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Neuropathological correlates of structural and
functional imaging biomarkers in 4-repeat
tauopathies

Salvatore Spina,1 Jesse A. Brown,1 Jersey Deng,1 Raquel C. Gardner,1 Alissa L. Nana,1

Ji-Hye L. Hwang,1 Stephanie E. Gaus,1 Eric J. Huang,2 Joel H. Kramer,1 Howie J. Rosen,1

John Kornak,3 John Neuhaus,3 Bruce L. Miller,1 Lea T. Grinberg,1,2 Adam L. Boxer1 and
William W. Seeley1,2

Neurodegenerative dementia syndromes are characterized by spreading of pathological protein deposition along syndrome-specific

neural networks. Structural and functional MRI measures can assess the integrity of these networks and have been proposed as

biomarkers of disease progression for clinical trials. The relationship between in vivo imaging measures and pathological features,

at the single subject level, remains largely unknown. Patient-specific maps of atrophy and seed-based intrinsic connectivity disrup-

tion, as compared to normal controls, were obtained for 27 patients subsequently diagnosed with progressive supranuclear palsy

(n = 16, seven males, age at death 68.9 � 6.0 years, imaging-to-pathology interval = 670.2 � 425.1 days) or corticobasal degener-

ation (n = 11, two males, age at death 66.7 � 5.4 years, imaging-to-pathology interval = 696.2 � 482.2 days). A linear mixed effect

model with crossed random effects was used to test regional and single-subject level associations between post-mortem regional

measures of neurodegeneration and tau inclusion burden, on the one hand, and regional volume loss and seed-based intrinsic

connectivity reduction, on the other. A significant association was found between tau inclusion burden and in vivo volume loss, at

the regional level and independent of neurodegeneration severity, in both progressive supranuclear palsy [n = 340 regions; beta

0.036; 95% confidence interval (CI): 0.001, 0.072; P = 0.046] and corticobasal degeneration (n = 215 regions; beta 0.044; 95% CI:

0.009, 0.079; P = 0.013). We also found a significant association between post-mortem neurodegeneration and in vivo volume loss

in both progressive supranuclear palsy (n = 340 regions; beta 0.155; 95% CI: 0.061, 0.248; P = 0.001) and corticobasal degen-

eration (n = 215 regions; beta 0.277; 95% CI: 0.104, 0.450; P = 0.002). We found a significant association between regional

neurodegeneration and intrinsic connectivity dysfunction in corticobasal degeneration (n = 215 regions; beta 0.074; 95% CI: 0.005,

0.143; P = 0.035), but no other associations between post-mortem measures of tauopathy and intrinsic connectivity dysfunction

reached statistical significance. Our data suggest that in vivo structural imaging measures reflect independent contributions from

neurodegeneration and tau burden in progressive supranuclear palsy and corticobasal degeneration. Seed-based measures of in-

trinsic connectivity dysfunction showed less reliable predictive value when used as in vivo biomarkers of tauopathy. The findings

provide important guidance for the use of imaging biomarkers as indirect in vivo assays of microscopic pathology.
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Introduction
Neurodegenerative dementia syndromes reflect the selective

targeting of distinct large-scale neuronal networks, and

progression is hypothesized to reflect disease propagation

along anatomical and functional pathways of brain con-

nectivity (Seeley et al., 2009; Raj et al., 2012; Zhou

et al., 2012; Gardner et al., 2013; Guo et al., 2013;

Mandelli et al., 2016; Collins et al., 2017; Hoenig et al.,

2018). A sequence of molecular events including patho-

logical protein folding, corruptive templating, and trans-

synaptic spreading has been proposed as a fundamental

mechanism of disease spread within selectively vulnerable

neuronal networks (Hyman et al., 1984; Clavaguera et al.,

2009; de Calignon et al., 2012; Liu et al., 2012). In the

tauopathies, specific morphological and cell type-specific

patterns of pathological tau deposition define the diseases.

Structural MRI and task-free functional MRI are appeal-

ing methodologies for disease progression monitoring in

neurodegenerative dementia syndromes because they are

non-invasive, low cost, and can be obtained longitudinally

without significant safety concerns. Structural MRI has

been proposed as a surrogate biomarker for monitoring

of disease progression in Alzheimer’s disease clinical trials

(Jack et al., 2013), as well as in longitudinal studies of

subjects at risk for frontotemporal dementia (FTD)

(Rohrer et al., 2015; Cash et al., 2018). Both increased

and decreased task-free functional MRI connectivity have

been described within the default mode network of subjects

across the continuum spanning from normal ageing to

Alzheimer’s disease (Greicius et al., 2004; Buckner et al.,

2005; Zhou et al., 2008; Zhang et al., 2010; Wang et al.,

2013). Extensive literature has described functional intrin-

sic connectivity patterns in patients with FTD syndromes

(Seeley et al., 2007; Zhou et al., 2010, 2017; Whitwell

et al., 2011b; Borroni et al., 2012; Farb et al., 2013;

Filippi et al., 2013; Guo et al., 2013; Pievani et al.,

2014), and longitudinal changes have been investigated as

potential biomarkers of disease progression for clinical

trials for Alzheimer’s disease and FTD (Zhang et al.,

2010; Goveas et al., 2011; Sperling et al., 2014; Serra

et al., 2016; Brown et al., 2017).

Despite widespread interest in these biomarkers for clin-

ical trial planning and dementia research (Boxer et al.,

2017; Whitwell et al., 2017), little is known about the re-

lationship between imaging measures of brain atrophy or

intrinsic connectivity dysfunction and corresponding neuro-

pathological changes, with most studies focusing on

Alzheimer’s disease, primary age-related tauopathy and

Lewy body disease (Jack et al., 2002; Whitwell et al.,

2008; Burton et al., 2009; Josephs et al., 2017). No such

studies have been carried out in FTD or for any disease

using functional MRI.

In this study, we assessed the relationships between

in vivo volumetric and intrinsic connectivity imaging meas-

ures and post-mortem measures of neurodegeneration and

tau inclusion burden. We assessed these relationships across

brain regions and within individuals in patients with patho-

logical diagnoses of progressive supranuclear palsy (PSP) or

corticobasal degeneration (CBD), the two most common

sporadic 4-repeat tauopathies.

Materials and methods

Subjects

Patients

We searched the University of California at San Francisco
(UCSF) Neurodegenerative Disease Brain Bank database for
patients with a primary pathological diagnosis of PSP or
CBD, regardless of clinical syndrome (Litvan et al., 1996b;
Dickson et al., 2002). Patients were included if they had
been enrolled in UCSF Memory and Aging Center (MAC) lon-
gitudinal research projects during life, underwent standardized
clinical, behavioural, and neuroimaging data collection, and
had research quality structural T1 MRI and task-free func-
tional MRI available. This search led to the identification of
26 patients with PSP and 20 patients with CBD cases. To
study the association between the primary proteinopathy (4-
repeat tau) inclusion burden with ante-mortem imaging meas-
ures, we excluded patients with coexisting Alzheimer’s disease
neuropathological change intermediate or higher, Braak neuro-
fibrillary tangle stage 43, any extent of Lewy body disease or
TDP-43 proteinopathy, or evidence of vascular brain injuries
within regions of interest (Braak and Braak, 1991; McKeith
et al., 1996; Mackenzie et al., 2010b; Montine et al., 2012).
Patients with coexisting argyrophilic grain disease (Ferrer
et al., 2008) were included because of the high prevalence of
this diagnosis in ageing, PSP, and CBD (Rodriguez et al.,
2016; Gil et al., 2018). When more than one neuroimaging
assessment was available, we used the one closest to death.
When this imaging study did not pass quality control, the
passing MRI scan next nearest to death was used. This
method led to the identification of 16 patients with
pathologically diagnosed PSP and 11 with CBD. The ima-
ging-to-pathology interval was 670.2 � 425.1 days in PSP
and 696.2 � 482.2 days in CBD. Demographics, clinical,
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functional and pathological data are described in Table 1
(Pfeffer et al., 1982; Fahn et al., 1987).

Control groups

A group of 288 healthy control subjects (healthy control group
1: 250 right-handed, three ambidextrous; 116 male; age at
imaging 65.8 � 10.8 years) was identified for the structural
neuroimaging analyses from a cohort of MAC research par-
ticipants. A subgroup of healthy control group 1, comprising
165 subjects (healthy control group 2: 140 right-handed, two
ambidextrous; 64 male; age at imaging 66.2 � 11.4 years)
with available task-free functional MRI studies was used as
controls for the functional neuroimaging analyses.

Consent

All participants or their caregivers provided written informed
consent for the study according to the Declaration of Helsinki,
which was approved by the UCSF Committee on Human
Research.

Neuropsychological assessment

Patients and controls underwent a standard battery of neuro-
psychological tests as described previously (Perry et al., 2017).
Interval time between imaging and neuropsychological testing

was 2 � 109 days in the PSP cohort and 96 � 142 days in the
CBD cohort. Group-level cognitive performances for PSP,
CBD, and controls are summarized in Supplementary Table 1.

Neuropathology

Post-mortem brains were freshly cut according to an inter-
leaved bi-hemispheric coronal slabbing protocol that captures
13 (�1) fixed coronal slabs for histological processing and 12
(�1) frozen slabs for biochemical/molecular biological ana-
lysis. Cerebella were cut into sagittal sections and brainstems
into axial sections. Following 72-h formalin fixation, cerebral
and cerebellar slabs were dissected to generate 20 standard
regional tissue blocks (encompassing 27 regions of interest)
used for all histopathological studies (Supplementary Fig. 1).
Eight-micrometre thick formalin-fixed paraffin-embedded sec-
tions were cut from each block and stained with haematoxylin
and eosin and with immunohistochemistry for hyperpho-
sphorylated tau, amyloid-b, TDP-43, alpha-synuclein, and
3R-tau antibodies (to identify Alzheimer’s disease-related tau
deposition in the context of a primary 4-repeat tauopathy) (de
Silva et al., 2003; Tartaglia et al., 2010). Neuropathological
diagnoses were rendered according to published criteria
(Litvan et al., 1996b; McKeith et al., 1996; Dickson et al.,
2002; Mackenzie et al., 2010a; Montine et al., 2012). For

Table 1 Demographic, clinical and pathological characteristics of the patients in the study

Subject Pathological

diagnosis

Clinical

diagnosis

Sex Age at

death,

years

Education,

years

Handedness Disease

duration,

years

UPDRS

motor

score

FAQ

Score

Imaging to

pathology,

days

Thal

Phase

AD

Braak

LBD

Braak

Other

pathologies

1 PSP PSP-RS M 69.4 20 Right 6 53 n.a. 104 0 0 0 AGD

2 PSP PSP-RS M 76.8 20 Right 10 61b n.a. 844 0 2 0 AGD, VBI

3 PSP PSP-RS F 72.8 13 Right 6 46 n.a. 574 0 1 0 VBI

4 PSP PSP-RS F 66.5 18 Left 8 58b 15 895 0 1 0 –

5 PSP PSP-RSa F 66.7 16 Right 7 34 14 1336 2 1 0 CAA

6 PSP PSP-RSa M 70.0 16 Right 9 36 9 1401 0 2 0 VBI

7 PSP PSP-RS F 56.4 14 Right 6 n.a. n.a 639 2 2 0 –

8 PSP PSP-RS M 74.7 20 Right 10 15 5 1365 0 3 0 AGD

9 PSP PSP-RS F 69.2 21 Left 7 26 14 246 1 2 0 AGD

10 PSP PSP-RSa F 70.3 12 Right 10 64 28 334 3 2 0 VBI

11 PSP PSP-RSa F 68.7 18 Right 18 24 20 276 2 3 0 CAA

12 PSP PSP-RS M 59.0 14 Right 7 16 21 710 2 1 0 –

13 PSP PSP-RS M 63.0 18 Right 9 41 17 820 2 1 0 AGD

14 PSP PSP-RS F 66.2 14 Right 9 42b 13 254 0 2 0 –

15 PSP PSP-RS M 77.6 16 Right 5 17 16 231 2 2 0 VBI

16 PSP PSP-RS F 75.0 16 Right 6 62b 23 695 1 2 0 AGD

17 CBD bvFTD M 63.8 15 Right 6 16 28 629 2 2 0 CAA

18 CBD CBS F 64.5 16 Right 7 48 8 972 0 1 0 VBI

19 CBD bvFTD F 73.3 17 Right 6 14 17 1344 1 1 0 –

20 CBD PSP-RS F 67.6 16 Right 4 43b 30 220 1 2 0 VBI

21 CBD PSP-RS M 60.6 14 Right 6 n.a. n.a. 428 2 1 0 –

22 CBD CBS F 62.0 16 Right 7 45 12 435 1 0 0 VBI

23 CBD CBS F 63.4 18 Right 8 30 8 723 1 1 0

24 CBD CBS F 64.1 18 Right 5 42b 6 326 1 2 0 AGD, CAA

25 CBD CBS F 77.6 16 Right 8 31 15 432 2 2 0 AGD, VBI

26 CBD PSP-RS F 64.4 16 Right 4 15 24 380 0 1 0 –

27 CBD bvFTD F 72.4 18 Right 8 4 5 1769 5 2 0 VBI

AGD = argyrophilic grain disease; CAA = cerebral amyloid angiopathy; CBD = corticobasal degeneration; bvFTD = behavioural variant frontotemporal dementia; F = female;

FAQ = Functional Activities Questionnaire; M = male; n.a. = not available; PSP-RS = probable PSP-RS with clinical diagnosis of PSP using the movement disorder society criteria

(Höglinger et al., 2017); UPDRS = Unified Parkinson’s disease rating scale; VBI = vascular brain injury.
aPossible PSP-RS with clinical diagnosis of PSP using the movement disorder society criteria (Höglinger et al., 2017).
bDoes not include untestable items.
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every region of interest, neuronal loss was graded as: 0
(450%), 1 (50–70%), 2 (71–90%) and 3 (590%) estimated
loss. Astrogliosis was graded as 0 (absent), 1 (mild), 2 (mod-
erate), and 3 (severe). Microvacuolation was graded on the
same scale but only for cerebral cortical regions. A neurode-
generation score (ND) was calculated for every cortical region
of interest as follows: ND = [(gliosis + microvacuolation) /
2] + neuronal loss. For subcortical and brainstem regions of
interest, astrogliosis and neuronal loss scores were added.
Regional tau inclusion burden scores were calculated by sum-
ming semi-quantitative scores on the same 4-point scale for
each pathological hallmark (i.e. neurofibrillary tangles, neur-
onal cytoplasmic inclusions, tufted astrocytes, astrocytic pla-
ques, thorny astrocytes, oligodendroglial coiled bodies,
cortical neuropil threads and white matter threads).

Imaging acquisition

MRI scans from patients and healthy controls were obtained
at the UCSF Neuroscience Imaging Center on a Siemens Trio
3.0 T scanner. T1-weighted magnetization-prepared rapid gra-
dient-echo (MP-RAGE) structural scans were acquired with an
acquisition time = 533 s, sagittal orientation, a field of view of
160 � 240 � 256 mm with an isotropic voxel resolution of
1 mm3, repetition time = 2300 ms, echo time = 2.98 ms, inversion
time = 900 ms, flip angle = 9�. Task-free T2*-weighted echo
planar functional MRI scans were acquired with an acquisition
time = 486 s, axial orientation with interleaved ordering, field
of view = 230 � 230 � 129 mm, matrix size = 92 � 92, effect-
ive voxel resolution = 2.5 � 2.5 � 3.0 mm, repetition
time = 2000 ms, echo time = 27 ms, for a total of 240 volumes.

MRI processing

T1-weighted scans were visually inspected to exclude scans
with poor quality and obvious artefact. Images were then pro-
cessed using the SPM12 default estimation settings for segmen-
tation into grey and white matter and spatial normalization to
the standard SPM tissue probability maps. Images were modu-
lated, corrected for non-linear warping only, and smoothed
with a 8 mm full-width at half-maximum isotropic Gaussian
kernel. Functional MRI scans were preprocessed using a proto-
col described previously (Brown et al., 2017). Scans were
excluded if head motion was 43 mm of maximum relative
translation, 43� of maximum relative rotation, and higher
than 10% of frames with motion ‘spikes’ 41 mm.

Imaging region of interest selection

To assess imaging-to-pathology correlations at the single sub-
ject level in each of the 27 histological regions of interest, we
used a standardized algorithm for identifying the imaging
region of interest that best matched our standard neuropatho-
logical dissections, similar to previous approaches (Raman
et al., 2016). To create a standard set of regions of interest
for this and future studies, we elected to use the Human
Brainnetome Atlas, a validated connectivity-based parcellation
atlas composed of 210 cortical and 36 subcortical brain re-
gions, classified by means of non-invasive multimodal struc-
tural, task-free functional, and diffusion MRI methods (Fan
et al., 2016). This atlas does not contain parcels for the cere-
bellum and the brainstem, therefore dentate nucleus, substantia

nigra and tectum regions of interest were manually drawn on
the MNI T1 template using MRIcron mirroring our standard
blocking protocol (Rorden and Brett, 2000).

To select Brainnetome parcels that best matched our remain-
ing standard histological dissections, we first used MRIcron to
manually draw MNI T1 template regions of interest mirroring
our standard dissections. We then assigned each drawn region
of interest to the Brainnetome parcel with the highest voxel
overlap in MNI space. Fifteen drawn regions of interest were
uniquely assigned to a single Brainnetome parcel. Drawn re-
gions of interest covering amygdala, superior/middle temporal
gyrus, thalamus, calcarine cortex, and entorhinal cortex were
better represented by combining two to three Brainnetome par-
cels each in order to cover the entire volume of the region
assessed neuropathologically (Table 2). Suitable Brainnetome
parcels matching the standard dissections of the frontal pole,
globus pallidus, and subthalamic nucleus were not available;
therefore, for these regions we used the drawn region of inter-
est parcels. Drawn region of interest parcels were also used for
the dentate nucleus, substantia nigra, tectum and periaqueduc-
tal grey, which are not represented in the Brainnetome atlas.
The substantia nigra region of interest included the entire
extent of the nuclei bilaterally. The final list of Brainnetome
parcels corresponding to brain regions of interest is provided
in Table 2. Once all regions were chosen, we calculated the
mean grey matter and white matter tissue probability map
value for each region of interest to assign each region to
either the grey or white matter segment, according to which-
ever segment returned a higher value, for the purposes of
volume assessment. For functional connectivity maps, we ex-
tracted the region of interest mean connectivity values (param-
eter estimates). Globus pallidus, thalamus, subthalamic
nucleus, dentate nucleus, substantia nigra, and midbrain
tectum were assigned to the white matter segment. All remain-
ing regions were assigned to the grey matter segment.

Imaging analyses

Structural MRI data were analysed using voxel-based morph-
ometry. Intrinsic connectivity dysfunction was assessed using
seed-based intrinsic connectivity methods, centred on anatom-
ical areas targeted in each disease, following previously
described approaches (Seeley et al., 2009; Gardner et al.,
2013). For the PSP group, we chose a 4-mm radius sphere
centred on the midline in the rostral midbrain tegmentum,
since the network anchored by this region has been described
previously and mirrors the anatomical vulnerability pattern in
PSP (Boxer et al., 2006; Gardner et al., 2013). For the CBD
group, the superior frontal sulcus parcel from the Brainnetome
atlas was selected since it corresponded to the peak of atrophy,
within cortical regions sampled pathologically, in both the sub-
group of seven CBD patients with left-predominant atrophy
and in the subgroup of four CBD patients with right-predom-
inant atrophy (Supplementary Fig. 2). For each subject, grey
matter volumes and connectivity parameters were measured
within the regions of interest in the cerebral hemisphere with
the higher extent of atrophy and in the contralateral dentate
nucleus, corresponding to the sides prospectively chosen for
pathological assessment and scoring. For superior frontal
sulcus-seeded intrinsic connectivity measures in CBD, the
seed was ipsilateral to the cerebral regions of interest and
contralateral to the dentate nucleus. We calculated the average
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blood oxygen level-dependent signal intensity of all voxels
within these regions of interest at each repetition time over
each subject’s 8-min scan. The resulting time series were
used as covariates of interest in a whole-brain statistical para-
metric regression analysis using SPM12 to derive images cor-
responding to the region of interest’s intrinsic functional
correlation map for each subject. Voxelwise regression was
used to estimate mean W-score maps of grey matter loss and
intrinsic connectivity dysfunction within patient regions of
interest, taking into consideration age, sex, handedness, total
intracranial volume and years of education, for both modal-
ities, as well as education for functional W-maps. Structural
W-maps were calculated using the healthy control group 1 and
functional W-maps using the healthy control group 2. W-
scores are analogous of Z-scores accounting for multiple cov-
ariates at the same time. This method provides a voxelwise
metric of a patient’s deviation from an expected imaging
value based on the relevant factors in the control group (La
Joie et al., 2012).

Statistical analyses

To test the independent association of pathological measures
and in vivo MRI biomarkers, we used linear mixed effect
models in order to account for repeated measures from the
same patient. Outcomes were in vivo measures of grey or

white matter volume and seed-based intrinsic connectivity dys-

function at the single patient level. Fixed effects predictors
were regional neurodegeneration and tau inclusion burden,

age, sex, disease duration, and elapsed time between MRI
and death. Random effects predictors were patient identity

and region of interest, both of which have their own specific
variance. We elected to cross the random effects in order to

simultaneously incorporate the following two assumptions:
(i) different regions within a subject behave more similarly
than different regions in different subjects; and (ii) the same

regions in different subjects behave more similarly than differ-
ent regions in different subjects. Importantly, the crossed

model allows for different levels of correlation within subject
across regions versus within region across subjects. Because

region of interest and patient identity effects are unlikely to
be completely independent, we acknowledge that this assump-

tion must be regarded as an approximation. We would argue,
however, that the crossed random effect structure is a better

assumption than a region-within-subject nested configuration,
which would not acknowledge the correlation that exists

within a region across subjects (Baayen et al., 2008). The de-
fault option in STATA was used, which fits the model with

maximum likelihood. Fixed effects were included in additive
fashion. To determine whether elapsed time between MRI and
death interacted with neuropathological predictors, we as-

sessed these interactions statistically within each model and

Table 2 List of Brainnetome parcels and hand-drawn regions of interest

Region of interest Brainnetome parcels and hand-drawn regions of interest

Left hemisphere Right hemisphere

Frontal pole Hand-drawn Hand-drawn

Anterior orbital gyrus 45 46

Anterior mid-cingulate gyrus 179 180

Subgenual cingulate gyrus 187 188

Posterior cingulate gyrus 175 176

Middle frontal gyrus 15 16

Inferior frontal gyrus 39 40

Superior frontal sulcus 25 26

Superior and middle temporal gyrus 75 + 87 76 + 88

Inferior temporal gyrus 93 94

Insula 171 172

Precentral gyrus 57 58

Postcentral gyrus 159 160

Angular gyrus 141 142

Calcarine cortex 191 + 193 192 + 194

Cornus ammonis 217 218

Entorhinal cortex 109 + 111 110 + 112

Ventral striatum 219 220

Putamen 229 230

Globus pallidus Hand-drawn Hand-drawn

Amygdala 211 + 213 212 + 214

Thalamus 235 + 239 + 241 236 + 240 + 242

Subthalamic nucleus Hand-drawn Hand-drawn

Substantia nigra Hand-drawn Hand-drawn

Midbrain tectum Hand-drawn Hand-drawn

Periaqueductal gray Hand-drawn Hand-drawn

Dentate nucleus Hand-drawn Hand-drawn

2072 | BRAIN 2019: 142; 2068–2081 S. Spina et al.



added interaction terms when they showed a statistically sig-
nificant effect on the neuroimaging outcomes. A statistically
significant interaction between neurodegeneration score and
elapsed time between MRI and death was found in the
model predicting regional volume loss in CBD, and therefore
the interaction term was added to this model. Since no other
statistically significant interactions were found between patho-
logical measures and elapsed time between MRI and death, in
the interest of parsimoniously representing models, no inter-
action terms were added to the remaining models. The same
models were re-run to assess the independent associations be-
tween tau subscores (i.e. total neuronal tau, and total glial
tau), instead of the total tau score, and MRI findings.

To assess the relationship between pathological measures
and elapsed time from imaging to death, in both cohorts, we
used linear mixed-effect models with crossed random effects.
Outcomes were either neurodegeneration score or tau score.
Fixed effects predictors were neurodegeneration score or tau
score (if not used as a primary outcome), age, sex, disease
duration in years and imaging-to-death elapsed time in years.
An interaction factor between the neuropathological outcome
of interest and elapsed time from imaging to death in years
was also added to the model. Crossed random effects were
patients identity and anatomical regions of interest.

A nominal significance level of � = 0.05, P5 0.05 was used
throughout. Although we examined multiple correlations, we
report nominal P-values without adjustment for multiple test-
ing since such adjustment would be focused on avoidance of
one or more results with P5 0.05 in the case where all cor-
relations are truly zero, which is an unlikely hypothesis. We
therefore rely on scientific judgment to indicate where caution
is warranted despite findings with P50.05 (Rothman, 1990;
Savitz and Olshan, 1995; Perneger, 1998; Bacchetti, 2002).
Diagnostic plot analyses were carried out to rule out any vio-
lation of linearity assumptions and to confirm the approximate
normal distribution of residuals in all mixed effect models. All
analyses were performed in STATA 14.

Data availability

All data used in this study are available for review upon
request.

Results

Patient demographics

All 16 patients with PSP (seven males, nine females) had

been clinically diagnosed with either probable (n = 12) or

possible (n = 4) PSP-Richardson syndrome (PSP-RS), ac-

cording to published criteria (Litvan et al., 1996a). The

11 patients with CBD (two males, nine females) had

received various clinical syndromic diagnosis ante-

mortem: five had been diagnosed with corticobasal

syndrome, three with behavioural variant frontotemporal

dementia (bvFTD), and three with probable PSP-RS

(Litvan et al., 1996a; Rascovsky et al., 2011; Armstrong

et al., 2013). Patient demographics and information regard-

ing coexisting Alzheimer’s disease and other comorbid

pathological changes are summarized in Table 1.

Coexisting argyrophilic grain disease was observed in

6/16 patients with PSP and 2/11 patients with CBD, con-

sistent with the high prevalence of this co-pathology in

non-demented older subjects (Rodriguez et al., 2016) and

in PSP and CBD (Gil et al., 2018). Neurodegeneration

scores were available for 423/432 patient-regions in the

PSP cohort, and 293/297 patient-regions in the CBD

cohort. Tau inclusion burden scores were available for

340/432 patient-regions in the PSP cohort and 215/297

patient-regions in the CBD cohort. Missing measures were

randomly distributed across patients and regions, therefore

unlikely to have unduly influenced the results.

The relationship between regional tissue dissection,

Brainnetome parcels, and single-subject W-score maps of

grey and white matter atrophy, as well as intrinsic connect-

ivity dysfunction in a representative patient with PSP are

illustrated in Fig. 1. Group-level W-score maps of grey and

white matter atrophy, and intrinsic connectivity dysfunc-

tion in the PSP and CBD groups are described in Fig. 2.

W-score variance within regions and among subjects is

described in Supplementary Fig. 3. The associations be-

tween demographics covariates and regional grey matter

volume loss or intrinsic connectivity dysfunction are

described in the Supplementary material, Results section.

Neurodegeneration and tau inclusion
burden independently predict in vivo
brain atrophy

First, we assessed the relationships between structural MRI

and neuropathological findings. In PSP, neurodegeneration

scores predicted in vivo brain atrophy (grey matter W-

score) at the regional level, after controlling for tau inclu-

sion burden and other covariates [n = 340 regions; beta

0.155; 95% confidence interval (CI): 0.061, 0.248;

P = 0.001] (Fig. 3A). In addition, we observed a statistically

significant relationship between tau inclusion burden and

in vivo brain atrophy, independent of neurodegeneration

severity and other covariates (n = 340 regions; beta 0.036;

95% CI: 0.001, 0.072; P = 0.046) (Fig. 3C).

CBD patients showed similar results to those for PSP. We

observed a statistically significant association between neu-

rodegeneration and atrophy, after adjusting for tau inclusion

burden and other covariates (n = 215; beta 0.277; 95% CI:

0.104, 0.450; P = 0.002) (Fig. 3B). In addition, tau inclusion

burden predicted in vivo brain atrophy, independent of neu-

rodegeneration severity and other covariates (n = 215; beta

0.044; 95% CI: 0.009, 0.079; P = 0.013) (Fig. 3D).

Pathological variables did not predict
intrinsic connectivity dysfunction in
PSP

PSP-RS is associated with a targeted intrinsic connectivity

network, anchored by the rostral midbrain tegmentum, and
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Figure 1 Regions of interest: anatomical tissue sampling, Brainnetome parcels, and single-subject W-score maps of atrophy

and intrinsic connectivity dysfunction in a PSP patient. From left to right, depicted is the relationship between regional tissue dissection,

corresponding Brainnetome Atlas parcels, W-maps of grey and white matter atrophy, and seed-based intrinsic connectivity dysfunction. In the top

row, the frontal pole region of interest is indicated in purple. In the second row, the anterior mid-cingulate gyrus is in red, and the anterior orbital

gyrus is in blue. In the third row, the superior frontal sulcus is in blue, the insular cortex is in green, the putamen is in purple, the globus pallidus is in

yellow, the amygdala is in cyan and the inferior temporal gyrus is in red. In the fourth row, the precentral gyrus is in red, the postcentral gyrus is in

blue, the thalamus is in purple, the superior and middle temporal gyrus are in green, the cornus ammonis is in yellow, and the entorhinal cortex is

in cyan. In the bottom row, the posterior cingulate gyrus is in blue and the angular gyrus is in red. Corresponding colour bars for grey matter W-

score (GM), white matter W-score (WM) and functional connectivity W-score maps are indicated. Higher W-scores correspond to higher extent

of volume loss or connectivity reduction (Rorden and Brett, 2000).
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a cross-sectional analysis linked reduced connectivity within

this network to worsening clinical deficits (Gardner et al.,

2013). Nonetheless, in PSP the associations between re-

gional rostral midbrain tegmentum-seeded intrinsic con-

nectivity mean W-scores and neurodegeneration scores

(n = 340; beta 0.041; 95% CI: �0.010, 0.093; P = 0.118)

(Fig. 3E) or tau inclusion burden (n = 340; beta 0.010;

95% CI: �0.010, 0.029; P = 0.321) did not reach statistical

significance (Fig. 3G), although the associations were in the

expected direction.

Neurodegeneration scores, not tau
inclusion burden, predicts intrinsic
connectivity dysfunction in CBD

In CBD, no previous study has assessed intrinsic

connectivity directly. Here, the intrinsic connectivity

disruptions observed were mild, perhaps not surprisingly

given the small, clinically heterogeneous CBD sample.

Nonetheless, we observed a statistically significant

positive association between regional superior frontal

sulcus-seeded intrinsic connectivity mean W-scores and

the neurodegeneration score (n = 215; beta 0.074; 95%

CI: 0.005, 0.143; P = 0.035) (Fig. 3F) independent from

other covariates. The association between regional

superior frontal sulcus-seeded intrinsic connectivity

mean W-scores and tau inclusion burden (n = 215; beta

�0.011; 95% CI: �0.032, 0.009; P = 0.288) (Fig. 3H)

was not in the expected direction and did not reach stat-

istical significance.

Relationship between neuronal or
glial subscores of tau pathological
burden and imaging biomarkers

In the PSP cohort, neuronal tau burden was an independent

predictor of ante-mortem structural atrophy (n = 340; beta

0.167; 95% CI: 0.079, 0.255; P5 0.001), while the asso-

ciation between glia tau burden and structural atrophy did

not reach statistical significance (n = 340; beta �0.010;

95% CI: �0.072, 0.052; P = 0.749). In contrast, in the

CBD cohort we observed a trend toward statistical signifi-

cance between glial tau burden and structural atrophy

(n = 215; beta 0.082; 95% CI: �0.001, 0.165; P = 0.054),

while the association between neuronal tau burden and

structural atrophy was not significant (n = 215; beta

0.013; 95% CI: �0.137, 0.162; P = 0.870).

The association between subscores of tau burden and

connectivity dysfunction measures is of more complex in-

terpretation. In the PSP cohort, both neuronal tau burden

Figure 2 Group level W-score maps of atrophy and connectivity dysfunction in PSP and CBD. Heat bars for grey matter W-score

(GM), white matter W-score (WM), and connectivity W-score. Higher W-scores correspond to higher extent of volume loss or connectivity

reduction (Rorden and Brett, 2000).
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(n = 340; beta �0.053; 95% CI: �0.099, �0.006;

P = 0.026) and glial tau burden (n = 340; beta 0.055;

95% CI: 0.024, 0.086; P5 0.001) independently predicted

connectivity dysfunction, but these effects, both relatively

small, were in opposite directions. No significant associ-

ation between neuronal tau burden (n = 215; beta 0.023;

95% CI: �0.064, 0.110; P = 0.602) or glial tau burden

(n = 215; beta �0.036; 95% CI: �0.083, 0.011;

P = 0.133) and connectivity dysfunction was observed in

the CBD cohort.

Relationship between pathological
measures and interval time between
imaging and death

PSP patients who came to autopsy after a long interval

since MRI showed greater regional neurodegeneration

scores (n = 340; beta 0.291/year; 95% CI: 0.268, 0.314;

P5 0.001) and tau burdens (n = 340; beta 0.030/year;

95% CI: 0.004, 0.056; P = 0.025), as expected. In the

CBD cohort we also observed a significant association

Figure 3 Scatter plots displaying the regional association between neurodegeneration and tau scores with W-scores of

structural and intrinsic connectivity dysfunction. FC = functional connectivity. Dots represent linear prediction; boxed area represents

95% CI; red line indicates fitted values.
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between imaging-to-death interval and neurodegeneration

score (n = 215; beta 0.352/year; 95% CI: 0.316, 0.388;

P50.001), while the association with tau burdens did

not reach statistical significance (n = 215; beta 0.008/year;

95% CI: �0.017, 0.033; P = 0.549).

Discussion
Although MRI-based measures are widely viewed as candi-

date neurodegenerative disease biomarkers, little is known

about the microscopic pathological signatures underlying

changes in the MRI. Previous studies to address this issue

have focused on structural MRI in Alzheimer’s disease, and

no information is available regarding imaging-to-pathology

correlation in FTD or links between task-free functional

MRI and neuropathological findings. Here, we capitalized

on a large longitudinal series in which patients were

followed from neuroimaging to death, allowing for a

region-by-region comparison between magnetic resonance

measures and neuropathology. The most important and

novel finding of this study is the relationship between tau

inclusion burden in PSP and CBD and the extent of ante-

mortem brain atrophy, measured by brain MRI. This asso-

ciation proved independent of the local neurodegeneration

severity. Our data suggest that the relationship between tau

burden and magnetic resonance atrophy may be more

driven by neuronal tau in PSP and by glial tau in CBD,

but further study is needed to confirm these hypotheses. As

expected, we also observed a significant association be-

tween the severity of neurodegeneration and MRI-based

atrophy, independent of the tau inclusion burden in both

our PSP and CBD cohorts. Taken together, these data sug-

gest that in vivo structural imaging measures of regional

brain atrophy may represent robust biomarkers of tau

burden in PSP, CBD, and possibly other forms of neurode-

generation, even when imaging data are acquired years

prior to death. These data may have important implication

for ongoing and future clinical trials in which volumetric

MRI parameters are used as secondary outcome measures

(Boxer et al., 2017).

Pathological tau protein deposition has been directly

associated with neuronal loss (Gomez-Isla et al., 1997;

Giannakopoulos et al., 2003) and grey matter atrophy

(Jack et al., 2002; Whitwell et al., 2008) in Alzheimer’s

disease. Both regional tau deposition and grey matter atro-

phy are strong predictors of cognitive deficit in Alzheimer’s

disease (Arriagada et al., 1992; Nelson et al., 2012).

Neuropathological studies have shown that the preferential

involvement of selected anatomical areas by tau deposition

is associated with the clinical and anatomical phenotypical

expression of mild cognitive impairment and Alzheimer’s

disease (Hof et al., 1989; Mitchell et al., 2002; Guillozet

et al., 2003; Murray et al., 2011; Gefen et al., 2012),

through mechanisms that may be in part independent

from the severity of neuronal loss, gliosis and neuropil rar-

efaction (von Gunten et al., 2006). A direct association

between regional neuropathological tau burden and cogni-

tive or structural changes has also been observed in pri-

mary age-related tauopathy (Josephs et al., 2017). The

recent availability of tau PET ligands allows the assessment

of correlations between in vivo measures of tau deposition

or regional extent with clinical findings. Tau deposition as

assessed in vivo using 18F-AV-1451 tau-PET predicts re-

gional grey matter loss in Alzheimer’s disease (Iaccarino

et al., 2018), the preferential involvement of distinct ana-

tomical regions underlying the phenotypical variability of

Alzheimer’s disease (Ossenkoppele et al., 2016), and the

patterns of cortical volume loss in cognitively normal

elder individuals (LaPoint et al., 2017). More recently, a

direct effect of regional 18F-AV-1451 uptake on region-spe-

cific cognitive performance, in part independently from

neurodegeneration, has been shown in a cohort of patients

with Alzheimer’s disease pathology (Bejanin et al., 2017).

Our data parallel the results of prior studies supporting the

hypothesis of a direct effect of the regional tau severity in

determining regional volume loss and related phenotypic

disease manifestations in Alzheimer’s disease, while provid-

ing unprecedented evidence of a similar association in non-

Alzheimer primary tauopathies.

Tau aggregation in neurons has been associated with

altered synaptic protein expression, and deficits in axonal

transport that result in impaired trafficking of mitochondria

and synaptic receptors to the synapses, and ultimately syn-

aptic loss (Callahan et al., 1999; Ginsberg et al., 2000;

Katsuse et al., 2006; Spires-Jones and Hyman, 2014). We

therefore predicted an association between regional tau in-

clusion burden and intrinsic connectivity dysfunction. Our

data instead revealed only non-statistically significant rela-

tionships between neuropathologically assessed tauopathy

and seed-based intrinsic connectivity dysfunction, when ac-

counting for the extent of regional neurodegeneration and

the interval time between imaging studies and death.

Regional neurodegeneration predicted intrinsic connectivity

dysfunction in the CBD group, while in PSP the association

was in the expected direction, but did not reach statistical

significance. Together our results suggest that single-sub-

ject, network-based intrinsic connectivity measures may

face limitations in their use as biomarkers of post-mortem

regional tau inclusion burden in PSP and CBD. Within-net-

works increased intrinsic connectivity has been reported in

patients with a clinical diagnosis of PSP-RS or corticobasal

syndrome, and postulated to represent increased baseline

synchronization underlying within-network dysfunction

(Bharti et al., 2017). In addition, a positive correlation

has been reported between average cortical connection

strength and 18F-AV-1451 uptake in patients with PSP-RS

(Cope et al., 2018). On the other hand, several seed-based

intrinsic connectivity studies have shown within-network

connectivity disruption in patients with PSP-RS or cortico-

basal syndrome (Whitwell et al., 2011a; Gardner et al.,

2013; Piattella et al., 2015; Upadhyay et al., 2017). A

recent longitudinal study of patients with PSP-RS showed

that baseline intrinsic connectivity deficits are more evident
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in regional hubs within the rostral midbrain tegmentum

network but also that connectivity measures fail to predict

or strongly correlate with longitudinal clinical decline

(Brown et al., 2017). In addition, the lack of association

between pathological changes and measures of intrinsic

connectivity in neurodegenerative diseases may depend on

disease stages, with a possible direct association in the early

disease stages, followed by a plateau phase once the sever-

ity of regional neurodegeneration reaches ceiling (Greicius

et al., 2004; Buckner et al., 2005; Zhou et al., 2008; Zhang

et al., 2010; Wang et al., 2013). Taken together, these

findings may explain why intrinsic connectivity measures

may not correlate with post-mortem pathological measures.

Alternatively, it is possible that both rostral midbrain teg-

mentum- and superior frontal sulcus-seeded regional con-

nectivity networks maps are relatively variable in control

individuals, a circumstance that would affect the sensitivity

of the W-score approach. Further work may help clarify

the optimal single-subject implementation of task-free func-

tional MRI approaches.

Our study has several limitations including the relatively

long interval between imaging and pathological assessment

and the semi-quantitative nature of our neurodegeneration

and tau inclusion burden measures, which are subject to

ceiling effects in areas with severe pathological changes.

In addition, the heterogeneous clinical presentations

within the CBD cohort might have limited the strength of

our seed-based connectivity analysis since the superior fron-

tal sulcus may not have anchored the most relevant brain

network in all of the patients with CBD.

Modelling imaging–pathology relationships using linear

mixed effects presents specific challenges and required us

to make several assumptions and simplifications (Baayen

et al., 2008). In that light, our findings, especially those

of marginal statistical significance, should be interpreted

with due caution. In our analysis, patients and region fac-

tors were both entered in the model as crossed random

effects. This approach differs from that commonly used in

brain imaging studies, where brain region is entered as a

fixed effect. Unlike many brain imaging studies, however,

our semi-quantitative neuropathological assessments were

limited to a small set of regions, which are representative

but not inclusive of the whole brain, and we have treated

this set of regions as a random sample from the set of

possible brain regions. This assumption creates a design

with two random effects, which is not compatible with

an ANOVA but instead calls for a linear mixed model. A

linear mixed model further enables patient and region of

interest effects to be crossed, rather than nested. This is an

approximation since patient and region effects are unlikely

to be completely independent. However, we favoured the

crossed random-effect structure over a region-within-sub-

ject nested configuration, since the latter would not take

into consideration the correlation that exists within a

region across subjects. Considering region as a fixed

effect would prevent incorporating the correlation between

regions or the correlations between regions and subjects.

The crossed random effects approach allows the mean of

a response to depend on patient and region of interest

random effects, as well as fixed effects. The risk of inflated

type I error is modest (Barr et al., 2013), and while noting

the marginal significance of the confirmatory analysis re-

garding the link between tau inclusion burden and

volume loss in vivo, it is unlikely to affect the principal

inferences regarding the strong association between post

mortem neurodegeneration and volume loss in vivo.

Nevertheless, our study is the first to relate in vivo struc-

tural and functional imaging measures to pathological hall-

marks in primary tauopathies.

In summary this study provides: (i) an unprecedented de-

scription of the association between non- Alzheimer neuro-

degenerative diseases and in vivo structural and functional

connectivity imaging biomarkers; (ii) a replicable model for

further assessment of the relationship between other protei-

nopathies and distinct imaging biomarkers; (iii) novel evi-

dence of the value of structural brain MRI as a predictor of

neurodegeneration and tau burden in primary tauopathies;

and (iv) additional evidence for the complex relationship

between proteinopathy burden and measures of intrinsic

connectivity in vivo, which warrants caution when attempt-

ing to use this imaging methodology as a biomarker of

microscopic pathology in clinical trials.
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