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Abstract

Posterior cortical atrophy (PCA), considered a visual variant of Alzheimer’s disease, has similar pathological characteristics
yet shows a selective visual manifestation with relative preservation of other cortical areas, at least at early stages of disease.
Using a gamut of imaging methods, we aim to evaluate the global aspect of this relatively local disease and describe the
interplay of the involvement of the different brain components. Ten PCA patients and 14 age-matched controls underwent
MRI scans. Cortical thickness was examined to identify areas of cortical thinning. Hippocampal volume was assessed using
voxel-based morphometry. The integrity of 20 fiber tracts was assessed by Diffusion Tensor Imaging. Regions of difference
in global functional connectivity were identified by resting-state fMRI, using multi-variant pattern analysis. Correlations were
examined to evaluate the connection between grey matter atrophy, the network changes and the disease load. The patients
presented bilateral cortical thinning, primarily in their brains’ posterior segments. Impaired segments of white matter integ-
rity were evident only within three fiber tracts in the left hemisphere. Four areas were identified as different in their global
connectivity pattern. The visual network-related areas showed reduced connectivity and was correlated to atrophy. Right
Broadman area 39 showed in addition increased connectivity to the frontal areas. Global structural and functional imaging
pointed to the highly localized nature of PCA. Functional connectivity followed grey matter atrophy in visual regions. White
matter involvement seemed less prominent, however damage is directly related to presence of disease and not mediated only
by grey matter damage.

Keywords Posterior cortical atrophy (PCA) - Connectivity - Diffusion tensor imaging (DTI) - Cortical thickness - And
functional MRI

Introduction

Posterior Cortical Atrophy (PCA) was first described by Ben-
son as a disorder with decline in visual function and atrophy
of posterior cortical areas (Benson et al. 1988). PCA is consid-
ered a visual variant of Alzheimer’s disease (AD) (Beh et al.
2015; Alladi et al. 2007). The primary clinical manifestations
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at onset mostly involve visual disorders. However, with the
progression of disease, full dementia usually emerges. Pervi-
ous research suggested that some memory deficits are even
evident in the initial stages of the disease (Ahmed et al. 2016,
2018). In 2017 a consensus classification for the syndrome
extended its definition to include, in addition to the classic
definition (PCA-core), features of other neuro-degenerative
syndromes (PCA-Plus) and underlying pathologies other
than Alzheimer’s (Crutch et al. 2017). However, the classic
PCA-pure attributable to AD, at least at presentation, is con-
sidered a localized disease affecting high-order visual areas,
both in the dorsal (Shames et al. 2015) and ventral (Migliaccio
et al. 2016) visual streams. The local aspects of the disease
have been studied extensively in both grey and white mat-
ter. Voxel-based morphometry (VBM) research has pointed
to atrophy of the parieto-occipital regions (Peng et al. 2016;
Montembeault et al. 2018). Similarly, single-photon emission
computed tomography (SPECT) showed that gradual decrease
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in metabolism begins posteriorly in the parietal lobes and then
spreads to include the occipital lobes (Kas et al. 2011). The
impact on neighboring white matter was also assessed using
diffusion tensor imaging (DTI) methods pointing to reduced
fiber integrity of both high and low visual pathways (Migliac-
cio et al. 2012; Cerami et al. 2015; Glick-Shames et al. 2018),
as well as in the posterior cingulate and in the splenium and
body of the corpus callosum (Caso et al. 2015; Madhavan et al.
2016; Agosta et al. 2018). In addition, functional connectivity
within the visual networks was shown to be reduced (Lehmann
et al. 2015; Migliaccio et al. 2016; Glick-Shames et al. 2018).

Memory-related structures have also been shown to be
affected. Hippocampal atrophy was described in later stages
of the disease (Manning et al. 2015) and others have pointed
to the involvement of the precuneus volume as well (Ahmed
et al. 2018). Functional connectivity outside the visual network
was studied mostly in context of the default mode network
(DMN)(Lehmann et al. 2015; Migliaccio et al. 2016), known
to be involved in AD (Son et al. 2017). A recent paper examin-
ing the functional connectome using graph theory found that
PCA patients had alterations of both intra- and inter-hemi-
spheric connections, exceeding the structural damage. These
alterations also included frontal connections (Migliaccio et al.
2020).

Clinicians treating this population are frequently puzzled
by the discrepancy between the relatively preserved memory,
language and inter-personal functions in the face of reduced
visual abilities. The selective nature of the disease supplies
an ideal opportunity for investigating neuro-degenerative dis-
eases, particularly those sharing Alzheimer’s pathology. In the
past, imaging studies in PCA primarily focused on grey matter
effects in early-affected networks and regions, while the global
aspects of the disease were studied to a lesser extent. Lately,
research has turned to review global aspects of the disease
as well. Herein, we too, attempted to examine the brain with
a whole brain approach. We used a gamut of imaging meas-
ures in the entire brain to evaluate grey matter (using corti-
cal thickness and voxel-based morphometry [VBM]), white
matter (using whole brain tractography) and global functional
connectivity (using RS-fMRI). Furthermore, we examined the
relationships between these different imaging modalities, in
order to evaluate the possible interplay between the involve-
ment of different brain components. These results will allow
to better describe the dynamics of damage and possible com-
pensational mechanisms in this unique disease.

Methods (for Further Details, See
Supplementary Methods)

Subjects

Ten PCA patients (four females), aged 63.3 +8.15 years
(mean + SD) were assessed by a Neurologist (NL), based
on the criteria described in the meta-analysis of Alves
et al. (insidious onset of progressive decline in visual and
spatial dysfunction in the absence of ophthalmological
impairment or neuroimaging lesions. Cognitive ability and
language should be mostly preserved (Alves et al. 2013)).
These criteria also match the first two classification levels
described by Crutch et al.(Crutch et al. 2017). Average
time from initial symptoms was 2.88 +0.64 years. All
patients were referred by neurologists.

Cognitive, language and visual test results, as well as
PET and CSF tau assays, are described in Tables 1 and
2. Fourteen age-matched healthy volunteers (six females,
aged 60.86+7.17 years) were enrolled as a control group.
T-tests showed no significant differences between groups
in age, gender or education.

The Hadassah-Hebrew University Medical Center Eth-
ics Committee approved the experimental procedure. Writ-
ten informed consent was obtained for all subjects.

Structural MRI Data

MRI data were acquired on a 3-T scanner (four patients
and six controls on Siemens Trio; six patients and five con-
trols on Siemens Skyra) using a 32-channel standard head-
coil. MRI sequences included high-resolution T1-weighted
images (minimum echo time [TE], flip angle 9°, repetition
time [TR]=2300 ms, voxel size of 1 X 1 X 1 mm).

For Cortical thickness we used the surface based analy-
sis (SBM) in Computational Analysis Toolbox (CAT 12,
Jena University hospital), an extension of SPM12 (Well-
come Department of cognitive Neurology).

Data were segmented into grey matter (GM), white
matter (WM) and cerebral spinal fluid (CSF), and nor-
malized to Montreal Neurological Institute (MNI) space.
Data quality was checked for homogeneity (all scans were
within one standard deviation of homogeneity). Then data
was smoothed by a 15 mm kernel (using standard proce-
dure and parameters for surface-based analysis). The corti-
cal thickness of each hemisphere was compared between
groups using t-test to identify significant areas of cortical
thinning with a threshold of p <0.05 (FWE). Scanner, age,
total intracranial volume (TIV) and gender were added as
covariates. Regions showing significant reduction in the
patient group were defined as atrophied foci. The areas
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Table 2 Control information

Control Age Gender Educa-
tion
(years)

1 51 F 17

2 68 M 17

3 62 M 15

4 57 M 15

5 64 M 18

6 54 M 15

7 57 F 17

8 66 M 21

9 78 M 21

10 64 F 18

11 60 F 18

12 63 F 19

13 53 F 16

14 55 M 16

were identified using the Yale Atlas of Brodmann Areas
(Lacadie et al. 2008).

ROIs for correlation analysis were defined using the
LONI Probabilistic Brain Atlas (https://www.loni.usc.edu/
research/atlases). The average cortical thickness of each
subject was calculated in regions showing a significant
between group difference (p <0.02, Bonforoni corrected)
including the bilateral Lateral Occipital regions (LO), the
bilateral Inferior Parietal (IP) region, right Supramarginal
gyrus (rSMGQG), right Lingual gyrus (rLG) and right Cuneus.

The Hippocampus volume was calculated for each indi-
vidual with the predefined ROI of the hippocampus using
the voxel-based morphometry tool in Computational Analy-
sis Toolbox (CAT 12) and compared between groups using
standard #-test. All volumetric statistical analyses were done
using the statistical tools implemented in CAT 12.

DTI

DTI data were acquired using a diffusion-weighted
imaging sequence, (single-shot, spin-echo, TE =94 ms,
TR =7127-8224 ms, FOV =260x%x260 mm,
matrix = 128 X 128, 52-60 axial slices, 2-mm-thick
slices, b=0 and 5=1000 s/mm?2). The high b-value was
obtained by applying gradients along 64 different diffusion
directions. DTI image processing and analysis was per-
formed using the mrVista package (https://vistalab.stanford.
edu/software). Preprocessing included removing eddy cur-
rent distortions and subject motion. Data was registered and
aligned to the T1 image using mutual information algorithm.

The preprocessed data were analyzed using Automated
Fiber Quantification (AFQ) (Yeatman et al. 2012). The

DTI data of each scan underwent whole-brain tractography
using deterministic algorithm. Then the data were seg-
mented into 20 tracts: (Nine fibers were delineated in each
hemisphere separately: Thalamic Radiations, Corticospi-
nal, Cingulum-Cingulate, Cingulum-Hippocampus, Infe-
rior Frontal Occipital Fasciculus, Inferior Longitudinal
Fasciculus, Superior Longitudinal Fasciculus, Uncinate
Fasciculus, and Arcuate Fasciculus; and two commissural
fibers were analyzed bilaterally: Forceps Major and Minor.
All were selected based on the previously defined Mori
WM atlas (Wakana et al. 2007; Hua et al. 2008)). Each
fiber was resampled 100 equidistant nodes and the fiber
tract core was calculated as the mean of all fibers x, y, z
coordinates at each node. Following, fibers were cleaned
and stray fibers were removed using an iterative algorithm
that removes fibers whose length is different in more than
four standard deviations from the mean fiber length or five
standard deviations distant from the core of the fiber tract,
as detailed in Yeatman et al (Yeatman et al. 2012).

In order to avoid partial voluming with non-white mat-
ter, diffusion measurements were taken near the dense core
of the fibers. Diffusion at the core was estimated by com-
bining data in a weighted fashion, assigning greater weight
to voxels that are close to the core of the estimated tract.
Diffusion measures along the tract were re-sampled at 100
positions, calculating fractional anisotropy (FA), radial
diffusivity and axial diffusivity, at each of these nodes.
In this way, measures throughout the length of the fiber
could be combined across different subjects. (Yeatman
et al. 2012). To evaluate the hypothesis of microstructure
changes in fiber integrity in the patient group, one direc-
tional #-tests were conducted point-wise along each fiber
tract for 100 points for each parameter. Specifically, we
hypothesized a decrease in FA and axial diffusivity and
an increase in radial diffusivity. Familywise error (FWE)
corrected alpha for pointwise comparisons and FWE cor-
rected cluster size were calculated for each fiber at p <0.05
to correct for multiple comparisons (Nichols and Holmes
2002). A between-group effect along the fiber was con-
sidered significant if it passed one of the two criteria for
p <0.05. The effect of MRI scanner type was directly
tested in fibers that showed a significant group difference
using standard t-test.

The average FA along the significant tracks (points
6-95, and 6-41/60-95 for bi-hemispheric fibers) were cal-
culated for further between measure analysis.

It should be noted that the tracts chosen were those
included in the AFQ package. As we aimed to evaluate
global aspects of PCA, we chose to use this automatic
tracking package that enables us to reconstruct many major
tracts in the brain without prior assumptions.

@ Springer
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Resting State fMRI

Resting state fMRI measurements were obtained
with an echo-planar imaging sequence, (8 min, TR/
TE =2250/30 ms, FOV =218 x 218 mm?, matrix 64 X 64,
37 slices, slice thickness 3.4 mm). Functional images were
co-registered to the anatomical images through trilinear
interpolation and were transformed into MNI space (Evans
et al. 1993). Functional preprocessing was conducted in
two stages. The first part of the analysis was done using
Conn toolbox(Whitfield-Gabrieli and Nieto-Castanon
2012) including: realignment and unwarp, functional out-
lier detection (ART-based detection of outlier scans for
scrubbing), functional direct segmentation and normali-
zation, structural segmentation and normalization, and
functional smoothing. Then, the preprocessed functional
images underwent de-noising steps, including de-noising
for CSF and WM BOLD signal (five dimensions each),
six realignment parameters and their 1st order temporal
derivatives, scrubbing confounds and effect of rest.

A multivariate pattern analysis (MVPA) was conducted
in order to locate clusters of voxels that showed greater
between-group variability, height threshold p <0.001
uncorrected and cluster threshold p < 0.05 FDR-corrected.
Significant clusters from the MVPA were used in a post-
hoc seed-based functional connectivity analysis using the
BrainVoyager QX software package (Brain Innovation,
Maastricht, The Netherlands). Each seed was demarcated
as a 10 mm sphere (similar to the size of the clusters iden-
tified in the MVPA analysis) around the peak of the clus-
ter. A standardized size for all seeds was chosen to allow
comparison between connectivity maps. Individual con-
nectivity maps from these seed regions were generated
using GLM for each subject and were then averaged across
subjects using a hierarchical random effect model, allow-
ing a generalization of the results to the population level.
A second multi-subject GLM analysis was performed to
see the direction of connectivity differences between the
groups. Map threshold was p < 0.05 using Monte Carlo
cluster size correction to correct for multiple comparisons
(p<0.05).

The first component of the multivariate pattern analysis
values in the four significant ROIs were extracted for further
between measure analysis.

Correlations Between Measures

As described above, measures were extracted from signifi-
cant ROIs for further analysis. Spearman correlation tests
and multiple linear regression were used to identify the rela-
tionship between the different brain measures and between
them and MMSE.

@ Springer

Statistical Analysis

SPSS, Excel, Matlab and BrainVoyager statistical tools were
used for statistical analysis. Multiple comparisons were cor-
rected using FDR correction or Monte Carlo cluster size
correction as detailed above.

Data Availability Statement

The datasets generated for this study are available upon
request from the corresponding author.

Results
Structural MRI Data

Bilateral cortical thinning was seen in patients as compared
to controls. As expected, the main areas of thinning were
bilateral associative visual regions (Broadman 18 and 19),
sparing the primary visual area. In these areas cortical thin-
ning was more pronounced on the left hemisphere. How-
ever, the right hemisphere exhibited a more diffuse pattern
of involvement. This included involvement of additional
areas in the visual network: the fusiform gyrus, known to
be involved in face recognition; Broadman area 7, known to
be involved in spatial localization; and the frontal eye fields
(FEF), known to be involved in control of eye movements.

Slight thinning was found in areas outside the visual net-
work, including the primary motor area in both hemispheres,
and the primary auditory area and the angular gyrus in the
right hemisphere (Table 3 and Fig. 1).

Hippocampus volume comparison between the groups
showed a significant reduction in volume in the PCA group
on both hemispheres, with the average volume reduction
being more pronounced on the left (left: p=0.004; right:
p=0.009; Fig. 2).

DTI

The automated method delineated 20 fiber tracks for each
subject. In general, almost all fiber bundles were success-
fully delineated and no difference in the number of delin-
eated fibers was seen between the groups (Supplementry
Table 1).

Differences between diffusivity measures in PCA patients
and controls, along the tract profiles were assessed.

Analysis of diffusivity measures along the length of
each fiber did not detect any affected segments through-
out the fibers, excluding three fibers on the left (Supple-
mentary Fig. 1). Significant reduction in FA was found
in two visual-related tracts—the left inferior longitudinal
fasciculus (points 19-29 cluster size corrected; 36-41



Brain Topography (2020) 33:600-612 605
Table 3 Cortif:al thickness areas Cortical thickness
in MNI coordinates
Right Left
Area MNI P(FWE Area MNI P (FWE
cor- cor-
rected) rected)
BA19 V2 47, -81,4  0.000 Visual association BA 18 44, —83, —1 0.000
Visual Association BA 18 23, —-55, -1 0.004 Visual parietal cortex -39, —45, =36 0.007
Visual association BA 19 7, -78,29  0.012 BA 39 angular gyurs —58, —47, =26 0.002
FFG 64, —50, —1 0.005 BA 6 primary motor —41,-7,46 0.022
BA 8 FEF 39,24,42 0.005
BA 7 Spatial location 30, —49,44 0.002
14,-75, 45
BA 6 Primary motor 45,233 0.004
BA 21 53, =30, -9 0.003
Primary auditory 49, -33,13  0.004

BA broadman area, MNI montreal neurological institute, FFG fusiform gyrus, FWE family wise estimation

Right

Left

Fig. 1 Cortical thickness. Maps showing reduction in cortical thickness in PCA patients compared to controls. The color bar corresponds to the t
values, the lighter the color, the worse the atrophy. Threshold Significance was set at p<0.05 (corrected for FWE)

pointwise FWE p corrected) and the left side of the for-
ceps major (points 3—6 pointwise FWE p corrected; 17-27
cluster size corrected). The average FA along these fibers
was correlated in patient group but not in controls (patient
group Spearman correlation 0.762, p <0.03; control group
Spearman correlation 0.44, p=0.13 n.s.). The other fiber

with an affected segment is related to memory functions—
the left cingulate hippocampus fiber (points 17-39, cluster
size corrected) (Fig. 3). In these fibers no scanner type
effect was found (p > 0.05 for all points in all fibers). No
significant differences were found in any of the fibers for
the other diffusivity measures.

@ Springer
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Fig.2 Hippocampal volume. a A
Hippocampal region, marked
in red, used for volume-based
morphometry (VBM). b Com-
parison of average volume of
the hippocampus (controls in
blue and patients in red). Error
bar indicates standard deviation.
Both hippocampi were signifi-
cantly different (p <0.01)
* P<0.001

B 0.8 -
0.7 -
0.6 -
0.5 -
0.4 -
0.3
0.2 -

0.1 -

Resting State fMRI

The MVPA analysis revealed four significantly different
clusters located in the left and right Broadman area (BA)
19, the right BA 37 (fusiform gyrus), and the right BA 39
(Fig. 4). When using these clusters as seeds for connectivity
analysis, reduced connectivity was found in the PCA patients
for the first three clusters (right and left BA 19 and right BA
37) throughout the brain. On the other hand, right BA 39
showed a mixed pattern—decreased connectivity with the
posterior visual regions but increased connectivity with the
frontal areas in the PCA patients (Fig. 5).

Correlations Between Measures

The average FA in the left part of the forceps major was cor-
related with cortical thickness in the left LO region (Spear-
man 0.495 p <0.03) and rfSMG (Spearman 0.483 p <0.035).
The FA in the left ILF was correlated with the cortical thick-
ness of the rSMG (Spearman 0.492, p <0.017). Adding both
group and FA in the left part of the forceps major and the
left ILF to a regression model showed that the effect is influ-
enced by group factor (t=3.66 p <0.002) while FA in either
fiber did not contribute significantly to the model (rSMG:
F(16.3)=5.905 p<0.007, t(group) =3.66 p <0.002; left LO:
(F(16.3)=14.450 p<0.001, t(group) =5.529 p<0.001).
The connectivity level of the right Brodman area 37 was
correlated with the cortical thickness in the left IP region
(Spearman 0.539 p <0.008), and right LG (Spearman
0.508 p <0.013). When limiting the analysis to the patient

@ Springer
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group only, correlations were significant with left IP region
(Spearman 0.733 p <0.025) and rSMG (Spearman 0.767
p<0.016).

The connectivity level of the Right Brodman area 19 was
correlated with the cortical thickness in the left IP region
(Spearman 0.552 p <0.006), rfSMG (Spearman 0.474
p<0.022) and the right LG (Spearman 0.486 p <0.019
When limiting the analysis to the patient group only, corre-
lations were significant with left IP region (Spearman 0.767
p<0.0 16) and rSMG (Spearman 0.767 p<0.016).

Within patient group, MMSE was slightly correlated
with connectivity of right Brodman 19 (Spearman 0.757
p <0.05), cortical thickness of the left IP region (Spear-
man 0.793 p <0.033) and the Hippocamal volume (right
hippocampus: Spearman 0.757 p <0.05; left hippocampus:
Spearman 0.739 p=0.058 n.s.).

Discussion

To summarize, multi-modal structural and functional holis-
tic assessment of early-stage PCA patients’ brains highlight
the local aspects of the disease, with clear selective deficits
in the visual and memory-related areas. These results cor-
respond with our previous work (Glick-Shames et al. 2018),
in which we scanned the same cohort of patients, honing
its conclusions. These findings are specifically intriguing in
context of the global analysis conducted in this paper. While
in our early work on PCA patients, we concentrated on the
vicinity of the visual system, and so it was not surprising
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Fig.3 Fractional anisotropy (FA) along the affected fibers. a Aver- Cingulum Hippocampus are presented from anterior to posterior. b
age FA along the Forceps Major, Left ILF, and Left Cingulum Hip- Fibers are presented superimposed on a sagittal T1 image. Statistical
pocampus (controls in blue and patients in red). Standard deviations differences (p value of t-test) between groups are presented on a rep-
for each group are marked by dashed lines. The values for Forceps resentation of the core-fiber to demonstrate the location of between

Major are presented from left to right. Values of Left ILF and Left group differences

Fig.4 Global connectivity A
clusters. The four clusters of
differential connectivity identi-
fied using MVPA are superim-
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Controls

Fig.5 Seed region connectivity map. Seed regions are presented on
T1 images of one individual brain. Connectivity maps for controls
and PCA patients, and the subtraction map are all random effect maps

that we found specific deficits in these areas, herein we
report the damage to be very local even when considered
from a whole-brain point-of-view.

Specifically, cortical thinning was evident primarily in the
higher visual areas while the primary visual cortex was rela-
tively spared. This goes hand in hand with previous research
(Lehmann et al. 2011) and compliments our previous find-
ings showing similar pattern of reduction in brain volume
(Glick-Shames et al. 2018). Additionally, although patient
insight and memory seemed relatively preserved, hippocam-
pal volume was significantly reduced as compared to age-
matched controls. Correspondingly, white matter involve-
ment that was evaluated in all major fiber tracts (within and
outside the visual system) was found only in fibers related to
associative visual areas and in hippocampal-related fibers.
Previous research, limited to the visual system, elicited simi-
lar results (Migliaccio et al. 2012; Cerami et al. 2015; Glick-
Shames et al. 2018). It is important to note that the forceps
major, reported here to be affected in the patients, is the
same as the occipital callosal fiber tract which we reported
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Controls>PCA

with the threshold set at p<0.05 corrected for multiple comparisons
a Left BA 19, b Right BA 19, ¢ Right BA 37, d BA 3

to be affected in our previous paper. Thus, within the same
cohort, although the method differs, the findings coincide
and in both studies reduced FA in the central section of the
left part of the forceps major was reported. (Glick-Shames
et al. 2018). Correlations were found between cortical thick-
ness and fibers integrity, however the presence of disease
seems to be the significant factor rather than the specific
pattern of grey matter damage. To that end we suggest that
independent involvement of white matter in PCA may exist,
beyond what is expected from neighboring grey matter atro-
phied regions.

Finally, global connectivity changes were also relatively
local, expressing reduced connectivity in the associative
visual areas. As expected, this reduced connectivity was
correlated to the atrophy level, matching previous reports.
(Adriaanse et al. 2014; Lehmann et al. 2015; Glick-Shames
et al. 2018).

Interestingly, a subtle increase in connectivity was
detected between BA39 and frontal areas. Moreover, the
connectivity in this region showed no correlation with
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cortical thinning, suggesting that the alteration does not
origin directly from the disease related damage but rather
through an alternative mechanism. This increased connec-
tivity goes along with previous research in AD that found
increased connectivity in the anterior DMN (Damoiseaux
et al. 2012) and may point to some aspects of plasticity
mechanisms outside the affected network or, alternatively,
may be an initial sign of network dysfunction (Migliaccio
et al. 2016).

Studies have found that AD is the most common underly-
ing cause of disease in PCA (Crutch et al. 2017). The known
pathologies of AD, Af senile plaques and tau tangles, as
well as elevated tau in the CSF (Montine et al. 2012), have
all been reported in PCA (Tang-Wai et al. 2004; Lehmann
et al. 2013; Teng et al. 2014). Even so, the clinical picture
of the variants is very different. PCA patients are character-
ized by decline in visual function with relatively preserved
memory, language and inter-personal functions (Alves et al.
2015; Crutch et al. 2017). AD patients, on the other hand,
are characterized by memory impairment and cognitive
decline (Montine et al. 2012). Correspondingly, the anatomi-
cal signature (atrophy) in PCA patients highlights parietal
and occipital involvement (Benson et al. 1988; Maia da Silva
et al. 2017), while AD patients’ exhibit atrophy in medial
temporal lobe structures (Duara et al. 2008).

This selective involvement of the posterior areas in PCA
patients raises a question about the cause of the specific
spread of disease. The fact that the same type of pathol-
ogy causes such different clinical manifestations encouraged
extensive research on this topic (Warren et al. 2012) and sev-
eral different explanations have been proposed. The first sug-
gested culprit was AP accumulation, since studies showed
slightly increased occipital AP accumulation in PCA patients
compared to other AD patients (Lehmann et al. 2013). How-
ever, other autopsy studies failed to replicate this regional
pattern and showed that A accumulation spread does not
differ significantly in the different variants of AD and pro-
vides surprisingly little information about AD phenotypes
(Rosenbloom et al. 2011; Walker and Jucker 2015). Corre-
spondingly, an in vivo research using PET C-PiB (amyloid-
) biomarkers also did not find regional correlation between
areas with increased C-PiB and areas with reduced [F]JFDG
uptake or clinical manifestations (Ossenkoppele et al. 2016).

A more promising pathological option to explain the
paradox is the distribution of neurofibrillary tangles.
Tau tangles spread seems to be more closely related to
distribution of atrophy and clinical symptoms than Ap
(Mitchell et al. 2002). Tau pathology also seems to pre-
cede AP pathology (Jack and Holtzman 2013). Tau tangles
were found in occipital and parietal cortices of patients
with PCA (Tang-Wai et al. 2004). The development of
tau FDG-PET imaging allows this to be tested in living
patients as well. A recent study of AD variants found a

regional correlation between [F] AV-1451 (tau biomarker),
decreased [F] FDG uptake (Ossenkoppele et al. 2016) and
clinical manifestation.

A different approach to explain the involvement of spe-
cific areas in AD variants, such as PCA, is the network
theory, since the AD variants map very broadly onto well-
established known networks (Zhou et al. 2012). Based on
this, the neuro-degenerative network theory was suggested
to encompass all of the above findings: diffuse spread of
ap, specific distribution of tau tangles and specific network
involvement. This theory is based on correlation-based con-
nections between preexisting deficits prior to degeneration
and the affected network (Miller et al. 2013, 2018). Thus, Ap
accumulation is driven by total neuronal activity, while tau
pathology begins in a prodromal vulnerable area and spreads
trans-neuronally to close, or connected networks.

Our current findings, of cortical thinning in the associa-
tive visual areas and corresponding selective involvement
of higher visual networks, as well as our previous research
examining connectivity within the visual network (Glick-
Shames et al. 2018), show that reduction in connectivity in
PCA patients goes hand in hand with areas of atrophy, thus
supporting this notion.

Beyond the suggested role in the spread of disease,
functional networking was also described as part of brain
mechanism to overcome damage. This was suggested in AD
(Damoiseaux et al. 2012; Badhwar et al. 2017) and in PCA
(Migliaccio et al. 2016), as well as in other diseases affecting
the visual system (Backner et al. 2018)).

Further, it is important to note in this context, that beyond
the functional aspect of networking which relates to cor-
relation of activation, networking is also affected by the
integrity of the white mater. It was previously suggested that
impaired white matter integrity precedes atrophy (Stricker
et al. 2013). Our findings specifically highlight the selective
involvement of white matter in the disease. Only visual and
memory fibers were involved. This corresponded to visual
areas of cortical thinning and hippocampal atrophy which
were detected in the patients. However, areas that demon-
strated cortical thinning were slightly more diffuse than
those showing fiber involvement. For example: even though
there was some thinning in BA 6, the primary motor area, no
specific effects were found in the cortical spinal tract. Thus,
pointing to a subordinate role of the white matter rather than
it being the primary player. However as cortical thickness
did not significantly contribute to the white matter damage
beyond existence of disease, it seems that PCA is directly
involved in white matter and these effects are not merely a
result of damage to grey matter. It should be noted that the
lack of observed effects may also stem from the small cohort
size and longitudinal studies in a larger cohort are neces-
sary to fully describe the involvement of white matter in the
predominantly grey matter disease.
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Our findings of selective involvement even within the
affected visual network (specifically, the bilateral sparing
of the primary visual area), bring forth further thoughts of
causes of selective spread in neuro-degenerative disease. It
was suggested that specific cell types may be differently vul-
nerable to damage (Yong et al. 2016). For example, complex
cells in V4 are more prone to degeneration than simple cells
in V1. Axon length was also suggested to explain selec-
tive susceptibility of different neurons to degeneration: cells
with long axons (like in Broadman areas 18 and 19) were
reported to be more sensitive than cells with shorter axons
(von Gunten et al. 2006).

The low number of patients limits our statistical power
and therefore findings may include false negatives. How-
ever the low incidence of the disease (affecting only 5%
of AD patients) entails conducting such studies in limited
cohorts. The cross-sectional design does not allow evalu-
ation of degeneration spread along the course of disease
and to that end a follow-up longitudinal study is required.
It is also important to note that our patients were diagnosed
mainly clinically and that biomarkers to confirm pathol-
ogy were available only on a subset of patients (Table 1).
Another drawback is the fact that the data was collected
on two different scanners. To ensure that the scanner did
not affect the results, controls were selected to create bal-
anced groups from both scanners. Furthermore, the scanner
type was included in analysis and was not a significant con-
founding factor in any of the results. And finally, the lateral-
ity discrepancy between the white mater and connectivity
results should be taken into account. All white matter effects
were in the left hemisphere, while more loci of functional
connectivity changes were found in the right hemisphere.
Similarly, while we found greater thinning of the cortex in
the left hemisphere, larger areas were affected in the right
hemisphere. As no clear laterality was reported in other
studies (Millington et al. 2017), and due to the relatively
small cohort size, it is impossible to determine whether our
results suggest a complex bilateral pattern, or that additional
patients would allow the emergence of a clear and consistent
lateralization.

Conclusion

Herein we emphasized, using multimodal global imaging
methods, the highly localized nature of PCA. Selective
involvement was found within the associative visual and
memory networks. In these networks the reduction in corti-
cal thickness went hand in hand with the decrease in con-
nectivity. The functional networks seem to play a role in the
spread of disease, but may also point to reorganization pat-
terns in spared networks where connectivity is altered with
no correlated anatomical damage. The involvement of the
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white matter seems to be limited, suggesting a consequential
effect, however not directly meditated by grey matter dam-
age. Longitudinal studies are needed to better highlight the
interesting interplay between different brain components in
this disease.
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