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Posterior cortical atrophy phenotypic

heterogeneity revealed by decoding
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Posterior cortical atrophy is a neurodegenerative syndrome with a heterogeneous clinical presentation due to variable involvement
of the left, right, dorsal and ventral parts of the visual system, as well as inconsistent involvement of other cognitive domains and
systems. '8F-fluorodeoxyglucose (FDG)-PET is a sensitive marker for regional brain damage or dysfunction, capable of capturing
the pattern of neurodegeneration at the single-participant level. We aimed to leverage these inter-individual differences on FDG-
PET imaging to better understand the associations of heterogeneity of posterior cortical atrophy. We identified 91 posterior cortical
atrophy participants with FDG-PET data and abstracted demographic, neurologic, neuropsychological and Alzheimer’s disease bio-
marker data. The mean age at reported symptom onset was 59.3 (range: 45-72 years old), with an average disease duration of
4.2 years prior to FDG-PET scan, and a mean education of 15.0 years. Females were more common than males at 1.6:1. After
standard preprocessing steps, the FDG-PET scans for the cohort were entered into an unsupervised machine learning algorithm
which first creates a high-dimensional space of inter-individual covariance before performing an eigen-decomposition to arrive at a
low-dimensional representation. Participant values (‘eigenbrains’ or latent vectors which represent principle axes of inter-individual
variation) were then compared to the clinical and biomarker data. Eight eigenbrains explained over 50% of the inter-individual dif-
ferences in FDG-PET uptake with left (eigenbrain 1) and right (eigenbrain 2) hemispheric lateralization representing 24% of the
variance. Furthermore, eigenbrain-loads mapped onto clinical and neuropsychological data (i.e. aphasia, apraxia and global cogni-
tion were associated with the left hemispheric eigenbrain 1 and environmental agnosia and apperceptive prosopagnosia were asso-
ciated with the right hemispheric eigenbrain 2), suggesting that they captured important axes of normal and abnormal brain func-
tion. We used NeuroSynth to characterize the eigenbrains through topic-based decoding, which supported the idea that the
eigenbrains map onto a diverse set of cognitive functions. These eigenbrains captured important biological and pathophysiologic
data (i.e. limbic predominant eigenbrain 4 patterns being associated with older age of onset compared to frontoparietal eigenbrain
7 patterns being associated with younger age of onset), suggesting that approaches that focus on inter-individual differences may
be important to better understand the variability observed within a neurodegenerative syndrome like posterior cortical atrophy.
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Alzheimer’s Association; STMS = short test of mental status

91 Cases of Posterior Cortical Atrophy
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Disease Heterogeneity Represented by Eigenbrains

Introduction

Posterior cortical atrophy (PCA) is a distinct neurodege-
nerative syndrome typically caused by Alzheimer’s disease
pathology.'* Clinical diagnosis of posterior cortical atro-
phy is differentiated from typical amnestic Alzheimer’s
dementia by visual dysfunction, younger age of onset and
variable disease progression.” PCA was first described in
1988* but consensus criteria were not published until
2017.° Ventral and dorsal visual streams of the left, right
or bilateral hemispheres can be affected in posterior cor-
tical atrophy, resulting in a wide variety of clinical

symptoms. Recognizing and categorizing the phenotypic
heterogeneity in PCA will help the field improve delays
in diagnosis with early detection of PCA variants and
may help us answer questions about long-term prognosis
of these variants for patients and their families.

This heterogeneity has complicated the study of PCA,°
including neuroimaging studies, which often occur at the
group level and focus on the group level correlates of
symptoms or signs.”'® Specifically, most neuroimaging
studies have used clinical data or characterization as a
starting point and then employed a mass-univariate re-
gression framework to determine how the clinical data
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are ‘encoded’ in the imaging data (forward inference).
This approach likely contributes to the seemingly incon-
sistent imaging findings often reported in degenerative
diseases as it is not only sensitive to the specific cohort
being studied, but also the particularities of the cognitive
testing data used in the regression.

In recent years, the popularity of machine learning and
latent variable analysis platforms has led to an increase
in ‘decoding’ approaches."'™'* In this paradigm, the high-
dimensional imaging data are used as the starting point,
which is then used to derive a lower-dimensional repre-
sentation or set of latent variables. The inference is then
done using these lower-dimensional ‘patterns’ by predict-
ing demographic or clinical data (reverse inference). The
benefit of this approach is that the latent variables are
based only on the imaging data and capture the rich
large-scale biological variation in the cohort.

A data-driven study by Groot et al."” used Bayesian
modelling to identify latent atrophy factors in a large
PCA cohort to assess associations between MRI atrophy
patterns and cognition. In their analysis, some cognitive
variables were associated with distinct atrophy patterns
but the majority of individuals expressed multiple atrophy
patterns arguing against straightforward classification into
phenotypical variants. '®F-fluorodeoxyglucose (FDG)-PET
is a more sensitive marker for regional neuronal dysfunc-
tion and is used routinely in clinical and research settings
as a neurodegeneration biomarker at the single-partici-
pant level.'® This makes it an appealing modality to use
in ‘decoding’ frameworks as it captures inter-individual
variation well. In this article, we used an unsupervised
machine learning framework to identify latent factors
that capture the inter-individual variance in FDG-PET up-
take in a large cohort of PCA participants. We hypothe-
sized that the latent variables would capture important
axes of disease heterogeneity and map onto demographic,
clinical and biomarker data.

Materials and methods

The design and implementation of this single-centre retro-
spective study met HIPAA guidelines and was approved
by the Mayo Clinic Institutional Review Board.
Participants and/or their proxies signed a research docu-
ment upon their first clinical visit to have their data used
in research. Informed consent was obtained for clinical
studies (e.g. lumbar puncture and FDG-PET) and subse-
quent research studies (e.g. tau and amyloid PET). There
was no ICD9 code for posterior cortical atrophy, so the
Mayo Clinic electronic medical records database was
searched using terms: ‘posterior cortical atrophy’,
‘Benson’s syndrome’, ‘visual variant Alzheimer’s disease’
or ‘biparietal Alzheimer’s disease’ from dates 1 January
1999 through 1 September 2016. An MRI and FDG-PET
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scan were required for inclusion. Out of 186 individuals,
a thorough and complete chart review took place to en-
sure they met the 2017 consensus criteria for PCA’ and
had proper neuroimaging available, resulting in 91 total
participants (Supplementary Fig. 1). Of these 91 partici-
pants, 24 had been recruited into the Neurodegenerative
Research Group (NRG) (PI’s Joseph and Whitwell), and
11 had been recruited into the Mayo Clinic Alzheimer’s
Disease Research Center (ADRC) (PI Petersen).

Over 125 variables, including demographics, physical and
clinical exam findings, neuropsychological results, AD
biomarker results and neuroimaging results were recorded
via thorough chart review. All clinical notes documenting
signs and symptoms that were analysed via retrospective
chart review took place prior to the FDG-PET scan ac-
quisition. Clinical features were coded as present or ab-
sent based on clinical documentation. Variables were not
recorded if they were not clearly described as positive or
negative in the clinical history or the neurologic exam
portion of the participant’s chart. Gerstmann’s syn-
drome'” and Balint’s syndrome'® were recorded as posi-
tive if all criteria for each syndrome were met. If one
aspect, e.g. finger agnosia was not documented as present
or absent, then ‘not available® was documented for
Gerstmann’s syndrome in that participant. Occupational
history was recorded from the clinical note or neuro-
psychologist note and classified via International
Standard Classification of Occupations (ISCO)."”

Bedside cognitive screening was done with the Kokmen
Short Test of Mental Status.”® Further detailed neuro-
psychological testing was performed if indicated clinically or
if they were enrolled in either our ADRC or NRG studies.
The neuropsychological battery for each participant
included combinations of the following tests: Dementia
Rating Scale-2 (DRS-2),*' Rey Auditory Verbal Learning
Test (AVLT),”> Wechsler Memory Scale-Revised (WMS-R)
or 3rd Edition (WMS-III) Logical Memory (LM) I and
Visual Reproduction (VR) L,*** Wechsler Adult Intelligence
Scale-Revised (WAIS-R) or 3rd Edition (WAIS-III)—Digit
Span (DS) and Letter Number Sequencing (LNS) subt-
ests,”*®  Rey-Osterrieth Complex Figure copy,”” Trail
Making Test Part A and B (Trails A, Trails B),”**° Stroop
Test: Word-Reading, Color-Naming, and Interference tri-
als,’® Boston Naming Test (BNT),*" Controlled Oral Word
Association Test (COWAT)** and Category Fluency.*> Raw
scores were converted to age-adjusted standard scores.
Mayo Older Americans Normative Studies (MOANS) were
used for all tests.***” The youngest MOANS age bracket
(56-60) was used to derive normative scores for partici-
pants younger than age 56. All MOANS and standard
scores were converted to z-scores for data presentation.


https://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcab182#supplementary-data
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"8E.FDG-PET images were acquired using a PET/CT scan-
ner (GE Healthcare) operating in 3D mode. Participants
were injected in a dimly lit room with ®F-FDG, and after
a 30-min uptake period, an 8-min "F-FDG scan was per-
formed, which consisted of four 2-min dynamic frames fol-
lowing a low dose CT transmission scan. Standard
acquisition and vendor reconstruction parameters were
used. PET images were normalized to an older adult tem-
plate space®® and then intensity normalized to the pons and
spatially smoothed with a 6 mm full-width half-maximum
Gaussian kernel.** The smoothed and normalized PET
images were processed using a novel, in-house machine
learning framework (details below). To visualize participant
level PET findings, "*F-FDG-PET scans were also processed
using CortexID software (GE Medical). The activity in each
participant’s PET dataset was normalized to the pons and
compared with an age-segmented normative database, yield-
ing z-score 3D-stereotactic surface projection images.

Amyloid-PET imaging was done with Pittsburgh com-
pound B, synthesized on-site with precursor purchased
from ABX Biochemical Compounds. Tau-PET was car-
ried out with flortaucipir (**F-AV-1451), synthesized on-
site with precursor supplied by Avid
Radiopharmaceuticals. Image processing methods have
been described previously.'*® Amyloid and tau PET
images were scaled using a cerebellar crus grey matter
ROI, resulting in the standard uptake value ratio (SUVR)
images. Previously validated Meta ROIs were used to de-
rive a single value summary measure of amyloid and tau
uptake. A positive amyloid-PET and tau-PET SUVR cut-
off were defined as >1.42 and >1.23, respectively.''

Details of the Between-subject variability Projection and
Reduction (BPR) methodology have been described previ-
ously.*" Broadly speaking, the goal of BPR is to find a
biologically interpretable, low-dimensional latent space
that parameterizes the processes driving the inter-individ-
ual variation. Briefly, the BPR framework involves three
key steps. In the first, voxel-wise variance is centred and
standardized prior to subject-wise centring allowing for a
high-dimensional representation of inter-individual vari-
ability of interest, such as a participant-by-participant co-
variance matrix. In the second step, this high-dimensional
matrix is reduced to a low-dimensional representation
through a technique like Singular Value Decomposition
(SVD). Similar to the computation of ‘eigenfaces*” one
can use the decomposition of this smaller participant-by-
participant matrix to determine the eigenvectors for the
voxel-by-voxel matrix. An additional benefit of this ap-
proach is that the resulting eigenvectors retain the dimen-
sionality of the masked template PET space. As such, it
is trivial to represent the eigenvectors as ‘brain images’,
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which are referred to as ‘eigenbrains’, making interpret-
ability far easier. These eigenbrains form the axes of the
latent coordinate space, each of which has an associated
set of weights for each participant, which can then be
used to project existing participants, new participants, or
linked biological and demographic data into the latent
space in the third and final key step. In our prior work
defining BPR, we explored the impact of different partici-
pant populations, the choice of distance or similarity met-
ric used, and several options for data reduction, among
many validation steps. We do not repeat these here, but
it is worth emphasizing that the latent space is naturally
dependent on the population used to derive it. In our
case, we would only aim to identify a small part of what
has been termed the Global Functional State Space since
we are only including participants with PCA. The first 8
eigenbrains (EB1-8) explained 50% of the variance and
were used for further analyses.

The NeuroSynth (www.neurosynth.org) online decoding
tool was used to assign functional topic terms to each of
the EBs. In essence, using a large database of neuroimag-
ing studies, NeuroSynth provides the cognitive topics that
best align with the positive and negative loadings in a
template-space brain image. This can then be used to in-
terpret the cognitive axes captured by a given EB, with
reference to a large body of functional neuroimaging
studies.****

All statistical analyses were performed using R statistical
software. A regression framework was used to determine
the relationship between the eigenbrains and clinical data,
with the clinical variable of interest as the dependent
variable and participant loads on the 8 eigenbrains as in-
dependent variables. For continuous variables, linear re-
gression was used and for binary variables, we used
logistic regression. To simplify the comparison of regres-
sion coefficients across eigenbrains, the weights were cen-
tred (mean=0) and scaled (SD=1). The same scaling
was applied to continuous dependent variables. This
meant that, for a continuous dependent variable, the
coefficients could be interpreted as the magnitude of
change in the dependent variable, measured in SDs, for a
single SD change in the independent variable. Similarly,
for the binary dependent variables, the coefficients repre-
sented the change in the odds of the binary variable
being true/present for a single SD change in the inde-
pendent variable. Statistical significance was defined as
P<0.05 and the false discovery rate correction was
applied to correct for multiple comparisons.


http://www.neurosynth.org
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Data that support the findings in this study are available
from the corresponding author upon reasonable request.

Results

Mean years of age at clinical symptom onset was 59.3
with an average disease duration of 4.2years prior to
FDG-PET scan. Females were more common than males
at 1.6:1 with an average education of 15.0years
(Table 1). The most recent participant occupation data
were available in 83/91 participants (6 were listed as
homemakers and 2 with unavailable information) and are
described in Supplementary Table 1. Of the 10 major
ISCO groups, 54 participants (65%) made up the highest
skill level of occupations with 41 participants (49.4%)
being professionals (17 were teachers ranging from elem-
entary school to university professors), and an additional
13 participants (15.6%) being high-level executives and
business owners. No statistical difference was found in
EB weights across occupational skill levels.

Of the 91 participants, 54 participants underwent AD
biomarker evaluation and all 54 had testing consistent
with AD pathophysiology. A combination of biomarker
confirmation included: 36 amyloid-PET scans, 14 Tau-
PET scans, 28 CSF biomarkers and 8 autopsy studies.
The breakdown of amyloid (A), tau (T) positive or nega-
tive status for biomarkers and molecular PET scans,

Table | Demographics and clinical data

Demographics (n =91)

Gender, F—n (%) 56 (61.5)%

Age of onset, mean years (SD) 59.3 (7.0)

Symptom duration before scan, 4.2 (1.9)
mean years (SD)

Education (years), mean (SD) 15.0 (2.9)

AD biomarkers/APOE4 status

CSFonly,n=16

Amyloid PETonly, n=15

CSF and Amyloid PET, n=7

CSF and Amyloid and Tau PET, n=5

No CSF and Amyloid and Tau PET, n=9
Amyloid-PET SUVR, n = 36, (median IQR)
Tau-PET SUVR, n = 14, (median IQR)

CSF amyloid, n =28, (median IQR)

CSF total tau, n =28, (median IQR)

CSF p-tau, n =28, (median IQR) 83.6 (57.8-103.9)*
Amyloid Tau Index, (median IQR) 0.33 (0.26-0.48)
APOE &4 positivity 6/15

A+ (16), T+ (1), T— (5)
A+ (15)

A+ (7), T+ (6), T— (1)
A+ (5), T+ (5)

A+ (9), T+ (9)

239 (2.18-2.69)

225 (1.92-2.37)

302.4 (235.6-388.5)"
4949 (351.9-832.3)°

?Reported in pg/ml.
A, amyloid; APOE, apolipoprotein E; IQR, interquartile range; SD, standard deviation;
SUVR, standardized uptake value ratio; T, phosphorylated tau.
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along with median and interquartile ranges (IQRs) for
each biomarker are provided in Table 1. Of note, there
were 6 total participants that were amyloid positive but
tau negative on CSF, consistent with our experience with
this commercial biomarker assay in young-onset

Alzheimer’s disease variants.*’

Each variable in the updated 2017 PCA consensus crite-
ria is listed as a fraction of positive over total docu-
mented within Table 2. The most common positive
clinical symptoms were reading difficulties, memory loss,
object perception deficit, space perception deficit and en-
vironmental agnosia. The most common physical exam
findings recorded at clinic presentation were construction-
al apraxia, acalculia and simultanagnosia.

A bedside cognitive screening test was performed in 83/
91 participants with a median short test of mental status
(STMS) of 26/38, which is equivalent to a Montreal
Cognitive Assessment score of 16/30.*¢ Points were most
commonly missed on subtests of calculation, construction
and delayed memory (which comprises 12 points of the
STMS). A profound visual difficulty was the primary rea-
son listed for not performing a complete bedside cogni-
tive screening in the other 8 participants. Additionally,
55/91 participants underwent a portion of detailed neuro-
psychological testing. Immediate verbal memory tests
(AVLT, Logical Memory I) were less affected compared
to visuospatial related tasks (Visual Reproduction I,

Table 2 Clinical findings

Clinical and physical exam featuresa

Object perception deficit
Space perception deficit
Constructional apraxia
Simultanagnosia

Reading difficulties
Acalculia

Memory loss
Environmental agnosia
Anxiety

Visual hemineglect
Dressing apraxia
Ideomotor apraxia

L/R disorientation
Agraphia

Ocular apraxia

Optic ataxia

Finger agnosia

Complete Balint’s syndrome
Myoclonic jerks

Aphasia

Prosopagnosia

Complete Gerstmann’s syndrome

73/73 — (100%)
57/57 — (100%)
83/85 — (97.6%)
79/82 — (96.3%)
71/76 - (93.4%)
82/91 — (90.1%)
79/91 — (86.1%)
52/62 — (83.6%)
28/35 — (80.0%)
22129 — (75.9%)
32/44 — (72.7%)
45/66 — (68.2%)
19/29 — (65.5%)
18/28 — (64.3%)
33/54— (61.1%)
34/58 — (58.6%)
13/23 — (56.5%)
21/49 — (42.8%)
14/33 — (42.4%)
23/60 — (38.3%)
17/48 — (35.4%)
829 — (27.6%)

?Frequency of presence/total number documented for each test.


https://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcab182#supplementary-data
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Table 3 Cognitive testing

Neuropsychological results

STMS, Median (IQR) 26 (21-30)
Calculation score (mean out of 4) 1.34
Construction score (mean out of 4) 0.95
Dementia Rating Scale 2, n =37 —-1.72
Digit Span, n =44 -0.3*
Letter Number Sequence, n =36 —1.0%
Picture Completion, n =29 —1.8
Block Design, n=41 -2.0°
Matrix Reasoning, n =36 —1.32
Digit Symbol, n=21 -2.0°
Spatial Span, n =122 -2.0°
WMS lll Logical Memory |, n =52 —1.3?
WMS Il Visual Reproduction |, n =46 -2.2*
AVLT Trial I, n=55 -0.8°
AVLT Delayed Recall, n =55 —1.22
Trails Making Test A, n=>55 -2.3*
Trails Making Test B, n =155 -2.6°
Stroop Word, n= 19 —2.1?
Stroop Color, n= 19 -2.17
Stroop Interference, n= 19 -2.1°
COWAT, n=48 -0.3°
Category Fluency, n =49 —-1.2?
BNT, n=36 -0.7%
Rey-O, n=46 —2.52

#Z-score.

AVLT, Auditory Verbal Learning Test; BNT, Boston Naming Test; COWAT, Controlled
Oral Word Association Test; IQR, Interquartile Range; Rey-O, Rey-Osterrieth com-
plex figure; STMS, Short Test of Mental Status (score out of 38); WMS, Wechsler
Memory Scale

Block Design, Picture Completion, Spatial Span, Digit
Symbol, Trails A/B, Rey-O) which were consistently most
affected with z-scores listed in the Neuropsychological
Results portion of Table 3. Language-based testing
showed minimal impairment on the BNT and COWAT
and moderate impairment on Category Fluency. Trails B
had a significant floor effect as 39/55 could not complete
the test in the maximum time allowed and was coded as
300s (MOANS of 1 ~ z-score of —3). Trails A also had
19/55 that could not complete the task and were coded
as a z-score of —3. Executive functioning tests revealed
minimal difficulty on non-visual based tasks (Digit Span)
compared to Stroop testing, which was likely affected by
visual difficulties (all three subtests on Stroop had the
same z-score).

Eight eigenbrains accounted for over 50% of the cumula-
tive variance in this cohort and are shown in Fig. 1.

All eight eigenbrains explained over 50% of the vari-
ance in age of onset, DRS-2 total score, Trails A score
and Block Design (Table 4). EB1 captured negative
weighting in left hemispheric ventral and dorsal visual
streams with positive weights towards the right > left
frontal lobes. EB2 nearly mirrors EB1 with negative
weighting in right hemispheric ventral and dorsal visual
streams with positive weights largely overlapping
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language networks in the left > right frontal and tem-
poral lobes. Together, these two important EBs account
for 24% of the variance in this cohort. Figure 2 portrays
two participants weighted heavily to these two important
EBs and shows their individual FDG-PET scans for com-
parison. Note that other EB weights vary between the
two individuals, and cumulatively, these eigenbrains ex-
plain the glucose uptake patterns for each individual, but
individually the EBs are not a direct correlation of hypo-
metabolism severity.

As in the ‘Patient 1’ example in Fig. 2, participants
weighting heavily to the left-sided EB1 pattern were sig-
nificantly more likely to have aphasia (OR 2.94), mem-
ory problems (OR 4.48), ideomotor apraxia (OR 2.14),
and difficulties on the STMS (f = —0.39) and global
cognitive decline measured by multi-domain neuropsycho-
logical testing difficulties (Table 4).

Participants weighting heavily to the right-sided EB2
pattern were less likely to have symptoms of aphasia
(OR 0.47) and less severe calculation problems (ff=0.20)
but were more likely to have environmental agnosia (OR
2.88), apperceptive prosopagnosia (OR 2.45), and
struggled with DRS-2 construction, DRS-2 memory, and
block design on detailed testing. EB3 accounted for 7%
of the variance and captured positive weighting in lan-
guage networks involving the left > right temporal and
inferior parietal lobe. The posterior cingulate and precu-
neus also had positive weighting in EB3. Participants
who weighted heavily towards EB3 had higher education
levels (f=0.23), were less likely to be male (OR 0.50),
and had an older age of onset (f = 0.21). They had sig-
nificantly higher neuropsychological scores (increased f
coefficients) and fewer clinical findings of aphasia,
apraxia, myoclonic jerks or memory loss (significantly
decreased ORs). EB4 accounted for 6% of the variance
and captured a limbic predominant brain network with
negative weighting to the medial and anterior temporal
lobes and positive weighting to the precuneus and super-
ior parietal cortices. Participants weighting heavily to-
wards EB4 had a significantly older age of onset
(B=0.48) and more frequency of memory loss (OR
3.16), but less frequency of apraxia (OR 0.35), fewer cal-
culation difficulties (f=0.24), less difficulty with Trails
A/B ($=0.27/0.38), and trended towards less simultanag-
nosia (not shown in Table 3) but simultanagnosia did
not meet statistical significance (P=0.10). EB5 accounted
for 4% of the variance and showed negative weighting in
primary visual and medial occipital lobes. Positive weight-
ing towards medial temporal and frontal lobes were also
captured in EBS. Participants weighting towards EBS had
fewer memory problems (OR 0.21), less apraxia fre-
quency (OR 0.50), and less calculation or construction
difficulties (8=0.20). EB6 accounted for 4% of the vari-
ance and positive weights overlap well with the default
mode network, including the precuneus, posterior cingu-
late, angular gyrus, lateral temporal, and lateral and med-
ial prefrontal cortex. Negative weights were captured in
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Figure | Eigenbrains Surface renderings of the eight eigenbrains that explain over 50% of the variance of this sample. The
percentage of cumulative variance explained by each eigenbrain is displayed above each colour bar. The colour bar encodes positive (red) and
negative (blue) intensities for each eigenbrain. While a given participants’ scan can be approximated by a weighted linear combination of the
above eigenbrains, the above images are not direct representations of hypometabolism or preserved metabolism. Rather, positive (red)
regions indicate relatively preserved metabolism, and negative (blue) regions indicate relatively reduced metabolism. Furthermore, the signs of
all the eigenbrains are indeterminate—if all the eigenbrain signs and participant weight signs are flipped about zero the decomposition would
be equally valid. Inference occurs at the pattern—or eigenbrain—level, using the participant weights on the entire pattern.

the superior parietal lobes and the medial sensorimotor
cortex. Participants weighting towards this pattern had
older age at onset (f=0.21), were more likely to have
myoclonic jerks (OR 2.97), and had less calculation diffi-
culties (f=0.21). EB7 accounted for 3% of the variance
and the positive and negative weights were nearly
inverted from EB4 with positive weights along the limbic
network involving the medial and anterior tempora lobes
and the anterior cingulate with mild negative weights in
the precuneus and parietal cortices. There was a strong
association between younger age of onset and higher
loads on EB7 (f = —0.37) and participants with this pat-
tern also did better across most neuropsychological tests.
The opposing direction of association in the reported age
of symptom onset between EB4 and EB7 are shown in
Fig. 3. EB8 accounted for 2% of variance and there is
negative weighting towards the limbic networks, sensori-
motor cortrex and the sylvian fissures. Participants
weighting towards EB8 had an older age of onset, were
more likely to have myoclonic jerks (OR 9.60), and did
worse on most neuropsychological tests.

Results for the Neurosynth based eigenbrain decoding
are shown in Supplementary Table 2. The main positive
and negative associations, respectively for each eigen-
brain, were consistent with the behavioural data in our
cohort, such as language (positive) and visuospatial

function and facial recognition (negative) for eigenbrain
2, or executive function/attention (positive) and memory
and conditioning (negative) for eigenbrain 4.

Discussion

In this study, we present an analysis of a large cohort of
PCA participants with heterogeneous patterns on meta-
bolic imaging that informs the biological factors related
to this clinical dementia syndrome. The factors that drive
heterogeneous presentations in posterior cortical atrophy
are not well understood. Individuals can present with
stark asymmetry, bilateral disease, or variations in dorsal
or ventral visual stream involvement. We used a novel
analysis technique, Between-subject variability Projection,
and Reduction, to identify eight ‘eigenbrains’, latent vec-
tors that represent the principal axes of inter-individual
variation in a lower-dimensional space. In this frame-
work, PCA can be thought of as a disease process that is
parameterized by a set of eigenbrains, each of which
maps onto important clinical data, and an individual
PCA participant’s PET scan can be represented as a lin-
ear combination of these eigenbrains. Furthermore, we
showed that these eigenbrains mapped onto demographic
factors, such as age of onset, neurologic and
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Table 4 Continuous and binary variables compared across eigenbrains

Continuous variables beta coefficients (bold = significant)

Variable R? Adez N EBI EB2 EB3 EB4 EBS EB6 EB7 EB8 P-value P-value
FDR
Age of onset® 052 047 9l —0.14 —0.02 0.21 0.48 00l 0.21 —-0.37 0.18 <0.001 <0.001
Education 0.14 005 09I —0.01 —0.17 0.23 0.13 0.17 0.07 0.06 —0.04 0.13 0.94
STMS 041 035 83 —0.39 0.12 0.39 0.06 0.14 0.17 0.28 —0.25 <0.001 <0.001
Calculation 040 033 83 —0.15 0.20 0.25 0.24 0.20 0.21 0.22 —0.31 <0.001 <0.001
Construction 027 0.19 8l —0.20 -0.21 0.23 0.23 0.20 0.13 0.13 —0.20 <0.01 <0.05
DRS-2 Memory 043 027 39 —0.40 -0.31 039 001 0.0l 0.06 0.35 -0.29 <0.05 0.33
DRS-2 Total 057 046 39 —0.31 —0.27 0.58 0.10 0.11 —0.01 0.45 —0.38 <0.001 <0.05
Block design 052 039 42 —0.37 —0.48 051 021 -0.03 -0.04 -007 -0.15 <0.0l <0.05
Visual Rep. | 040 027 46 —0.14 -021 0.61 0.20 0.03 —0.13 0.l6 -023 <0.01 0.15
Rey-O 038 026 5lI —0.47 —0.25 0.48 021 —0.06 —-0.10 —-0.02 -0.17 <0.01 0.10
Trails A 053 045 55 —0.52 —0.10 0.62 0.27 019 -0.04 0.27 -0.22 <0.001 <0.001
Trails B 038 028 55 —0.35 —0.I 047 0.38 007 0.08 0.1 —0.10 <0.01 <0.05
COWAT 031 0.17 48 —0.23 —0.11 038 0.07 0.17 0.01 0.34 —-0.35 <0.05 0.40
Category Fluency 042 0.3 50 —0.21 0.02 0.56 0.1 0.19 0.20 0.25 -0.32 <0.01 <0.05
BNT 034 0.6 38 —0.14 -0.32 047 -005 -0.08 O0.15 0.23 -0.39 0.10 0.91
Binary variables odds ratio (bold = significant)
Variable N EBlI EB2 EB3 EB4 EBS EB6 EB7 EB8 P-value P-value FDR
Sex® 91 1.03 148 0.50 0.92 0.91 0.66 1.02 0.74 0.06 0.14
Environmental agnosia 62 215 2.88 0.67 0.55 0.76 0.99 1.30 1.06 0.11 0.14
Apperceptive prosopagnosia 48 1.30 2.45 122 2.07 .11 0.57 0.44 1.71 <0.05 0.14
Aphasia 60 2.94 0.47 0.22 095 0.58 0.50 1.02 1.6l <0.001 <o0.01
Apraxia 66 2.14 096 0.41 035 0.50 1.20 1.45 I.51 <0.05 <0.05
Memory loss 91 4.48 1.67 0.1l 3.16 0.21 0.50 1.53 3.32 <0.05 <0.01
Myoclonic jerks 33 1.36 199 0.10 .54 0.80 297 207 9.60 <0.001 <0.01

?Negative number indicates younger age, and positive number indicates older age.
®Odds ratio for male.

BNT, Boston naming test; COWAT, controlled word association test; DRS-2, dementia rating scale 2; EB, eigenbrain; FDR, false discovery rate; Rey-O, Rey-Osterrieth complex fig-

ure; STMS, short test of mental status.

neuropsychological data in our sample, as well as cogni-
tive functions from the Neurosynth online database. This
suggests that a data-driven ‘decoding’ approach can cap-
ture important, disease-relevant biological patterns in a
heterogeneous cohort. Taken together, the reverse infer-
ence or ‘decoding’ approach employed here allowed us to
capture important biological information by focussing on
inter-individual differences in disease expression. We will
expand on the biological relevance of the eigenbrains by
discussing their relationship to clinical data in our cohort
as well as imaging findings from the broader literature.

The first two eigenbrains, which accounted for ~24% of
the variance, were highly lateralized, suggesting that this
is a major source of heterogeneity in our cohort. More
right-sided involvement (higher loads on EB2) was associ-
ated with apperceptive prosopagnosia (OR 2.45), envir-
onmental agnosia (OR 2.88), less aphasia (OR 0.47) and
less mental calculation difficulties (f=0.20). In contrast,
more left-sided involvement (higher loads on EB1) was
associated with worse Trails A/B performance, which is a
test that requires both visual processing and executive
functions of mental set shifting (more specific to Trails
B). The difficulty completing this task could be related to

a combination of dorsal visual pathway involvement and
the dominant parietal lobe overlapping with the working
memory network responsible for executive function.*’
There was an increased frequency of aphasia documented
in clinical notes (OR 2.94), but their difficulties on lan-
guage-based neuropsychological tests did not reach statis-
tical significance. We note that EB1 weighted participants
did significantly worse on bedside cognitive testing (ff
—0.39), and due to this severe impairment were less like-
ly to undergo detailed neuropsychological testing that
would have included detailed language tests. Neurosynth
decoding results for EB1 and EB2 were consistent with
these data: regions loading negatively (blue) on EB1 and
positively (red) on EB2 were associated with language
functions, whereas negatively loaded areas on EB2 were
associated with face recognition and visual construction
difficulties.

Some of the identified eigenbrains, most notably EB4,
appeared to capture differential involvement of the dorsal
and ventral streams, the two primary higher-order visual
processing pathways.*® The dorsal stream projects from
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Figure 2 Participant level examples of the relationship between eigenbrain weights and participant PET data. (A) Eigenbrain
weight distributions (EBI-EB8 shown in Fig. |) for two individuals. (B) Patient | '8F-FDG-PET (Cortex ID from GE Healthcare, z-score is 0
to —7): a 63-year-old female presented with a 7-year history of visual predominant symptoms. She went to multiple eye doctors, tried
numerous eyeglass prescriptions, and underwent an operation for cataracts which did not improve her visual problems. Within two years she
developed significant apraxia of her right hand, being unable to shift gears in her car, difficulties writing, and difficulties opening jars. She
developed aphasia after 4 years. By the time she presented to the clinic, she was not testable on STMS due to severe aphasia. She had
prominent optic apraxia, myoclonic jerks and severe right upper extremity apraxia. CSF AD biomarkers were positive (A+/T+). The FDG-
PET revealed left-sided asymmetric hypometabolism and was consistent with the EB| positive weighting and EB2 negative weighting. The
presence of aphasia and ideomotor apraxia was consistent with EBI odds ratios as well. (C) Patient 2 '8F-FDG-PET: a 66-year-old female
presented with a 5-year history of progressive visual predominant symptoms. Her first symptom was described as visual blurriness which did
not improve with LASIK surgery. This progressed to exhibiting inattentiveness and getting lost in familiar locations. Two years after symptoms
she developed left visual hemifield neglect along with left upper extremity apraxia and myoclonic jerks. She scored 32/38 on STMS, 0/4 points
on construction and 2/4 points on delayed recall. She had optic apraxia, simultanagnosia, left upper extremity apraxia, and astereognosis of
the left hand. She was enrolled in a Mayo Clinic neuroimaging study and had a positive amyloid and tau PET scan. (D) Patient 2 '®F-AV145] tau
PET axial slices (SUVR range to the left—mean SUVR 1.64). (E) Patient 2 PiB amyloid PET (SUVR range at the bottom—mean SUVR 2.48).

the occipitoparietal cortex to the posterior parietal cortex ventral stream involvement.’?

Colour recognition tests

before its path diverges anteriorly into the dorsolateral
prefrontal cortex for spatial working memory and the
premotor cortex for visually guided movements.*’ The
dorsal stream is also important for spatial navigation
with projections medially through the posterior cingulate
cortex and the retrosplenial cortex to the medial temporal
lobe.*” The ventral stream projects from the occipitotem-
poral cortex to the anterior temporal lobe to the ventro-
lateral prefrontal cortex and is important for processing
perceptual dimensions and features of visual informa-
tion.’® These two main pathways also communicate via
the vertical occipital fasciculus.’!

Clinical testing of different visual processing pathways
is a growing area of interest to improve PCA diagnostic
accuracy. Ventral stream cognitive tests include face rec-
ognition, colour recognition and object naming.’?
Apperceptive prosopagnosia, as tested with recognition of
famous faces, was indeed associated with higher loads on
EB4, supporting the idea that this eigenbrain captured

were rarely tested or formally recorded in our cohort and
are not reported here. The Stroop subtests were abnormal
at a group level (z-score = 2.01) and colour recognition
could be part of this difficulty, but there were no statis-
tical differences across EBs. Previous studies suggest ven-
tral stream predominance is associated with greater
confrontational naming impairment compared to dorsal
stream predominance.’* However, we did not find an as-
sociation between EB4 and the Boston Naming Test.
Dorsal stream cognitive tests typically include reaching
for objects, assessing extraocular movements for apraxia,
testing complex picture reproduction (Rey-O figure) and
compound overlapping stimuli assessing simultanagno-
sia.”> Since EB4 appeared to capture positive dorsal
stream areas, one would anticipate a negative association
between EB4 and simultanagnosia. A quantitative score
for simultanagnosia severity was not recorded in the par-
ticipant’s chart, and either a present/absent was coded.
As a Dbinary variable, 79/82 had

some form of
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Figure 3 Relationship between age of onset and eigenbrain weights. Age of reported symptom onset was significant across multiple
eigenbrain vectors (with over 50% of variance explained by eigenbrain vectors), but this association was strongest in EB4 and EB7. (A) Four
individuals with a wide variation in age are mapped onto the eight primary eigenbrains. Positive weighting to EB7 and/or negative weighting to
EB4 are associated with younger age of symptom onset (Patient | and 2). Positive weighting to EB4 and/or negative weighting to EB7 are
associated with older age of symptom onset (Patient 3 and 4). (B) The four individual FDG PET scans are shown in the same anatomical
orientation as Fig. 2. (C) Eigenbrain 4 has a significant association with reported age of symptom onset (r* = 0.23, t-value 5.2, P < 0.001). (D)
Eigenbrain 7 had an opposite but significant association with reported age of symptom onset (> = 0.15, t-value —3.8, P < 0.001).

simultanagnosia, but there was still a trend towards sig-
nificance between EB4 and absent simultanagnosia (the 3
absent cases weighted heavily to EB4, P = 0.10). Future
studies utilizing quantitative scoring of simultanagnosia
severity could better analyse the difference between ven-
tral or dorsal stream on this clinical measure.

Similar to Groot et al.,"> we did not find distinct phe-
notypes of right-ventral, right-dorsal, left-ventral or left-
dorsal in the majority of cases. Looking at the two most
important EBs defining this cohort, EB1 and EB2, there
is an overlap with both the ventral and dorsal streams.
The differentiating factor in this cohort’s disease stage
appears more related to hemispheric lateralization than
separation into ventral and dorsal streams. The average
reported symptom onset was over 4years prior to FDG-
PET scan, this timepoint could be too far along in the
disease process to separate out early changes in different
visual streams. This delay to diagnosis/PET scan may
also explain part of the low 4% variance of the caudal/
occipital lobe predominant EBS pattern. Studying earlier

stages of the disease to assess whether there are discrete
ventral and dorsal stream patterns would be needed to
test that hypothesis, and FDG-PET would be a preferable
imaging modality over MRL'®

The age of reported symptom onset varied greatly across
our cohort (range 45-74) and the eight eigenbrain patterns
explained over 50% of this variance. Multiple eigenbrain
patterns had statistical significance in association with age
of onset (EB3, 4, 6, 7 and 8). As shown in Fig. 3, EB4
and EB7 have the strongest and opposing associations with
age and have opposite patterns of positive and negative
weights for posterior cingulate, precuneus, parietal, lateral
temporal, medial temporal, anterior temporal, anterior cin-
gulate and orbitofrontal regions. Interestingly, EB4 has clear
overlaps with the limbic network and may represent comor-
bid limbic TDP-43 pathology that is more common in older
individuals.’®*” The large-scale organization of the brain,
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both within or across brain networks, changes with
age,’® " and insight into these changes may help predict
normal and abnormal ageing. A recent paper showed that
preserved FDG-PET uptake in the bilateral anterior cingu-
late and anterior temporal pole was associated with stable
baseline global cognition in older individuals.® The high in-
tensity (red) regions of EB7 overlap with this resilience pat-
tern of anterior cingulate and anterior temporal lobe
involvement. It may be that anterior cingulate metabolism
declines with age and is relatively maintained in resilient
participants, which explains the negative association be-
tween age and EB7 as well as the positive association be-
tween EB7 and better cognitive performance seen in our
cohort, perhaps indicating some form of cognitive resilience
in the setting of early symptoms (Table 4). Additionally,
participants weighting towards an EB3 pattern had pre-
served cognitive functions across all measured variables and
these participants had higher education levels, a well theor-
ized factor in cognitive resilience.®* The positive association
between age and EBs 3, 4, and 6 suggests that older partic-
ipants had relatively preserved frontoparietal metabolism.
This is consistent with the early-onset Alzheimer’s disease
literature, where younger patients have been shown to have
more involvement of the frontoparietal regions, including
MRI atrophy, FDG-PET hypometabolism and higher bind-
ing on tau PET.**®*% Taken together, this may suggest
that patterns of frontoparietal involvement have an import-
ant association with younger participants, but anterior cin-
gulate region compensation may help attenuate the severity
of cognitive impairment.

The occupational history is similar to a previous report in
Speech and Language disorders where teachers made up
22% of the cohort and non-teacher professionals were an-
other 16%.%° In this cohort, 17/83 (20%) were teachers
with an additional 37/83 (45%) being non-teacher professio-
nals (i.e. physicians, therapists, accountants, programmers,
engineers, business owners and high-level executives of cor-
porations—Supplementary Table 1). There are potentially
two different types of referral biases present. Troubles with
reading was the most common first symptom noted across
all participants, and higher skill occupations, particularly
teaching, require higher volumes of reading. Thus, sensitivity
to these early symptoms may be an impetus to seek evalu-
ation sooner. However, the mean time to clinical diagnosis
was often over 4years in our participants, owing largely to
difficulty in diagnosing early visual symptoms in PCA
patients outside of specialty referral centres. Secondly, Mayo
Clinic is a tertiary referral centre and may be more likely to
see participants with higher socioeconomic status.’” The
above-mentioned Josephs study was also performed at
Mayo Clinic. Even considering these biases, it is difficult to
dismiss the number of participants with higher skill jobs
(71.2%) compared to lower-skill jobs (28.8%) as defined by
the ISCO. Further epidemiology-based studies that involve
community populations would be helpful to address the aca-
demic referral bias, but it may prove difficult to accurately
diagnose PCA outside specialized academic centres for the
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time being. There was no association with occupational
groups and specific eigenbrains, and we did not test eigen-
brains against individual occupations due to low power.

Limitations of the present study include its retrospective
nature and lack of standardized clinical assessments. For
example, although we found that apraxia and anxiety
were highly prevalent, these were not universally docu-
mented, raising the possibility that negative or subtle
symptoms went undocumented. Similarly, several partici-
pants did not undergo neuropsychological testing, bring-
ing up the possibility of selection bias and a non-
representative sample for participants who had these tests
performed (e.g. confrontational language testing discrep-
ancy in aphasic participants). In future studies, it will be
important to record these variables from the start of a
study and in a consistent manner.

Conclusions

PCA is a heterogeneous disorder and a novel decoding
imaging analysis approach was able to capture these het-
erogeneous presentations. We used 2017 PCA criteria to
describe  detailed clinical symptoms, exam findings,
Alzheimer’s biomarkers and neuropsychological data at a
group level in a large series of participants. Furthermore,
the inter-individual differences among these variables can
be investigated with this novel imaging analysis. Similar to
previous studies,"® discrete right-ventral, right-dorsal, left-
ventral and left-dorsal phenotypes may prove difficult to
subtype at later stages of the disease (over 4.2years after
reported symptom onset in our cohort). However, utilizing
sensitive imaging tools like FDG-PET that are suitable for
both research and clinic settings may help improve early
detection and our ability to subtype PCA patients more
accurately at earlier disease stages. In addition to improv-
ing our understanding of the heterogeneity within PCA,
this method could be used for more diverse cohorts with
FDG-PET data to investigate robust inter-individual differ-
ences to better understand the variability observed within
and across neurodegenerative syndromes at large.
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Communications online.

available at  Brain
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