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A JOURNAL OF NEUROLOGY

Tau pathology and neurodegeneration
contribute to cognitive impairment in
Alzheimer’s disease

Alexandre Bejanin,I Daniel R. Schonhaut,' Renaud La Joie,' Joel H. Kramer,'

Suzanne L. Baker,2 Natasha Sosa,’ Nagehan Ayakta,I Averill Cantwell,' Mustafa janabi,2
Mariella Lauriola,’ James P. O’Neil,2 Maria L. Gorno-Tempini,I Zachary A. Miller,’
Howard J. Rosen,' Bruce L. Miller,' William ). jagustz’3 and Gil D. Rabinovici'??

Neuropathological and iz vivo studies have revealed a tight relationship between tau pathology and cognitive impairment across
the Alzheimer’s disease spectrum. However, tau pathology is also intimately associated with neurodegeneration and amyloid
pathology. The aim of the present study was therefore to assess whether grey matter atrophy and amyloid pathology contribute
to the relationship between tau pathology, as measured with '®F-AV-1451-PET imaging, and cognitive deficits in Alzheimer’s
disease. We included 40 amyloid-positive patients meeting criteria for mild cognitive impairment due to Alzheimer’s disease (7 = 5)
or probable Alzheimer’s disease dementia (7 = 35). Twelve patients additionally fulfilled the diagnostic criteria for posterior cortical
atrophy and eight for logopenic variant primary progressive aphasia. All participants underwent 3 T magnetic resonance imaging,
amyloid (*'C-PiB) positron emission tomography and tau (*®F-AV-1451) positron emission tomography, and episodic and semantic
memory, language, executive and visuospatial functions assessment. Raw cognitive scores were converted to age-adjusted Z-scores
(W-scores) and averaged to compute composite scores for each cognitive domain. Independent regressions were performed between
18E_AV-1451 binding and each cognitive domain, and we used the Biological Parametric Mapping toolbox to further control for
local grey matter volumes, ''C-PiB uptake, or both. Partial correlations and causal mediation analyses (mediation R package) were
then performed in brain regions showing an association between cognition and both '®F-AV-1451 uptake and grey matter volume.
Our results showed that decreased cognitive performance in each domain was related to increased '®F-AV-1451 binding in specific
brain regions conforming to established brain-behaviour relationships (i.e. episodic memory: medial temporal lobe and angular
gyrus; semantic memory: left anterior temporal regions; language: left posterior superior temporal lobe and supramarginal gyrus;
executive functions: bilateral frontoparietal regions; visuospatial functions: right more than left occipitotemporal regions). This
pattern of regional associations remained essentially unchanged—although less spatially extended—when grey matter volume or
1 C-PiB uptake maps were added as covariates. Mediation analyses revealed both direct and grey matter-mediated effects of '°F-
AV-1451 uptake on cognitive performance. Together, these results show that tau pathology is related in a region-specific manner
to cognitive impairment in Alzheimer’s disease. These regional relationships are weakly related to amyloid burden, but are in part
mediated by grey matter volumes. This suggests that tau pathology may lead to cognitive deficits through a variety of mechanisms,
including, but not restricted to, grey matter loss. These results might have implications for future therapeutic trials targeting tau
pathology.
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Introduction

Alzheimer’s disease is a dual proteinopathy characterized
by extracellular deposits of fibrillar amyloid-B peptides
and aggregates of the phosphorylated microtubule-asso-
ciated protein tau in neurofibrillary tangles (NFTs;
Hyman et al., 2012). Growing evidence suggests that
both amyloid-B and tau proteins accumulate and spread
years before the development of clinical symptoms (Braak
and Del Tredici, 2015), raising questions about their spe-
cific and common contribution to cognitive impairment.

Pioneering neuropathological studies showed that the
burden of NFTs, but not of amyloid-B plaques, correlates
with the degree of cognitive impairment in Alzheimer’s dis-
ease (Arriagada et al., 19924) and non-demented elderly in-
(Arriagada et al., 1992b). Further
clinicopathological studies reported that not only the density,
but also the extent of NFTs, are associated with ante-mortem
cognitive status (Nelson et al., 2012). These results have been
recently replicated by i vivo studies using PET radiotracers
binding to NFTs, such as '®F-AV-1451, and showing that
more advanced Braak stages are associated with decreased
global cognitive status and more frequent cognitive impair-
ment (Cho et al., 2016a; Schéll et al., 2016). The neuroana-
tomic distribution of tau pathology also correlates with
specific cognitive domain performance. Hence, medial tem-
poral lobe NFTs (Mitchell et al., 2002; Guillozet et al., 2003)
and '"®F-AV-1451 uptake (Ossenkoppele et al., 2016; Schéll
et al., 2016) have been related to episodic memory, but not
to other cognitive functions, in cognitively normal older
adults and subjects with cognitive impairment. Finally, both
post-mortem (Hof et al., 1989; Murray et al., 2011; Gefen
et al., 2012) and in vivo (Dronse et al., 2016; Ossenkoppele
et al., 2016) studies revealed that the spatial distribution of
tau pathology is closely linked to the clinical phenotype in
Alzheimer’s disease dementia.

Together, these results suggest a close relationship between
NFTs and cognitive impairment across the Alzheimer’s dis-
ease spectrum. In contrast, amyloid-B pathology has only a
relatively modest direct correlation with cognition (Nelson
et al., 2012). Indeed, most studies have reported either
absent or weak association between regional amyloid-p pla-
ques and specific cognitive impairment in Alzheimer’s disease
patients (Arriagada et al., 1992a; Guillozet et al., 2003) and

dividuals

the reduction of plaque load in the brain in therapeutic trials
has not thus far yielded cognitive benefit in Alzheimer’s dis-
ease patients (Salloway et al., 2014). This discrepancy might
be explained by the fact that, as compared to amyloid-f3
plaques, tau pathology is more intimately related to neuronal
loss (Gomez-Isla et al., 1997; Giannakopoulos et al., 2003).
Indeed, NFTs appear to parallel grey matter atrophy (Jack
et al., 2002; Whitwell et al., 2008), which in turn has been
extensively associated with cognitive impairment. It is there-
fore possible that the impact of tau pathology on cognition is
mediated by grey matter loss. Using '®F-AV-1451-PET ima-
ging, we aimed at assessing this specific question in a hetero-
geneous sample of Alzheimer’s disease patients. Specifically,
our objective was to assess the specific relationships between
cognitive impairment and tau pathology and to test if these
relationships remained significant after controlling for local
grey matter atrophy and amyloid pathology. We also per-
formed causal mediation analyses to further examine the
intermediary role of grey matter atrophy in the relationship
between '®F-AV-1451 and cognitive deficits.

Materials and methods

Participants

Forty patients were recruited from the University of California
San Francisco (UCSF) Alzheimer’s Disease Research Center
(Table 1 for demographic data). A subset of these patients
was included in previous publications from our laboratory
(Ossenkoppele et al., 2016; Scholl et al., 2016). All patients
received a standard clinical evaluation that included a compre-
hensive neurological history, physical and neurological exam-
inations, structured caregiver interviews, brain MRI and
neuropsychological testing. Clinical diagnosis was established
by consensus in a multidisciplinary team. All participants met
clinical criteria for probable Alzheimer’s disease dementia
(n=35; McKhann et al., 2011) or mild cognitive impairment
(MCI) due to Alzheimer’s disease (7 = 5; Albert et al., 2011).
Twelve patients additionally met diagnostic criteria for poster-
ior cortical atrophy (Mendez ez al., 2002) and eight for logo-
penic variant primary progressive aphasia (Gorno-Tempini
et al., 2011), now recognized as visual and language-predom-
inant phenotypes of Alzheimer’s disease (McKhann et al.,
2011; Dubois et al., 2014). Several patients who met
McKhann et al. (2011) criteria for probable Alzheimer’s
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Table | Demographic and neuropsychological data for the overall population and within each clinical subgroup

All patients AD IvPPA PCA MCI P-values
Gender (male/female) 17/23 7/8 2/6 6/6 2/3 NA
Age (years) 62.9 +84 64 1+9.1 633183 61.9+75 61.6+10.3 P=0.901
Education® (years) 175 +3 172 £28 178+ 18 16.8 +£3.7 19.6 £2.6 P=0.167
Amyloid PET (PiB) Pos/Neg 40/0 15/0 8/0 12/0 5/0 NA
APOE £2/e3, €2/e4, £3/e3, e3/c4, e4/c4 1,2,19,153 0,1,7,6, | 0,1,520 0,065, I 1,0, 1,2 1| NA
MMSE’ (/30) 222+58 20.6 5.1 22.1 £6.9 21.5+56 286+ 1.5 P=0.012°
CDR - Sum of Boxes® (/18) 384123 44+13 3+24 47 +£3 1.9+08 P=0.034"
Episodic Memory (W-score) -27+15 —324+08 —25+18 —-3+£13 —06+ 1.2 P=0.021°
Semantic Memory' (W-score) —19+18 —1.5+1.6 —29+24 —23+ 13 —0.1 £03 P =0.006°
Language’ (W-score) —1.6+18 —0.8+038 3.0+ =713 25 A4 —0.I £ 1 P =0.002°
Executive functions (W-score) —22+£ 1.1 —23+£1 —25+09 —26+09 —04£05 P =0.005
Visuospatial functions’ (W-score) —3 £ 39 —1.7+£22 — .84 —7.1 £38 0+07 P =0.002¢
Interval MRI-Neuropsychological exam (days) 27.2 £ 67.1 37.3 £523 544 + 131.1 67+113 28 +47 P=0.858
Interval AV-145]-Neuropsychological exam (days) 774 +£76.7 107.2 £ 878  80.3 £589 578 +71.7 30.6 +53.3 P=0.077
Interval PiB-Neuropsychological exam (days) 712 + 687 85.1 +70.1 86.9 + 54.8 60.2 + 7838 30.6 +53.3 P=0.145

For numerical variables, we indicated the mean = standard deviation. P-values refer to analysis of Kruskal-Wallis, followed by Mann-Whitney U-tests for post hoc group comparisons.
Note that between-group comparisons were not possible for categorical variables due to the small sample size.

*AD, IVPPA, PCA # MCI (P < 0.05); "AD, PCA # MCI (P < 0.05); “IvPPA, PCA #MCl; AD # IvPPA (P < 0.05); “PCA # AD, IVPPA, MCI (P < 0.05).

°Missing data for five patients; ‘Missing data for one patient; Missing data for 12 patients.
AD = patients who met McKhann criteria for probable Alzheimer’s disease dementia, but did not fulfill criteria for IVPPA or PCA; NA = not applicable; IvPPA = logopenic variant

primary progressive aphasia; PCA = posterior cortical atrophy.

disease dementia but did not fulfil criteria for posterior cortical
atrophy or logopenic variant primary progressive aphasia
(referred as AD group in Table 1) had early age-of-onset
Alzheimer’s disease (<65 years old; n=13/20), which is
often characterized by a mixed clinical presentation, with
amnestic and non-amnestic deficits. This heterogeneity is well
reflected in the fact that episodic memory was the most im-
paired cognitive domain in only 10/20 of these patients. All
patients had a positive PiB-PET scan, as assessed by visual

Agility, and Oral Repetition. Executive functions were evalu-
ated with the Digits Backward from Wechsler Memory Scale,
letter (1 min, ‘d’) and design (1 min) fluencies, modified Trail-
Making B and Stroop tests. Finally, the copy trial of the
Benson figure and Number Location condition from the
Visual Object Spatial Perception battery were used to assess
visuospatial abilities.

To obtain composite scores for each cognitive domain, we
first used a group of 564 cognitively normal individuals re-

read according to previously published procedures cruited at UCSF [47.3% male, mean age: 67.2 + 7.1, mean
(Rabinovici et al., 2010), increasing the likelihood of years of education: 17.4 & 2.0, all with a Mini-Mental State
Alzheimer’s disease aetiology (McKhann er al, 2011). Examination (MMSE) > 27] to convert raw cognitive scores

Furthermore, all patients with CSF data (n=18) presented
with a pathological ratio p-tau/amyloid-B4, using a previously
established threshold (Shaw et al., 2009). Finally, it is worth
mentioning that half of the sample (20/40) carried the APOE
¢4 allele (Table 1). These patients were distributed across the
clinical syndromes and did not differ from &4 non-carriers for
demographic features or performance on cognitive domains
(Supplementary Table 1).

Neuropsychological tests

Within a maximum of 1 year from the PET scans, the partici-
pants underwent a neuropsychological test battery assessing
episodic and semantic memory, language, executive and visuo-
spatial functions (Kramer et al., 2003). Episodic memory was
assessed using the immediate free recall, delayed (30s and
10 min) free recall and recognition (10 min) items from the
9-item California Verbal Learning Test and the delayed
recall of the Benson figure. Semantic memory was measured
using the 15-item Boston Naming Test, 16-item version of the
Peabody Picture Vocabulary Test — Revised and category
fluency (1min, animals). Language assessment involved the
sentence comprehension subtest from the Curtiss-Yamade
Comprehensive  Language  Evaluation-Receptive,  Verbal

into W-scores (O’Brien and Dyck, 1995) corresponding to Z-
scores adjusted for age. Subsequently, patient W-scores were
averaged within each cognitive domain (for details on the
weight of each cognitive test and score, see Supplementary
Table 2). Note that some patients had missing data for certain
cognitive tests and that their composite score was therefore
computed using remaining scores. Doing so, we were able to
compute composite scores of episodic memory and executive
functions for all patients (40/40), and scores of semantic
memory, language and visuospatial functions for 39/40
patients.

Image acquisition

All patients underwent a structural MRI and both ''C-PiB
and '8F-AV-1451 PET scans within an average delay of
51470 days ('®F-AV-1451 and MRI scans: 65 4+ 74 days;
"8F.AV-1451 and ''C-PiB scans: 27 + 64 days; ''C-PiB
scans and MRI scans: 60 & 67 days). For MRI, a high-reso-
lution T;-weighted magnetization prepared rapid gradient
echo (MPRAGE) sequence was acquired on a 3 T Siemens
Tim Trio scanner at the UCSF Neuroimaging Center (cor-
onal slice orientation; slice thickness=1.0mm; in-plane
resolution = 1.0 x 1.0 mm;  matrix = 240 x 256; repetition
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time = 2300 ms; echo time = 2.98 ms; inversion time = 900 ms;
flip angle = 9°). PET scans were performed at LBNL on a
Siemens Biograph 6 Truepoint PET/CT scanner in 3D acquisi-
tion mode. A low-dose CT scan was performed for attenuation
correction prior to all scans. ''C-PiB scans were performed as
previously described (Lehmann et al., 2013). The '®F-AV-1451
was synthesized and radiolabelled at LBNL’s Biomedical
Isotope Facility (for details, see Scholl et al., 2016). After in-
jection of ~370 MBq of '"®F-AV-1451, PET imaging began
either upon injection from 0-100 min and 120-150 min post-
injection, or from 75-115 min. For all analyses, we used data
reconstructed with ordered subset expectation maximization
algorithm (scatter correction, 4 mm Gaussian kernel) and col-
lected from 80-100 min.

Image processing

Neuroimaging data processing was performed using the
Statistical Parametric Mapping Version 12 (SPM12) software
(Wellcome Department of Imaging Neuroscience, Institute of
Neurology, London, England) implemented in MATLAB 8.3.
(The MathWorks, Sherborn, MA). T;-MRI were first seg-
mented and spatially normalized to the MNI space. Grey
matter maps were modulated and divided by the total intra-
cranial volume to correct for head size. PET data were re-
aligned and co-registered onto their corresponding MRI.
Distribution volume ratios (DVRs) were created for PiB
images using Logan graphical analysis (35-90 min post-injec-
tion) and a cerebellar grey matter mask (derived from
Freesurfer 5.3 segmentation) as reference region. Global cor-
tical ''C-PiB DVR (‘global PiB DVR’) values were calculated
using native space Freesurfer-derived cortical grey matter
masks for each participant. The same cerebellar grey matter
region was used to compute 'F-AV-1451 standard uptake
value ratios (SUVRs). Both '"'C-PiB DVR and '*F-AV-1451
SUVR maps were then normalized using the deformation par-
ameters defined from the MRI procedure. As PET and MRI
images did not have the same original spatial resolution, a
differential Gaussian kernel smoothing was applied to obtain
an equivalent data effective smoothing of 8 mm full-width at
half-maximum (Chételat et al., 2008). To reduce contamin-
ation from non-relevant signal, PET images were masked
before smoothing to exclude non-grey and non-white matter
voxels (i.e. voxels with a grey or white matter probability
lower than 0.25 at the group level).

Informed consent

Informed consent was obtained from all subjects or their as-
signed surrogate decision-makers, and UCSF, University of
California Berkeley, and the Lawrence Berkeley National
Laboratory (LBNL) institutional review boards for human re-
search approved the study.

Statistical analysis

First, voxel-wise regressions were performed in SPM to assess
the relationship between each imaging modality (i.e. grey
matter volume, '*F-AV-1451 SUVR, and ''C-PiB DVR) and
each cognitive domain score. These analyses were repeated
with age and/or MMSE score as covariates to assess the influ-
ence of these variables on the neuroimaging-cognition

BRAIN 2017: 140; 3286-3300 | 3289

relationships. We then wused the Biological Parametric
Mapping (BPM) toolbox to assess voxel-wise relationships be-
tween '®F-AV-1451 SUVR and cognitive performance while
controlling (in separate models) for (i) local grey matter
volume (i.e. maps of grey matter volume entered as a covari-
ate); (ii) local "'C-PiB DVR (i.e. maps of '*C-PiB DVR entered
as a covariate); (iii) global "'C-PiB DVR; (iv) local grey matter
volume and local M C-PiB DVR; and (v) local grey matter
volume and global ''C-PiB DVR. Given that BPM requires
an imaging modality as the dependent variable, we computed
a cognitive map for each patient and each cognitive domain by
multiplying the binary mask of grey matter (used for the ana-
lyses) by the cognitive scores (e.g. the episodic memory map of
a given patient contains only one value in all voxels of interest
corresponding to that patient’s composite episodic memory
score). A threshold of P < 0.001 uncorrected, together with
a cluster extent k > 500 mm?>, was used for all of these neu-
roimaging analyses.

Finally, partial correlations and causal mediation analyses
were performed in the brain regions where cognitive impair-
ment was related to both '®F-AV-1451 SUVR and grey matter
volume. These analyses were intentionally restricted to overlap
regions in which cognition was found to be correlated with
both modalities, in order to avoid a bias for finding a stronger
relationship between cognition and one modality as compared
to the other. We used the ‘mediation’ R package (Tingley
et al., 2014) to compute the average direct effect (ADE) and
average causal mediation effect (ACME), reflecting direct and
indirect (i.e. mediated) effects of 'F-AV-1451 on cognitive
performance. Both measurements (ACME and ADE) were ex-
pressed as a population average estimated using non-paramet-
ric bootstrapping (5000 simulations, P < 0.05).

Results

Cognitive results

The mean and standard deviation of patient W-scores for
each cognitive domain are shown in Table 1. One sample
t-tests indicated that patient W-scores differed significantly
from O for all cognitive domains, indicating worse perform-
ance relative to controls: episodic memory [#39) = —11.6,
P < 0.001], semantic memory [#(38)=—6.5, P < 0.001],
language [#(38) = —5.7, P < 0.001], executive [#39)=
—12.4, P <0.001] and visuospatial [t(38)=—4.8,
P < 0.001] functions. The proportion of patients with im-
paired performance relative to the 95th percentile of con-
trols (W-score < —1.65) was 77.5% for episodic memory,
46.1% for semantic memory, 48.7% for language, 70% for
executive functions and 73.6% for visuospatial functions.
As expected, patients with MCI were less impaired than
those with dementia. Patients meeting criteria for posterior
cortical atrophy and logopenic variant primary progressive
aphasia showed the greatest impairment in visuospatial and
language tests, respectively, while remaining patients with
Alzheimer’s disease showed greatest impairment as a group
in episodic memory (see Table 1 for between-group
comparisons).
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Relationship between cognition and
individual neuroimaging modalities

The results of the independent regressions between cogni-
tive performance and grey matter volume, '®F-AV-1451
SUVR, and '"C-PiB DVR are depicted in Figs 1-3.
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Episodic memory performance was associated with
decreased grey matter volume in the lateral and medial
parietal cortex, left amygdala, left fusiform and middle
frontal gyrus, and right middle temporal region. Similarly,
the relationship with ®F-AV-1451 encompassed the angu-
lar gyrus and medial temporal structures (i.e. entorhinal,
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Figure | Voxel-wise results of the independent regressions between episodic memory scores and each imaging modality.

(A, D and G) Grey matter volume, (B, E and H) '8F-AV-1451 SUVR and (C, F and I) ''C-PiB DVR. Scatterplots and r? values were obtained by
extracting neuroimaging values from significant clusters. Results are shown in neurologic convention. AD = patients who met McKhann criteria
for probable Alzheimer’s disease dementia, but did not fulfill criteria for IVPPA or PCA; IVPPA = logopenic variant primary progressive aphasia;

PCA = posterior cortical atrophy.
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Figure 2 Voxel-wise results of the independent regressions between semantic memory and language scores and each imaging
modality. (A and C) Grey matter volume, (B and D) '®F-AV-1451 SUVR and (E)''C-PiB DVR. Scatterplots and r? values were obtained by

extracting neuroimaging values from significant clusters. Note that the relationship between ''C-PiB DVR and semantic memory is not depicted as
no significant result was obtained. Results are shown in neurologic convention. AD = patients who met McKhann criteria for probable Alzheimer’s
disease dementia, but did not fulfill criteria for IVPPA or PCA; IvPPA = logopenic variant primary progressive aphasia; PCA = posterior cortical

atrophy.
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Figure 3 Voxel-wise results of the independent regressions between executive and visuospatial scores and each imaging
modality. (A and C) Grey matter volume, (B and D) '8F-AV-145] SUVR and (E)''C-PiB DVR. Scatterplots and r? values were obtained by
extracting neuroimaging values from significant clusters. Note that the relationship between ''C-PiB DVR and executive functions is not depicted
as no significant result was obtained. Results are shown in neurologic convention. AD = patients who met McKhann criteria for probable
Alzheimer’s disease dementia, but did not fulfill criteria for IVPPA or PCA; IVPPA = logopenic variant primary progressive aphasia; PCA = posterior

cortical atrophy.
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hippocampus and amygdala), left middle temporal and
right middle frontal gyri. The regression with ''C-PiB
DVR only revealed a significant association in the left sup-
plementary motor area and middle cingulate cortex.
Interestingly, when verbal and visual episodic memory
were considered separately, the relationships with volume
and '"®F-AV-1451 SUVR (Fig. 1), but not with ''C-PiB
DVR, predominated in the left versus right hemisphere,
respectively.

Semantic memory scores were associated with decreased
grey matter volume and higher '®F-AV-1451 uptake only in
the left hemisphere and mainly in the temporal lobe, but
also involving regions of occipital and parietal lobes and
inferior frontal gyrus (Fig. 2). Associations with '®F-AV-
1451 SUVR were much less widespread and involved the
dorsal and ventral temporal pole, orbitofrontal and fusi-
form regions. No significant relationship was found be-
tween semantic memory and ''C-PiB DVR.

The regressions between language and both grey matter
volume and '®F-AV-1451 SUVR showed results restricted
to the left hemisphere (Fig. 2). The association with grey
matter volume involved the posterior middle temporal
gyrus, inferior and superior parietal gyrus, precuneus and
cuneus. The relationship with '®F-AV-1451 SUVR predo-
minated in the posterior superior temporal and supramar-
ginal gyrus and extended into the postcentral gyrus and
posterior insula. Additional correlations were found in lat-
eral and medial occipital cortex. Finally, an association
with "'C-PiB DVR was found only in the right inferior
parietal lobule.

Executive functions were related to lower grey matter
volume and higher '®F-AV-1451 binding in bilateral
fronto-parietal regions (Fig. 3). The association with
volume encompassed bilateral lateral and medial parietal
cortex and left precentral gyrus. Relationships with '®F-
AV-1451 were more extended and further involved the an-
gular gyrus and posterior temporal lobe, as well as inferior
and middle frontal gyrus. No significant relationship was
observed between executive functions and ''C-PiB DVR.

The regression with visuospatial functions revealed sig-
nificant associations with volume and '®F-AV-1451
uptake in right, more than left, occipital and parietal re-
gions (Fig. 3). Decreased volume in the middle occipital
gyrus, lateral (i.e. angular, inferior and superior gyrus)
and medial parietal, and posterior temporal regions were
related to decreased visuospatial scores. Associations with
18E.AV-1451 involved the left superior occipital gyrus,
right calcarine, posterior fusiform gyrus and inferior frontal
cortex. The relationships with ''C-PiB DVR were restricted
to the right supplementary motor area and middle cingulate
cortex.

Complementary analyses with covariates revealed highly
similar results when age was regressed out from the statis-
tical models (Supplementary Figs 1-3). In contrast, control-
ling for disease severity (i.e. MMSE) had more influence on
our findings even though several results remained signifi-
cant with a more restricted spatial extent. This was
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expected given that all cognitive domains were moderately
to highly correlated with MMSE (episodic memory:
r=0.72 P < 0.001; semantic memory: 0.72 P < 0.001; lan-
guage: r=0.45 P < 0.005; executive functions: r=0.66
P < 0.001; visuospatial functions: r = 0.38 P < 0.05).
Finally, note that performance in each cognitive domain
was distributed across Alzheimer’s disease phenotypes—
with the exception of visuospatial functions for which
posterior cortical atrophy presented with prominent
deficit—and that the association with each imaging modal-
ity did not appear driven by one specific syndrome (see
scatterplots in Figs 1-3). To confirm this, we repeated the
voxel-wise regressions between each imaging modality and
cognitive performance after excluding all patients with
posterior cortical atrophy and logopenic variant primary
progressive aphasia, and found very similar results to those
identified in the entire sample (Supplementary Figs 4-6).

Relationship between cognition and
tau controlling for volume or amyloid

To assess whether the relationships between cognition and
tau remained significant when grey matter volume or amyl-
oid were taken into account, we performed voxel-wise re-
gressions between each cognitive domain and '"®F-AV-1451
SUVR controlling for local atrophy and/or local or global
YC-PiB uptake. As illustrated in Fig. 4, most previous re-
sults remained essentially the same although less extensive
when local atrophy and global 'C-PiB DVR were re-
gressed out. Only findings related to visuospatial functions
did not survive the cluster threshold. Similar results were
obtained when local rather than global ''C-PiB DVR was
used as a covariate (data not shown). To further quantify
these changes, we counted in the significant clusters of the
regressions between cognition and '®F-AV-1451 SUVR
(without covariate) the total number of voxels that re-
mained significant (P < 0.001 uncorrected) after the differ-
ent corrections. The results showed that most clusters
maintained a fair number of significant voxels across the
different models tested and that the number of significant
voxels was more impacted (i) in smaller clusters; (ii) in
visuospatial functions as compared to other cognitive do-
mains; and (iii) in the two models including global ''C-PiB
DVR index as covariate (Table 2).

Mediation analyses

To further examine whether grey matter volume may me-
diate the relationship between cognition and tau, we cre-
ated overlap maps that included voxel clusters that showed
significant association between cognitive performance and
both 'F-AV-1451 SUVR and grey matter volume (at
P < 0.005, k > 500mm?). The threshold of these analyses
was lowered as only a limited number of small clusters was
obtained at P < 0.001. The mean '*F-AV-1451 SUVR and
grey matter volume were then extracted in the overlap
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Figure 4 Voxel-wise results of the multiple regressions between '8F.AV-1451 SUVR and each cognitive domain score con-
trolling for local grey matter volume and/or local ''C-PiB DVR. Results are shown in neurologic convention.

regions and used to perform both partial correlations and
mediations analyses.

Brain regions in which cognitive domain scores were
related to both '®F-AV-1451 SUVR and grey matter
volume are displayed in Fig. 5. In these regions, '*F-AV-
1451 SUVR was negatively correlated with grey matter
volume (r < —0.4, P < 0.05). Partial correlations showed
that the association between '8F-AV-1451 SUVR and epi-
sodic memory, language, and executive function scores re-
mained significant when grey matter volume was taken into
account. For these cognitive domains, the mediation ana-
lyses revealed both direct (i.e. ADE) and atrophy-mediated
(i.e. ACME) effects of '8F-AV-1451 SUVR on cognitive
performance [note that for episodic memory, the ACME
showed a trend toward significance (P =0.054); Fig. 5
and Table 3]. In contrast, only the atrophy-mediated
effect (and not the direct effect) was significant for semantic

memory and visuospatial functions. Finally, for all cogni-
tive domains, regressions including both 'F-AV-1451
SUVR and grey matter volume explained more variance
in the cognitive score (R* between 0.41 and 0.73) than
8F.AV-1451 SUVR alone (R®> between 0.23 and 0.28,
Table 3).

Discussion

The recent development of tau PET tracers provided the
unique possibility to assess in vivo the specific contribution
of tau pathology to cognitive impairment in Alzheimer’s
disease. In the present study, we explored the regional re-
lationships between tau pathology and performance in spe-
cific cognitive domains. We further assessed whether these
relationships were mediated by neurodegeneration or
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Table 2 Spatial extent of the relationship between each cognitive domain and '®F-AV-1451 SUVR with and without
controlling for local grey matter atrophy and local or global (mean cortical) ''C-PiB-DVR

Covariates
Region None GM (local) PiB-DVR PiB-DVR GM (local) GM (local)
(local) (global) and and
PiB-DVR PiB-DVR
(local) (global)
Episodic memory
Right lateral parietal cortex 9332 5964 (64) 5606 (60) 2130 (23) 2585 (28) 2028 (22)
Left medial temporal lobe 2271 2082 (92) 1917 (84) 1731 (76) 1789 (79) 1877 (83)
Right medial temporal lobe 1823 1576 (86) 1289 (71) 645 (35) 1094 (60) 888 (49)
Left lateral parietal cortex 1195 1137 (95) 638 (53) 0 (0) 641 (54) 176 (15)
Left middle temporal gyrus 834 601 (72) 0 (0) 0 (0) 0 (0) 0 (0)
Right middle frontal gyrus 749 648 (87) 351 (47) 41 (5) 297 (40) 149 (20)
Right superior frontal gyrus 530 496 (94) 57 (1) 54 (10) 101 (19) 74 (14)
Semantic memory
Left anterior temporal cortex 12 164 6602 (54) 12039 (99) 11985 (99) 7034 (58) 6456 (53)
Left orbitofrontal cortex 8417 3115 (37) 7239 (86) 8316 (99) 2913 (35) 3078 (37)
Left lingual 3176 2255 (71) 3119 (98) 3122 (98) 2096 (66) 2167 (68)
Language
Left superior temporal gyrus 37031 34010 (92) 27044 (73) 26207 (71) 26919 (73) 29066 (78)
Left fusiform gyrus/cerebellum 5623 4047 (72) 2255 (40) 3162 (56) 1144 (20) 1779 (32)
Left pericalcarine 2514 1141 (45) 1900 (76) 1313 (52) 581 (23) 486 (19)
Left postcentral gyrus 1721 1630 (95) 915 (53) 1245 (72) 803 (47) 1229 (71)
Executive functions
Left middle frontal gyrus 45914 40973 (89) 34135 (74) 26858 (58) 25326 (55) 24715 (54)
Left lateral and medial parietal cortex 28252 24840 (88) 21759 (77) 7374 (26) 17931 (63) 12086 (43)
Right middle frontal gyrus 23163 19784 (85) 11873 (51) 10051 (43) 9396 (41) 9430 (41)
Right lateral parietal cortex 13422 10439 (78) 6996 (52) 3601 (27) 4604 (34) 3189 (24)
Left inferior temporal gyrus 1384 921 (67) 273 (20) 30 (2) 138 (10) 91 (7)
Left isthmus cingulate 537 486 (91) 182 (34) 273 (51) 125 (23) 226 (42)
Visuospatial functions
Right cuneus 1080 0 (0) 105 (10) 0 (0) 0 (0) 0 (0)
Left superior occipital gyrus 824 314 (38) 722 (88) 172 (21) 236 (29) 0 (0)
Right middle frontal gyrus 770 702 (91) 14 (2) 64 (8) 98 (13) 162 (21)
Right lingual/cerebellum 729 658 (90) 729 (100) 213 (29) 692 (95) 105 (14)

Cluster size is indicated in mm® and the numbers in parenthesis represent the per cent of voxels from the model without covariates that survived to the additional covariate(s)

(P < 0.001 uncorrected).
GM = grey matter volume.

amyloid-B plaques, as measured with grey matter volume
and '"'C-PiB DVR. We found that the association between
'8F_AV-1451 and cognition was not—or only slightly—
dependent on amyloid-p burden, but was in part mediated
by grey matter atrophy. These results suggest that tau path-
ology may lead to cognitive deficits through a variety of
mechanisms, including, but not limited to, grey matter loss.

In our sample, decreased performance in each cognitive
domain was related to increased '®F-AV-1451 SUVR in
specific brain regions consistent with established brain-be-
haviour relationships. The AV-1451 tracer preferentially
binds to NFTs and demonstrates high affinity to paired hel-
ical filaments of tau (Xia et al., 2013; Lowe et al., 2016;
Marquié et al., 2017). Hence, our findings fit with neuro-
pathological evidence in Alzheimer’s disease that emphasize
the importance of the spatial distribution of NFTs in disrup-
tion of specific cognitive domains (Mitchell et al., 2002;

Guillozet et al., 2003). Our results are consistent with
and expand on previous studies showing strong relation-
ships between '®F-AV-1451 uptake and domain-specific
cognitive performance in cognitively normal, MCI and
Alzheimer’s disease individuals (Cho et al, 2016b;
Ossenkoppele et al., 2016; Scholl et al., 2016) by including
a larger and more heterogeneous sample of Alzheimer’s
disease patients and assessing relationships across a broad
spectrum of cognitive domains.

In contrast with '®F-AV-1451, only a few and regionally
non-specific relationships were found between ''C-PiB
DVR and cognitive deficits. These results further support
neuropathological observations that local amyloid-f pla-
ques have only a modest influence on cognitive functioning
(Nelson et al., 2012). Converging results from neuropatho-
logical and molecular imaging studies are consistent with a
model in which amyloid-f pathology primarily plays an
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Figure 5 Partial correlations and summary of the mediation analyses in the brain areas where both '®F-AV-1451 SUVR and
grey matter volume were related to cognitive domain scores (P < 0.005, k > 500 mm?). Filled arrows represent significant effects of
the mediation analyses (P < 0.05). PC = partial correlation.

Table 3 Mediation analyses and variance explained by '®F-AV-1451 SUVR and grey matter volume for each cognitive

domain
Regressors Mediation analyses
ACME ADE

AV-1451 AV-1451 +GM Estimates P-values Estimates P-values
Episodic memory r? =027 r?=0.62 —0.57 [—1.12/0.01] 0.054 —0.80 [—1.36/—0.16] 0.016
Semantic memory r?=0.25 r? =0.49 —1.11 [-2.01/-0.44] <0.001 —0.80 [—1.72/0.23] 0.122
Language r?=0.28 r?=0.56 —0.80 [—1.59/—0.18] 0.003 —1.01 [—1.93/—0.27] 0.007
Executive functions r?=0.28 r?=0.73 —0.45 [—0.88/—0.06] 0.021 —0.52 [-0.81/—0.23] 0.001
Visuospatial functions r? =023 r? =04l —1.41 [-2.80/—-0.41] 0.002 —1.73 [-3.67/0.27] 0.095

Values in brackets represent 95% confidence interval for the estimates.
ACME = average causal mediation effect; ADE = average direct effect; GM = grey matter volume.
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initiating role in early (pre-clinical) stages of the
Alzheimer’s disease pathophysiological cascade, increasing
the severity and rate of accumulation of tau aggregates
(Price and Morris, 1999) and promoting tau spread
beyond the medial temporal lobe into neocortex (Johnson
et al., 2016; Scholl et al,, 2016). However, by the time
individuals develop clinically apparent cognitive deficits
(MCI or dementia), there is an apparent dissociation be-
tween the distribution of amyloid and clinical symptoms
(Lehmann et al, 2013; Ossenkoppele et al., 2016).
Interestingly, we found that global cortical ''C-PiB DVR
had a greater impact than local amyloid tracer retention in
attenuating the spatial extent of the relationship between
tau and cognitive impairment (Table 2). This finding is
consistent with previous results showing correlations be-
tween global cortical ''C-PiB DVR and '®F-AV-1451 de-
position in specific regions (Johnson ef al., 2016; Scholl
et al., 2016). As previously suggested in neuropathological
studies (Giannakopoulos et al., 2003), it may be that global
amyloid burden impacts cognition primarily by driving tau
pathology in specific brain regions.

Cognitive deficits were also related in a region-specific
manner to grey matter loss. The associations between cog-
nition and grey matter or '®F-AV-1451 reflected similar
though not entirely overlapping patterns, implicating ex-
pected brain regions based on established functional neuro-
anatomy. Grey matter showed stronger and (in most
instances) more spatially extensive relationships with cog-
nitive impairment than '®F-AV-1451. These stronger rela-
tions are consistent with the notion that cognitive deficit is
most proximally related to grey matter integrity, a hypoth-
esis supported by neuropathological data showing that syn-
aptic density is the strongest predictor of ante-mortem
cognition (Terry et al., 1991). The discrepancies between
tau and grey matter correlates of cognition may be indica-
tive of the fact that grey matter atrophy is a consequence of
diverse neuropathological processes, including tau, amyl-
0id-B, and vascular pathologies (Villeneuve et al., 2015),
and likely also represents pre-morbid differences across in-
dividuals. Our formal mediation analysis confirmed that
grey matter atrophy was a significant mediator of the rela-
tionship between tau pathology and cognitive deficits,
converging with previous work showing that glucose me-
tabolism measured by "*F-FDG PET, a correlate of synaptic
function, mediated the relationship between "F-THK5317
uptake (i.e. another tau PET radiotracer) and global cogni-
tive impairment in Alzheimer’s disease (Saint-Aubert et al.,
2016). Our study extends these findings by showing an
intermediate role for neurodegeneration using (i) a different
tau PET ligand; (ii) a different index of neurodegeneration;
and (iii) specific cognitive domains. Interestingly, a longitu-
dinal study also reported that hypometabolism acts as a
mediator between CSF tau levels and subsequent cognitive
impairment (Dowling et al., 2015). Taken together, these
results reinforce the view that tau pathology can lead to
neuronal loss and dysfunction, which in turn cause cogni-
tive impairment.
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Yet, our results also argue in favour of an independent
effect (i.e. neither atrophy- nor amyloid-mediated) of tau
pathology on cognition as we found that most regional
relationships between '8F-AV-1451 uptake and cognitive
impairment remained significant after including grey
matter volume and ''C-PiB DVR as covariates in the
model. Furthermore, cognitive deficits were related to '*F-
AV-1451 uptake but not to atrophy or ''C-PiB binding in
certain brain regions and a direct effect of '®F-AV-1451
binding on cognition was identified in the mediation
analyses. Given that AV-1451 primarily binds to NFTs
(Lowe et al., 2016), our results corroborate neuropatho-
logical data indicating that NFTs predict MMSE score
independently of neuron numbers and amyloid load
(Giannakopoulos et al., 2003; von Gunten et al., 2006).
NFTs have historically been considered to play a key role
in the pathogenesis of Alzheimer’s disease, but growing evi-
dence demonstrated that they are neither necessary nor suf-
ficient for neurodegeneration (Spires-Jones et al., 2011;
Cowan and Mudher, 2013). It is nevertheless possible
that NFT-bearing neurons present with structural changes
that compromise their functioning. In support of this
idea, some components involved in the formation of
NFTs (i.e. small soluble tau oligomers) may be responsible
for tau-induced toxicity (Cowan and Mudher, 2013).
Furthermore, in mouse models of tauopathy and human
Alzheimer’s disease brain, NFT-bearing neurons showed,
as compared to non-tangle-bearing neurons, morphometric
alterations of Golgi apparatus (Anton-Fernandez et al.,
2017), lower levels of synaptic proteins (Callahan et al.,
1999; Ginsberg et al., 2000) and synaptic reduction
(Katsuse et al., 2006). These alterations may impact neur-
onal function and contribute to cognitive impairment, al-
though discrepant results have been observed (Kuchibhotla
et al., 2014).

An alternative explanation is that '*F-AV-1451 SUVR
reflects the local severity of tau-pathological processes, as
diverse tau species besides NFTs (e.g. ghost tangles, tau
neuritic pathology) contribute to AV-1451 binding (Lowe
et al., 2016) and strong relationships between distinct
pathological species of tau have been reported in human
brain tissue (Koss et al., 2016). While the specific tau spe-
cie(s) responsible for toxicity remain unclear (Cowan and
Mudher, 2013), it has been shown that tau pathology can
lead to alterations in synaptic function by disrupting cellu-
lar trafficking pre- and postsynaptically and inhibiting an-
terograde axonal transport (Spires-Jones and Hyman,
2014). As a result, pathological tau can reduce the activity
of neurons in transgenic mice and possibly cause network
disruption prior to substantial neurodegeneration (Menkes-
Caspi et al., 2015). We therefore hypothesize that tau-
mediated synaptic abnormalities may trigger local neuronal
dysfunction, which in turn induces cognitive deficits prior
to neuronal death. Further studies are necessary to confirm
this pathological cascade and to assess whether tau-
mediated synaptic disruption emerges before versus with
grey matter loss. Alternatively, '®F-AV-1451 uptake may
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better reflect the neurodegenerative process related to tau
pathology than volumetric measurement. Indeed, due to
their high pre-morbid variability across individuals, cross-
sectional measures of grey matter volume may be less
sensitive to the local tau-mediated neurodegeneration than
’F-AV-1451.

Our study has limitations. First, causal relationships be-
tween grey matter atrophy, 'F-AV-1451, and ''C-PiB
DVR uptake could not be assessed due to the cross-
nature of this study.
Longitudinal investigations will be critical to further specify
the associations between these biomarkers and characterize
their relation with cognitive decline. Second, while our
population included a total of 40 patients, the sample
size of some clinical subgroups (e.g. MCI or logopenic vari-
ant primary progressive aphasia) was relatively small.
Furthermore, our sample included patients with diverse
and less common Alzheimer’s disease phenotypes, which
may have driven correlations in specific domains (e.g.
visuospatial deficits in posterior atrophy).
Reassuringly, examination of individual data points sug-
gests that contributions to domain-specific correlations
were distributed across Alzheimer’s disease phenotypes,
with prominent visuospatial deficits in posterior cortical
atrophy being the one exception. Furthermore, our results
include strong correlations with cognitive domains that are
not uniquely or disproportionately impacted in any individ-
ual Alzheimer’s disease clinical variant, and results were
relatively consistent after exclusion of patients with poster-
ior cortical atrophy and logopenic variant primary progres-
sive aphasia. Conversely, the inclusion of a diverse
Alzheimer’s disease clinical sample enriched our cohort
for heterogeneity in cognition, AV-1451 and grey matter
atrophy patterns, increasing our ability to detect meaning-
ful associations. Finally, one may argue that analysing '®F-
AV-1451 data collected from 80-100 min post-injection
may underestimate the SUVR values in structures with a
high binding (Baker et al., 2017) and therefore alter some
relationships with cognitive performance. However, this
time window also appears to be the best selection for
studying the full range of tau deposition (Baker et al.,
2017) and therefore represents a good compromise for
whole brain analyses.

In summary, our study demonstrated intimate relation-
ships between local tau pathology and domain-specific cog-
nitive impairment in symptomatic Alzheimer’s disease. In
agreement with a causal sequence of pathological events,
grey matter atrophy was shown to play an intermediary
role in these relationships. However, we also provide
novel evidence that tau pathology may contribute to cog-
nitive deficits independent of grey matter loss. These results
suggest that cognitive impairment results from diverse tau-
mediated pathological processes in Alzheimer’s disease,
which has implications for future therapeutic trials target-
ing tau pathology.

sectional and correlational
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