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Anterior dorsal attention network tau drives 
visual attention deficits in posterior cortical 
atrophy
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Posterior cortical atrophy (PCA), usually an atypical clinical syndrome of Alzheimer’s disease, has well-characterized pat
terns of cortical atrophy and tau deposition that are distinct from typical amnestic presentations of Alzheimer’s disease. 
However, the mechanisms underlying the cortical spread of tau in PCA remain unclear. Here, in a sample of 17 biomarker- 
confirmed (A+/T+/N+) individuals with PCA, we sought to identify functional networks with heightened vulnerability to 
tau pathology by examining the cortical distribution of elevated tau as measured by 18F-flortaucipir (FTP) PET. We then 
assessed the relationship between network-specific FTP uptake and visuospatial cognitive task performance. As pre
dicted, we found consistent and prominent localization of tau pathology in the dorsal attention network and visual 
network of the cerebral cortex. Elevated FTP uptake within the dorsal attention network (particularly the ratio of FTP up
take between the anterior and posterior nodes) was associated with poorer visuospatial attention in PCA; associations 
were also identified in other functional networks, although to a weaker degree. Furthermore, using functional MRI data 
collected from each patient at wakeful rest, we found that a greater anterior-to-posterior ratio in FTP uptake was asso
ciated with stronger intrinsic functional connectivity between anterior and posterior nodes of the dorsal attention net
work. Taken together, we conclude that our cross-sectional marker of anterior-to-posterior FTP ratio could indicate tau 
propagation from posterior to anterior dorsal attention network nodes, and that this anterior progression occurs in rela
tion to intrinsic functional connectivity within this network critical for visuospatial attention. Our findings help to clarify 
the spatiotemporal pattern of tau propagation in relation to visuospatial cognitive decline and highlight the key role of the 
dorsal attention network in the disease progression of PCA.
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Introduction
Posterior cortical atrophy (PCA) syndrome is defined clinically by a 

progressive decline in higher-order visuospatial and visuopercep

tual processing, often with elements of Gerstmann syndrome with 

relative preservation in other cognitive domains, and is associated 

with atrophy and hypometabolism in posterior parietal, temporal 

and/or occipital cortical regions.1–5 PCA is most commonly, but 

not always, associated with Alzheimer’s disease neuropathological 

changes [ADNC; including amyloid-β (Aβ) plaques, hyperphosphory

lated tau neurofibrillary tangles, tau-immunoreactive dystrophic 

neurites, neuronal loss and gliosis, etc.].6,7 It has been referred to 

as the visual variant of Alzheimer’s disease,8 and the localization 

of ADNC is more prominent in posterior cortical regions than in 

cases of typical amnestic Alzheimer’s disease dementia.9,10

Consistent with the clinical symptoms of PCA, previous tau PET 

studies have identified in vivo evidence of neurodegeneration (atro

phy or hypometabolism) that is co-localized with tau pathology 

most prominently in these posterior cortical regions.11–16

Although the unique spatial pattern of tau deposition has been 

characterized in PCA, the mechanisms underlying the cortical 

spread of tau in this syndrome remain relatively unclear. 

Capitalizing on large and heterogeneous samples, a recent tau PET 

study revealed four distinct spatiotemporal patterns of cortical tau 

distribution across the syndromic spectrum of Alzheimer’s dis

ease.17 One of these trajectories was characterized by early tau de

position in the occipital and posterior temporoparietal cortices 

with gradual anterior progression, although the link between this 

pattern of tau spread and the salient clinical symptoms of PCA 

has not been formally established. In the present study, we ad

dressed this gap in the literature by examining possible network- 

based mechanisms underlying tau propagation and its relation to 

visual cognitive symptoms in PCA.
Emerging multimodal neuroimaging evidence supports the hy

pothesis that pathological tau proteins spread through neuronal 
networks in human cerebral cortex.18 Multiple recent studies 
have focused on the link between tau accumulation and functional 
connectivity and have demonstrated that pairs of cortical regions 
with stronger intrinsic functional connectivity in the healthy brain 
exhibit higher covariance in tau accumulation in patients across 
the syndromic spectrum of symptomatic Alzheimer’s disease.19–21

Cortical regions showing stronger functional connectivity with 
high-tau regions (tau ‘hot spots’) also show high levels of tau accu
mulation.19 Furthermore, the magnitude of intrinsic functional 
connectivity is a stronger predictor of longitudinal cortical tau 
spread than the proximity (Euclidian distance) of the connected re
gions in Alzheimer’s disease.22

PCA is associated with disruption of several large-scale func
tional networks in the cerebral cortex, and the spatial topography 

of these networks overlaps with the localization pattern of tau in 
this clinical syndrome. Specifically, the visual network as well as 
the posterior regions of the dorsal attention (e.g. superior parietal 
lobule) and default (e.g. posterior cingulate cortex) networks have 
been reported as showing hypometabolism,23–26 atrophy,14,15,25,27

and structural and functional hypoconnectivity.27–31 The dorsal at
tention network (DAN), comprising key nodes including the super
ior parietal cortex, posterior middle temporal gyrus (area MT; MT+) 
and the caudal middle frontal gyrus (frontal eye fields; FEF),32,33

may be particularly important for PCA because of its critical role 
in visuospatial attention.

Although much of the prior research on PCA emphasizes the in
volvement of posterior cortical regions in this syndrome, addition
al evidence points toward dysfunction of the FEF, the core anterior 
node of the DAN. Prior reports describe FEF hypometabolism,23,26

hypoperfusion,34 and atrophy35 in PCA. Hypometabolism in the 
FEF in PCA has been interpreted as occurring secondary to degen
eration of the afferent input from occipitotemporal regions in
volved in visual processing and is thought to be the cause of 
oculomotor apraxia (impaired voluntary control of eye move
ments) in PCA.26 Neurodegeneration in PCA is first observed in 
posterior cortical regions. As the disease progresses, neurodegen
eration is then observed in anterior cortical regions. Given that lo
cal tau accumulation is thought to precede neurodegeneration in 
Alzheimer’s disease,36 the accumulation of tau also likely happens 
first in the posterior cortical regions, followed by accumulation in 
the more anterior regions. This is consistent with recent longitu
dinal evidence showing that PCA patients, who already had ele
vated tau in the occipital and posterior temporo-parietal areas, 
exhibited the highest annual rates of tau accumulation in the lat
eral frontal cortices.37 The degree of longitudinal tau accumula
tion was recently shown to be directly associated with the 
magnitude of intrinsic functional connectivity in PCA at the level 
of the whole cerebral cortex.21 Collectively, these findings provide 
support to the hypothesis that propagation of tau pathology from 
the posterior to the anterior cortical regions in PCA may be facili
tated by functional connectivity within the DAN, a network that 
plays a key role in the clinico-pathophysiology of PCA. That is, 
tau deposition begins in the posterior parietal and occipitotempor
al regions and over time propagates anteriorly to the FEF, accom
panied by progressive decline in visual attention. However, to 
our knowledge, no published study has examined the potential 
mechanisms of tau spread within specific brain networks relevant 
to the clinical symptomatology of PCA.

The goal of the current study was to identify functional net
works with heightened vulnerability to tau pathology in PCA by 
examining the cortical distribution of elevated tau pathology as 
measured by 18F-flortaucipir (FTP) PET within the context of a map
ping of networks in the healthy brain.38 We hypothesized that (i) 
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the majority of our PCA patients would exhibit FTP evidence of tau 
pathology in the visual network and posterior nodes of the DAN of 
the brain, consistent with visuospatial and visuoperceptual impair
ment that is characteristic of this syndrome. We further hypothe
sized that (ii) greater tau pathology within these functional 
networks would be associated with poorer visuospatial cognitive 
task performance across patients. In light of the recent evidence 
discussed above highlighting the dysfunction of the frontal nodes 
(FEF) of the DAN in PCA, we also investigated regional variability 
in FTP uptake within this network (i.e. anterior versus posterior 
nodes). Specifically, we developed a Tau Network Propagation 
Index, here computed as the anterior-to-posterior ratio in elevated 
FTP uptake. This is a putative, cross-sectional index of intranet
work tau spread measured at the individual participant level. We 
used this Tau Network Propagation Index to test the hypothesis 
that (iii) individual patients with a greater anterior-to-posterior ra
tio in FTP uptake in DAN, possibly reflective of spreading of tau 
within this network, would be more impaired in visuospatial cogni
tive task performance. Finally, to better understand the link be
tween tau accumulation and intrinsic functional connectivity 
within the DAN in PCA, we analysed functional MRI data collected 
at wakeful rest. We hypothesized that, across individual patients, 
(iv) the greater anterior-to-posterior ratio in FTP uptake (possibly 
indicative of more advanced tau propagation from the posterior 
to the anterior nodes) within the DAN would be associated with 
stronger intrinsic functional connectivity between these nodes of 
the same network.

Materials and methods
Participants

Seventeen amyloid-, tau-, and neurodegeneration-positive 
(A+/T+/N+)39 individuals diagnosed with PCA were included in 
this study, all of whom were recruited from the Massachusetts 
General Hospital (MGH) Frontotemporal Disorders Unit PCA pro
gram7,40 (see Table 1 for demographic and clinical data). All patients 
received a standard clinical evaluation comprising a structured his
tory obtained from both patient and informant, comprehensive 
neurological and psychiatric history as well as neuropsychological 
assessment. Clinical formulation was performed through consen
sus conference by our multidisciplinary team of neurologists, neu
ropsychologists, and speech and language pathologists, with each 
patient classified based on all available clinical information as hav
ing mild cognitive impairment or dementia (Cognitive Functional 
Status), cognitive-behavioural syndrome and likely aetiological 

diagnosis.6 All patients met diagnostic criteria for PCA2 and under
went neuroimaging sessions which included structural MRI, 
resting-state functional MRI, and 11C-Pittsburgh compound B (PiB) 
and FTP PET scans. Aβ positivity was determined by visual read ac
cording to previously published procedures41 as well as a summary 
distribution volume ratio (DVR) of frontal, lateral, and retrosplenial 
(FLR) regions greater than 1.2.42 We excluded a subset of patients 
from our analyses due to the lack of visuospatial cognitive data (n 
= 2, for brain–behaviour correlation analyses) or resting-state 
functional MRI data (n = 1, for FTP–connectivity correlation ana
lyses) (see below).

We included a group of amyloid-negative (Aβ−) cognitively nor
mal individuals, all of whom performed within normal limits on 
neuropsychological testing, had normal brain structure based on 
MRI and low cerebral amyloid based on quantitative analysis of 
PiB PET data (FLR DVR < 1.2), resulting in a cognitively normal sam
ple of 22 individuals (mean age = 68 ± 4.13, 11 male/11 female). This 
control sample was used as a reference for quantifying elevated FTP 
uptake in our patients. Individuals were excluded from our patient 
and control groups if they had a primary psychiatric or other neuro
logical disorder including major cerebrovascular infarct or stroke, 
seizure, brain tumour, hydrocephalus, multiple sclerosis, 
HIV-associated cognitive impairment or acute encephalopathy. 
This work was carried out in accordance with The Code of Ethics 
of the World Medical Association (Declaration of Helsinki) for ex
periments involving humans. All participants and their infor
mants/caregivers provided informed consent in accordance with 
the protocol approved by the MassGeneral Brigham HealthCare 
System Human Research Committee Institutional Review Board 
in Boston, Massachusetts.

Assessment of visuospatial cognition

Within a maximum of 72 days from the PET and MR sessions (mean 
interval = 15.9 ± 19.8), 15 of the 17 Aβ+ PCA patients underwent a 
neuropsychological test battery. Our focus in this study was to 
measure visuospatial attention, a common cognitive deficit charac
terizing PCA. To do this, we used the Visual Object Space Processing 
battery (VOSP) Number Location test.43 In this task, 10 arrays are 
presented and each array is comprised of two squares arranged 
one above the other. The top square contains numbers arranged 
randomly, whereas 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 identifi
cation earns one point, thus the possible score ranges from 0 to 
10. Participants who could not demonstrate adequate comprehen
sion of task instructions or adequate visual perceptual abilities ne
cessary to engage in this task were excluded from this study. 
Performance on the VOSP Number Location test has been asso
ciated with indices of regional tau deposition and atrophy in 
PCA.14,44 Our focus on the VOSP Number Location test was also in
formed by the observation that this measure had the greatest 
range in performance of all the tests administered in this study, 
enabling us to better measure brain–behaviour relationships 
(Supplementary Table 1).

Neuroimaging data acquisition and preprocessing

All participants underwent FTP and PiB PET scans. The FTP radio
tracer was prepared at MGH with a radiochemical yield of 14 ± 3% 
and specific activity of 216 ± 60 GBq/μmol (5837 ± 1621 mCi/μmol) 
at the end of synthesis (60 min) and validated for human use.45

Table 1 Clinical characteristics of patients with PCA likely due 
to Alzheimer’s disease

Demographics PCA (n= 17)

Age, years 68.7 ± 8.3
Sex, male/female 7/10
Education, years 17.0 ± 2.0
MoCA 19.2 ± 5.9
CDR 0.5 (n = 10), 1 (n = 6), 2 (n = 1)
CDR-SOBa 6.2 ± 4.8
PiB FLR DVR 1.9 ± 0.3

CDR = Clinical Dementa Rating scale; MoCA = Montreal Cognitive Assessment; PiB 

FLR DVR = Pittsburgh compound B frontal-lateral-retrosplenial distribution volume 

ratio; SOB = Sum of Box scores. 
aBased on n = 16.

http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac245#supplementary-data
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The PiB radiotracer was prepared as described previously,46 with 
minor modifications. All PET data were acquired using a Siemens/ 
CTI (Knoxville, TN) ECAT HR+ scanner: 3D mode, 63 imaging planes, 
15.2 cm axial field of view, 5.6 mm transaxial resolution and 2.4 mm 
slice interval. FTP PET images were acquired from 80 to 100 min 
after a 10.0 ± 1.0 mCi bolus injection in 4 × 5 min frames. PiB PET 
images were acquired with an 8.5–10.5 mCi bolus injection followed 
immediately by a 60 min dynamic acquisition in 69 frames (12 × 
15 s, 57 × 60 s). All PET data were reconstructed and attenuation cor
rected; each frame was evaluated to verify adequate count statis
tics; interframe head motion was corrected prior to further 
processing.

MRI data were acquired from each participant using a Siemens 
Tim Trio 3.0 Tesla scanner, which included a structural MRI scan 
using a T1-weighted multi-echo magnetization prepared rapid ac
quisition sequence [MEMPRAGE; repetition time (TR) = 2530 ms, 
echo times (TEs) = 1.64/3.5/5.36/7.22 ms, flip angle (FA) = 7°, slice 
thickness = 1 mm, field of view (FoV) = 256 mm, 0% slice gap) as 
well as a functional MRI scan at wakeful rest using an echo-planar 
imaging sequence (TR = 5000 ms, TE = 30 ms, FA = 90°, slice thick
ness = 2 mm, FoV = 256 mm, 0% slice gap, 76 volumes).

Each participant’s MEMPRAGE data underwent intensity nor
malization, skull stripping, and an automated segmentation of 
cerebral white matter to locate the grey–white boundary via 
FreeSurfer v6.0, which is documented and freely available for 
download online (http://surfer.nmr.mgh.harvard.edu). Defects in 
the surface topology were corrected47 and the grey/white boundary 
was deformed outward using an algorithm designed to obtain an 
explicit representation of the pial surface. We visually inspected 
each participant’s cortical surface reconstruction for technical ac
curacy and manually edited it when necessary. Whole-cortex 
maps of cortical thickness (estimated by the distance between 
the white and pial surfaces at each vertex) were registered to a 
template surface space (fsaverage) and smoothed geodesically 
with full-width-half-maximum (FWHM) of 10 mm.

We performed further processing of FTP PET data via the 
PetSurfer tools.48,49 Each participant’s FTP PET data were first rigid
ly co-registered to their anatomical volume and the accuracy of 
cross-modal spatial registration was confirmed by visual inspec
tion. FTP PET data were then corrected for partial volume effects. 
Specifically, based on each participant’s high-resolution tissue seg
mentation derived by the standard Desikan–Killiany atlas in 
FreeSurfer,50 the symmetric geometric transfer matrix (GTM) meth
od was used to correct for spill-in and spill-out effects between ad
jacent brain tissue types, with a point spread function of 6 mm.48,49

Using partial volume-corrected FTP data, we derived the standar
dized uptake value ratio (SUVR) image per participant with whole 
cerebellar grey matter as a reference region.51 SUVR maps were 
then resampled to fsaverage space and smoothed geodesically 
with FWHM of 8 mm. PiB PET data were similarly processed via 
the PetSurfer tools and were used to derive FLR DVR for the confirm
ation of Aβ positivity.15 In addition, for each patient, we estimated 
global cortical Aβ by calculating the mean PiB SUVR (40–60 min) 
across all cortical vertices.

To identify areas of the cerebral cortex showing elevated FTP 
uptake, we calculated for each PCA patient a vertex-wise W-score 
map.52–54 W-scores are analogous to Z-scores adjusted for specific 
covariates of no interest, which in this study were age and sex. A 
detailed description of W-score calculation has been provided else
where.12,55,56 Briefly, we first performed a vertex-wise multiple re
gression analysis using FTP SUVR data from Aβ− cognitively 
normal participants, which resulted in whole-cortex beta 

coefficient maps of age and sex, as well as individual maps of resi
duals. We then computed W-scores for each patient using the fol
lowing formula:

W =
SUVRactual − SUVRpredicted

SDresiduals 

where SUVRactual = the observed SUVR of a given patient, 
SUVRpredicted = the predicted SUVR based on age and sex of a given 
patient as well as beta coefficients obtained from Aβ− cognitively 
normal participants and SDresiduals = the standard deviation of the 
individual residual maps obtained from Aβ− cognitively normal 
participants. Following previous studies examining this meas
ure,53,54 we used a threshold of W > 1.65, corresponding to the 
95th percentile of a normal distribution, to define abnormal FTP up
take at each vertex in each patient. Using this threshold, we binar
ized W-score maps from all patients, summed all the maps, and 
divided by 17. Once converted to a percentage in this way, the re
sulting W-score ‘overlap’ map depicts the percentage of individuals 
in this sample of PCA patients with elevated FTP signal at each ver
tex point across the entire cortical mantle. Following a similar pro
cedure, we also calculated for each patient W-score maps using 
cortical thickness data; these maps were used to estimate the de
gree of cortical atrophy.

Preprocessing of resting-state functional MRI data involved the 
following steps that have been previously established57–59 and used 
in our group.52,60–64 Removal of the first four volumes to allow for T1 

equilibration, slice timing correction, head motion correction using 
the first volume as reference, spatial normalization to the MNI152 
template, low-pass filtering at 0.08 Hz, and volumetric smoothing 
with FWHM of 6 mm. We then performed linear regression on the 
preprocessed data to account for sources of spurious variance, 
which included raw time series and first-order temporal derivatives 
of six motion parameters, global signal, mean white matter signal, 
and mean ventricular CSF signal. The residual time series data from 
each patient were submitted to group-level statistical analyses de
scribed below.

Statistical analysis

Using individual FTP SUVR maps as inputs, we first created a whole- 
cortex vertex-wise general linear model (GLM) in FreeSurfer to 
identify areas of the cerebral cortex where PCA patients showed 
greater FTP uptake than Aβ− cognitively normal participants. For 
this analysis, statistical significance was assessed with a vertex- 
wise threshold of P < 0.0001. The resulting vertex-wise significance 
map was converted to a binary mask, within which we examined 
the magnitude of the mean group difference at each vertex (ΔFTP 
SUVR). To characterize the spatial topography of abnormal FTP sig
nal in PCA with respect to large-scale functional networks of the 
cerebral cortex, we utilized an established cerebral cortical parcel
lation consisting of 400 parcels, each of which belonged to one of 
the seven canonical networks (i.e. visual, somatomotor, dorsal at
tention, ventral attention, limbic, frontoparietal, and default).38,65

Here, we adhere to the original and conventional use of these net
works, although we acknowledge that the ‘default’ and ‘limbic’ net
works are not always distinguished in the literature66 and that both 
networks contain agranular, limbic tissue.67,68 We used the same 
network parcellation to characterize the topography of spatial 
overlap in elevated FTP uptake across Aβ+ PCA patients.

To test our hypotheses regarding the relationship between ele
vated FTP uptake and visual cognitive task performance, we 
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computed the Pearson’s product moment correlation between the 
mean W-scores calculated within our specific a priori networks of 
interest (i.e. visual network and DAN) and performance on the 
VOSP Number Location test across patients. To further assess re
gional variability within the DAN, we subdivided this network 
into the anterior and posterior components based on the relative lo
cation of the parcels in the cerebral cortex. The resulting anterior 
DAN consisted of parcels corresponding to bilateral FEF and ventral 
precentral gyrus (10 parcels in total), whereas the posterior DAN in
cluded bilateral superior parietal lobule and area MT (36 parcels in 
total; Supplementary Fig. 1). We then computed a Tau Network 
Propagation Index within the DAN—a putative, cross-sectional in
dex of tau spread within this network—as the ratio of the mean 
W-scores between the anterior and posterior DAN subnetworks 
and investigated its association with visual cognitive task perform
ance. Moreover, we performed additional correlation analyses be
tween cortical thickness within each network of interest (also 
expressed as mean W-scores) and VOSP Number Location test per
formance; these analyses enabled comparisons of the effects of tau 
and atrophy within the same networks. Although not directly rele
vant for our a priori hypotheses, we also investigated the relation
ships between FTP uptake in networks other than the visual 
network and the DAN and VOSP Number Location test perform
ance. Additionally, we tested for the relationships between FTP up
take in the DAN and task performance in cognitive domains other 
than visuospatial attention (see the Supplementary material). 
Results of these analyses helped clarify the specificity of the ob
served effects identified by our main analyses.

Finally, we performed a cross-modal correlation analysis to test 
our hypothesis about the link between the Tau Network 
Propagation Index and intrinsic functional connectivity within 
the DAN across patients. To put FTP PET data into the same analysis 
space as resting-state functional MRI data, we calculated the mean 
W-score for each parcel part of the DAN according to the Schaefer 
parcellation.65 For each unique pair of an anterior and a posterior 
parcel, we then calculated (i) the Tau Network Propagation Index; 
and (ii) the Z-transformed Pearson’s r-value obtained from correlat
ing the mean residual time series. These values were calculated for 
each patient and the Pearson’s r was computed for each parcel pair 
across all patients. Given our relatively small sample size and a 
priori hypothesis concerning specific functional networks, statistic
al significance of all brain–behaviour and tau–connectivity correla
tions was assessed at P < 0.05 uncorrected for multiple 
comparisons. To ensure that the observed associations between 
FTP uptake and VOSP Number Location task performance or func
tional connectivity was not confounded by amyloid load, we add
itionally computed partial correlations between these variables 
controlling for global cortical Aβ across patients.

Data availability

The data that support the findings of this study are available from 
the corresponding authors, upon reasonable request.

Results
Clinical characteristics of biomarker-confirmed PCA 
patients

Table 1 summarizes the clinical characteristics of the A+/T+/N+ 
PCA patients in this sample. Patients included in this study were 
classified as either having mild cognitive impairment [clinical 

dementia rating (CDR) = 0.5], mild dementia (CDR = 1) or moderate 
dementia (CDR = 2), with the majority (10/17) rated at the stage of 
mild cognitive impairment. Supplementary Table 1 includes test 
performance across cognitive domains. As expected in this sample 
of A+/T+/N+ PCA patients, the most striking areas of impairment 
were in the visuospatial domain including in visuospatial attention 
and working memory, figure copy, and visual confrontation nam
ing. In contrast, auditory naming, auditory attention, and memory 
recognition discriminability were largely spared.

Functional network characterization of cortical tau 
deposition in PCA

A whole-cortex vertex-wise GLM revealed that, compared with Aβ− 
cognitively normal participants, Aβ+ PCA patients exhibited prom
inent FTP uptake in the occipital, ventral and lateral temporal, lat
eral and medial parietal, and lateral frontal cortices bilaterally 
(Fig. 1A). These regions included bilateral FEF, superior parietal lob
ule, and area MT, which are key nodes of the DAN. To further char
acterize the spatial topography of cortical tau deposition, we 
calculated the mean FTP SUVR across all vertices falling within 
the boundaries of each of the seven canonical functional net
works.38,65 As expected, the largest effect size of between-group dif
ferences was observed in the visual network and DAN (Fig. 1B).

Next, we examined the consistency of elevated FTP signal 
across all patients by computing vertex-wise W-scores for each pa
tient. From these W-score maps, we generated a group-level 
W-score overlap map, which allowed us to calculate the percentage 
of patients in this sample with elevated FTP uptake at each cortical 
vertex. This analysis revealed that, in line with the SUVR results re
ported above, the visual network and DAN were most consistently 
affected, with 100% of the patients in this sample showing elevated 
FTP uptake in at least some parts of these two networks, including a 
small prefrontal region co-localized with the FEF (Fig. 2).

Elevated FTP uptake in the DAN is associated with 
impaired visuospatial cognitive task performance

To assess the behavioural significance of elevated FTP uptake in the 
visual network and DAN, we performed a series of bivariate correl
ation analyses and examined the relationships between network- 
wise mean W-scores and performance on the VOSP Number 
Location test across patients. In addition to targeting these two net
works as a whole, we also separately investigated elevated FTP up
take in the anterior DAN, the posterior DAN, as well as the ratio 
between the two. Further, by performing similar correlation ana
lyses using cortical thickness data, we directly compared the effects 
of tau accumulation and atrophy within the same networks and 
their relations to visuospatial cognitive function.

At the overall network level, elevated FTP uptake in the DAN, but 
not the visual network, was associated with worse performance on 
the VOSP Number Location test at a conventional threshold of P < 
0.05 (Fig. 3). Our examination of anterior versus posterior compo
nents of the DAN revealed that this negative relationship was spe
cifically driven by its anterior subnetwork. Furthermore, of all the 
network variables, the anterior-to-posterior ratio in FTP uptake 
(our Tau Network Propagation Index) was the strongest correlate 
of visuospatial cognitive impairment. Analyses of partial correla
tions among these variables controlling for global cortical Aβ 
yielded overall similar results; elevated FTP uptake in the anterior 
DAN (r = −0.68, P ≤ 0.008) but not posterior DAN (r = −0.27, P ≤ 0.36) 
was associated with poorer performance on the VOSP Number 

http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac245#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac245#supplementary-data
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Location test, with the Tau Network Propagation Index being the 
strongest correlate (r = −0.77, P ≤ 0.001). Comparisons of network- 
wise mean W-scores revealed that, on average, FTP uptake was 
most elevated in the visual network (mean = 16.68, SD = 5.19) fol
lowed by the posterior DAN (mean = 11.69, SD = 4.31) then by the an
terior DAN (mean = 6.94, SD = 3.86); visual versus posterior DAN: t = 
6.71, P ≤ 0.001, d = 1.63; posterior DAN versus anterior DAN: t = 6.71, 

P ≤ 0.001, d = 1.63; visual versus anterior DAN: t = 10.00, P ≤ 0.001, d = 
2.43.

Greater cortical thickness in the visual network and DAN was 
associated with better visuospatial cognitive task performance 
(Fig. 3). Examination of the DAN subnetworks revealed that the 
observed relationship between cortical thickness and task per
formance was specifically driven by the posterior DAN. The 

Figure 2 Between-patients consistency in the cortical distribution of elevated FTP uptake in PCA. (A) Coloured vertices on the cortical surface map in
dicate the percentage of PCA patients in this sample with elevated FTP uptake (n = 17). All patients exhibited elevated FTP uptake in the occipitotem
poral (including area MT) and occipitoparietal (including superior parietal lobule) cortices, as expected, as well as a small prefrontal region co-localized 
with the FEF, bilaterally. (B) Bar plots represent the mean between-patients overlap calculated for each of the seven canonical functional networks.38

Across all patients, elevated FTP uptake was most consistently observed within the visual network and DAN. Error bars denote 1 standard error of the 
mean.

Figure 1 Group comparison of FTP uptake between patients with PCA likely due to Alzheimer’s disease (n= 17) versus Aβ− cognitively normal parti
cipants (n= 22). (A) Coloured vertices on the cortical surface map indicate areas where PCA patients had greater FTP SUVR then controls. (B) Bar plots 
represent the mean FTP SUVR values calculated for each of the seven canonical functional networks separately for each group. The networks are 
roughly ordered, from top to bottom, by the effect size (Cohen’s d ) of between-group differences. All between-group comparisons are significant at P 
< 0.001. Coloured circles overlaid on the bar plot represent individual participants in each group.



Tau spread in posterior cortical atrophy                                                                                      BRAIN 2023: 146; 295–306 | 301

anterior-to-posterior ratio in cortical thickness calculated analo
gously to the Tau Network Propagation Index was not associated 
with visual cognitive task performance. On average, the anterior 
DAN was less atrophic (mean = −0.82, SD = 0.83) than the 

posterior DAN (mean = −1.67, SD = 0.83) or visual network (mean 
= −1.84, SD = 0.55), with the latter two showing comparable 
cortical thickness; anterior DAN versus posterior DAN: t = 4.65, 
P ≤ 0.001, d = 1.13; anterior DAN versus visual: t = 5.57, P ≤ 0.001, 

Figure 3 Elevated FTP uptake in the anterior DAN is associated with impaired performance in the VOSP number location test. Coloured vertices on the 
cortical surface maps indicate the areas from which FTP signal (mean W-scores) was extracted for each patient and correlated with VOSP number lo
cation test performance. VOSP performance was not related to FTP signal within the visual network, but had a negative correlation within the DAN. 
When the DAN was split into its subnetworks, VOSP performance was found to be strongly negatively correlated with elevated FTP signal in the an
terior DAN, but not the posterior DAN. VOSP performance showed the most robust negative correlation with the anterior-to-posterior DAN FTP signal 
ratio (the Tau Network Propagation Index).
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d = 1.35; posterior DAN versus visual: t = 1.41, P ≤ 0.177, d = 0.34. 
Importantly, the relationship between elevated FTP uptake in 
the anterior DAN and visuospatial cognitive task performance re
mained significant after controlling for cortical thickness in the 
same subnetwork (r = −0.64, P ≤ 0.014); similarly, the degree of 
correlation between the Tau Network Propagation Index and 
task performance did not change fundamentally when the ratio 
of thickness between the anterior and posterior DAN was con
trolled for (r = −0.74, P ≤ 0.003).

Stronger DAN connectivity is associated with an 
index of greater intranetwork tau spread

Finally, we evaluated the possible link between the spread of tau 
and neuronal communication within the DAN by examining the 
magnitude of correlations between the Tau Network Propagation 
Index among all unique pairs of the anterior–posterior parcels 
and intrinsic functional connectivity between the corresponding 

parcels. This analysis demonstrated that stronger intrinsic func
tional connectivity between the anterior and posterior DAN was 
associated with a greater ratio in FTP uptake between the corre
sponding parcels (Fig. 4). Significant correlations were exclusively 
identified between the parcels anatomically corresponding to the 
FEF (anterior) and the superior parietal lobule (posterior). All supra
threshold correlations between the Tau Network Propagation Index 
and intrinsic functional connectivity remained significant and 
largely unchanged after controlling for global cortical Aβ in each pa
tient (Supplementary Fig. 2).

Discussion
Recent studies utilizing large-scale and heterogeneous data sets 
have yielded emerging evidence for unique spatiotemporal pat
terns of cortical tau spread across the full symptomatic and syn
dromic spectrum of Alzheimer’s disease.17,22,69,70 Although such 
evidence is useful in systematically characterizing the 

Figure 4 Greater anterior–posterior ratio in FTP uptake is associated with greater intrinsic functional connectivity between the anterior and posterior 
nodes of the DAN. (A) Edges represent pairs of anterior and posterior nodes within the DAN for which intrinsic functional connectivity and the ratio in 
FTP uptake were positively correlated across patients at P < 0.05. Dots identify the location of each node part of the canonical DAN.38,64 Edge thickness 
scales with the magnitude of FTP-FC correlation, where thicker edges represent stronger correlations. (B) Scatter plots represent significant FTP-FC 
correlations observed bilaterally between the superior parietal lobule and FEF, two of the key nodes of the DAN.

http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac245#supplementary-data
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heterogeneity observed in the pattern of tau accumulation across 
Alzheimer’s disease syndromes, less is known about how tau 
spreads within specific functional networks in PCA in relation to 
the hallmark clinical symptoms observed in this syndrome. In 
this cross-sectional study, we found evidence supporting the hy
pothesis that tau deposition in PCA starts in the posterior cortical 
regions within the visual network and DAN, and that visuospatial 
cognition declines as tau gradually propagates anteriorly within 
the DAN. These results provide additional support for the net
work neurodegeneration hypothesis of Alzheimer’s disease, sug
gesting that as key nodes of a given network are affected by tau 
pathology, cognitive abilities primarily subserved by that network 
decline.

At the group level, the spatial topography of increased FTP up
take present in our PCA patients relative to control participants 
was consistent with prior group studies using the same radiotracer, 
showing prominent localization of cortical tau pathology to the oc
cipital, ventral and lateral temporal, lateral and medial parietal, 
and lateral frontal cortices.11,13,14 By employing a well-established 
functional parcellation of the cerebral cortex, we demonstrated 
that the visual network and DAN showed the greatest vulnerability 
to Alzheimer’s disease tau pathology. Furthermore, the topography 
of elevated FTP uptake across patients was remarkably consistent, 
with 100% of patients showing elevated signal in at least some re
gions within these two networks. These results are consistent 
with prior findings demonstrating neurodegenerative disruption 
of these networks in PCA.14,23,31 The vulnerability of the visual net
work and DAN to tau pathology is also in line with the clinical 
symptoms characteristic of this syndrome, including a progressive 
impairment in higher-order visuospatial and visuoperceptual pro
cessing in the absence of ophthalmological impairment.2

Although prior neuroimaging studies of PCA have emphasized 
structural and functional alterations in posterior cortical re
gions,71,72 there is also evidence to suggest that the dysfunction 
of anterior cortical regions, such as the FEF within the DAN, might 
be key to characterizing the disease progression of PCA.23,26,34,73

Supporting this view, we observed that elevated FTP uptake in 
the anterior DAN (including bilateral FEF) was negatively asso
ciated with performance on a measure of visuospatial attention, 
whereas this relationship was not observed with elevated FTP sig
nal in the posterior DAN (superior parietal lobule and area MT) or 
the visual network. This is consistent with transcranial magnetic 
stimulation studies in which modulation of FEF function changed 
performance on visuospatial attention tasks.74 This provides add
itional circumstantial evidence of the spread of tau within the 
DAN, as neurodegeneration in PCA starts posteriorly and, with 
the natural progression of disease, spreads to the lateral frontal 
cortex.26,73

The observed pattern of brain–behaviour correlations based on 
cortical thickness data further underscores the utility of tau path
ology in the anterior DAN in predicting cognitive decline in PCA. 
Atrophy in the posterior cortical regions (visual network and pos
terior DAN) was more prominent and predictive of deficits in visuo
spatial attention. In contrast, the degree of atrophy in the anterior 
DAN was not associated with visual cognitive task performance 
and did not fundamentally influence the relationship between 
FTP uptake in this network and visual cognitive deficits. This may 
be because atrophy within the anterior DAN was not yet detectable 
at the disease stage of the current sample. These findings are over
all consistent with prior studies identifying the effect of tau on cog
nition independently of cortical atrophy across a syndromic 
spectrum of Alzheimer’s disease including PCA.14,44 The Tau 

Network Propagation Index in the DAN, which adjusts the involve
ment of its anterior nodes for posterior tau pathology in each pa
tient, was most strongly related to visuospatial cognitive deficits 
compared with measures of anterior or posterior tau alone and 
those of cortical atrophy in all networks of interest. Taken together, 
these findings suggest that the Tau Network Propagation Index 
within the DAN may have utility as a more sensitive biomarker of 
the molecular pathological correlate of impaired visuospatial at
tention in PCA. Presumably, interventions limiting the anterior 
propagation of tau in this network would be expected to improve 
visuospatial attention in PCA.

Our hypothesis regarding tau propagation in PCA is further sub
stantiated by the result of our cross-modal correlation analysis 
demonstrating that the magnitude of intrinsic functional connect
ivity between select pairs of the anterior and posterior nodes of the 
DAN was directly associated with the level of tau deposition in each 
of these regions, such that greater intrinsic functional connectivity 
was related to the Tau Network Propagation Index in the DAN. This 
suggests that the interregional spread of tau pathology within the 
DAN might be facilitated by stronger functional connectivity, con
sistent with prior multimodal neuroimaging studies highlighting 
the role of connectivity in the spread of tau across Alzheimer’s dis
ease syndromic subtypes.19–22 Furthermore, this finding extends 
our prior work on the relationship between functional connectivity 
and neurodegeneration of the temporal pole in semantic variant 
primary progressive aphasia (svPPA).75 In that study, we found 
that the magnitude of atrophy in distributed cortical regions in 
svPPA patients correlated with the magnitude of functional con
nectivity between the temporal pole (the presumed origin site of 
neurodegeneration) and those same distributed cortical regions in 
healthy individuals. Here, we show that this observation gener
alizes to functional connectivity data collected from PCA patients 
and relates to the likely spread of tau pathology within the DAN. 
We interpret these results as suggesting that individuals who 
have stronger DAN functional connectivity have a higher Tau 
Network Propagation Index within the DAN—i.e. stronger network 
connectivity facilitates spread of tau pathology. It is also possible, 
however, that tau propagation changes network connectivity lead
ing to an initial increase in connectivity as the circuit becomes dys
functional.76 This is an important issue to try to resolve, as it would 
be possible to use neuromodulation techniques to influence DAN 
connectivity one way or the other in PCA. Overall, the observed re
lationship between the Tau Network Propagation Index and intrin
sic functional connectivity within the DAN provides insights into 
possible mechanisms of the disease propagation in PCA, extending 
prior work emphasizing the deafferentation within the DAN.26

The present findings should be interpreted in light of some lim
itations of the study. First, our relatively small sample size may 
have rendered some of our analyses (e.g. bivariate correlation) in
sufficiently powered. It is therefore important for future studies 
to replicate the observed effects. Second, the cross-sectional nature 
of this study and its implications for the current findings need to be 
acknowledged. The results reported here suggest possible mechan
isms underlying the propagation of tau within the DAN in PCA over 
time. However, the spread of tau is only hypothesized here and 
must therefore be directly tested by examining changes in the dis
tribution and magnitude of tau pathology over time in each patient. 
Therefore, longitudinal analyses of FTP PET data are required to 
confirm our interpretations presented here regarding the role of 
the DAN in the cortical spread of tau in PCA. Third, some of the 
brain–behaviour relationships were found to be generalizable 
across several functional networks of the cerebral cortex in our 
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sample, leaving the specificity of their contributions to cognitive 
deficits unclear. In the current sample, all of our PCA patients 
were already symptomatic and FTP uptake was significantly ele
vated in all cortical functional networks. Relatively greater tau ac
cumulation within the visual network and the DAN may indicate 
that these networks are preferentially targeted earlier in the dis
ease course. Therefore, dissociable contributions of various net
works to deficits in visuospatial attention may be more clearly 
demonstrated in presymptomatic individuals or those in the earlier 
stages of symptomatic disease. Finally, due to the limited availabil
ity of the data in our sample, we were unable to examine the effect 
of the ϵ4 allele of APOE (APOE4). While the presence of APOE4 has 
been shown to interact with the magnitude of cortical FTP uptake 
in Alzheimer’s disease, such an effect appears to be very focal 
and limited to the medial temporal lobe.77,78 Therefore, it is unlikely 
that the present findings are driven by the presence of APOE4. 
Notwithstanding these limitations, the new cross-modal evidence 
identified here suggests potential mechanisms underlying the 
spread of tau pathology in PCA by highlighting the role of intrinsic 
connectivity within the DAN. Future work should further charac
terize the spatiotemporal pattern of cortical tau spread as it relates 
to the heterogeneous clinical presentations within the PCA syn
drome2 involving, for instance, individualized prediction of longitu
dinal tau accumulation patterns on the basis of baseline tau 
pathology, functional connectivity and prominent symptom char
acteristics unique to each patient. Such effort would be useful for 
more accurate characterization of disease progression, which 
may inform both prognosis as well as potential therapeutic inter
ventions in these patients.
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