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Heterogeneity within the Alzheimer's disease (AD) syndromic spectrum is typically classified in a domain-spe-
cific manner (e.g., language vs. visual cognitive function). The central aim of this study was to investigate
whether impairment in visual cognitive tasks thought to be subserved by posterior cortical dysfunction in non-
amnestic AD presentations is associated with tau, amyloid, or neurodegeneration in those regions using '*F-AV-
1451 and ''C-PiB positron emission tomography (PET) and magnetic resonance imaging (MRI). Sixteen amyloid-
positive patients who met criteria for either Posterior Cortical Atrophy (PCA; n = 10) or logopenic variant
Primary Progressive Aphasia (IvPPA; n = 6) were studied. All participants underwent a structured clinical as-
sessment, neuropsychological battery, structural MRI, amyloid PET, and tau PET. The neuropsychological bat-
tery included two visual cognitive tests: VOSP Number Location and Benton Facial Recognition. Surface-based
whole-cortical general linear models were used to first explore the similarities and differences between these
biomarkers in the two patient groups, and then to assess their regional associations with visual cognitive test
performance. The results show that these two variants of AD have both dissociable and overlapping areas of tau
and atrophy, but amyloid is distributed with a stereotyped localization in both variants. Performance on both
visual cognitive tests were associated with tau and atrophy in the right lateral and medial occipital association
cortex, superior parietal cortex, and posterior ventral occipitotemporal cortex. No cortical associations were
observed with amyloid PET. We further demonstrate that cortical atrophy has a partially mediating effect on the
association between tau pathology and visual cognitive task performance. Our findings show that non-amnestic
variants of AD have partially dissociable spatial patterns of tau and atrophy that localize as expected based on
symptoms, but similar patterns of amyloid. Further, we demonstrate that impairments of visual cognitive dys-
function are strongly associated with tau in visual cortical regions and mediated in part by atrophy.

1. Introduction

Alzheimer's disease (AD) may present as a diverse spectrum of
clinical syndromes arising from a common underlying pathology. Apart
from the typical amnestic presentations, other clinical variants arising
from AD pathology are posterior cortical atrophy (PCA) and logopenic
variant primary progressive aphasia (IvPPA) (Koedam et al., 2010;
Snowden et al., 2007) among other presentations. PCA, commonly

thought of as a “visual variant” of the AD syndrome (Benson et al.,
1988), is defined clinically by a progressive decline in higher-order
visual processing and other posterior cortical functions and radi-
ologically associated with prominent tau pathology in the occipital,
posterior parietal, and posterior temporal lobes (Crutch, et al., 2017;
Mendez et al., 2002; Tang-Wai et al., 2004). In contrast, IvPPA is
characterized primarily by variably non-fluent speech, difficulties with
word retrieval and sentence repetition, and phonological speech errors
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(Gorno-Tempini et al., 2011). In addition to predominant language
deficits, IvPPA patients also exhibit impairments in visual construction,
visual attention, and spatial working memory (Foxe et al., 2013;
Watson et al., 2018), which have been attributed to dysfunction of the
superior parietal lobule, a region implicated in spatial perception, at-
tention, and working memory (Bueicheku et al., 2015; Cabeza, 2008).
Though both PCA and IvPPA demonstrate visual cognitive impairments,
the nature and extent of these specific impairments, along with the
understanding of how pathology drives these impairments mechan-
istically, is still not well understood. Additionally, the neuroanatomy of
atrophy in PCA and IvPPA, while dissociable, seems to share the
overlapping involvement of posterior cortical regions extending into
the occipital lobe (Migliaccio et al., 2009; Warren et al., 2012). Here we
aimed to bring these lines of observation together in a study of the
relationship between amyloid, tau, and neurodegeneration (Jack Jr.
et al., 2018) and visual cognitive impairment across non-amnestic AD
syndromes of PCA and IvPPA.

Visual cognition is supported by two major cortical pathways: the
ventral and dorsal pathways. The ventral pathway, which extends from
the ventral visual association cortex through the occipitotemporal
cortex to the anterior temporal lobe and is responsible for conscious
visual perception of objects, faces, and colors (Mishikin et al., 1983).
The dorsal pathway, which extends from dorsal visual association
cortex to posterior parietal and frontal cortical regions, is thought to
differentiate into multiple pathways subserving visual attention, space
perception, and visually guided action (Kravitz et al., 2011). Although
deficits in higher-order visual information processing are observable
across the AD spectrum, it is unclear whether the deficits are dissociable
into those associated with impairments in dorsal or ventral cortical
visual pathways (Galton et al., 2000; Ross et al., 1996; Tsai et al.,
2011). A recent expert consensus classification proposes that the ma-
jority of PCA patients have dorsal stream deficits and a minority have
ventral stream deficits (Crutch, et al., 2017). Although one study of
early symptom clusters in PCA supports this view (Tsai et al., 2011), it
has not yet been investigated rigorously using psychometric tests and
tau PET imaging.

The focus of this study was to determine if visual cognitive task
performance supported by these posterior visual processing streams are
specifically associated with tau pathology in those regions measured by
tau (*8F-AV-1451) positron emission tomography (PET) and cortical
atrophy across two atypical phenotypes of AD. We aim to build on
several previously published studies that have demonstrated syndrome-
specific patterns of tau deposition using this PET tracer across the AD
syndromic spectrum (Day et al., 2017; Ossenkoppele et al., 2015a;
Ossenkoppele et al., 2015b; Ossenkoppele et al., 2016; Xia et al., 2017),
and would build on that work to clarify our understanding of how tau
pathology and neurodegeneration in atypical variants of the AD syn-
drome impact visuospatial cognition. In relation to this primary aim, we
also endeavored to improve clinical characterization of visual cognitive
deficits across the AD syndromic spectrum by creating a visual cogni-
tive rating scale to serve as an adjust to the standard Clinical Dementia
Rating (CDR) scale utilized frequently in clinical research. We also
performed an exploratory analysis of whether amyloid, tau, and
atrophy have both dissociable localization and partially overlapping
localization in these two non-amnestic presentations of AD. In light of
previous work suggesting that tau and atrophy appear in parallel (Jack
Jr. et al., 2002), and that the impact of tau pathology on cognition may
be mediated by grey matter loss (Bejanin et al., 2017), a secondary aim
was to compare associations between visual cognition and tau pa-
thology to associations between visual cognition and cortical atrophy,
and investigate to what extent cortical atrophy mediates the relation-
ship between tau pathology and visual cognitive task performance.
Building on work that has linked visual dysfunction in both PCA and
IvPPA to posterior parietal dysfunction, these non-amnestic AD patients
were investigated together in pooled analyses to leverage a wide range
of performance on the visual cognitive tasks and range of posterior
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Table 1

Clinical and demographic characteristics. The mean (SD) is presented for each
continuous demographic factor. * indicates a statistically significant difference
(p < 0.05) between PCA and IvPPA groups. M = Male; F = Female, R = Right
Handed; L = Left Handed; FLR DVR = Frontal-Lateral-Retrosplenial
Distribution Volume Ratio. CDR = Clinical Dementia Rating. VIR = Visual
Impairment Rating.

Demographic ALL (N =16) PCA 1IvPPA
(N =10) (N=6)
Age (years) 66.6 (7.8) 66.1 (9.4) 67.3 (4.7)
Sex (Male: Female) 5M: 11F 3M: 7F 2M: 4F
Education (years) 16.7 (2.3) 17.2 (1.4) 15.8 (3.4)
Handedness (R:L) 14R: 2L 9R: 1L 5R: 1L
Symptom duration (years) 4.0 (1.1) 4.0 (0.8) 4.0 (1.5)
Amyloid PET FLR DVR 1.6 (0.2) 1.6 (0.2) 1.7 (0.2)
CDR Global 0N =1) 0.5 (N = 6); ON=1)
05(N=10); 1(IN=4) 0.5 (N = 4);
1(N=5) I1IN=1)
CDR sum of boxes 3.6 (1.9) 4.3(1.9) 2.5 (1.5)
CDR supplemental language 0O(N=6) 0(N=6) 0.5(N=23)
0.5 (N =6) 0.5(N=23) 1N=2)
1(N=23) 1N=1) 2(N=1)
2(N=1)
VIR (Visual-cognitive impairment 0 (N = 5) 1(N=10) 0(N=05)
rating) 05(N=1) 05(N=1)
1 (N=10)

cortical dysfunction. We hypothesized that a traditional neuropsycho-
logical task designed to measure space perception (VOSP Number Lo-
cation) would be related to tau and atrophy in the right hemisphere
occipitoparietal cortex, while a neuropsychological task designed to
measure face perception (Benton Facial Recognition) would be related
to tau and atrophy in occipitotemporal cortex, including the fusiform
face area. We also performed a preliminary analysis of mediation to test
the hypothesis from the pathology literature that neurofibrillary tangles
drive neurodegeneration (at least in part), which causes cognitive im-
pairment (Giannakopoulos et al., 2003; Gomez-Isla et al., 1997; Terry
et al., 1991).

2. Methods
2.1. Participants

Sixteen individuals were recruited from the Massachusetts General
Hospital (MGH) Frontotemporal Disorders Unit PPA and PCA Programs
(Putcha et al., 2018). See Table 1 for full demographic data. All patients
received a standard clinical evaluation comprising a comprehensive
neurological and psychiatric history and exam, structured informant
interviews, and a neuropsychological battery including the National
Alzheimer's Coordinating Center (NACC) Uniform Data Set (UDS) ver-
sion 3.0 battery (See Table 2.), Frontotemporal Lobar Degeneration
(FTLD) module, and a battery focused on visuospatial cognition. Clin-
ical formulation was performed as we have described—through con-
sensus discussions in our multidisciplinary team—with each patient
being classified based on all clinical information as having mild cog-
nitive impairment or dementia (global clinical status), and then each
patient's cognitive-behavioral syndrome being diagnosed (Dickerson
etal., 2017). Ten patients met diagnostic criteria for PCA (Crutch, et al.,
2017; Mendez et al., 2002; Tang-Wai et al., 2004), and 6 patients met
criteria for IVPPA (Gorno-Tempini et al., 2011). Participants also un-
derwent neuroimaging sessions which included a high-resolution 3
Tesla MRI, ®F-AV-1451 positron emission tomography (tau PET), and
Pittsburgh Compound B (PiB) positron emission tomography (amyloid
PET) imaging. We only included patients in this study who had a po-
sitive amyloid PET scan, as assessed by visual read according to pre-
viously published procedures (Rabinovici et al., 2010), and met bio-
marker criteria for probable Alzheimer's disease (distribution volume
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Table 2

Neuropsychological Test Performance. All tests presented in this table are part
of the NACC UDS3 Battery and supplement FTLD module. The mean (SD) is
presented for each continuous demographic factor. * indicates a statistically
significant difference (p < 0.05) between PCA and IVPPA groups.
MOCA = Montreal Cognitive Assessment. NACC=National Alzheimer's
Coordinating Center. UDS = Unified Data Set. FTLD = Frontotemporal Lobar
Degeneration.

Test ALL PCA IvPPA
(N=16) (N =10) (N=6)
MOCA (out of 30) 17.1 (5.8) 18.3 (6.8) 15.2 (3.2)
Longest digit span forward 5.1 (2.1)* 6.0 (1.6) 4.0 (2.08)
Longest digit span backward 3.3(1.5) 3.5(1.4) 2.9 (1.6)
Longest spatial span forward 3.2(1.n)* 2.6 (0.5) 4301.49
Longest spatial span backward 2.9 (1.0)* 2.4 (0.5) 3.7 (1.3)
Craft story learning (/44) 9.3 (5.8) 11.6 (6.1) 6.0 (3.7)
Craft story delayed recall (/44) 7.4 (6.5) 8.8 (7.5) 5.3 4.4
Craft story % retention 73.5 (33.6) 67.7 (37.2) 82.1 (28.2)
Benson figure copy (/17) 10.8 (6.4)* 3.5(1.3) 15.6 (1.4)
Benson figure delayed recall (/17) 4.5 (4.3)* 1.3 (1.5) 6.7 (4.2)
Letter fluency (F/L/A/S) 13*/14/12/ 17/16/14/ 9/11/6/10
16 18
Category fluency (Animals/ 12/7/8 13/7/10 10/8/6
Vegetables/Fruits)
Multilingual naming Test (/32) 19.8 (7.8) 18.4 (9.4) 22.0 (4.4)
Multilingual naming test with 25.3 (5.8) 25 (7.4) 26 (2.8)
semantic and phonemic cues
(/32)
Word picture matching (/20) 19.8 (0.4) 19.7 (0.5) 20.0 (0)
Semantic associates (/16) 15.9 (0.3) 15.8 (0.4) 16.0 (0)

ratio (DVR) > 1.2; Villeneuve et al., 2015a). We chose to analyze a
combined sample of PCA and 1vPPA in order to leverage the natural
heterogeneity and range in behavioral performance and tau signal in
posterior cortical regions across patients, which allows us to investigate
these brain-behavior relationships.

MRI, tau PET, and amyloid PET data from twenty-six cognitively
normal older adults (mean age = 67.8 * 4.5years, 13M/13F) was
used to determine the magnitude of imaging abnormalities in the pa-
tients. These individuals were evaluated rigorously using a structured
evaluation including the NACC UDS 3.0 as part of their participation in
the Massachusetts Alzheimer's Disease Center Longitudinal Cohort.
Clinical status was deemed cognitively normal for all control partici-
pants (CDR = 0) and neuropsychological performance was within
normal limits. They were also determined to have normal brain struc-
ture based on MRI and low cerebral amyloid based on a visual read and
quantitative analysis of amyloid PET (DVR < 1.1).

Individuals were excluded from this cohort if they had a primary
psychiatric or other neurologic disorder. This work was carried out in
accordance with The Code of Ethics of the World Medical Association
(Declaration of Helsinki) for experiments involving humans. All parti-
cipants and their informants/caregivers provided informed consent in
accordance with the protocol approved by the Partners HealthCare
Human Research Committee Institutional Review Board in Boston,
Massachusetts.

2.2. Visual-cognitive Impairment Rating (VIR)

We developed the Visual-cognitive Impairment Rating (VIR) scale to
characterize the clinical severity of patients in the visual cognitive
domain. The format of the rating scale is similar to a Clinical Dementia
Rating (CDR) scale (Morris, 1993), and is meant to be used as an ad-
junct to the existing CDR scale. The VIR is designed to capture the
overall level of visual-cognitive impairment as it relates to cerebral
dysfunction, such as visual object agnosia, prosopagnosia, visuo-
perceptual impairment, simultanagnosia, hemispatial neglect, hemi-
anopsia, or cortical blindness, that are not attributed to primary ocular
or extra-ocular movement dysfunction or cognitive impairment in non-
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visual domains. The VIR was rated by integrating information about
visual-cognitive symptoms in daily life and visuoperceptual and visual-
cognitive abnormalities on examination, without knowledge of neu-
ropsychological test performance. VIR ratings of all participants in this
study, as well as CDR ratings, were conducted by a neurologist (S.M.M,
B.C.D, or M.C.E.), and were based on a semi-structured patient and
informant interview and a neurologic examination of the patient that
specifically includes evaluation of cortical visual dysfunction. VIR rat-
ings were as follows: 0 = clinically normal, 0.5 = questionable/very
mild impairment, 1 = mild impairment, 2 = moderate impairment,
3 = severe impairment, and reported in Table 1 along with CDR scores.
VIR scoring guidelines are detailed in Supplementary Material Table 1.

2.3. Visual cognitive tasks

Within a maximum of four months from the PET and MR scans, all
participants underwent a neuropsychological task battery assessing vi-
sual-cognitive skills. We chose to include two tasks in the current
analysis — one that has been associated with dorsal visual stream pro-
cessing: Visual Object Space Processing battery (VOSP): Number
Location Test (Warrington and James, 1991), and one that has been
associated with ventral visual stream processing: the Benton Facial
Recognition Test (Benton and Van Allen, 1968). In the VOSP Number
Location test, ten arrays are presented and each array is comprised of
two squares arranged one above the other. The top square contains
numbers arranged randomly. The bottom square contains only a black
dot. The patient is asked to verbally identify which number corresponds
to the same spatial location as the black dot. Each correct identification
earns one point (maximum 10). In the Benton Facial Recognition test,
patients are shown arrays of black and white faces, and asked to match
a sample face to either one out of six sample faces, or three out of six
sample faces shown in different lighting and orientation conditions.
Each correctly identified face earns one point (maximum 27). Percent
correct and normative data for each test based on age- and education-
based published norms (Herrera-Guzman et al., 2004; Spreen and
Strauss, 1991) are reported. Performance differences between PCA and
IvPPA subgroups were investigated using independent samples t-tests.
The association between neuropsychological performance and mea-
sures of tau and cortical thickness were investigated using Pearson's
bivariate correlations. For these analyses, as well as routine group
comparisons on demographic factors, p values < .05 were considered
statistically significant. Primary hypothesis-driven analyses were con-
ducted on just two tests of interest with no corrections for multiple
comparisons applied. Statistical analyses were conducted in IBM SPSS
Version 24.0 (Armonk, NY).

2.4. Neuroimaging data acquisition and analysis

All sixteen patients underwent 18F.AV-1451 (tau) and ''C-
Pittsburgh Compound B (amyloid) PET scans. The '®F-AV-1451 radio-
tracer was prepared at MGH with a radiochemical yield of 14% = 3%
and specific activity of 216 * 60 GBq/umol (5837 * 1621 mCi/umol)
at the end of synthesis (60 min) and validated for human use (Shoup
et al, 2013). Scans were acquired from 80 to 100 min after a
10.0 * 1.0mGi bolus injection in 4 x 5 min frames. The ''C-PiB PET
radiotracer was acquired with an 8.5 to 15 mCi bolus injection followed
immediately by a 60-min dynamic acquisition in 69 frames (12 X 15
seconds, 57 X 60 seconds). All PET data were acquired using a Sie-
mens/CTI (Knoxville, TN) ECAT HR+ scanner (3D mode; 63 image
planes; 15.2 cm axial field of view; 5.6 mm transaxial resolution and
2.4 mm slice interval). Data were reconstructed and attenuation cor-
rected; each frame was evaluated to verify adequate count statistics;
interframe head motion was corrected prior to further processing.

All patients also underwent a high-resolution MRI scan (Siemens
TIM Trio 3.0 Tesla) with an average time delay of 23 + 21 days from
PET scans, and included acquisition of T1-weighted multi-echo
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magnetization prepared rapid acquisition gradient echo (MPRAGE)
structural images. The MRI analysis methods employed here have been
previously described in detail (Dale et al., 1999; Fischl et al., 2004),
including cortical thickness processing and spherical registration to
align subjects' cortical surfaces. Visual inspection confirmed accurate
registration between anatomical and PET volumes. To evaluate the
anatomy of PET binding, each individual's PET data set was rigidly co-
registered to the subject's MPRAGE data using SPM8 (Wellcome De-
partment of Cognitive Neurology, Function Imaging Laboratory,
London). Similar to a previous report, ®F-AV-1451 specific binding was
expressed as the standardized uptake value ratio (SUVR) using the
whole cerebellar grey matter as a reference (Johnson et al., 2016). e
PiB PET data were expressed as the distribution volume ratio (DVR)
with the cerebellar grey matter as a reference (Becker et al., 2011),
where regional time-activity curves (TAC) were used to compute re-
gional DVRs for each ROI using the Logan graphical method applied to
data from 40 to 60 min after injection. PET data were not partial vo-
lume corrected and were performed using geometric transform matrix
as implemented in FreeSurfer stable release version 6.0.

Using methods we have previously published (Makaretz et al., 2018;
Xia et al., 2017), whole cortex general linear models (GLM) were cre-
ated to determine where tau, amyloid, and cortical atrophy were pre-
sent in PCA and IvPPA patients separately, compared to a control group
using FreeSurfer version 6.0. We also generated group overlap maps in
each imaging modality. Effect size maps from the GLMs were created,
and thresholds were adjusted based on which modality was examined
for illustrative purposes (gamma > 0.8 for tau PET, > 0.3 for cortical
atrophy, and > 0.4 for amyloid PET). Then, to determine if visual task
performance was related to tau, amyloid or cortical atrophy in hy-
pothesized regions, statistical surface maps were generated by com-
puting a GLM for the effects of the task performance on each imaging
variable at each vertex point on the cortical surface, controlling for age.
This analysis was implemented using mri glmfit with task scores as the
independent variables of interest and tau PET SUVR, amyloid PET DVR,
or cortical thickness as the dependent variable, controlling for age.
Given our relatively small sample size and specific a priori hypotheses,
an uncorrected statistical threshold of p < 0.01 was set.

As mentioned above, we also aimed to determine if cortical thick-
ness mediates the relationship between tau and visual task performance
(Bejanin et al., 2017). To do this, we created overlap maps that included
only vertices that showed a significant association between cognitive
performance and both tau PET and cortical thickness (at p < 0.01).
The mean tau PET SUVR and cortical thickness measures were then
extracted from the overlapping region of interest and used to perform
mediation analysis, conducted separately for each task using multiple
regression in SPSS version 24. In Step 1, task performance was re-
gressed on tau SUVR to examine the total effect of tau on task perfor-
mance. In Step 2, cortical atrophy was regressed on tau SUVR. In Step 3,
we performed multiple regression analysis where we regressed task
performance on both tau SUVR and cortical atrophy. In Step 4, we
compared the standardized regression coefficients (beta) of the tau
SUVR predictor computed at Step 1 (total effect) and Step 3 (direct
effect) to determine the amount of mediation by cortical atrophy. As
age, sex, and education did not appear to be confounds based on non-
significant bivariate correlations with either the independent or de-
pendent variables, these demographic factors were not included in the
mediation analysis.

3. Results

3.1. Clinical characteristics and cognitive performance in non-amnestic AD
Table 1 shows sample characteristics. With regard to global clinical

status, the patients included in this study were either classified as

having mild cognitive impairment (CDR = 0.5) or mild dementia
(CDR = 1). One exception was a very mild lvPPA patient who had a
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Fig. 1. Visual cognitive task performance in non-amnestic AD. The PCA group
performed worse than the IvPPA group on both tasks: one thought to target the
dorsal visual stream (VOSP Number Location), and one thought to target the
ventral visual stream (Benton Facial Recognition). * indicates group differences
atp < 0.05.

global CDR of 0, though this patient was rated with focal language
deficits (CDR = 1 on the supplemental language box) impacting the
CDR community affairs box score (0.5). There were no differences be-
tween PCA and 1lvPPA groups on any clinical or demographic variable,
except for the expected differences on domain-specific ratings of im-
pairment in the language domain (CDR supplemental Language box
score), where lvPPA patients were rated as more impaired compared to
PCA, and in the visual-cognitive domain score (VIR), where PCA pa-
tients were more impaired than IvPPA.

Performance on the VOSP Number Location and Benton Facial
Recognition tests (Fig. 1) revealed that the PCA patients performed
worse than the lvPPA patients: on the VOSP Number Location Test,
mean % correct was 33.7 + 11.9 in the PCA group, and 81.7 + 18.3
in the IvPPA group (t = 5.9, df = 12, p = 0.00007), and on the Benton
Facial Recognition Test, mean % correct was 67.7 = 10.4 in the PCA
group, and 84.6 + 8.6 in the IvPPA group (t= 3.2, df =12,
p = 0.009). Normatively, the PCA group was severely impaired (z-
score = —4.3 + 0.91) and the IvPPA group was intact (z-
score = —0.70 * 1.4) on the VOSP Number Location test. Never-
theless, there was a range of performance within each group as shown
in scatterplots (Fig. 3 and Fig. 4). At the individual level, all PCA pa-
tients and two 1vPPA patients performed under the cutoff for clinical
impairment (z < —1.5). On the Benton Facial Recognition Test, the
PCA group was moderately impaired (z-score = —2.6 + 1.5), and the
IvPPA group was intact (z-score = —0.20 *+ 1.0) compared to nor-
mative data. Individually, 7 out of 8 PCA patients and no IvPPA patients
performed under the cutoff for clinical impairment (z < —1.5).
However, 2 out of 6 IvPPA patients had z-scores less than —1.2, in-
dicating vulnerability on this test. Symptom duration was not related to
performance on either task (all p > 0.5). Age, education, and sex were
not related to performance on either task (allp > .10). Performance on
the two tasks was highly correlated in the whole group (r = 0.76,
p = .003), but not correlated when examined within each syndromic
subgroup separately (PCA: r = 0.52, p = .23; lvPPA: r = 0.41, p = .42).

On the remainder of the testing battery (See Table 2), PCA patients
demonstrated better performance compared to IvPPA patients on an
auditory attention task (Digit Span Forward; t = 2.5, p = 0.02) and
letter fluency (F words; t = 3.8, p = 0.003), but performed more poorly
compared to the IvPPA group on spatial attention (Spatial Span For-
ward; t = —2.8, p = 0.01) and spatial working memory (Spatial Span
Backward, t = —2.5, p = 0.03) tasks. PCA patients also performed
worse than IvPPA on the Benson Figure Copy (t= —14.08,
p = 0.000006) and Delayed Recall (t = —2.4, p = 0.04), and 6 out of
10 of the PCA patients were so impaired that they could not attempt the
task. PCA patients performed comparably (p > 0.05) to the lvPPA
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A. Tau PET

5,000

PCA Overlap

B. Cortical Atrophy

Overlap

C. Amyloid PET

-5.000 4

Overlap IVPPA

Fig. 2. Tau (*®F-AV-1451) PET, amyloid (**C-PiB) PET, and Cortical Atrophy in
non-amnestic AD. A. Maps of cortical tau PET in PCA (left), IvPPA (right), and
areas of overlap common to the two groups (center), compared to age-matched
control participants. Effect size, calculated by FreeSurfer as gamma, is dis-
played, with minimum threshold set to 0.8. B. Maps of cortical thickness in PCA
(left), IvPPA (right), and areas of overlap atrophy common to the two groups
(center), compared to age-matched control participants. Effect size (gamma) is
displayed, with minimum threshold set to 0.3. C. Maps of cortical amyloid PET
in PCA (left), IvPPA groups (right), and areas of overlap amyloid PET signal
common to the two groups (center), compared to age-matched control parti-
cipants. Effect size (gamma) is displayed, with minimum threshold set to 0.4.
Thresholds were selected for illustrative purposes.

group on an auditory-verbal working memory task (Digit Span Back-
ward), and on the Craft story memory learning, recall, and recognition.
No individual in either PCA or IvPPA group demonstrated impairment
on two basic visual recognition tests (Word Picture Matching and Se-
mantic Associates), demonstrating intact basic visual function neces-
sary for object recognition and semantic memory.

3.2. Tau PET, cortical atrophy, and amyloid PET signal are distinct but
overlapping in PCA and lvPPA

We explored the localization of tau, amyloid, and atrophy in the
cerebral cortex of the two groups, as well as the overlap between both
groups. This exploration was meant to illustrate areas of common and
distinct pathology between these groups, as well as the relationships of
the imaging measures to each other. Compared to age-matched control
participants, maps of cortical tau in PCA (Fig. 2A, left) revealed occi-
pital, ventral and posterolateral temporal, lateral parietal, precuneus,
and posterior cingulate cortex tau pathology with a slight rightward
predominance. In contrast, maps of cortical tau in IvVPPA (Fig. 2A, right)
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revealed left greater than right tau pathology in lateral temporal, lateral
parietal, precuneus, and posterior cingulate cortices. Tau pathology
common to both PCA and IvPPA groups (Fig. 2A, central) is in bilateral
posterolateral temporal, inferior parietal, precuneus, and posterior
cingulate cortex. Compared to age-matched control participants, maps
of cortical thickness in PCA patients (Fig. 2B, left) revealed a pattern
very similar to the localization of tau pathology in this group. Cortical
thickness maps in lIvPPA patients (Fig. 2B, right) revealed atrophy that
again was localized in a manner that closely corresponded to tau pa-
thology but extended more anteriorly in the temporal cortex. The lo-
calization of cortical atrophy common to both PCA and IvPPA groups is
small (Fig. 2B, central), and observed primarily in posterolateral tem-
poral, inferior parietal, and posterior cingulate cortices. Lastly, com-
pared to control participants, maps of amyloid PET revealed a stereo-
typed pattern in both PCA (Fig. 2C, left) and 1vPPA groups (Fig. 2C,
right), adhering to the typical spatial localization of amyloid and in-
cluding large regions of the lateral temporal, medial parietal, and
medial and lateral frontal lobes. Areas of overlap common to PCA and
IvPPA comprised medial and lateral frontal lobes and medial parietal
cortex.

3.3. Visual cognitive task performance associated with tau and atrophy in
posterior visual processing regions

Performance on the VOSP Number Location, a test hypothesized to
measure spatial attention, was correlated with tau PET in bilateral vi-
sual association areas, right hemisphere superior parietal cortex, and
predominantly right hemisphere lateral and medial occipitotemporal
cortex, such that increased tau signal in these regions was associated
with decreased task performance after controlling for age (Fig. 3A). No
associations between task performance and tau signal was observed in
anterior temporal or frontal lobe regions. Task performance was also
strongly correlated with cortical thickness in largely the same regions
(Fig. 3B). No regions showed significant associations between task
performance and amyloid PET after controlling for age (Supplementary
Material Fig. 1, left). Performance on the Benton Facial Recognition
test, hypothesized to measure face perception, was negatively asso-
ciated with tau PET in bilateral visual association areas and right
hemisphere fusiform gyrus, but also in predominantly right hemisphere
superior parietal cortex and intraparietal sulcus, such that increased tau
in these regions was associated with decreased task performance after
controlling for age (Fig. 4A). Task performance was also positively as-
sociated with cortical thickness in largely the same regions (Fig. 4B). No
regions showed significant associations between task performance and
amyloid PET after controlling for age (Supplementary Material Fig. 1,
right). As neither sex nor education was related to performance on ei-
ther visual cognitive task, inclusion of these factors as covariates in
these regression analyses did not change the results.

3.4. Cortical atrophy partially mediates the relationship between tau
pathology and VOSP number location performance

We conducted a preliminary mediation analysis with a strong a
priori hypothesis that cortical atrophy would partially mediate the re-
lationship between tau PET and visual cognitive performance. We
created overlap maps that included vertices where both tau and cortical
atrophy were associated with VOSP Number Location performance
(Fig. 5A, center). The mean tau SUVR and cortical thickness measures
were then extracted from this overlapping region of interest and used to
perform mediation analysis (Fig. 5B). As shown in Supplementary
Material Fig. 2, SUVR was strongly correlated with cortical thickness
measures from this overlap region of interest (r = —0.79, p = 0.0002).
Both tau PET and cortical atrophy demonstrated strong independent
relationships with task performance as discussed above. Partial corre-
lation analysis showed that the association between tau PET and per-
formance on the VOSP Number Location test remained significant, but
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Fig. 3. Impaired performance on the VOSP Number Location test is associated
with elevated tau and atrophy in dorsal and ventral visual cortical regions.
Whole cortex general linear models demonstrate that (A) tau PET signal and (B)
cortical thickness were associated with performance in topographically similar
regions in predominantly right hemisphere posterior parietal and ventral oc-
cipitotemporal cortex, after controlling for age. Results show maps of statistical
significance values, thresholded at p < 0.01. Scatterplots illustrate the effects
depicted in the maps, with values derived from the entire correlated region
shown for each modality. These examples show robust relationships between
impaired VOSP Number Location performance and (C) elevated tau signal
(r=-0.89, p=0 00002) as well as (D) cortical atrophy (= 0.92,
p = 0.000003).

to a lesser degree, when cortical thickness was taken into account
(8 = —0.47, p = 0.02; Supplementary Material Fig. 3). In sum, our
mediation analysis revealed both direct and atrophy-mediated re-
lationships between tau pathology and VOSP Number Location per-
formance (Fig. 5B). We repeated the same analysis for the tau PET and
atrophy correlates of Benton Facial Recognition task performance. The
associations between Benton Facial Recognition performance and tau
pathology (8 = -0.79, p = 0.001) as well as between Benton Facial
Recognition performance and cortical thickness (8 =0.74, p = 0.004)
were very similar, and the tau PET SUVR was very strongly negatively
correlated with cortical thickness (r = —0.82, p = 0.00009). Because
of this very high degree of correspondence, when we examined the
partial correlations between tau PET SUVR and performance on the
Benton Facial Recognition test when cortical thickness was taken into
account, this relationship was no longer significant (8 = —0.57,
p = 0.14). In fact, the relationship between cortical thickness and
Benton Facial Recognition performance was also no longer significant
(8 = —0.26, p = 0.47), despite the overall regression model explaining
65% of the task variance with both predictors entered (F = 9.1,
p = 0.006). This suggests that our measures of tau pathology and cor-
tical atrophy in this analysis shared too much variance to disentangle
the unique variance of each contributor to predicting task performance.
As such, our mediation analysis on the Benton Facial Recognition task
revealed only direct effects of tau PET on task performance, as well as
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Fig. 4. Impaired performance on the Benton Facial Recognition test is asso-
ciated with elevated tau and atrophy in ventral and dorsal visual cortical re-
gions. Whole cortex general linear models demonstrate that (A) tau PET signal
and (B) cortical thickness were associated with performance in occipito-
temporal cortex, as well as right hemisphere posterior parietal lobule, after
controlling for age. Results show maps of statistical significance values, thre-
sholded at p < 0.01. Scatterplots illustrate the effects depicted in the maps,
with values derived from the entire correlated region shown for each modality.
These examples show robust relationships between impaired Benton Facial
recognition performance and (C) elevated tau signal (r = —0.79, p = 0 001) as
well as (D) cortical atrophy (r = 0.74, p = 0.004).

cortical atrophy on task performance, but not a mediating effect of
atrophy. Inclusion of age, sex, and education as covariates did not
change the outcome of the model.

4. Discussion

PCA and lvPPA syndromes represent non-amnestic presentations of
AD that are associated with partially overlapping clinical, neuroana-
tomical, and pathological profiles (Warren et al., 2012). Although
deficits in higher-order visual processing are observable across the AD
syndromic spectrum, it has so far been unclear whether the deficits are
clearly attributable to dysfunction of dorsal or ventral visual pathways,
or both (Galton et al., 2000; Ross et al., 1996; Tsai et al., 2011). Here
we hypothesized specific regional associations between performance on
visual cognitive tasks and imaging markers of tau PET and cortical
atrophy, but not amyloid PET. We further hypothesized that cortical
atrophy would partially mediate the relationship between tau and task
performance, based on previous work suggesting the parallel processes
of tau deposition and grey matter volume loss in AD (Gomez-Isla et al.,
1997; Jack Jr. et al., 2002; Whitwell et al., 2008).

We first explored amyloid, tau, and neurodegeneration in these two
clinical phenotypes of AD to examine whether we could observe both
dissociable and overlapping regions of pathology when these two var-
iants were compared. In PCA, we found that tau and cortical atrophy
were closely co-localized in bilateral dorsal occipital and superior
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Fig. 5. Cortical atrophy partially mediates the relationship between tau pa-
thology and visual cognitive task performance on VOSP Number Location. Tau
PET and cortical atrophy measurements from the overlap region (A, center)
were included in the mediation model to predict visual cognitive task perfor-
mance. Filled arrows represent significant effects of the mediation analysis (B),
indicating both direct and indirect effects of tau pathology on VOSP task per-
formance.

parietal cortex and precuneus, as well as in lateral and medial ventral
occipital and posterior ventral temporal cortex, with a slight right
hemisphere predominance. In lvPPA, we found that tau pathology and
cortical atrophy were closely co-localized with each other in lateral
temporal, inferior parietal, and precuneus cortical regions with a left
hemisphere predominance. The subgroups showed some overlap in
regions affected by tau pathology and atrophy, primarily in poster-
olateral temporal, inferior parietal, and medial parietal regions, ex-
panding on prior reports in these AD variants using similar imaging
markers (Ossenkoppele et al., 2015b; Ossenkoppele et al., 2016; Xia
et al., 2017). In contrast, amyloid was found in widespread regions of
frontal, lateral temporal, lateral parietal, and precuneus cortices in both
groups, with a high degree of overlap between PCA and 1vPPA amyloid
PET maps, consistent with many previously published studies demon-
strating that amyloid PET does not distinguish patients with distinct
clinical syndromes at the symptomatic stage of the disease (Day et al.,
2017; de Souza et al., 2011; Ossenkoppele et al., 2016; Rosenbloom
et al., 2011; Xia et al., 2017).

As expected, our PCA patients were rated as functionally impaired
on our novel Visual-cognitive Impairment Rating (VIR) scale. Their
impairments on visual cognitive task performance—obtained in-
dependently of the VIR—provide convergent validity for the VIR.
Regarding the visual cognitive tasks, our PCA patients demonstrated
impairment on both visuospatial cognition tasks of spatial attention and
facial recognition, and these task impairments were correlated. That is,
our sample does not demonstrate very dissociable performance on these
tests. These results do not support previous reports on individuals with
PCA that have suggested a greater dorsal compared to ventral visual
stream dysfunction (Tsai et al., 2011). We did not have a sample size
sufficient to directly address the question of increasing ventral stream
dysfunction with more progressed stages of the disease, though this
remains an important topic of future investigation. Importantly, none of
our patients demonstrated impairment on basic tests of visual object
matching (word picture matching, semantic associates), indicating that
they did not have early visual perceptual or associative processing
impairments that might have had global effects on these higher-order
visual cognitive tests.
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We demonstrated that visual cognitive impairment was related to
both tau burden and cortical atrophy, such that worse task performance
was related to increased tau burden and cortical atrophy in pre-
dominantly right hemisphere occipital, superior parietal, and ventral
occipitotemporal regions for both the “dorsal” space perception task as
well as the “ventral” facial recognition task. Though we did not observe
the regional specificity we hypothesized, we did identify right hemi-
sphere predominance as would be expected of the neuroanatomical
substrates supporting visual cognitive task performance. One previous
study which found regional relationships between cortical atrophy and
space perception deficits compared to object perception deficits in PCA
(Lehmann et al., 2011) also observed a large amount of common cor-
tical atrophy across both dorsal and ventral deficit groups when com-
pared to age-matched control participants, such that the group with
predominantly ventral dysfunction also demonstrated atrophy in dorsal
regions and vice versa. This is consistent with our findings in the cur-
rent study, as we observed some associations between our “dorsal” task
and ventral pathology, and some associations between our “ventral”
task and dorsal pathology. We interpret this finding to reflect the fact
that visual cognitive tasks used in clinical settings often do not purely
target the function they are designed to isolate. Specifically, the VOSP
Number Location test is a test of spatial attention, but also requires an
individual to accurately recognize numbers, which is associated with
bilateral fusiform and lingual regions of the ventral object recognition
stream (Knops, 2017). Similarly, though the Benton Facial Recognition
test is designed to measure face recognition, it also requires an in-
dividual to scan through an array of faces and scan between target and
foils in order to answer correctly, functions that rely heavily on dorsal
attention systems. There are well documented connections between the
two streams in the macaque (Borra et al., 2008; Borra et al., 2010),
purported to integrate disparate information from each visual stream
together to enable meaningful interactions with the environment
(Milner, 2017). We conclude that although the VOSP Number Location
test was designed to measure space perception, it may also recruit
functions supported by the ventral visual stream. Similarly, though the
Benton Facial Recognition test is a measure of face perception, it may
also relies on intact functioning of the dorsal attention system. Another
likely possibility is that our sample may not be representative of the full
spectrum of visual cognitive deficits. That is, given the breadth of im-
pairment observed on dorsal stream tasks with relative preservation of
ventral stream tasks (visual object recognition on tests of semantic as-
sociates, word-picture matching), the majority of our PCA sample may
be predominantly impaired in the dorsal regions without enough ven-
trally-impaired individuals to fully test this dorsal vs. ventral dissocia-
tion.

We did not observe any significant regional associations between
amyloid PET and visual cognitive task performance, further supporting
the neuropathological observations that the localization of amyloid
plaques does not contribute strongly to cognitive impairments (Nelson
et al.,, 2012). In contrast, the associations between task performance
and tau burden were quite strong and regionally specific, similar to
cortical atrophy correlates, consistent with previous studies showing
the close correspondence between tau and neurodegeneration as the
likely drivers of cognitive impairments (Bejanin et al.,, 2017;
Ossenkoppele et al., 2015b; Xia et al., 2017). These results support a
large body of previous neuropathological and in vivo work demon-
strating that neurofibrillary tangle pathology is closely associated with
neuronal loss, and likely a main driver of cognitive changes in AD
(Giannakopoulos et al., 2003; Gomez-Isla et al., 1997; Terry et al.,
1991). Our mediation analysis confirmed that cortical atrophy is a
partial mediator of the relationship between tau pathology and per-
formance on the VOSP Number Location test, such that tau pathology
has an independent association with visuospatial cognition, but also has
an indirect effect on cognition via cortical atrophy. However, we did
not observe a mediation effect when examining predictors of perfor-
mance on the Benton Facial Recognition test, as our measures of tau
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deposition and cortical atrophy were much more tightly correlated in
relation to this task than with the VOSP Number Location analysis,
making it impossible to tease apart the relative contributions of each
biomarker. This finding of the partially mediating role of cortical
atrophy is generally consistent with previous work showing a similar
mediating role of grey matter loss in the relationship between tau and
performance on broad cognitive domains (Bejanin et al., 2017) as well
as the mediating role of glucose metabolism (**F-FDG PET) in the re-
lationship between tau and global cognition in AD (Saint-Aubert et al.,
2016). Taken together, these studies all emphasize the role of neuro-
fibrillary tangle pathology as the main driving factor of AD-related
neurodegeneration, which in turn has been shown to more proximally
impact cognitive performance (Terry et al., 1991). The only previous
study to our knowledge to have examined the relative contributions of
grey matter volume and tau deposition specifically in relation to vi-
suospatial cognition, Bejanin et al., 2017, observed a full mediation of
grey matter in explaining the relationship between tau and task per-
formance. The difference in strength of mediation observed (partial vs.
full) may be attributed in part to the difference in how visuospatial
cognition was defined, as their outcome measure was a composite score
including both the VOSP Number Location test and a test of visuo-
construction (Benson Figure Copy), both purportedly relying pre-
dominantly on the dorsal stream. Alternatively, as Bejanin et al., 2017
also included a cohort of individuals with the amnestic syndrome of AD
in addition to PCA and IvPPA patients, this difference could also be
attributed to varying co-pathologies that may be more common in older
age and may vary across AD syndromic groups (e.g., microvascular
disease (Villeneuve et al., 2015b). Of note, Bejanin et al., found the
same regions (predominantly right hemisphere middle occipital gyrus,
lateral and medial parietal cortex, and posterior temporal cortex) of tau
deposition and grey matter volume loss associated with poorer perfor-
mance on those visuospatial tasks, when they examined the amnestic
group alone. These observations together emphasize the importance of
these posterior cortical regions to visuospatial functions across the
syndromic spectrum of AD, as well as driving role of tau deposition and
its relation to neurodegeneration and visual cognitive decline.

Our study has some limitations. First, our study sample of 16 in-
dividuals was relatively small, and as such may have been under-
powered to detect the mediation effects that were hypothesized.
Reassuringly, the associations between task performance and markers
of tau and atrophy demonstrated a robust association and full range
with the patients included, suggesting that these effects are strong but
require replication in a larger sample. Second, as mentioned above, the
majority of our PCA patients were likely to be more impaired in dorsal
compared to ventral stream functions, and as such, our sample may
have lacked the full spectrum of visual cognitive impairments necessary
to tease apart the relative contributions of dorsal versus ventral visual
stream involvement in the tasks studied here. This too can be addressed
with a larger sample size in replication, although our anecdotal ex-
perience leads us to believe that isolated ventral variants of PCA are
relatively rare. Alternatively, perhaps a demanding task of visual object
matching which produces a full range of performance in PCA patients
may further assist in teasing apart dorsal versus ventral stream im-
pairment. A related consideration is that studying patients at even
earlier stages of their disease course (i.e., all CDR 0.5) may yield more
distinct regional localization of pathology that may separate dorsal and
ventral visual stream dysfunction. Another possibility is that we are
observing a compensatory upregulation of both visual streams in pa-
tients who are experiencing progressive neurodegeneration in regions
affecting visuospatial function, similar to what has previously been
shown with hippocampal hyperactivation in amnestic presentations of
AD (e.g., Putcha et al., 2011); future incorporation of functional neu-
roimaging into mediational models tested in this study may help dis-
tinguish the relative contributions of the dorsal and ventral visual
streams to visuospatial cognitive decline. Finally, the associations be-
tween tau pathology, cortical atrophy, and visual cognitive task
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performance reported in this study were cross-sectional and correla-
tional in nature. Causal relationships between these biomarkers of AD
pathology themselves and with visual cognitive decline requires long-
itudinal investigation.

In summary, we provide further evidence that PCA and IvPPA are
part of a continuous spectrum of heterogeneity in non-amnestic AD,
with the common feature of amyloid pathology in highly stereotyped
locations but tau and neurodegeneration in some specific overlapping
regions (posterolateral temporal, inferior parietal, posterior cingulate/
precuneus) but sparing medial temporal cortex, and thus, episodic
memory retention. The distinctive localization of tau and neurodegen-
eration to language or visual systems drives differences in the clinical
phenotypes. While tau and atrophy in visual cortical regions are clearly
two important co-localized contributors to visual cognitive dysfunction
in AD variants, cortical atrophy was found to have a partially mediating
effect on the association between tau pathology and visuospatial task
performance, while amyloid does not have a regionally specific asso-
ciation with visual cognitive task performance.
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