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Converging evidence suggests a critical role for the parietal cortices in episodic memory retrieval. Here, we examined ep-
isodic memory performance in Corticobasal Syndrome (CBS), a rare neurodegenerative disorder presenting with early pa-
rietal atrophy in the context of variable medial temporal lobe damage. Forty-four CBS patients were contrasted with 29
typical Alzheimer’s disease (AD), 29 healthy Controls, and 20 progressive supranuclear palsy patients presenting with
brainstem atrophy as a disease control group. Participants completed standardized assessments of verbal episodic
memory (learning, delayed recall, and recognition), and underwent structural and diffusion-weighted MRI. Selective
delayed recall deficits were evident in the CBS group relative to Controls, at an intermediate level to the stark amnesia dis-
played by AD, and Control-level performance noted in progressive supranuclear palsy. Considerable variability within
the CBS group on delayed recall performance led to the identification of memory-spared (N= 19) and memory-impaired
(N=25) subgroups. Whereas CBS-Spared showed no significant memory deficits, the CBS-Impaired subgroup were
indistinguishable from typical AD across all episodic memory measures. Whole-brain voxel-based morphometry analyses
implicated fronto-parietal and medial temporal regions in delayed recall performance in both the CBS-Impaired and AD
groups. Furthermore, diffusion tensor imaging analyses revealed correlations between delayed recall performance and
altered structural connectivity between fronto-parietal and frontotemporal regions in the CBS-Impaired group. Our find-
ings underscore the importance of a distributed brain network including frontal, medial temporal, and parietal brain
regions in supporting the capacity for successful episodic memory retrieval.

[Supplemental material is available for this article.]

Episodic memory refers to the encoding, storage, and retrieval of
information located within a distinct spatiotemporal framework
that confers a sense of recollection or mental reliving (Tulving
2002). Successful episodicmemory retrieval hinges on dynamic in-
teractions between key nodes of a distributed “core memory net-
work” comprising prefrontal, hippocampal, lateral temporal,
medial and lateral parietal regions (for review, see Rugg and
Vilberg 2013). The vast majority of studies to date have focused
on the central role of the hippocampus within this memory net-
work (see Nadel and Moscovitch 1997; Burgess et al. 2002), given
its importance for binding spatiotemporal information to create
holistic and stable representations of events in memory (Horner
et al. 2015; Backus et al. 2016). Complementing hippocampal con-
tributions, there has been immense interest centered on prefrontal
contributions to memory, most notably in relation to conferring
executive control and in assisting the search and verification of
mnemonic information (Tomita et al. 1999; Dobbins et al. 2002;
Simons and Spiers 2003).

Despite robust and consistent activity across functional neu-
roimaging (Shannon and Buckner 2004; Wagner et al. 2005;
Vilberg and Rugg 2008) and electroencephalogram (Rugg et al.
1995) paradigms of episodic retrieval, the parietal cortices have re-
ceived comparably less attention in the episodic memory litera-
ture. From a neuroanatomical perspective, the lateral parietal
cortices are well placed to support episodic memory retrieval given
their robust structural (Caspers et al. 2011) and functional (Vincent

et al. 2006) connections with the hippocampus andmedial tempo-
ral lobes. The consistent observation of parietal involvement in
episodic memory performance has been posited to reflect the oper-
ation of a dedicated parietal memory network facilitating discrete
aspects of episodic memory retrieval (Ranganath and Ritchey
2012; Gilmore et al. 2015; Sestieri et al. 2017). Episodic retrieval-
related activity in parietal regions such as the angular gyrus is fur-
ther predictive of specific information from recently encoded epi-
sodic memories (Kuhl and Chun 2014; Lee and Kuhl 2016).
Taken together, parietal regions appear to play a critical role during
episodic retrieval, warranting deeper investigation into their pre-
cise cognitive contributions.

The study of neurodegenerative disorders offers a compelling
window into understanding the role of the parietal cortex in the
service of episodic memory retrieval. Neurodegenerative disorders,
by nature, present with diffuse and co-occurring gray and white
matter damage. One such disorder presenting with early parietal
lobe damage is Corticobasal Syndrome (CBS). CBS is a rare neuro-
degenerative disorder characterized by heterogenous motor and
cognitive dysfunction, primarily due to degeneration of a cortico-
subcortical network involving the primary motor, fronto-parietal
cortices, and basal ganglia (Boxer et al. 2006; Upadhyay et al.
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2016) and disrupted fronto-parietal white matter structural con-
nectivity (Borroni et al. 2008; Upadhyay et al. 2016). Considerable
clinical and pathological overlap is evident between CBS and other
neurodegenerative brain disorders (Chahine et al. 2014). These dis-
orders include Alzheimer’s disease (AD), in which early amnesia at-
tributable to hippocampal and medial parietal atrophy is observed
(Irish et al. 2014b), as well as Progressive Supranuclear Palsy (PSP)
characterized by motor symptoms (such as oculomotor apraxia
and postural instability) due to early brainstem atrophy (Josephs
et al. 2008).

In terms of cognitive profiles, the majority of studies have fo-
cused on executive, visuospatial, and language processing impair-
ments in CBS (see Burrell et al. 2014), with a paucity of studies
formally investigating episodic memory profiles in this syndrome.
Of the studies that have been conducted,mixedfindings have been
reported,with observations of significant episodicmemory impair-
ments from early in the disease trajectory in some studies (Chand
et al. 2006; Hu et al. 2009; Shelley et al. 2009), but not in others
(Imamura et al. 2009). The focus of many of these studies (e.g.,
Chand et al. 2006; Hu et al. 2009), however, has been on predicting
postmortemneuropathological features inCBS patients from retro-
spective analyses of their clinical and cognitive data. Accordingly,
these studies have often included small samples (Hu et al. 2009) or
single case reports (Chand et al. 2006; Imamura et al. 2009) due to
the rarity of the syndrome. Moreover, in retrospective analyses of
postmortem data, memory performance on clinical examination
may have been interpreted as “spared” or “impaired” based on
post-hoc knowledge of the underlying pathology, leading to a
bias in determining the absence, extent, or severity of the memory
deficit. In summary, studies of memory performance in CBS are
limited and reveal conflicting findings.

The lack of research on episodic memory in CBS is somewhat
surprising, given that the locus of cortical atrophy in early stages of
CBS is centered on the parietal cortices, whereas medial temporal
regions including the hippocampus are suggested to be relatively
spared (Albrecht et al. 2017). As such, the study of CBS offers an op-
portunity to further understand how parietal lobe dysfunction im-
pacts episodic memory retrieval. In this vein, the current study
aimed to characterize episodic memory profiles across measures
of learning, delayed recall, and recognition, in a large, well-

characterized cohort of CBS patients and to compare their profiles
to a “motor” disease control (PSP), and a “memory” disease control
(typical AD). Given the early burden of atrophy in the parietal and
frontal lobes, in the context of variable levels of hippocampal dys-
function,wepredicted that CBS patientswould presentwith signif-
icant episodic memory difficulties relative to healthy Controls. We
further sought to delineate the neural substrates of these impair-
ments usingmultimodal imagingmeasures of gray and white mat-
ter integrity across the three neurodegenerative disorders to
identify common and unique neural regions contributing to epi-
sodic memory dysfunction. While this aspect of the study was ex-
ploratory, we predicted that the parietal cortices would be
commonly implicated in memory dysfunction irrespective of clin-
ical phenotype.

Results

Demographic, clinical, and neuropsychological screening
Participant groups did not differ across sex, age, and education (all
P-values >0.1; Table 1), with patient groups further matched for
disease severity assessed using the Clinical Dementia Rating–
Frontotemporal Lobar Degeneration Sum of Boxes score (CDR–
FTLD SoB: P>0.1). Patient groups showed significant cognitive
dysfunction relative to Controls on a global index of cognitive
function, the Addenbrooke’s Cognitive Examination–Revised
screening tool (ACE-R: P<0.001), with no differences between
neurodegenerative disorder subtypes (all P-values >0.09).
Neuropsychological testing revealed characteristic profiles of cog-
nitive impairment across each patient group, consistent with their
respective clinical diagnoses (Table 1). Relative to Controls, all pa-
tient groups showed significant impairments on neuropsycholog-
ical tests of attention, working memory, executive function,
language and semantic processing, and visuospatial function (see
Supplemental Results for full description of neuropsychological
test performance in each patient group).

Episodic memory performance
Episodic memory performance was assessed using the “Memory”
subscale of the ACE-R test, focusing on the “name and address”

Table 1. Demographic, clinical, and cognitive characteristics of study participants

AD CBS PSP Control
Magnitude of group effect

(F, h2
p values)

Post-hoc results
(between
patients)

N 29 44 20 29
Sex (M:F) 12:17 15:29 9:11 10:19 χ2 = 0.99
Age (years) 70 (4.0) 70.2 (6.9) 70.8 (4.6) 70.4 (1.7) F=0.09; h2

p = 0.002 NS
Education (years) 11.5 (3.8) 11.4 (3.5) 11.1 (3.4) 12.6 (2.1) F=1.03; h2

p = 0.02 NS
Disease severity (CDR-FTLD sum
of boxes)

5.9 (2.9) 6.1 (4.8) 6.7 (3.2) – F†=0.26; h2
p = 0.002 NS

ACE-R (100) 64 (19.7) 72.1 (17.5) 78.1 (7.6) 94.8 (3.4) F=23.36; h2
p = 0.37 NS

Neuropsychological tests
Digit span forward (16) 8.6 (1.8) 8.7 (2.7) 8.0 (1.5) 11.1 (2.1) F=10.01; h2

p = 0.20 NS
Digit span backward (16) 4.1 (1.8) 4.6 (1.9) 4.0 (1.3) 7.5 (2.1) F=20.22; h2

p = 0.34 NS
TMT B-A (secs) 111.5 (85.8) 185.1 (98.2) 151.6 (78.8) 44.0 (20.3) F=16.75; h2

p = 0.36 NS
Hayling overall scaled (10) 3.4 (2) 3.9 (2.0) 2.6 (1.7) 6.2 (0.7) F=18.38; h2

p = 0.39 NS
FAS letter fluency 8.7 (3.9) 6.6 (4.4) 3.5 (2.2) 15.5 (3.9) F=40.22; h2

p = 0.56 AD>PSP
ACE-R language (26) 19.6 (5.4) 20.5 (4.1) 22.6 (3.0) 25.3 (0.8) F=13.33; h2

p = 0.25 NS
ACE-R visuospatial (16) 11.6 (4.3) 11.3 (3.6) 13.4 (2.3) 15.4 (0.8) F=11.1; h2

p = 0.22 NS

Note: F, F statistics from ANOVA (for all F-statistics, dfnumerator = 3 and dfdenominator = 118, unless indicated otherwise); h2
p , partial eta-squared values (effect size);

†, dfnumerator = 2 and dfdenominator = 75; AD, Alzheimer’s Disease; CBS, Corticobasal Syndrome; PSP, Progressive Supranuclear Palsy; CDR-FTLD, Clinical Dementia
Rating Frontotemporal Lobar Degeneration; ACE-R, Addenbrooke’s Cognitive Examination—Revised; TMT, Trail Making Test; NS, not significant (P> 0.1).
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item. Briefly, participants are read out a name and address and re-
quired to recall it immediately. Three consecutive trials are admin-
istered, with the score on the final trial taken to reflect an “episodic
learning” score (max score = 7). Following a ∼12 min filled delay
(where no memory tasks are administered), participants undergo
a “delayed recall” trial of the name and address (max score = 7) fol-
lowed by a “recognition” trial (max score = 5). Performance across
learning, delayed recall, and recognition components is displayed
in Figure 1 and Table 2 (see also Supplemental Table 1 for perfor-
mance on other ACE-R memory measures).

Episodic learning
A significant main effect of group was found [F(3,118) = 11.14; P<
0.001; h2

p = 0.22], driven exclusively by impaired learning of the
name and address in AD relative to all other groups (all P-values
<0.001; Fig. 1A). In contrast, episodicnewlearningwas relatively in-
tact in CBS and PSP relative to Controls (both P-values >0.05), with
no further differences evident between the patient groups (P>0.1).

Delayed recall
As displayed in Figure 1B, a significant main effect of group was
again present [F(3,118) = 42.62; P<0.0001; h2

p = 0.52], reflecting
compromised memory performance in AD and the CBS group rel-
ative to Controls (all P-values <0.01). PSP patients, however, con-
tinued to score in line with Controls (P>0.1). Both CBS and PSP
participants outperformed the AD group (P<0.001), with no sig-
nificant difference between CBS and PSP groups (P>0.1).

Recognition
Finally, evidence for a significant main effect of group was found
[F(3,118) = 9.95; P<0.001;h2

p = 0.20] (Fig. 1C) driven by an exclusive
impairment in AD relative to all other participant groups (all
P-values <0.01), with CBS and PSP performing in line with
Controls (both P-values >0.08).

In summary, evidence for distinct memory profiles across the
patient groups were found. CBS patients displayed an exclusive
deficit for delayed episodic recall, at an intermediate level to AD
and Control groups, with relatively preserved episodic learning
and delayed recognition. In contrast, AD patients displayed perva-
sive deficits across learning, delayed recall, and recognition mea-

sures, relative to Controls. No significant deficits in episodic
memory performance were evident in the “motor control” PSP
group.

Profiling CBS patients into subgroups
Considerable variabilitywas evident for delayed recall performance
within theCBS group (Fig. 1B). Accordingly, theCBS group (N=44)
was stratified into two subgroups based on delayed recall per-
formance. CBS delayed recall scores were converted to z-scores rel-
ative to the Control group’s performance. CBS patients with
z-scores≥−1.5 on delayed recall were classified as “CBS-Spared”
(N=19), while patients with z-scores <−1.5 were classified as
“CBS-Impaired” (N=25) (Fig. 2; Supplemental Table 2), in line
with cutoffs used widely in the amnestic Mild Cognitive Impair-
ment literature (Petersen 2004). Importantly, these CBS subgroups
were matched on demographic variables (age, education, sex), dis-
ease severity (CDR-FTLDSoB), and general neuropsychological per-
formance (neuropsychological test performance on attention,
working memory, executive function, language, and visuospatial
processing tasks) (Supplemental Table 3). CBS-Impaired patients,
however, displayed significantly poorer overall cognitive perfor-
mance on amodified ACE-R score (ACE-R totalminus ACE-Rmem-
ory subdomain) relative to the CBS-Spared subgroup (P=0.01)
(Supplemental Table 3).

As displayed in Figure 2 and Supplemental Table 2, CBS-
Spared patients outperformed the AD group across all memory
measures, scoring in line with Control and PSP groups (all
P-values >0.1). In contrast, the CBS-Impaired subgroup was indis-
tinguishable from the AD group across learning, delayed recall,
and recognition measures (all P-values >0.1), scoring significantly
poorer than the CBS-Spared and Control groups (all P-values
<0.05; Supplemental Table 2). Moreover, the CBS-Impaired group
performed significantly poorer than the PSP group on episodic de-
layed recall and recognition (both P-values <0.05) but not episodic
learning (P>0.1).

Finally, Pearson’s correlations (corrected formultiple compar-
isons using false discovery rate) were conducted to examine poten-
tial associations between delayed recall performance, disease
severity, and general neuropsychological performance within the
CBS-Impaired subgroup. Episodic delayed recall performance
was found to correlate with overall language (ACE-R language
score: r= 0.84; P=0.004) and visuospatial (ACE-R visuospatial: r=

0.54; P=0.017) performance, but not
with a general measure of disease severity
(i.e., CDR-FTLD SoB; (r=−0.23; P>0.1).

Voxel-based morphometry analyses
Structural Magnetic Resonance Imaging
(MRI) data were available for 108 partici-
pants (40 CBS [22 CBS-Impaired, 18
CBS-Spared], 16 PSP, 23 AD, 29 Controls).
Voxel-based morphometry (VBM) analy-
ses were used to explore associations be-
tween gray matter intensity and episodic
memory performance using an unbiased
whole-brain approach. Full description
of gray matter atrophy profiles in patient
groups are presented in Supplemental Re-
sults, Supplemental Figure 1 and Supple-
mental Table 4. Briefly, all patient groups
presented with gray matter atrophy pro-
files characteristic of their respective syn-
dromes. Direct comparison of the CBS
subgroups revealed no significant differ-
ences in gray matter intensity.

A B C

Figure 1. Episodic memory performance for all groups on the episodic memory measures from the
ACE-R. Boxes depict distribution of data with lower and upper end of the box depicting the inter-quartile
range, respectively. Bolded horizontal line depicts median score while whiskers depict the variability
outside the upper and lower quartiles. (AD) Alzheimer’s Disease, (CBS) Corticobasal Syndrome, (PSP)
Progressive Supranuclear Palsy.
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Gray matter correlates of delayed recall performance
Delayed recall performance in the CBS-Impaired subgroup was as-
sociated with gray matter intensity decrease in the bilateral hippo-
campi and amygdalae, posterior cingulate cortices, and angular
gyri. In addition, bilateral cerebellum and striatum (pallidum, pu-
tamen), right orbitofrontal cortex, and left inferior/middle frontal
gyri were implicated (Fig. 3; Supplemental Table 5).

Delayed recall performance in ADwas significantly associated
with graymatter intensity decrease in the bilateralmedial temporal
lobes (including hippocampi), temporal poles, inferior and superi-
or temporal gyri, posterior cingulate cortices, and angular gyri.
Frontal brain regions including the bilateral anterior cingulate cor-
tices, medial prefrontal cortices, and right middle frontal gyrus
were also implicated. Results for the CBS-Spared and PSP group
are presented in the Supplemental Results section.

Common and unique neural substrates of delayed recall disruption
To explore common neural substrates of delayed recall disruption
between CBS-Impaired and AD patients, the statistical contrasts
(for CBS-Impaired and Controls combined, and AD and Controls
combined) emerging from the VBM correlation analyses were
scaled (using a threshold of Puncorrected < 0.001 with k≥100 voxels)
and multiplied to create an overlap mask across groups (Irish et al.
2014b). This technique revealed that the regions commonly asso-
ciated with delayed memory impairments in CBS-Impaired and
AD patients included the bilateral anterior cingulate and insular
cortices, bilateral temporal poles, bilateral hippocampi and amyg-
dalae, bilateral angular gyri, and bilateral posterior cingulate corti-
ces (Supplemental Fig. 2; Supplemental Table 6).

Evidence for distinct neural substrates of episodic memory
dysfunction in the CBS-Impaired and AD groups was obtained us-
ing an exclusive masking technique (Irish et al. 2014b). Regions
exclusively implicated in episodic memory dysfunction in
AD included the bilateral medial prefrontal and anterior cingulate
cortices, temporal fusiform cortex, and inferior and superior tem-
poral gyri. In contrast, delayed recall disruption in CBS-Impaired
was uniquely associated with gray matter intensity decrease in
bilateral orbitofrontal and fronto-polar cortices, inferior and mid-
dle frontal gyri, superior parietal lobule, cerebellar, and striatal
(pallidum and putamen) regions (Supplemental Fig. 2; Supple-
mental Table 7).

Diffusion tensor imaging analysis
Diffusion-weighted MRI data were available for 107 participants
(40 CBS [22 CBS-Impaired, 18 CBS-Spared], 16 PSP, 22 AD, 29
Controls). Diffusion tensor imaging analyses were conducted to
examine whole-brain changes in white matter microstructure
(i.e., fractional anisotropy or FA) and their associations with epi-
sodicmemory performance across groups. Full description of white
matter atrophy profiles in patient groups is presented in
Supplemental Results and Supplemental Table 8. Briefly, all patient
groups presented with white matter atrophy profiles characteristic

of their respective syndromes. Direct comparison of the CBS sub-
groups did not reveal any significant differences in whole-brain
FA of white matter microstructure.

Correlations between FA and delayed recall performance
Masks for five white matter tracts were created from the Johns
Hopkins probabilistic white matter atlas (Mori et al. 2005): the in-
ferior longitudinal fasciculus (ILF: connecting the occipital and
temporal lobes), superior longitudinal fasciculus (SLF: connecting
the occipital, parietal, temporal, and frontal lobes), uncinate fascic-
ulus (connecting the anterior temporal and orbitofrontal regions),
the cingulumbundle (connecting frontal and temporal lobes), and
the hippocampal part of the cingulumbundle (connecting theme-
dial temporal lobes to parietal and occipital lobes). These tracts
were chosen as connecting the main gray matter substrates of de-
layed recall performance across patient groups in the VBM correla-
tion analyses (see also Supplemental Table 5; Irish et al. 2014a).

For the CBS-Impaired group, decreased FA in the bilateral cin-
gulum bundles (hippocampal parts), bilateral superior longitudi-
nal fasciculus bundles, and the right cingulum bundle correlated
significantly with delayed recall performance (all r-values >0.4,
all P-values <0.05) (Fig. 4; Supplemental Table 9). No significant
correlations emerged in the CBS-Spared, AD (all P-values >0.1),
and PSP groups (all P-values >0.07) (Supplemental Table 9).

Discussion
Episodic memory dysfunction is the hallmark cognitive feature of
AD, given widespread damage to cortical and subcortical neural

Figure 2. Delayed episodic memory performance for CBS subgroups.
Boxes depict distribution of data with lower and upper end of the box de-
picting the inter-quartile range, respectively. Bolded horizontal line depicts
median score while whiskers depict the variability outside the upper and
lower quartiles. (AD) Alzheimer’s Disease; (CBS-Impaired) Corticobasal
Syndrome-Impaired memory (<−1.5 z-score on delayed recall),
(CBS-Spared) Corticobasal Syndrome-Spared memory (≥−1.5 z-score on
delayed recall), (PSP) Progressive Supranuclear Palsy.

Table 2. Episodic memory performance for all groups on the learning, delayed recall, and recognition components from the ACE-R memory
subscale

AD CBS PSP Control
Magnitude of group effect

(F, h2
p values)

Post-hoc results
(between patients)

Learning (%) 68.4 (33.1) 88.9 (22.4) 93.5 (10.8) 99.5 (2.6) F =11.14; h2
p = 0.22 CBS= PSP >AD

Delayed recall (%) 12.3 (24.9) 58.4 (32.5) 72.8 (23.5) 85.7 (15.2) F =42.62; h2
p = 0.52 CBS= PSP >AD

Recognition (%) 69.6 (24.8) 85.0 (24.4) 93.0 (11.7) 96.5 (7.6) F =9.95; h2
p = 0.20 CBS= PSP >AD

Note. F, F statistics from ANOVA (for all F-statistics, dfnumerator = 3 and dfdenominator = 118); h2
p , partial eta-squared values (effect size); AD, Alzheimer’s Disease; CBS,

Corticobasal Syndrome; PSP, Progressive Supranuclear Palsy; ACE-R, Addenbrooke’s Cognitive Examination—Revised.
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circuits essential for the encoding, storage, and retrieval of infor-
mation (Dickerson and Eichenbaum 2010). Mounting evidence,
however, reveals episodic memory dysfunction across a range of
dementia syndromes, including behavioral-variant frontotempo-
ral dementia, semantic dementia, and logopenic progressive apha-
sia (McKinnon et al. 2006; Irish et al. 2011, 2014b, 2016; Ramanan
et al. 2016), which becomes increasingly pronounced with disease
evolution (Ramanan et al. 2017; Irish et al. 2018). Our findings in-
dicate the presence of marked impairments exclusively for delayed
recall in a distinct subgroup of patients with Corticobasal
Syndrome, reflecting the breakdown of core nodes of the episodic
memory network.

The most striking finding to emerge from this study was the
presence of a selective delayed recall impairment in the CBS group.
These deficits were driven by a subset of CBS patients (referred to
asCBS-Impaired) andwere of a similarmagnitude as thoseobserved
in typical amnesic AD patients. Episodic amnesia in both
CBS-Impaired andADgroups,moreover, reflected thedegeneration
of a coremedial temporal andparietalmemorynetwork comprising
the bilateral hippocampi, angular gyri, and posterior cingulate cor-
tices (Rugg and Vilberg 2013; Gilmore et al. 2015). The hippocam-
pus and surrounding medial temporal lobe structures have been
long considered themost critical contributors to episodic encoding
and retrieval, with global anterograde amnesia forming a prototyp-
ical clinical feature of medial temporal lobe damage (Scoville and
Milner 1957; Squire and Zola-Morgan 1991; Corkin 2002). Our
findings corroborate the importance of the hippocampus for epi-
sodic memory function, yet also speak to the participation of re-
gions beyond the medial temporal lobes, most notably posterior
parietal regions, in supporting this endeavor. Here we reveal that
co-occurring degeneration of posterior parietal and medial tempo-
ral regions contributes to an amnesic profile in neurodegenerative
disorders, including those not traditionally classified as amnesic.
Mounting evidence reveals disrupted episodic retrieval as a result

of posterior cortical damage (see for example Ahmed et al. 2018a,
b). Similarly, patients with angular gyrus lesions demonstrate diffi-
culties in retrievingmultimodal (i.e., audio-visual stimuli) episodic
information (Berryhill et al. 2007; Davidson et al. 2008; Ben-Zvi
et al. 2015) with concomitant reductions in their subjective
confidenceof recollectedmemories (Howeret al. 2014). Unlike hip-
pocampal amnesics, however, these patients show relatively pre-
served encoding abilities (Ben-Zvi et al. 2015), suggesting a
selective role for parietal regions during episodic retrieval.

We have previously suggested that the angular gyrus may be
critical for the integration and processing of multimodal sensory-
perceptual and contextual information that enables the detail-rich
retrieval of episodic memories (Ramanan et al. 2018b; see also
Shimamura 2011; Bonnici et al. 2016). This role appears to be time-
invariant, extending to the construction of perceptually detailed
atemporal and future-oriented mental scenarios (Berryhill et al.
2010; Thakral et al. 2017; Ramanan et al. 2018a). Notably, howev-
er, our VBM correlation analyses also implicated neighboring pari-
etal regions in episodic memory function. One such region to
emerge was the superior parietal lobule, whose attentional role is
well-established in supporting “top–down,” goal-directed search
for perceptual information in the environment (Corbetta and
Shulman 2002; Sestieri et al. 2010). During episodic memory re-
trieval, the superior parietal lobule is posited to play a similar
role in governing top–down attention, allowing the retrieval of
specific episodic information (Cabeza et al. 2008; Sestieri et al.
2017). Our analysis also implicated a role for medial parietal re-
gions, including the posterior cingulate cortex, in episodic memo-
ry function. This region forms a structural hub of the posterior
neocortex, anchoring multiple brain networks (Hagmann et al.
2008). The posterior cingulate cortex further plays an important
role in self-referential aspects of cognition (see Brewer et al. 2013;
Wong et al. 2017), including the reinstatement and consolidation
of episodic memories (Bird et al. 2015). Early dysfunction of the
posterior cingulate cortex reliably predicts the onset of neurode-
generative syndromes like AD (Minoshima et al. 1997) as well as
impairments across an array of putative episodic memory func-
tions such as episodic retrieval (Irish et al. 2014b), autobiographi-
cal memory (Irish et al. 2018), scene construction and future
thinking (Irish et al. 2012, 2015) in this syndrome. As such, our
findings confirm the importance of key regions within a posterior
memory network (Gilmore et al. 2015), centered on the hippocam-
pus but including lateral and medial parietal regions, and suggest
that degeneration of these regions manifests in stark episodic
memory impairments irrespective of clinical phenotype.

Beyond the core medial temporal-posterior parietal regions
implicated, we also found evidence for disease-specific neural sub-
strates of episodic memory impairment. In the CBS-Impaired
group, cerebellar and striatal regions emerged as critical to episodic
delayed recall performance, whereas the inferior/middle temporal
gyri, temporal poles, and temporal fusiform cortices were implicat-
ed exclusively in AD corroborating previous findings from our
group (Irish et al. 2014b). Cerebellar and striatal contributions to
cognitive endeavors, including episodic retrieval, have traditional-
ly been conceptualized as reflectingmotor planning and execution
rather than primary cognitive or recollection-related activity.
Emergent perspectives, however, challenge this view to suggest
that these regionsmay directly facilitate successful episodic retriev-
al potentially via an “internal representation” of the external
world, allowing us to coordinate, adapt, and shape behavior in re-
sponse to external demands and changes in the environment
(Koziol et al. 2014). Striatal involvement in cognitive endeavors
has been conceptualized as involvement in “cognitive control,” al-
lowing the tagging of salient and behaviorally relevant episodic in-
formation during memory consolidation (Scimeca and Badre
2012), yet recent studies suggest that coordinated striatal-medial

Figure 3. Regions of significant gray matter intensity decrease that cor-
relate with delayed episodic recall performance. All x and y coordinates re-
ported are Montreal Neurological Institute (MNI) coordinates. Colored
voxels show regions that emerged as significant in the VBM analyses at
a strict uncorrected threshold of P<0.001 with a cluster threshold of
100 contiguous voxels. All clusters reported at t>3.56. Age was included
as a covariate in the analyses. Clusters are overlaid on the MNI standard
brain; (L) Left, (AD) Alzheimer’s Disease, (CBS-Impaired) Corticobasal
Syndrome-Impaired memory (<−1.5 z-score on delayed recall),
(CBS-Spared) Corticobasal Syndrome-Spared memory (≥−1.5 z-score on
the delayed recall), (PSP) Progressive Supranuclear Palsy.

Memory profiles following parietal damage

www.learnmem.org 266 Learning & Memory



temporal activity may be essential for episodic memory processing
(Murty et al. 2015). Future studies exploring how damage to these
divergent regions differentially impacts aspects of episodic retriev-
al will be imperative to further understand the broader role of core
versus ancillary memory regions.

Finally, our diffusion tensor imaging analyses revealed large
scale white matter changes in the structural connectivity within
the episodic memory subsystem unique to memory-impaired CBS
and AD patients. Interestingly, however, the only significant asso-
ciations to emerge between delayed recall performance and white
matter integrity were in the CBS-Impaired subgroup. Specifically,
disrupted structural connectivitybetweenparietal and frontal lobes
(through the superior longitudinal fasciculus) andmedial temporal
and frontal lobes, via parietal cortices (through hippocampal and
cingulate arms of the cingulum bundle) was associated with de-
layed recall performance in these patients. Microstructural damage
to fronto-parietal and frontotemporal white matter structural
connections have previously been implicated in episodic memory
dysfunction in syndromes such as amnestic Mild Cognitive
Impairment (Rose et al. 2006) and AD (Irish et al. 2014a), as these
long-range fibres form subcortical routes essential to communicat-
ing information relevant to the retrieval of episodic information. In
the context of episodic amnesia, the degeneration of the cingulum
bundle deserves particular attention. This tract forms key structural
connections between medial temporal, posterior cingulate/parie-
tal, and medial frontal cortices (Jones et al. 2013; Bubb et al.
2018), all ofwhich formkeynodesof the episodic retrievalnetwork.
The cingulum bundle is further vulnerable to early microstructural
damage inneurodegenerative syndromes likeAD (Choo et al. 2010;
Bubb et al. 2018) and CBS (Upadhyay et al. 2016). We tentatively
speculate that early parietal degeneration in CBS may propagate
subcortically toward the medial temporal lobes via the cingulum
bundle. In AD patients, in contrast, the converse temporal profile
maymanifest with parietal damagewitnessed as secondary to early
medial temporal dysfunction. Our cross-sectional design precludes
the examination of the white matter origins of episodic memory
dysfunction, however, future studies incorporating longitudinal

multimodal gray and white matter neuroimaging metrics in CBS
will prove particularly informative in this regard.

Our findings hold a number of theoretical implications. The
recent shift toward network approaches to cognition underscores
the importance of moving beyond traditional hippocampal-
centric models of memory retrieval. In showcasing large-scale
gray and white matter damage to fronto-parietal and medial tem-
poral episodicmemory networks, our findings reinforce the critical
contributions of the posterior neocortex to episodic memory func-
tion. A number of clinical implications also warrantmentioning. A
recurrent theme in the clinical neurology literature is the stark het-
erogeneity of CBS, across clinical, cognitive, and pathological lev-
els (Chahine et al. 2014). Our finding of a severely amnesic
subgroup of CBS patients underscores this marked heterogeneity
at clinical presentation and the ongoing challenge in establishing
a reliable diagnosis in this syndrome. It will be important for future
studies to longitudinally track clinical, cognitive, and neural
degeneration in CBS to elucidate distinct cognitive trajectories,
providing crucial information to carers and clinicians regarding
prognosis and management of this syndrome.

A number of methodological issues deserve attention in the
current context. First, a majority of our patients have not yet
come to autopsy, and in the absence of amyloid PET imaging
data,wecanonly speculate as to theunderlyingpathologicalmech-
anismsthatdrivememory impairments in thesepatients.Given the
fact that a significant proportion of CBS patients harbor ADpathol-
ogy (Shelley et al. 2009), it is intuitive to propose that the
CBS-Impaired subgroup make up a large proportion of such cases.
Second, although the ACE-R is a well-validated and widely used
screen of global cognitive function, the address recall subtest used
in the current study is not a validatedmeasure of episodic memory
per se. Nevertheless, our findings converge well with previous in-
vestigations of episodic memory in healthy (Chen et al. 2017)
and neurodegenerative populations (Frisch et al. 2013) suggesting
this clinical tool could be adopted for use as a proxymeasure of ep-
isodic memory. Longitudinal studies incorporating detailed, eco-
logically valid memory assessments and histopathological data,

A B
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Figure 4. Relationship between Fractional Anisotropy values and episodic delayed recall performance for CBS-Impaired and CBS-Spared groups. Plotted
data indicate a positive relationship between FA values and delayed recall performance for the CBS-Impaired group, with the magnitude of this relationship
depicted using Pearson’s correlation coefficient (r). Correlations between FA value for all selected tracts and delayed recall performance for the CBS-Spared
group were nonsignificant (all P-values >0.1). (FA) fractional anisotropy, (CBS-Impaired) Corticobasal Syndrome-Impaired memory (<−1.5 z-score on
delayed recall), (CBS-Spared) Corticobasal Syndrome-Spared memory (≥−1.5 z-score on the delayed recall), (SLF) Superior Longitudinal Fasciculus.
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however, will be crucial to replicate and extend the results present-
ed here. Moreover, the findings from our VBM overlap and exclu-
sion masking analyses were not borne out of interaction models,
rather, reflect the common clusters which surpassed a specified
threshold. It is thereforepossible that, in addition todisease-general
and disease-specific mechanisms, regions emerging in these analy-
sesmaybemediated by factors beyond groupmembership. Finally,
our gray matter correlational analyses between groups are reported
uncorrected at P<0.001, using a strict cluster extent threshold of
100 contiguous voxels to mitigate against Type I and Type II errors
(Lieberman andCunningham2009). Importantly, this approach is
far more conservative than the traditional correction for multiple
comparisons using false discovery rate, and is consistent with re-
cently published methods in the dementia literature (Whitwell
et al. 2010; Irish et al. 2018). Replication of our findings in a larger
cohort is nevertheless warranted.

In conclusion, this study is the first to demonstrate a pervasive
memory impairment in a subgroup of CBS patients, mirroring the
typical profile displayed by amnesic AD patients. These delayed re-
call deficits were attributable to the degeneration ofmultiple nodes
of the core memory network, and disrupted white matter connec-
tivity between parietal, medial temporal, and frontal regions. In
uncovering memory impairments in a subgroup of CBS patients,
our findings hold implications for structurally and functionally
fractionating the episodic memory subsystem, helping to further
understand the genesis and evolution of episodic memory dys-
function in neurodegenerative disorders.

Materials and Methods

Participants
A total of 122 participants were recruited through FRONTIER, the
frontotemporal dementia research group in Sydney, Australia.
Forty-four patients meeting current diagnostic criteria for CBS
were included (Mathew et al. 2012; Armstrong et al. 2013).
Briefly, CBS patients presented with the following core features—
insidious disease onset and gradual progression without sustained
response to levodopa treatment, along with at least two major
(akinetic-rigid syndrome, limb apraxia, speech, and language im-
pairment) and at least twominor (myoclonus, asymmetrical dysto-
nia, alien limb syndrome, dyscalculia or cortical sensory loss,
executive or visuospatial deficits) symptoms.

As a “motor” disease control group, 20 patients with a clin-
ical diagnosis of PSP were enrolled, who presented with a progres-
sive disorder featuring either vertical supranuclear palsy, or
slowing of vertical saccades and notable postural instability re-
sulting in falls, having accounted for other mandatory exclusion
criteria in line with current diagnostic criteria (Höglinger et al.
2017). As an “amnesic” disease control group, 29 patients with
a clinical diagnosis of probable AD with predominantly amnestic
presentation (McKhann et al. 2011) were included. Diagnoses
were established by consensus among a multidisciplinary team
comprising a senior neurologist (J.R.H), a clinical neuropsycholo-
gist, and an occupational therapist. All participants underwent a
comprehensive clinical and neuropsychological assessment, and
structural neuroimaging. In addition, 29 healthy controls were re-
cruited through research volunteer panels and local community
clubs. All healthy controls scored 88 or above on the ACE-R
(Mioshi et al. 2006)—a global index of cognitive functioning
(comprising attention and orientation, memory, fluency, lan-
guage, and visuospatial subdomains), and scored 0 on the
CDR-FTLD scale (Knopman et al. 2008). Exclusion criteria for
all participants included a history of stroke, epilepsy, significant
traumatic brain injury, alcohol and other drug abuse, other pri-
mary neurological, psychiatric or mood disorders, and limited
English proficiency.

Ethics approval for this studywas granted by the University of
New South Wales and the South Eastern Sydney Local Health
District human ethics committee. All participants, or their person

responsible, provided written informed consent in accordance
with the Declaration of Helsinki.

General neuropsychological assessment
All participants underwent comprehensive neuropsychological
testing to assess attention, working memory, executive function,
language and semantic processing, and visuospatial function.
Cognitive profiles for each patient group are described in detail
in Table 1. Finally, the CDR-FTLD SoB score was used as an index
of disease severity (Knopman et al. 2008).

Episodic memory assessment
In keeping with previous studies, the memory subscale of the
ACE-R was used to assess verbal episodic learning, delayed recall,
and recognition in dementia syndromes (Irish et al. 2016). The pri-
mary scores of interest in this context pertained to the Name and
Address component, comprising Learning (three acquisition trials
with final trial scored: max score = 7), delayed recall following a
15-min delay (max score = 7), and recognition (max score = 5). To
allow direct comparison across the memory subtests, all scores
were converted to percentages (i.e., raw scores/maximum subtest
score × 100).

Statistical analyses
Behavioral analyses were conducted using RStudio v3.3.2. Prior to
analysis, scores on all variables were plotted and checked for nor-
mality of distribution via Shapiro–Wilk tests. Analyses of
Variance (ANOVAs) were used to compute mean differences across
groups for demographic data, neuropsychological test scores, and
episodic memory performance. Post-hoc differences were calculat-
ed using Sidak corrections. Pearson’s coefficients (r-values) were
used to examine two-tailed correlations between delayed recall per-
formance, disease severity, and general neuropsychological perfor-
mance. All correlations were corrected for multiple comparisons
using “false discovery rate” method. Effect sizes are denoted using
partial eta-squared values (h2

p ).

Image acquisition
One hundred and eight participants (40 CBS, 16 PSP, 23 AD, 29
Controls) underwent whole-brain T1-weighted imaging using a
3T Philips MRI scanner with standard quadrature head coil (eight
channels) using the following sequences: coronal orientation, ma-
trix 256× 256, 200 slices, 1 × 1 mm in-plane resolution, slice thick-
ness = 1 mm, echo time/repetition=2.6/5.8 msec, flip angle α=8°.
One hundred and seven participants (40 CBS, 16 PSP, 22 AD, 29
Controls) additionally underwent diffusion-weighted MRI using
the following sequences: two sets ofwhole-brain echo planar imag-
es with 32 noncollinear gradient directions, matrix 96× 96mm, 55
slices, voxel size = 2.5 mm3, repetition time/echo time/inversion
time: 8400/68/90 msec, b-value =1000 sec/mm2, field of view=
240×240 mm.

VBM analyses
VBM analyses were used to identify voxel-by-voxel changes in gray
matter intensity across groups using the FSL-VBM toolbox
(Ashburner and Friston 2000) from the FMRIB software package
(https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/fslvbm/index.html) (Smith
et al. 2004). Structural MR images were brain-extracted (BET:
Smith 2002) followed by tissue segmentation using FMRIB’s
Automatic Segmentation Tool (FAST: Zhang et al. 2001) The
FMRIB nonlinear registration approach (FNIRT: Andersson et al.
2007a,b) was then used to align the brain-extracted images to the
MNI standard space (MNI52), using a b-spline representation of
the registration warp field (Rueckert et al. 1999). A study-specific
template was created from the resulting images, to which a nonlin-
ear reregistration of native gray matter images was performed.
The registered partial volume maps were then modulated by
dividing by the Jacobian of the warp field, to correct for local
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expansion or contraction. Finally, themodulated segmented imag-
es were smoothed with an isotropic Gaussian kernel with a sigma
of 3 mm.

An unbiased whole-brain general linearmodel was used to in-
vestigate gray matter intensity differences between the groups via
permutation-based nonparametric testing (Nichols and Holmes
2002) with 5000 permutations per contrast. Differences in cortical
graymatter intensities in AD, CBS, PSP patients, and Controls were
assessed using regression models with separate directional con-
trasts (i.e., t-tests). Age was included as a nuisance variable in the
atrophy analysis. Clusters were extracted using the threshold-free
cluster enhancement method (TFCE) and corrected for
Family-Wise Error at P< 0.05.

Correlations were performed exploring the relationship be-
tween delayed episodic memory performance and gray matter in-
tensity across the entire brain. For additional statistical power, a
correlation-only statistical model was used using a positive
t-contrast to index the association between gray matter intensity
andmemory performance. Specifically, correlation cluster analyses
were performed across participant groups and for each patient
group combined with Controls to identify disease-specific associa-
tions, with age entered as a nuisance covariate. Anatomical loca-
tions of statistical significance were overlaid on the MNI standard
brain with maximum coordinates provided in MNI stereotaxic
space. TheHarvard-Oxford probabilistic atlas and the Juelich histo-
logical atlas (with histology-based regional parcellation of the pari-
etal cortices) were used to determine anatomical labels. Clusters in
all VBM correlation analyses were reported uncorrected at a strict
threshold of P< 0.001. To further reduce the potential for false pos-
itive results, a conservative cluster extent threshold of 100 contig-
uous voxels was used.

Finally, overlap and exclusive masking techniques were used
to determine common and unique neural correlates of episodic
memory performance in patient groups (Irish et al. 2014b).

Diffusion tensor imaging analysis
Tract-based Spatial Statistics (TBSS) in FSL were used to perform a
skeleton-based analysis of white matter fractional anisotropy
(FA). For each participant, raw diffusion-weighted images were cor-
rected for eddy-currents and coregistered using nonlinear registra-
tion (FNIRT: Andersson et al. 2007a,b) toMNI standard space using
their respective 3DT1-weighted structuralMR image. This template
was subsampled at 2mm3, due to the coarse resolution of diffusion
tensor imaging data (i.e., 2.5mm3). Following image registration, a
tensor model was fitted to the diffusion-weighted image and FA
maps were generated for each participant. Finally, FA maps were
averaged to produce a group mean FA image. A skeletonized algo-
rithm (Smith et al. 2006) was then applied to define a group tem-
plate of the lines of maximum FA, corresponding to the centres
of white matter tracts. For each participant, FA values were project-
ed onto this group template skeleton, and extracted for use in sub-
sequent correlation analysis with delayed recall performance. The
output clusters were tested using permutation-based nonparamet-
ric testing as outlined for the VBM analysis. Age was included as a
nuisance variable in this analysis. Clusters were reported using the
threshold-free cluster enhancement method and corrected for
Family-Wise Error at P<0.05. To determine anatomical labels,
the Johns Hopkins University White Matter atlas and the
ICBM-DTI-WM atlas labels were used, integrated into FSLview
(Mori et al. 2008; Oishi et al. 2008).

Correlations between delayed recall performance and FA val-
ues from selected tracts were examinedusing Pearson’s correlations
(r-values) corrected for multiple comparisons using the “false dis-
covery rate” method to control for Type-I error (Benjamini and
Hochberg 1995).
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