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Posterior Cortical Atrophy (PCA) is a neurodegenerative syndrome that typically presents
with predominant visual and spatial impairments. The early diagnostic criteria specify a
relative sparing of functioning in other cognitive domains, including executive functions,
language, and episodic memory, yet little is known of the cognitive profile of PCA as the
disease progresses. Studies of healthy adults and other posterior cortical lesion patients
implicate posterior parietal and temporal regions in executive functions of working memory
and verbal fluency, both of which may impact episodic memory. Relatively little has been
reported about these cognitive functions in PCA, and to our knowledge there has not yet
been a study of the impact of such deficits on memory function in PCA. We sought to
examine PCA patients' performance on tests of executive function and the associations to
verbal episodic memory encoding, storage, and delayed recall. Nineteen individuals with
PCA underwent neuropsychological and neuroimaging evaluations as part of a compre-
hensive clinical assessment. We developed a novel consensus rating method—the Neuro-
psychological Assessment Rating (NAR) scale—to grade the severity of test performance
impairments in selected cognitive domains and subdomains. Hypothesis-driven analyses
demonstrated relative deficits in working memory and lexical-semantic retrieval. Pre-
liminary analyses suggested associations between both deficits and atrophy in the left-
hemisphere inferior parietal lobule. These executive deficits were also associated with im-
pairments in verbal encoding and delayed recall, but not with recognition discriminability.
We conclude that deficits in verbal executive functions impact verbal episodic memory in
PCA. Our findings also support theories emphasizing the role of the posterior parietal cortex
in supporting executive and lexical-semantic contributions to verbal episodic memory.
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1. Introduction

Posterior cortical atrophy (PCA) is a focal neurodegenerative
syndrome that primarily affects the parietal cortex, with or
without involvement of occipital or posterior temporal cortex.
Although PCA may infrequently arise due to non-Alzheimer's
disease (AD) pathologies (Mitchell et al., 2016), it is more
commonly thought of as an atypical or “visual variant” of AD
(Borruat, 2013; Kaeser, Ghika, & Borruat, 2015; Levine, Lee, &
Fisher, 1993). Patients with PCA typically present with early
visual/spatial dysfunction due to neurodegeneration in these
posterior cortical regions, and exhibit a variety of visual and
non-visual signs referable to posterior cortices including
diminished ability to identify or reach for objects, deficits in
numeracy, literacy, and praxis, and other elements of Balint's
and Gerstmann's syndromes as initially described by Benson
and colleagues (Benson, Davis, & Snyder, 1988). Current
diagnostic criteria propose that executive functions, language,
episodic memory, and comportment/insight are relatively
preserved in the earlier stages of illness, although PCA usually
evolves toward a multi-domain cognitive-behavioral-motor
dementia syndrome (Crutch et al., 2017). We are just begin-
ning to develop a framework for understanding cognitive
dysfunction outside of the visuospatial domain as PCA
progresses.

In clinical neuropsychological or neurological assessment,
executive dysfunction is commonly attributed to frontal lobes
or frontostriatal circuit damage. Yet a growing body of
cognitive and imaging neuroscience literature has built a
compelling case for the existence of large-scale distributed
brain networks that subserve executive functions, including
not only frontal cortical and striatal regions but also lateral
and medial parietal cortical regions (Corbetta & Shulman,
2002; Daffner & Willment, 2014; Dosenbach et al., 2006;
Margulies et al., 2009; Vincent, Kahn, Snyder, Raichle, &
Buckner, 2008). Specifically, key nodes of the dorsal atten-
tion network (DAN) and frontoparietal network (FPN) include
regions of the superior and inferior parietal lobules (SPL and
IPL), and intraparietal sulcus (IPS). The SPL and IPL have been
implicated in directing responses to goal-appropriate stimuli
via top-down control of attention (Corbetta & Shulman, 2002;
Fox et al., 2005; Vincent et al., 2008), and strategic memory
retrieval efforts (Cabeza, 2008), while regions of the IPL/IPS
have also been specifically associated with supporting work-
ing memory tasks of “mental manipulation” (Champod &
Petrides, 2007, 2010), a cognitive ability that plays a critical
role in episodic memory encoding (Buchsbaum & D'Esposito,
2008; Wolk, Dickerson, & Alzheimer's Disease Neuroimaging,
2011). Activity within the IPL has been associated more
directly with successful learning when encoding tasks involve
memory search and retrieval as an opportunity for deeper
encoding (Karpicke & Roediger, 2008), as is the case with
many verbal list learning tests. In addition, the central dorsal
precuneus is viewed by some investigators as a key node in
the frontoparietal executive control network based on its
connectivity pattern (Margulies et al., 2009). These observa-
tions raise the possibility that, when lateral and medial pari-
etal cortical regions undergo neurodegeneration in PCA,
critical components of the large-scale networks subserving

complex attention and executive function are likely to be
affected, leading to deficits in these functions that, in turn,
impact memory encoding and retrieval. In contrast, memory
storage loss seen in temporolimbic amnesias, such as typical
AD, would not be expected.

Circumscribed cognitive impairment outside of the visuo-
spatial domain has been described previously in a few studies
of patients with PCA. Recent work has called attention to the
frequency of impairment on memory tests in patients who
otherwise meet diagnostic criteria for PCA (Ahmed et al,
2016). In a single case study of a PCA patient, deficits in
autobiographical memory were reported, and thought to be
associated with hypoperfusion in the precuneus and para-
hippocampal gyrus (Gardini et al., 2011). Deficits in episodic
memory were recently linked with atrophy and tau deposition
in the lateral parietal cortex in some PCA patients (Bejanin
et al, 2017), while executive function deficits specific to
controlled lexical retrieval processes (e.g.,, verbal fluency
tasks) and/or length-dependent auditory-verbal working
memory (e.g.,, reverse digit span tasks) have also been
described in the literature (Crutch, Lehmann, Warren, &
Rohrer, 2013; Magnin et al., 2013; Mitchell et al.,, 2016).
Consistent with these findings in PCA, studies of other pos-
terior cortical lesion patients have also suggested involvement
of posterior parietal and temporal regions in executive func-
tions of working memory (Berryhill & Olson, 2008; Koenigs,
Barbey, Postle, & Grafman, 2009) and verbal fluency
(Abraham, Beudt, Ott, & Yves von Cramon, 2012).

To our knowledge there are no studies directly examining
the association between executive dysfunction in PCA and
episodic memory test performance. We believe this is a
particularly important topic to clarify, since episodic memory
in PCA is currently conceptualized as a relatively spared
domain. Our clinical observations of patients reinforce this
idea, since many PCA patients are capable of discussing richly
detailed memories of their own recent life or of current
events, in contrast to patients with amnesic syndromes. Yet
many PCA patients struggle to perform formal verbal memory
tasks in the clinic (e.g., list learning). We undertook the pre-
sent study of patients in our PCA cohort to test the hypotheses
that (1) verbal executive function deficits are a common
feature of PCA and have a neuroanatomical basis in the lateral
parietal cortex, and (2) these executive deficits impact per-
formance on verbal encoding and delayed recall in episodic
memory tasks, but do not impact the recognition discrimi-
nability of previously learned information. We tested these
hypotheses by examining neuropsychological performance in
subdomains of attention/executive function and language,
relating this performance to cortical thickness, and finally,
examining the relationship of executive functions to verbal
memory stages of encoding, delayed recall, and recognition
discriminability.

2. Methods
2.1. Participant characteristics

Nineteen individuals (16 females; mean age of 63 years, age
range of 52—81 years, all were Caucasian) were included in
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this study (Table 1). These patients were referred to the Mas-
sachusetts General Hospital (MGH) PCA program, a collabo-
ration between the MGH Frontotemporal Disorders Unit and
Psychology Assessment Center (PAC), between 2006 and 2016.
All patients underwent clinical neuropsychological evaluation
and structural brain imaging as part of their diagnostic work-
up and were included in this study only if diagnostic
consensus was reached by their neurologist (BCD) and
neuropsychologist (JCS) based on prior diagnostic criteria for
PCA (Renner et al., 2004; Tang-Wai et al., 2004). In the process
of retrospective review for the current study, all participants
also meet current diagnostic criteria (Crutch et al., 2017).
These evaluations were performed as part of the patients'
clinical care prior to the development of our uniform PCA
neuropsychological battery, and therefore these patients
received varied neuropsychological test batteries. The average
time since symptom onset was 4.1 years, with a range of 2—12
years. Most of these patients represented earlier stages of the
disorder (14 of these 19 patients had symptom durations of 4
years or less). Individuals were excluded from analysis if they
had a severe mental illness (e.g., major depressive disorder,
bipolar disorder, schizophrenia), seizure disorder, major
stroke, brain tumor, hydrocephalus, substance use disorder,
multiple sclerosis, HIV-associated cognitive impairment, or
acute encephalopathy. This work was carried out in accor-
dance with The Code of Ethics of the World Medical Associa-
tion (Declaration of Helsinki) for experiments involving
humans. The Partners HealthCare Human Research Com-
mittee Institutional Review Board in Boston, Massachusetts
provided approval for the secondary data analysis reported
here.

2.2. Neuropsychological Assessment Rating (NAR) scale

We developed the NAR scale to accomplish the goal of
allowing for clinical judgment, together with normative data,
to contextualize the severity of impairment on neuropsycho-
logical test performance within conceptually distinct cogni-
tive domains, recognizing that many tests draw on multiple
domains. The NAR approach was designed to address issues
inherent in studying a group of patients who receive varied
neuropsychological batteries or non-standardized test
administration as part of routine clinical evaluation. Rather

Table 1 — Demographic and clinical characteristics of the
PCA sample.

Demographic (N = 19) Mean (SD)
Age (years) 63.1 (7.4)

Sex (Male: Female) 3M:16F
Education (years) 16.6 (2.1)

Handedness (RH:LH) 18:1

Duration of symptoms (years) 4.1 (2.4)

MMSE (out of 30) 21.4 (6.9)

CDR 5 (N =13); 1 (N = 6)
CDR SOB 3.4 (1.4)

RH = Right-Handed; LH = Left-Handed.
MMSE = Mini Mental State Examination.
CDR = Clinical Dementia Rating.

SOB = Sum of Boxes.

than exclude non-standardized test administration, as pro-
spective protocolled approaches require, the NAR scale allows
for a clinically meaningful severity rating to be generated
within every cognitive domain using available test data and
pertinent behavioral observations obtained from neuropsy-
chology report. NAR scores focus solely on neuropsychological
test performance, and do not capture clinical symptom
severity as reported by patients or family members. The pur-
pose of generating NAR scores for this cohort was to quantify
impairment in selected pertinent cognitive domains: Atten-
tion/Executive Functions, Language, Memory, and Visuospa-
tial Functions. In the current study, Attention/Executive
Function and Language scores were used as independent
variables to investigate possible associations with traditional
neuropsychological memory test scores described further in
the next section.

Test data from clinical neuropsychological evaluations
were first rated on the NAR scale independently by two neu-
ropsychologists (BW and DP) and a neurologist (SMM) on the
four cognitive domains detailed above. Each domain was
further divided into component subdomains. Specifically, the
Attention/Executive Function domain was further divided into
subdomains of basic/sustained attention, working memory,
lexical-phonological controlled retrieval (hereafter referred to
as “controlled retrieval”), and reasoning/problem-solving. The
Language domain included subdomains of syntax/grammar,
lexical-semantic retrieval, auditory comprehension, and sin-
gle word comprehension, in line with previously published
descriptions (Sapolsky, Domoto-Reilly, & Dickerson, 2014). To
account for the combined executive and language contribu-
tions to verbal fluency (Shao, Janse, Visser, & Meyer, 2014),
raters utilized clinical judgment to determine whether im-
pairments in verbal fluency were driven primarily by execu-
tive dysfunction (i.e., generalized controlled search/retrieval
processes manifesting as lexical-phonological
impairment) or primarily reflecting impairment in language-
specific lexical-semantic retrieval. This judgment was based
not only on the relative performance on letter and category
fluency tasks, but also on other measures of executive func-
tion and language detailed in the Supplemental Materials.
Further, the lexical-semantic retrieval subdomain also
captured word retrieval deficits in spontaneous conversation
as reported in the neuropsychology report. The Memory
domain included subdomains of episodic memory, temporal
orientation, and semantic memory. Lastly, the Visuospatial
domain included subdomains of visual attention, visual con-
struction, face/object/color processing, and reading. Raters
utilized clinical judgment to determine whether reading im-
pairments were driven by higher visual processing dysfunc-
tion as opposed to attention/executive, language, or memory
dysfunction. Because all these patients demonstrated some
form of visual dysfunction, many neuropsychological tests
that are typically visually presented were either not admin-
istered in a standardized fashion or discontinued prematurely
and, thus, were rated based on raw scores and descriptions of
performance.

NAR scores were as follows: 0 = clinically normal,
.5 = questionable/very mild impairment, 1 = mild impairment,
2 =moderate impairment, and 3 = severe impairment. A rating
of “9” was given if test data and observations were not deemed

retrieval
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sufficient to rate a given domain with confidence and not
included in global domain ratings; this occurred rarely. The
most severely rated subdomain score within each cognitive
domain was the overall domain severity score. NAR scoring
guidelines for each cognitive domain and subdomain,
including identification of domain-specific tests, are detailed
in the Supplementary Materials. After independent rating, a
consensus meeting was held, and each clinician's independent
ratings were discussed until consensus was reached for each
patient. These consensus NAR scores were used in analysis. A
one-sample analysis of variance (ANOVA) was conducted to
determine the statistical significance between the different
cognitive domain NAR scores (Fig. 1), and between subdomain
scores within each cognitive domain (Fig. 3).

2.3. Memory test performance

In order to examine the cognitive contributions specific to the
different stages of episodic memory (encoding, delayed recall,
and recognition discriminability), performance on traditional
neuropsychological memory tests were collected as contin-
uous variables. Normative z-scores based on age, sex, and
education were calculated from raw scores on each of these
episodic memory stages across the three different verbal list
learning tests patients received in the clinic: the California
Verbal Learning Test, Second Edition (Delis, Kramer, Kaplan, &
Ober, 2000), the California Verbal Learning Test, Second Edi-
tion- Short Form (Delis et al., 2000), and the Hopkins Verbal
Learning Test- Revised (Brandt & Benedict, 2001). Encoding
scores are reported as total number of words encoded across
all learning trials. Delayed recall was reported as the number
of words freely retrieved after a long (~10—20 min) delay.
Recognition discriminability was defined as the number of
target words correctly identified (hits) minus the number of
false-positive errors.

Attention/Executive
Language

Memory
Visuospatial

Figure 1 — NAR in PCA. NAR scores demonstrate primary
impairment on tests of Visuospatial functions, and relative
sparing on tests of Attention/Executive Function,
Language, and Memory. Group means of NAR scores +1
standard error of the mean are shown. F (3,15) = 15.4,

p = 107, partial eta® = .75. * indicates statistical
significance.

2.4. Statistical analyses using NAR scores to predict
memory test performance

Hierarchical linear regression analyses were conducted to
investigate the association between NAR severity ratings and
the three stages of verbal episodic memory. Guided from a
priori hypotheses regarding contributions of working memory
and verbal fluency to episodic memory, the NAR subdomain
scores of Attention/Executive Function and Language domains
were the independent variables, and z-scores of total encod-
ing, delayed recall, and recognition discriminability were the
dependent variables. All regression analyses controlled for
age and education by entering them in Step 1 of the hierar-
chical linear regression, and the independent variables of in-
terest were entered individually in Step 2. Post-hoc regression
analyses were also conducted to investigate the association
between performance on specific tests within each sub-
domain found to be a significant predictor of memory (e.g.,
digit span or verbal fluency tasks) and stages of episodic
memory. For these analyses, as well as routine group com-
parison analyses described in results, p values < .05 were
considered statistically significant. Primary hypothesis-driven
analyses were conducted with no corrections for multiple
comparisons applied. Statistical analyses were run in IBM
SPSS Version 24.0 (Armonk, NY).

2.5. Structural neuroimaging analysis

For the current study, we selected individuals who also
received a structural T1-weighted scan at MGH. All scans were
acquired using a Siemens Trio 3T or 1.5T scanner (Siemens
Medical Systems). T1 image volumes were examined quali-
tatively by a cortical surface-based reconstruction and anal-
ysis 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 publications and pre-
sentations; the technical details can be found in select man-
uscripts (Dale, Fischl, & Sereno, 1999; Fischl & Dale, 2000;
Fischl et al.,, 2002, 2004). In order to visualize regions of
cortical atrophy, a whole brain cortical thickness was con-
trasted (vertex-based t-test) between our PCA group and a
group of age-matched healthy control participants (N = 56,
mean age = 63.39 years) recruited for other studies. Results
were thresholded at a significance level of p < 107 to illustrate
areas of most prominent atrophy in PCA relative to controls.

To determine if NAR scores were related to atrophy in hy-
pothesized posterior nodes of large-scale frontoparietal net-
works (i.e., SPL, IPL/IPS), statistical surface maps were
generated by computing a general linear model for the effects
of the cognitive performance variable of interest (NAR sub-
domain scores) on cortical thickness at each vertex point of
the cortical surface model. This analysis was implemented in
FreeSurfer version 6.0, using the mri-glmfit command with
NAR scores as the independent variables of interest and
cortical thickness as the dependent variable in the whole PCA
cohort, as we have previously published (Dickerson et al.,
2008). Given the relatively small number of patients and spe-
cific a priori hypotheses, an uncorrected statistical threshold of
p < .01, one-tailed, was set for this preliminary analysis.


http://surfer.nmr.mgh.harvard.edu
http://surfer.nmr.mgh.harvard.edu
https://doi.org/10.1016/j.cortex.2018.04.010
https://doi.org/10.1016/j.cortex.2018.04.010

40 CORTEX 106 (2018) 36—46

Medial

A

Dorsal

Ventral

T
101410 104
pva

104 10° 10
ue

Figure 2 — Cortical atrophy in PCA. Compared to age-matched control participants, whole-brain cortical thickness analysis
of PCA patients revealed significant bilateral occipital, lateral temporal, and parietal cortical atrophy with sparing of the

medial temporal and frontal lobes. Threshold set at p < 10 ~/

3. Results

3.1. Clinical characteristics of PCA sample

All PCA patients demonstrated: (1) primary visual and visuo-
spatial impairment and relative sparing of anterograde mem-
ory, executive functions, and language skills based on history,
neurological and neuropsychological examinations (Fig. 1), and
(2) evidence of posterior atrophy on structural imaging (Fig. 2)
consistent with the diagnostic criteria for PCA (Crutch et al,,
2017). Means and standard deviations of NAR scores in each
cognitive domain and subdomain are reported in Table 5 of the
Supplementary Material. Globally, the PCA patients included in
this study ranged from mild cognitive impairment to mild de-
mentia (CDR either .5 or 1), with an average MMSE score of

23 out of 30. The scores within the individual CDR boxes high-
light the presence of functional impairment with relative
sparing of cognitive/behavioral domains, except, as expected,
for orientation (Table 6 of the Supplementary Material). Dura-
tion of the patients'illness (years since symptom onset) was not
related to MMSE scores, or performance on any other neuro-
psychological measure (all p > .2).

3.2.  Verbal executive function deficits in PCA

We observed a range of performance across tests of verbal ex-
ecutive functions and language, particularly in auditory-verbal
working memory and lexical-semantic retrieval. Seventeen out
of 19 patients (89%) were rated at some level of impairment (i.e.,
not “0” indicating absence of impairment or “9” indicating
inability to rate) in the Attention/Executive Function domain.
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Figure 3 — NAR scores indicate multi-domain cognitive deficits in PCA. NAR scores in the (A) Attention/Executive Function,
(B) Language domain (C) Memory domain, and (D) Visuospatial domains indicate relative cognitive impairment in working
memory, word retrieval, and episodic memory, as well as a relatively greater impairment in dorsal stream functions of
visual attention and visual construction, compared to ventral stream functions of face/object/color processing and reading.
Group means of NAR scores +1 standard error of the mean are shown. * indicates statistical significance at p < .05.

Fourteen out of 19 patients (74%) were likewise rated as
impaired in the Language domain, and 15 out of 19 (79%) in the
Memory domain. It should be noted that the vast majority of
these impairments in non-visuospatial domains were at the
level of “very mild” (.5) or “mild” (1) impairment. As expected, all
19 patients (100%) were impaired in the Visuospatial domain,
with the majority of ratings at either a “mild” (1) or “moderate”
(2) level of impairment.

As a group within the Attention/Executive domain, working
memory performance was rated as more impaired [NAR = 1.02
out of 3; F (1,13) = 13.3, p = .003, partial eta? = .51] than basic/
sustained attention (.4), controlled retrieval (.4), and reasoning/
problem solving (.07; Fig. 3A). Within the Language domain,
lexical-semantic retrieval was rated as more impaired [1.2; F
(1,14) = 15.6, p = .001, partial eta® = .53] than syntax/grammar
(-06), auditory comprehension (.1), and single word compre-
hension (.02; Fig. 3B). Of these Attention/Executive Function and
Language subdomains, preliminary analysis revealed that
auditory-verbal working memory and lexical-semantic
retrieval were uniquely associated with atrophy in IPL/IPS
(Fig. 4). We did not see any significant pattern of association
between our hypothesized regions of interest and NAR scores

in any other subdomain. Within the Memory domain [Fig. 3C; F
(1,14) = 15.6, p < .001, partial eta® = .53], we observed a relative
deficit of verbal episodic memory rated as somewhat more
impaired (.78) than the other memory subdomains of temporal
orientation (.42) and semantic memory (.2). Within the Visuo-
spatial domain [Fig. 3D; F (1,13) = 129.1, p < .001, partial
eta® = .91], dorsal visual stream functions of visual attention
(2.03) and visual construction (1.61) were rated as more
severely impaired relative to ventral stream functions of face/
object/color processing (.59) and reading (.38).

3.3. Verbal episodic memory deficits in PCA

Performance on verbal list learning tests, our dependent var-
iable of interest, reflected primary deficits in delayed recall
(mean of z = —1.9) and total encoding (mean of z = —1.6), with
relatively spared recognition discrimination [mean of z = —1.2;
Fig. 5; F (2,13) = 4.11, p = .04, partial eta® = .38]. As a group, 65%
of our sample performed more than 1.5 standard deviations
below the normative mean on encoding or delayed recall
tests, and 33% of our sample performed more than 1.5 stan-
dard deviations below the normative mean on recognition
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Figure 4 — Verbal working memory and lexical-semantic retrieval are associated with IPL/IPS atrophy in PCA. Whole cortical
surface general linear modeling analysis revealed an association between atrophy in IPL/IPS and NAR scores of (A) working
memory and (B) lexical-semantic retrieval within the group of PCA patients. A significance threshold was set at p < .01 one-

tailed, for this exploratory analysis.
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Figure 5 — Encoding and Delayed Recall are impaired in
PCA. Verbal episodic memory performance (z-scores)
indicate more severely impaired encoding and delayed
recall, with relative sparing of recognition memory. Group
means of z-scores +1 standard error of the mean are
shown. * indicates statistical significance of recognition
discriminability compared to delayed recall and total
encoding, at p < .05.

discriminability. Of note, performance on encoding and
delayed recall were highly correlated in our sample (r = .89,
p = .000001), both likely relying on similar strategic encoding/
search processes. Recognition memory was also correlated
with delayed recall (r = .61, p = .02) and encoding (r = .52,
p = .05), though to a lesser extent.

3.4.  Verbal executive dysfunction and lexical-semantic
retrieval predict encoding and delayed recall, but not
recognition memory

After controlling for the effects of age and education, we found
that NAR scores in executive function and language predicted
encoding and delayed recall, but not recognition memory

Table 2 — Executive dysfunction predicts encoding and
delayed recall, but not recognition memory. Results of a
hierarchical linear regression, controlling for age and
education, showing predictors of performance on
encoding (total learning), delayed recall, and retention
across verbal list learning tests.

Predictors of Encoding Beta
Working Memory —.84%
Lexical-phonological controlled retrieval —.60°
Lexical-semantic retrieval —.83°
Predictors of Delayed Recall Beta
Working Memory —.86"
Lexical-phonological controlled retrieval —.56°
Lexical-semantic retrieval -.77¢
Predictors of Recognition Beta
Working Memory —-.36
Lexical-phonological controlled retrieval —.28
Lexical-semantic retrieval -.21

& Indicates statistical significance.

(Table 2). Specifically, NAR ratings of auditory-verbal working
memory (beta = -.84, p = .001), controlled retrieval
(beta = —-.60, p = .03), and lexical-semantic retrieval
(beta = —.83, p < .001) were all predictive of encoding perfor-
mance. Similarly, auditory-verbal working memory
(beta = —.86, p = .001), controlled retrieval (beta = —.56, p = .04),
and lexical-semantic retrieval (beta = —.77, p = .003) were
predictive of delayed recall performance. These subdomain
NAR scores were not related to recognition discriminability
scores (all p's > .2). No other subdomains within Attention/Ex-
ecutive Function (basic/sustained attention, reasoning/problem-
solving) and Language (syntax/grammar, auditory compre-
hension, and single word comprehension) were predictive of
any stage of verbal episodic memory (all p's > .1). As a repre-
sentative demonstration of these results, we show the asso-
ciation between performance on Memory Encoding (Fig. 6, left
y axis) Delayed Recall (Fig. 6, right y axis) and performance on
Digit Span Backward (Fig. 6A) and Animal Fluency (Fig. 6C), as
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Figure 6 — Digit Span Backward and Animal fluency performance are related to Encoding and Delayed recall, but not
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well as the lack of association between performance on these
tests and recognition discriminability (Fig. 6B and D).

4, Discussion

Patients with PCA typically exhibit predominant cortical visual
processing deficits with relative preservation of episodic
memory, though a dominant hemisphere variant of PCA with
less prominent visual symptoms has been described (Crutch
et al., 2017). Though the diagnostic criteria refer to the cogni-
tive profile at initial symptom onset, little is known about how
the cognitive profile of PCA develops as disease progresses.
Executive function, particularly in the verbal domain, has
received little investigation in PCA. The purpose of this study
was to test hypotheses generated from our clinical observa-
tions that patients with predominantly visual, biparietal, and
ventral occipital variants of PCA (Crutch et al., 2017) frequently
exhibit impairments in verbal executive function, and that
these impairments contribute to difficulties on tests of verbal
encoding and delayed recall. We focused on tests in the verbal
modality to avoid confounding this investigation with the vi-
sual processing impairments these patients have. Because
verbal working memory and goal-directed lexical retrieval

skills are critical contributors to verbal episodic memory
function, we hypothesized—and found—that relative deficits
on working memory and lexical retrieval tasks would relate to
impaired performance on encoding and delayed recall stages
of verbal list learning tasks. In contrast, we found, as predicted,
that these verbal executive deficits were not related to recog-

nition memory performance.
Although much of the literature examining clinical deficits

in PCA has focused on visual and visuospatial deficits, a few
reports have included descriptions of working memory, ex-
ecutive function, and episodic memory deficits in this popu-
lation (Ahmed et al., 2016; Crutch et al., 2013; Gardini et al.,
2011; Migliaccio et al., 2012; Mitchell et al., 2016). Consistent
with these reports, we observed a range of performance on
verbal executive function and language tests, with some but
not all patients demonstrating deficits relative to the norma-
tive population specifically in working memory, lexical-
phonological controlled retrieval (e.g., initiation of re-
sponses, letter fluency), and lexical-semantic retrieval (e.g.,
naming, category fluency, conversational word-finding diffi-
culty). Indeed, a “logopenic syndrome” has been described in
PCA patients, and characterized by anomia, verbal fluency
impairment, slowed speech rate, and length-dependent
auditory-verbal working memory deficits (Crutch et al., 2013;
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Magnin et al., 2013; Mitchell et al., 2016). As hypothesized,
these executive deficits in working memory and lexical
retrieval were strongly related to impairments in verbal
encoding and delayed recall, but not related to recognition
memory. A diagnosis of PCA requires “relatively spared
anterograde memory” (Crutch et al., 2017), and many patients
are indeed able to report on richly detailed episodes from daily
life and were scored on the NAR as relatively spared in com-
parison to visuospatial functioning. However, we confirm here
what we have observed anecdotally, that while not all PCA
patients demonstrate these deficits, many PCA patients have
encoding/retrieval verbal memory impairments on list
learning tests (65% in our sample) that are driven by verbal
executive dysfunction. As expected, the retention of newly
acquired information (recognition discriminability) was more
often spared. In sum, we provide evidence here that deficits in
episodic memory are specific to encoding and retrieval fail-
ures as have been documented in patients with executive
dysfunction in other neurodegenerative syndromes (Cerciello,
Isella, Proserpi, & Papagno, 2017; Consonni et al., 2017).
Although further study is necessary to understand the
mechanisms of encoding and retrieval failure in PCA, previous
work has suggested that successful performance of a supra-
span verbal list learning task requires a combination of
lexical-phonological processing (Buchsbaum & D'Esposito,
2008; Savill, Ellis, & Jefferies, 2017) and executive control skills
including maintenance of attention on task-relevant stimuli
(Cabeza, 2008), working memory skills of manipulation and
strategic organization (Champod & Petrides, 2010; Longenecker
et al., 2010), and goal-directed retrieval skills (Cabeza, 2008;
Cabeza, Ciaramelli, & Moscovitch, 2012). Furthermore, audi-
tory working memory and verbal list learning tasks may also
rely on visualization/mental imagery strategies to enhance
“deep encoding” (Hoshi et al., 2000) and support episodic
retrieval (Baddeley, 1992; Greenberg & Rubin, 2003; Huijbers,
Pennartz, Rubin, & Daselaar, 2011). Building on these findings,
potential mechanisms of encoding failure to more directly
investigate in the future include inefficient organization of in-
formation (e.g., serial versus semantic clustering) and working
memory deficits in encoding serial position order. Potential
mechanisms at the stage of retrieval may include impaired
salience for retrieval goals, consistent with Cabeza's Attention
to Memory model (Cabeza et al., 2012), or deficits in visualiza-
tion/imagery thought to guide retrieval success (Huijbers et al.,
2011). Indeed, many of the items included on word list learning
tests include a high proportion of concrete items (e.g., vegeta-
bles, tools, pieces of clothing), and as such visual imagery-based
strategies can be commonly employed in encoding and retrieval
of such information. Future investigation of the specific
episodic memory processes that are relatively preserved in PCA
compared to those that are impaired by the posterior cortical
degeneration in these patients will add to our knowledge of the
causal role of posterior cortices in memory mechanisms.
Anatomically, we observed atrophy in bilateral posterior
parietal cortices, medial parietal regions including the pre-
cuneus and retrosplenial cortices, and lateral occipital and
temporal cortex in our PCA cohort compared to age-matched
control participants. We did not observe group-level atrophy in
the medial temporal lobes, consistent with the relatively intact
recognition memory performance observed in this group. Our

investigation of associations between cortical atrophy in pos-
terior nodes of large-scale neurocognitive networks and exec-
utive dysfunction revealed that impairment in verbal-auditory
working memory tasks and lexical-semantic retrieval tasks
specifically were correlated with atrophy in the left-hemisphere
IPL/IPS. This region is an important posterior node in several
large-scale neurocognitive networks (DAN, FPN, DMN), and may
have special significance as a nidus of degeneration and path-
ological protein deposition in Alzheimer's disease across typical
and atypical phenotypes perhaps owing to its status as part of a
“cortical hub” subject to high metabolic demands throughout
the lifespan (Buckner et al., 2009; Warren, Fletcher, & Golden,
2012). This region has previously been linked extensively to
working memory and executive dysfunction in the literature
(Cabeza et al., 2012; Corbetta & Shulman, 2002; Fox et al., 2005;
Vasconcelos et al., 2014; Vincent et al., 2008; Wolk, Dickerson,
& Alzheimer's Disease Neuroimaging Initiative, 2011).
Specifically, previous work in healthy young adults has
highlighted the role of lateral parietal cortical regions in sup-
porting working memory (Champod & Petrides, 2007, 2010) and
goal-directed controlled retrieval processes (Cabeza, 2008;
Cabeza et al.,, 2012), both critical contributors to episodic
memory performance. Cortical atrophy of the lateral parietal
cortices has been directly linked to executive dysfunction in
healthy older adults (Dickerson et al., 2008), and typical AD
patients  (Dickerson, Wolk, & Alzheimer's Disease
Neuroimaging, 2011; Vasconcelos et al, 2014; Wolk,
Dickerson, & Alzheimer's Disease Neuroimaging, 2010). Some
studies have gone further to directly link atrophy in the
angular gyrus to poorer performance on the first trial of a word
list learning test in mild AD (Wolk, Dickerson, & Alzheimer's
Disease Neuroimaging Initiative, 2010, 2011), suggesting that
the first trial of encoding is particularly susceptible to working
memory deficits arising from angular gyrus atrophy. Taken
together, these findings suggest that encoding and retrieval
aspects of verbal episodic memory may be selectively targeted
in PCA secondary to executive and lexical retrieval deficits
arising from posterior parietal and lateral temporal atrophy, in
contrast to the storage loss more consistent with tempor-
olimbic amnesias such as in typical AD. This dissociation be-
tween posteromedial and temporal networks supporting
distinct contributions to memory which ultimately interact
(e.g., “Posterior Medial Anterior Temporal” framework) has
indeed been a topic of great interest in recent years (Ranganath
& Ritchey, 2012; Ritchey, Libby, & Ranganath, 2015). Further
work is needed to clarify the specific neuroanatomical sub-
strates underlying the cognitive deficits reported in this study.
It is important to consider one possible limitation of this
study, which is the wide range of illness severity included in
our patient cohort. Though we attempted to homogenize the
group as much as possible by including only patients who met
specified consensus diagnostic criteria (Crutch et al., 2017) at
the level of MCI or mild dementia (CDR .5 or 1), our patients
still varied with regard to time since symptom onset (2—12
years, though symptom duration for most patients fell be-
tween 2 and 4 years) and with regard to global cognitive per-
formance (MMSE ranged from 11 to 29; CDR SOB ranged from
1.5 to 6.5). We may expect the extent of parietal and temporal
cortical involvement would likely impact the cognitive profile.
Longitudinal assessment will ultimately be critical for
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determining when in the trajectory of PCA non-visual execu-
tive function deficits arise, and the specific mechanisms by
which they give rise to encoding/retrieval impairments.

Clinically, this study highlights two important points: 1) as
previous work by Champod and Petrides (Champod &
Petrides, 2007, 2010) indicates, working memory and execu-
tive function deficits can arise from posterior parietal
dysfunction, and thus should be considered to be indicative of
frontoparietal systems dysfunction rather than a frontal lobe
lesion; 2) we need to improve the methods by which we
demonstrate relative preservation of memory since it is
considered an element of not only the diagnostic criteria for
PCA, but also Primary Progressive Aphasia and behavioral
variant Frontotemporal Dementia, and thus should be given a
clearer operational definition. Patients with these disorders
highlight the need to continue to refine our armamentarium
of tests of memory function, taking into account the variety of
attentional, executive, language, and visual functions that
contribute to the ability to remember the episodes of our lives.
Furthermore, the CDR and NAR data from the patients in this
cohort demonstrate the critical need for an integrative visual/
spatial clinical rating of signs and symptoms; such an in-
strument will likely be a fundamental need for clinical ther-
apeutic trials targeting the PCA population.
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