visual confrontation naming performance, while
IvPPA would demonstrate comparable impairment across all word
retrieval tasks consistent with the broader lexical-phonological pro-
cessing deficit pathognomonic to this group. We further hypothesized
that letter fluency would be primarily associated with regions
comprising the FPN (middle prefrontal cortex, posterior parietal cortex)
thought to support goal-directed retrieval as well as lateral temporal
cortical regions involved in lexical processing, and that category fluency
and naming would be associated with regions of the semantic memory/
language network implicated in controlled semantic cognition (lateral
MTG and inferior parietal cortex) in addition to the frontoparietal re-
gions underlying goal-directed retrieval. Finally, we hypothesized that
naming performance would be additionally be associated with cortical
atrophy in occipitotemporal visual association areas supporting visual
object processing.
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2. Methods
2.1. Participant characteristics

Data for this study were obtained from one hundred sixty-nine par-
ticipants (32 amnestic, 16 PCA, and 22 IvPPA, and 99 healthy control
participants; Table 1) in studies affiliated with the Massachusetts Alz-
heimer’s Disease Center Frontotemporal Disorders Unit, or the Harvard
Aging Brain Study. All participants received a standard clinical evalua-
tion comprising a comprehensive neurological and psychiatric history
and exam and structured informant interviews following the Clinical
Dementia Rating (CDR) protocol, and a separate neuropsychological
battery including the National Alzheimer’s Coordinating Center (NACC)
Uniform Data Set (UDS) version 2.0 or 3.0 battery. For each patient,
clinical diagnostic formulation was performed through consensus con-
ference, with each patient being classified based on all clinical infor-
mation as having mild cognitive impairment or dementia (global clinical
status), and then each patient’s cognitive-behavioral syndrome being
diagnosed according to standard diagnostic criteria (Dickerson et al.,
2017; Wong et al., in press). Initially, 25 patients met diagnostic criteria
for PCA (Crutch et al., 2017; Renner et al., 2004; Tang-Wai et al., 2004),
23 patients met criteria for IvPPA (Gorno-Tempini et al., 2011), and 43
patients met criteria for amnestic MCI or dementia (McKhann et al.,
2011). The patient sample was further restricted to those participants
who had a positive amyloid status (Af+), as assessed by either visual
read according to previously published procedures (Rabinovici et al.,
2010) and biomarker criteria for probable Alzheimer’s disease (distri-
bution volume ratio > 1.2; Villeneuve et al., 2015) or CSF amyloid-p
levels (<192 pg/mL) supportive of likely presence of amyloid plaques
and neurofibrillary tangles (Shaw et al., 2009). This resulted in a final
patient sample size of 32 AB+ amnestic, 16 AR+ PCA, and 22 AB+ IvPPA
participants. We also included a group of cognitively normal (CN; CDR
= 0) individuals who all performed within normal limits on neuropsy-
chological testing, had normal brain structure based on MRI, and low
cerebral amyloid based on quantitative analysis of amyloid PET (DVR <
1.2; Mormino et al., 2014), resulting in a CN sample of 99 individuals
who were amyloid negative (Af- CN). This Ap- CN group was used pri-
marily for behavioral and cortical thickness comparisons. Individuals
were excluded from this cohort if they had a primary psychiatric or other
neurologic disorder including major cerebrovascular infarct or stroke,
seizure, brain tumor, hydrocephalus, multiple sclerosis, HIV-associated
cognitive impairment, or acute encephalopathy. This work was carried
out in accordance with The Code of Ethics of the World Medical Asso-
ciation (Declaration of Helsinki) for experiments involving humans. All
participants and their informants/caregivers provided informed consent
in accordance with the protocol approved by the Partners HealthCare
Human Research Committee Institutional Review Board in Boston,
Massachusetts.

Table 1
Demographic characteristics. Mean (SD) presented for each continuous de-
mographic factor. * indicates statistical significance at the level of p < 0.05
compared to the CN- group. M = Male; F= Female, R = Right Handed; L = Left
Handed; MMSE = Mini-Mental State Examination; CDR= Clinical Dementia
Rating.

Demographic AB-CN (N  Ap+ Amnestic Ap+ PCA AB-+ IvVPPA
=99) (N =32) (N =16) (N =22)
Age (years) 68.7 (7.5) 70.4 (7.2) 63.9 (8.2)*  69.4(7.1)
Sex Ratio (Male: 33M: 66F 22M: 12F* 5M: 11F 15M: 7F*
Female)
Education (years) 16.1 (2.6) 16.4 (2.7) 16.9 (1.3) 16.4 (2.5)
Handedness (R:L) 86R: 13L 32R: 2L 15R: 1L 20R: 2L
MMSE (out of 30) 29.4 (0.9) 24.4 (3.4)* 23.7 (4.7)* 22.7 (3.9)*
CDR Global 0 0.5 (N = 24); 0.5 (N = 0.5(N =
1(N=10) 9); 20);
1IN=7) 1N=2)
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2.2. Word retrieval tasks and neuropsychological battery

Letter and category fluency were assessed using the Controlled Oral
Word Association Test (Spreen and Strauss, 1991), with the measure of
interest being the total number of correct words produced in 1 min trials
to three different letter cues—F, A, and S—and two different category
cues—Animals and Vegetables. Performance was totaled and normed
based on age-education-, and sex-based normative data (Spreen and
Strauss, 1991), and averaged across the two category fluency trials to
produce composite letter fluency and category fluency variables. Visual
confrontation naming was measured using performance on the 30-item
Boston Naming Test (BNT; Kaplan et al., 1983) from the NACC UDS
Version 2 battery. Performance was normed based on age-education-,
and sex-based normative data (Shirk et al., 2011). Performance differ-
ences between AP+ AD syndromic groups were investigated using
one-way analysis of variance, with post-hoc independent sample t-tests
to verify between group differences. Effect sizes were calculated with
Cohen’s D for unequal sample sizes (Cohen, 1988). Performance dif-
ferences across tasks within groups were computed using paired t-tests
and Cohen’s D accounting for the correlation strength between the tasks
within group, using G*Power. Statistical significance was set to a
threshold of p< 0.05. Primary hypothesis-driven analyses were con-
ducted on just 3 measures of word retrieval with no corrections for
multiple comparisons applied. Statistical analyses were conducted in
IBM SPSS Version 24.0 (Armonk, NY).

Tests of attention, working memory, processing speed, executive
functioning, episodic memory, and visuospatial cognition from NACC
UDS2 or UDS3 are also presented to describe the remainder of the
cognitive profile. This battery included Digit Span Forward and Back-
ward (longest spans), Trail Making Test Part A and Part B (seconds to
completion), a story memory encoding and delayed recall task (either
Logical Memory in UDS2 or Craft Story in UDS3), and Benson
Figure copy and delayed recall in UDS3, which only the PCA and lvPPA
groups received. A subset of the PCA (n = 8) and IvPPA (n = 8) patients
also received tests of visual matching from NACC UDS3 that did not have
verbal retrieval demands: Word-picture matching and Semantic Asso-
ciates. Performance on these tests are included in the Supplemental
Materials, to demonstrate intact low-level visual perception in both
patient groups. Additionally, we report performance on the Benton Vi-
sual Form Discrimination, a multiple choice match-to-sample test of
figure recognition, for the CN and amnestic groups in order to represent
visuospatial functioning. Z-scores were demographically-adjusted (age-,
sex-, and education-corrected) based on published norms for each test
(Spreen and Strauss, 1991; Shirk et al., 2011) and reported for all tests in
order to better compare performance across groups and across tests
within groups.

2.3. Neuroimaging acquisition and analysis

All participants in the final sample received a structural T1-weighted
scan at MGH. All scans were acquired using a Siemens Trio 3T scanner
(Siemens Medical Systems). T1 image volumes were examined qualita-
tively by a cortical surface-based reconstruction and analysis of cortical
thickness using FreeSurfer version 6.0 (http://surfer.nmr.mgh.harvard.
edu). The general procedures for this processing method have been
described in detail and applied and validated in a number of publica-
tions and presentations; the technical details can be found in select
manuscripts (Dale et al., 1999; Fischl and Dale, 2000; Fischl et al., 2002;
Fischl et al., 2004). A subset of participants (26 amnestic, 10 PCA and 6
1IvPPA, 99 CN) underwent He. Pittsburgh Compound B (amyloid) PET
scans, which were spherically registered to align each individual’s
cortical surface between PET and MR scans. The *!C-PiB PET radiotracer
was acquired with an 8.5-15 mCi bolus injection followed immediately
by a 60-min dynamic acquisition in 69 frames (12 x 15, 57 x 60 s). All
PET data were acquired using a Siemens/CTI (Knoxville, TN) ECAT HR
+ scanner (3D mode; 63 image planes; 15.2 cm axial field of view; 5.6
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mm transaxial resolution and 2.4 mm slice interval). Data were recon-
structed and attenuation corrected; each frame was evaluated to verify
adequate count statistics; interframe head motion was corrected prior to
further processing. Visual inspection confirmed accurate registration
between anatomical and PET volumes. To evaluate the anatomy of PET
binding, each individual’s PET data set was rigidly co-registered to the
subject’s MPRAGE data using SPM8 (Wellcome Department of Cognitive
Neurology, Function Imaging Laboratory, London). Similar to a previous
report, 11C_piB PET data were expressed as the distribution volume ratio
(DVR) with the cerebellar grey matter as a reference (Becker et al.,
2011), where regional time-activity curves (TAC) were used to compute
regional DVRs for each ROI using the Logan graphical method applied to
data from 40 to 60 min after injection. PET data were not partial volume
corrected and were performed using geometric transform matrix as
implemented in FreeSurfer stable release version 6.0.

Using methods we have previously published (Dickerson et al., 2008;
Makaretz et al., 2018; Xia et al., 2017), whole cortex general linear
models (GLM) were created to determine where cortical atrophy was
present in amnestic, PCA, and IvPPA AB+ patient groups separately,
compared to the Ap- CN group using FreeSurfer version 6.0 (Fig. 1). In
order to visualize regions of cortical atrophy, a whole brain cortical
thickness map was contrasted (vertex-based t-test) between each of our
AD syndromic groups (amnestic, PCA, and lvPPA) and the age-matched
Ap- CN group. Effect size (gamma) showing areas that are at least 0.2
mm thinner in each AD syndromic group compared to Ap- CN is pro-
jected onto the cortical mantle in each hemisphere. Then, to determine if
performance on word retrieval tasks was related to cortical atrophy in
hypothesized regions, we conducted whole cortical surface general
linear models (GLM) for the effects of the task performance on cortical
thickness at each vertex point on the cortical surface. We used age-,
education-, and sex-adjusted performance scores and thus did not con-
trol for these demographic factors again in our cortical thickness GLM
analysis. Follow-up analysis ensured that cortical thickness was not
related in any significant way to any of these demographic factors. GLM
analyses was implemented using the mri glmfit utility within FreeSurfer
version 6. Given our specific a priori hypotheses, an uncorrected statis-
tical threshold of p < 0.01 was set.

1.00

0.00

-1.00

Z-score

-2.00

-3.00

-4.00
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3. Results
3.1. Demographic characteristics and cognitive profiles

A total of 70 Ap+ patients (32 amnestic, 16 PCA, and 22 IvPPA) and
99 Af- CN healthy control participants were included in this study
(Table 1). The mean Mini Mental State Examination (MMSE) score was
24.4 for the amnestic group, 23.7 for PCA, and 22.7 for lvPPA (ANOVA:
F = 0.95, p = 0.40). MMSE scores in each AD group were statistically
comparable: amnestic vs. PCA, t = 0.21, p = 0.83; amnestic vs. IvPPA, t
=1.33,p = 0.19; PCA vs. IvPPA, t = 0.73, p = 0.48. The AB- CN group
also performed better on total MMSE score compared to the three Af+
AD groups, as expected (p < 0.05). The majority of Ap+ AD patients
were given a global CDR of 0.5, consistent with mild cognitive impair-
ment, though more individuals within the amnestic group were given a
CDR of 1 (? = 22.6, p = 0.02). All Ap- CN participants were given a
global CDR of 0, and earned an average MMSE of 29.4, consistent with
no cognitive impairment. The Ap- CN group differed from only the PCA
patient group on age (t = 2.3, p = 0.02); there were no other between-
group differences on age or education (p > 0.05).

In addition to word retrieval deficits, we observed varying degrees of
impairment in other cognitive domains across the A+ syndromic
groups (Table 2). While only AB+ PCA and Ap+ 1vPPA groups demon-
strated impairment (z < —1.0) on a test of auditory-verbal simple
attention (Digit Span Forward) and working memory (Digit Span
Backward), all three A+ groups were impaired on visuomotor
sequencing (Trail Making Test Part A) and set-shifting (Trail Making
Test Part B), as well as story memory encoding and delayed recall. In the
visuospatial domain, the AB+ amnestic group demonstrated mild defi-
cits on visual form discrimination, and just the A+ PCA group (but not
the AB+ IvPPA group) demonstrated impairment on a measure of
visuoconstruction (Benson Figure Copy). Both Ap+ PCA and 1vPPA
groups were impaired on Benson Figure Recall.

3.2. Word retrieval profiles across the Afi+ syndromic spectrum

Performance on category fluency and visual confrontation naming
(BNT) was impaired across all three Ap+ syndromic groups, while letter
fluency was intact in AB+ amnestic and Ap+ PCA groups (Fig. 1). Table 3
summarizes the differences both between and within groups across these
word retrieval tests. Between-group analysis revealed that the A+
amnestic group performed better than the AB+ IvPPA group on letter

Fig. 1. Category fluency and naming
(BNT) performance is impaired across all
- AB-CN AD syndromic groups, while letter
EAB+ Amnestic fluency is spared only in Ap+ amnestic
£ AP+ PCA and AP+ PCA. Group means of
Il AB+ IvPPA demographically-adjusted z-scores indicate
that Ap+ amnestic and A+ PCA groups are
intact on letter fluency but comparably
impaired on category fluency, and impaired
on naming, with the Ap+ PCA group per-
forming worse than the Ap+ amnestic group.
The A+ IVPPA group is normatively
impaired across all three word retrieval
tasks, though letter fluency is relatively less
impaired compared to category fluency and
naming. Cognitively normal (Ap- CN) data
are also presented for reference. Error bars
indicate +1 standard error of the mean.
Statistical differences are presented in
Table 3.

-5.00

Letter Fluency  Category Fluency

BNT
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Table 2

Cognitive profile. Mean (SD) of demographically-adjusted z-scores are presented
for each test on the remainder of the NACC UDS neuropsychological battery.
1Story memory composite z-scores were aggregated across UDS2 Logical Mem-
ory and UDS3 Craft Story.

Test AB- CN AP+ Amnestic ~ Ap+ PCA Ap-+ IvPPA
(N=99) (N=32) (N=16) (N =22)
Digit Span Forward 0.05 —0.07 (1.42) -1.00 —2.44
(0.89) (1.39) (1.72)
Digit Span Backward 0.17 —0.44 (1.24) —1.41 —2.09
(0.98) (1.18) (1.21)
Trail Making Test A —0.03 —1.47 (2.09) —7.45 —-2.17
(0.79) (1.31) (2.9)
Trail Making Test B 0.09 -1.6 (2.10) —4.56 —3.05
(0.79) (1.00) (2.05)
Story Memory 0.88 —2.07 (0.90) —2.12 —2.54
Encoding (0.88) (0.86) (0.69)
Story Memory 0.96 —2.35(0.83) -1.95 -2.17
Delayed Recall (0.86) (0.76) (0.65)
Benton Visual Form 0.52 —1.10 (1.95) - -
Discrimination (0.82)
Benson Figure Copy - - -8.89 —0.84
(0.83) (2.29)
Benson - - —3.57 —1.52
Figure Delayed (0.35) (1.40)
Recall
Table 3

Word retrieval performance across the Ap+ AD syndromic spectrum. Between-
group and within-group task differences shown in Fig. 1 are listed, with t-
values and Cohen’s d effect sizes. *Statistical significance is set at a threshold of
p < 0.05.

Significant between-group differences* t Cohen’s d
Letter Fluency

Amnestic > lIvPPA 5.34 0.76

PCA > IvPPA 4.89 1.63
Category Fluency

Amnestic > lIvPPA 3.36 0.95

PCA > IvPPA 2.43 0.77
Boston Naming Test (BNT)

Amnestic > PCA 2.45 0.72

Amnestic > lvPPA 4.60 1.27
Significant within-group differences* t Cohen’s D
Amnestic

Letter Fluency > Category Fluency 7.60 1.34

Letter Fluency > BNT 4.52 0.80
PCA

Letter Fluency > Category Fluency 5.83 1.51

Letter Fluency > BNT 441 1.27

Category Fluency > BNT 4.56 0.68
1IvPPA

Letter Fluency > Category Fluency 2.56 0.54

Letter Fluency > BNT 4.19 0.89

Category Fluency > BNT 3.54 0.76

and category fluency, and better than both Ap+ 1vPPA and Af+ PCA
groups on the BNT. Further, the Ap+ PCA group also performed better
than the Af+ IvPPA group on letter and category fluency; the Ap+ PCA
and Ap+ lvPPA groups performed comparably on the BNT. The Ap+
amnestic and Ap+ PCA groups were comparable on letter and category
fluency tasks. Within-group analysis revealed that performance on letter
fluency was stronger than category fluency and BNT performance in all
three Ap+ syndromic groups. Within the Af+ PCA and Af+ 1vPPA
groups, category fluency was also stronger than BNT performance. The
Ap- CN performed better than all AB+ syndromic groups on all word
retrieval tasks (p < 0.05), with the exception of letter fluency on which
performance was comparable to the A+ PCA group (p = 0.3). Perfor-
mance on category fluency trials to animal and vegetable cues were also
analyzed separately (Supplementary Materials Fig. 1); though between-
group differences remained similar as the composite category fluency

Neuropsychologia 140 (2020) 107391

performance reported above, we did observe poorer vegetable fluency
compared to animal fluency in A+ PCA (t = 2.6, p = 0.02, Cohen’s d =
0.62) and Ap+ IvPPA (t = 3.1, p = 0.005, Cohen’s d = 0.66), as well as
the Ap- CN group (t = 4.03, p = 0.0001, Cohen’s d = 0.41) but com-
parable performance between animal and vegetable fluency in the A+
amnestic group (p > 0.05).

As expected, performance on these three word retrieval tasks were
correlated with each other. Across the Ap+ groups combined, Supple-
mentary Materials Fig. 2 plots the correlations between Letter and
Category Fluency (r = 0.64, p = 4.3 x 10~°), Letter Fluency and Naming
(r =0.41, p = 0.001) and Category Fluency and Naming (r = 0.54, p =
0.00005). To control for the effects of each fluency trial on the other (i.
e., effects of generative word retrieval on category fluency, and effects of
semantic processing on letter fluency), performance on each fluency
condition with the other regressed out is also shown, and a similar
pattern of results to our main findings was found such that Ap+ amnestic
and Ap+ PCA groups were stronger on “pure” letter fluency compared to
“pure” category fluency, while the reverse was true of the Ap+ lvPPA
group (Supplementary Materials Fig. 3). A subset of PCA and 1lvPPA
patients also received tests of visual matching from NACC UDS3 that did
not have verbal retrieval demands: Word-picture matching and Se-
mantic Associates. These PCA and 1vPPA individuals performed near
ceiling levels (Supplementary Materials Fig. 4) on both tasks, indicating
that low-level visual perception and semantic memory was not impaired
in these patient groups, and thus unlikely to be affecting performance on
the word retrieval tasks that were the focus of our study.

3.3. Cortical atrophy signatures are distinct but overlapping across the AD
spectrum

Compared to Ap- CN, whole-cortex analyses revealed that A+ in-
dividuals demonstrate syndrome-specific as well as overlapping patterns
of neurodegeneration (Fig. 2). Compared to Af- CN, individuals with
Ap+ amnestic syndrome (Fig. 2A) demonstrated cortical atrophy in
medial and lateral temporal cortices, precuneus/posterior cingulate
cortex, and dorsolateral prefrontal cortex. Compared to Ap- CN, in-
dividuals with Ap+ PCA (Fig. 2B) demonstrated atrophy in occipital,
ventral and posterolateral temporal, lateral parietal, precuneus, and
posterior cingulate cortex with a slight right hemisphere predominance.
Compared to A- CN, individuals with Ap+ lvPPA (Fig. 2C) demon-
strated atrophy in lateral temporal, lateral parietal, precuneus, and
posterior cingulate cortices, with a left hemisphere predominance.
Cortical atrophy common to all three AD syndromic groups can be
observed in bilateral temporal and parietal cortical regions.

3.4. Word retrieval impairment is associated with atrophy in prefrontal,
lateral and medial parietal, and lateral temporal cortex across the Ap+
syndromic spectrum

Next, we tested our a priori hypotheses regarding the neuroana-
tomical correlates of word retrieval by conducting three separate whole-
cortex GLMs predicting performance on letter fluency, category fluency,
and confrontation naming (BNT) respectively. We combined all Ap+
individuals (amnestic, PCA, IvPPA) together for these analyses in an
effort to capitalize on the heterogeneity in cognitive profile and neuro-
degeneration across groups. We found associations in several regions
known to atrophy in the course of AD, including regions of the pre-
frontal, parietal, and temporal lobes; these relationships were over-
lapping and dissociable depending on the word retrieval task examined
(Fig. 3). Specifically, we observed circumscribed associations between
letter fluency performance and cortical thickness in the right middle
frontal gyrus, right precuneus, left lateral parietal cortex, and left pos-
terior MTG (Fig. 3A). Category fluency performance was associated with
cortical thickness in predominantly left middle frontal gyrus, lateral
parietal cortex, posterior cingulate cortex, and posterior MTG (Fig. 3B).
While visual confrontation naming performance was also associated
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A. Ap+ Amnestic
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Dorsal Dorsal

B. Ap+ PCA

Lateral

Neuropsychologia 140 (2020) 107391

C. AB+ IVPPA

Lateral

Dorsal

Fig. 2. Syndromic variability across the AD spectrum. Compared to Ap- CN participants, whole-brain cortical thickness analyses reveal that Ap+ individuals
across AD clinical syndromes of amnestic, PCA, and IvPPA demonstrate syndrome-specific and some overlapping patterns of cortical atrophy. All Ap+ individuals are
characterized as CDR 0.5 or 1. Effect size (gamma) is shown for cortical areas that are at least 0.2 mm thinner in each Af+ syndromic group compared to Ap- CN.
Color scale shows magnitude of atrophy difference from 0.2 mm to 0.4 mm. (For interpretation of the references to colour in this figure legend, the reader is referred

to the Web version of this article.)

A. Letter Fluency

Lateral

Dorsal

B. Category Fluency

Lateral

Dorsal

C. Naming

Lateral

Fig. 3. Word retrieval impairment is associated with atrophy in prefrontal, lateral and medial parietal, and lateral temporal cortex across the Ap+
syndromic spectrum. Whole cortex general linear models demonstrate that cortical thickness was associated with performance on (A) Letter Fluency, (B) Category

Fluency, and (C) Naming. Results show maps of p values, thresholded at p < 0.01.

with many of these same regions as observed in the correlation with
category fluency, including lateral parietal cortex and MTG, we
observed additional unique associations between naming performance
and cortical thickness in bilateral superior prefrontal cortex and cingu-
late gyri, as well as bilateral inferior temporal cortex extending poste-
riorly into the visual association cortices and anteriorly into the left
anterior temporal lobe (Fig. 3C). Of note, neither category fluency nor
naming performance was associated with cortical thickness in entorhi-
nal cortex (Supplementary Materials Fig. 5), arguing against theories
that semantic fluency and naming are supported by medial tempor-
olimbic regions.

We illustrate areas of overlap and dissociation in the correlations
between performance on these three word retrieval task and regional
cortical thickness in Fig. 4. We selected the left MTG as an area common

to supporting performance on all three word retrieval tasks; cortical
thickness in the left MTG was strongly correlated with letter fluency (r =
0.36, p = 0.004; Fig. 4A), category fluency (r = —0.53, p = 0.000007;
Fig. 4B) and naming performance on the BNT (r = 0.52, p = 0.00002;
Fig. 4C). As for dissociations, we show that letter fluency was strongly
associated with cortical thickness in the right central precuneus (r =
0.44, p = 0.0004; Fig. 4D), category fluency was related to cortical
thickness in the left angular gyrus (r = 0.50, p = 0.00003; Fig. 4E), and
naming performance on the BNT was associated with cortical thickness
in the left inferior temporal gyrus (r = 0.58, p = 0.0001; Fig. 4F).

4. Discussion

Word retrieval deficits are commonly reported symptom across
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Fig. 4. Scatterplots of overlapping and dissociable associations between word retrieval performance with cortical thickness. We observed areas of overlap
in correlations between cortical thickness in the Left Middle Temporal Gyrus and (A) Letter Fluency, (B) Category Fluency and (C) Naming. We also observed more
specific associations with each type of word retrieval task; (D) Letter fluency performance was associated with cortical thickness in the right central precuneus, (E)
Category fluency performance was associated with cortical thickness in the left angular gyrus, and (F) Naming (BNT) performance was associated with cortical
atrophy in the left inferior temporal gyrus. All regions of interest shown here were drawn from peak areas of correlation in the whole-cortex GLMs presented in Fig. 4,

and chosen for purely illustrative purposes.

multiple clinical syndromes of AD. However, the localization of neuro-
degeneration underlying these deficits may vary, leading to different
types of word retrieval difficulty. While individuals with an amnestic
syndrome have well-documented impairment in category fluency and
confrontation naming, with relatively spared letter fluency, the word
retrieval profiles of the atypical presentations of AD (PCA, lvPPA) and
their anatomical underpinnings have been less clearly understood. We
found in this investigation that performance on both category fluency
and visual confrontation naming was impaired across all Ap+ syndromic
groups, while letter fluency was intact in Ap+ amnestic and Ap+ PCA
groups but impaired in the Ap+ IvPPA group. Consistent with our hy-
potheses, no performance differences were observed between Af+
amnestic and Ap+ PCA groups on letter or category fluency. Though
both of these groups were impaired on visual confrontation naming, the
AB+ PCA group performed relatively worse than the Ap+ amnestic
group. Of note, naming scores from the BNT analyzed in this study
included correct responses to semantic cues, minimizing any effect of
visual misperceptions and primarily reflecting word retrieval ability.
Furthermore, a subset of Ap+ PCA participants performed near ceiling
levels on tests of visual semantic matching, demonstrating intact basic
visual function necessary to perform a visual confrontation naming test.
However, we cannot discount the combined cognitive demands of visual
integration and semantic controlled retrieval needed to perform this
visual confrontation naming task, which may explain our observations
of worse performance in A+ PCA group compared to Ap+ amnestic
group on the BNT.

Together, these behavioral results suggest that despite different
patterns of cortical atrophy, the A+ amnestic and Ap+ PCA syndromic
groups have similar word retrieval profiles on these common neuro-
psychological tests, while Ap+ 1vPPA participants demonstrate a pri-
mary disorder of the phonological loop, impacting all types of word
retrieval studied here. Our results in the A+ IvPPA group is consistent
with prior reports of difficulty with lexical retrieval in conversational
speech (Gorno-Tempini et al., 2011), as well as on the formal neuro-
psychological tests of word retrieval evaluated in the current study

(Gorno-Tempini et al., 2008; Leyton et al., 2017). Our attribution of
these findings to a primary phonological loop dysfunction is further
supported by our additional analysis of “process pure” measures of letter
and category fluency (Supplementary Materials Fig. 3), where we
observed that “pure” letter fluency was more impaired than “pure”
category fluency only in the IvPPA group. This impairment has been
attributed to a disorder of the phonological loop, a component of
working memory responsible for short-term representation of
auditory-verbal information (Ash et al., 2013; Gorno-Tempini et al.,
2008; Leyton, Savage, et al., 2014), as well as speech-sound errors
related to language processing in the context of a limited phonological
buffer (Ash et al., 2013; Leyton, Ballard, Piguet and Hodges, 2014). Our
results are also consistent with previously published accounts of cate-
gory fluency and naming impairment in amnestic syndrome (Henry
et al., 2004; Papp et al., 2016), as well as prior descriptions of language
deficits in PCA, which comprise a “logopenic syndrome” including
anomia, reduced verbal fluency, and slowed speech rate (Crutch et al.,
2013; Magnin et al., 2013; Putcha et al., 2018). We add support to one
previous report that PCA show equivalent performance on letter and
category fluency tasks compared to amnestic AD, and that both syn-
dromic groups demonstrate greater impairment on category compared
to letter fluency (Rogers et al., 2006). However, some contradictory
findings have also been reported in PCA: one study identified impair-
ments in letter as well as category fluency (Crutch et al., 2013), while
another reported that verbal fluency is stronger in PCA compared to
amnestic AD (Mendez et al., 2002), though this latter study only
examined one category (“Animals”) and did not evaluate letter fluency
at all. The varied reports from published literature may stem from the
fact that investigations differ in sample sizes and task demands, and that
many include individuals who may or may not be Ap+, thus including
individuals with atypical AD syndromes primarily due to another un-
derlying neuropathology (e.g., Lewy body disease or corticobasal
degeneration). Our results add some clarity to these discrepant reports
by focusing solely on Ap+ individuals, though of course this does not
entirely eliminate the possibility of superimposed or secondary Lewy
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body disease (Tang-Wai et al., 2004). Thus, we may have identified here
a specific language profile in the atypical syndromes compared to
amnestic individuals, in patients where pathological dysfunction is most
likely due to underlying AD.

A secondary goal of this study was to investigate the anatomical
underpinnings of these different word retrieval tasks, capitalizing on the
heterogeneity of clinical syndromes and neurodegenerative profiles
across the AD syndromic variants. Compared to AB- CN, whole-cortex
analyses revealed syndrome-specific as well as overlapping patterns of
neurodegeneration. Specifically, we observed cortical atrophy in medial
and lateral temporal cortices and precuneus/posterior cingulate cortex
in the AP+ amnestic group, in occipital, inferior and posterolateral
temporal, lateral parietal, precuneus/posterior cingulate cortex with a
slight right hemisphere predominance in Ap+ PCA, and in lateral tem-
poral, lateral parietal, precuneus/posterior cingulate cortex, with a left
hemisphere predominance in AB+ IvPPA. In examining the relationships
between word retrieval performance and cortical thickness, we found
some overlapping associations across tasks in temporoparietal and
posterior MTG, with greater left hemisphere predominance in category
fluency and bilateral correlations observed with naming performance.
Category fluency was also associated with cortical thickness in left
hemisphere predominant middle prefrontal cortex, angular gyrus, and
posterior cingulate cortex—regions comprising the FPN and semantic
language networks— while naming was uniquely associated with
cortical thickness in bilateral inferior temporal cortices. Neither cate-
gory fluency nor naming was associated with thickness in medial tem-
poral cortices, arguing against attributions of semantic processing to
medial temporal dysfunction in AD (Henry et al., 2004; Pihlajamaki
et al., 2000). In contrast, performance on letter fluency was associated
with more circumscribed atrophy in right hemisphere middle frontal
gyrus and central precuneus, as well as left-hemisphere lateral parietal
cortex (hubs of the FPN; Margulies et al., 2009; Vincent et al., 2008) and
posterior MTG.

While all three word retrieval tasks included in this study call upon
many of the same cognitive processes, including sustained attention,
devising a search strategy, selecting appropriate words, inhibiting
competitors, engaging working memory, and articulating output, there
are important differences. Letter fluency requires selecting and
retrieving information based on spelling (orthography) as well as, in
many instances, speech-sounds (phonology), while category fluency and
object naming place a greater demand on conceptual knowledge stores
in addition to executive organizational search and retrieval efforts
(Schmidt et al., 2017; Shao et al., 2014). Letter fluency has been asso-
ciated most consistently with the left inferior frontal cortex and left
temporoparietal cortex (Gourovitch et al., 2000; Rogalski et al., 2011),
and regions of occipitotemporal cortex, where the visual word form area
is found, supporting orthographic word recognition critical to per-
forming the letter fluency task (McCandliss et al., 2003). In contrast,
category fluency and naming have been associated with a more wide-
spread and left-lateralized controlled semantic language network
(Binder et al., 2009; Ralph et al., 2017), which includes posterior regions
of the lateral temporal cortex (Gourovitch et al., 2000; Leyton et al.,
2017; Perani et al., 2003) and left lateralized inferior parietal lobule
(Chouiter et al., 2016; Eastman et al., 2013; Putcha et al., 2018;
Schonknecht et al., 2011) as well as medial parietal cortex linked with
semantic processing and retrieval (McGraw et al., 2001). Picture naming
in particular has been shown to depend, in addition to the anterior
temporal lobe, on left posterior inferior temporal cortex (Ahn et al.,
2011; Birn et al., 2010).

Our findings are largely consistent with the literature on anatomical
underpinnings of word retrieval, though we did not observe the ex-
pected inferior frontal cortical associations with word retrieval perfor-
mance. There are a number of possible explanations for this in A+
patients, as much of the prior work influencing our understanding that
verbal fluency performance is supported by inferior frontal dysfunction
was conducted in healthy adults (Moscovitch, 1994; Vonk et al., 2018)
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or stroke patients or other focal lesion models (Baldo and Shimamura,
1998; Chouiter et al., 2016; Miller, 1984). First, the strong correlations
with cortical thickness in the left hemisphere posterior MTG across word
retrieval tasks observed in this study may be representing the posterior
node of a controlled lexical retrieval network, which is functionally
connected to the inferior frontal sulcus (Davey et al., 2016), and likely
more vulnerable to AD pathology in prodromal stages of the disease than
the inferior frontal cortical regions. Indeed, together with the correla-
tions observed between performance across retrieval tasks and thickness
in the left hemisphere temporoparietal cortex and intraparietal sulcus
broadly, our observations may reflect that in our Ap+ patient popula-
tion, much of the tau pathology and cortical atrophy that occurs at this
stage of AD progression occurs in posterior parietal and temporal
cortices, rather than in the inferior frontal cortex (Warren et al., 2012).
We may be observing a reflection of more prominent dysfunction of the
posterior nodes of these networks before the anterior nodes, thus
emphasizing the importance of lateral parietal dysfunction in explaining
lexical retrieval deficits in early stages across the AD syndromic spec-
trum (Vasconcelos et al., 2014). Second, the inferior frontal gyrus has
been posited to be critical for response inhibition, or a “braking” func-
tion within the larger domain of cognitive control (Aron et al., 2004,
2014; Novick et al., 2005). We propose that in order to accomplish these
word retrieval tasks, our patient population relies less on inhibitory
control and more on generativity and goal-directed retrieval, thus
explaining our observed correlations with regions of the FPN, but not
inferior frontal gyrus. Recent work has shown that individuals with MCI
and AD who had attention deficits were more influenced by word fre-
quency impacting retrieval access, and less influenced by semantic
similarity (Pakhomov et al., 2016); thus, the AB+ patients studied here
may not be recruiting response inhibition skills to complete these
fluency tasks as much as healthy controls. Lastly, these word retrieval
tasks require integration of controlled retrieval and specific lexical or
semantic/conceptual demands, highlighting the left hemisphere poste-
rior MTG, angular gyrus, and intraparietal sulcus which have functional
connections with the inferior frontal gyrus (Davey et al., 2016; Noonan
et al., 2013), more broadly supporting controlled semantic cognition
(Ralph et al., 2017), rather than focal associations with the inferior
frontal gyrus.

Our study has some important limitations. First, our study samples of
AD syndromes were uneven (32 amnestic compared to 16 PCA and 22
IvPPA), and as such, certain groups (i.e., PCA) may have been under-
represented in the correlations between retrieval performance and
cortical thickness. Reassuringly, we observed a robust association with
full range in all patient groups between task performance and atrophy
when data were plotted, and our a priori hypotheses were largely
confirmed. Nevertheless, these correlation results require replication in
a larger sample of the atypical syndromic groups. Second, the associa-
tions between cortical atrophy and task performance reported in this
study were cross-sectional and correlational in nature. Causal relation-
ships between biomarkers of AD-related neurodegeneration and pa-
thology (including amyloid and tau pathology not evaluated in this
study due to inadequate sample sizes) and decline in word retrieval
across the AD syndromic spectrum requires follow-up longitudinal
investigation. Lastly, as our study focused specifically on cortical
thickness markers of AD-driven neurodegeneration, we did not investi-
gate the subcortical circuitry that may be related to word retrieval
performance which represents an important avenue of further
investigation.

In summary, we reported on the word retrieval profiles in amnestic
and atypical syndromes of PCA and 1IvPPA in Ap+ individuals who were
rated as being at the stage of MCI (CDR 0.5) or mild dementia (CDR 1).
We found that AB+ amnestic and Ap+ PCA variants of AD demonstrated
impaired category fluency and naming deficits, with spared letter
fluency, while Ap+ IvPPA are impaired across all word retrieval types.
We further linked category fluency and naming performance to cortical
thickness of frontoparietal regions comprising the FPN as well as
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distributed controlled semantic cognitive network, while letter fluency
was primarily associated with thickness in the right hemisphere pre-
cuneus and middle frontal gyrus as well as left hemisphere lateral pa-
rietal and temporal cortex, important nodes of FPN and lexical control
networks supporting goal-directed retrieval. Though AD is now under-
stood as a biological entity comprised of variant syndromic subtypes
which informs confidence about underlying pathology without waiting
for autopsy confirmation, clinical diagnosis is still difficult to make and
often delayed, particularly in the atypical variants (e.g., PCA, IvPPA),
due in part to a still-emerging understanding of cognitive profiles and
underlying anatomical substrates. We hope our observations in this
study will improve understanding of how neurodegeneration is associ-
ated with observed clinical symptomatology within the spectrum of AD
and improve tracking of symptomatology in clinical trials aiming to
include the broad spectrum of patients with AD.
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