
Genetic & Neuronanatomic Associations in Sporadic
Frontotemporal Lobar Degeneration

Corey T. McMillan1,2,*, Jon B. Toledo3, Brian B. Avants4, Philip A. Cook4, Elisabeth M.
Wood3, Eunran Suh3, David J. Irwin1,2,3, John Powers1,2, Christopher Olm1,2, Lauren
Elman1, Leo McCluskey1, Gerard D. Schellenberg3, Virginia M.-Y. Lee3, John Q.
Trojanowski3, Vivianna M. Van Deerlin3, and Murray Grossman1,2

1University of Pennsylvania Perelman School of Medicine, Department of Neurology
2Penn Frontotemporal Degeneration Center, University of Pennsylvania Perelman School of
Medicine
3University of Pennsylvania Perelman School of Medicine, Department of Laboratory & Pathology
Medicine, Center for Neurodegenerative Disease Research
4University of Pennsylvania Perelman School of Medicine, Department of Radiology, Penn Image
Computing & Science Laboratory

Abstract
Genome-wide association studies have identified SNPs that are sensitive for tau or TDP-43
pathology in frontotemporal lobar degeneration (FTLD). Neuroimaging analyses have revealed
distinct distributions of disease in FTLD patients with genetic mutations. However, genetic
influences on neuroanatomical structure in sporadic FTLD have not been assessed. In this report
we use novel multivariate tools, eigenanatomy and sparse canonical correlation analysis
(SCCAN), to identify associations between SNPs and neuroanatomical structure in sporadic
FTLD. MRI analyses revealed that rs8070723 (MAPT) was associated with grey matter variance
in the temporal cortex. DTI analyses revealed that rs1768208 (MOBP), rs646776 (near SORT1)
and rs5848 (PGRN) were associated with white matter variance in the midbrain and superior
longitudinal fasciculus. In an independent autopsy series we observed that rs8070723 and
rs1768208 conferred significant risk of tau pathology relative to TDP-43, and rs646776 conferred
increased risk of TDP-43 pathology relative to tau. Identified brain regions and SNPs may help
provide an in vivo screen for underlying pathology in FTLD and contribute to our understanding
of sporadic FTLD.
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1. Introduction
There is increasing neuroimaging evidence that genetic factors influence grey matter (GM)
and white matter (WM) neuroanatomy in Alzheimer’s disease (AD) (Jahanshad et al., 2013;
Shen et al., 2010). Genome-wide association (GWA) studies of autopsy-confirmed
neurodegenerative disease cases have related several single nucleotide polymorphisms
(SNPs) to the risk of accumulating specific types of histopathologic abnormality. In this
study, we combine our knowledge of the genetic basis for frontotemporal lobar degeneration
(FTLD)(DeJesus-Hernandez et al., 2011; Höglinger et al., 2011; Renton et al., 2011; Van
Deerlin et al., 2010) with neuroimaging in an effort to identify novel genetic and
neuroanatomic associations that may be used to improve the diagnostic accuracy of FTLD.
We additionally introduce a data-driven technique for investigating genetic and
neuroanatomic associations that provides a novel approach for biomarker discovery.

FTLD is a common cause of early-onset neurodegenerative dementia. About 20% of familial
FTLD patients have a genetically-identified mutation (Wood et al., 2013). Autopsy studies
of FTLD have demonstrated that the vast majority of patients have either tau inclusions
(FTLD-tau) or a TDP-43 proteinopathy (FTLD-TDP)(Mackenzie et al., 2010). SNPs have
been identified through case-control GWA or other association studies of autopsy-confirmed
FTLD-tau (Höglinger et al., 2011) and FTLD-TDP (Renton et al., 2011; Van Deerlin et al.,
2010), but have not been evaluated comparatively in FTLD-tau relative to FTLD-TDP.
Neuroimaging studies suggest distinct neuroanatomic distributions of disease in FTLD-tau
and FTLD-TDP (Seltman and Matthews, 2012; Whitwell et al., 2011b) and small sample
studies have shown distinct anatomic distributions of GM and WM disease associated with
genetic mutations (Rohrer et al., 2010; Whitwell et al., 2012). Diffusion tensor imaging
(DTI) studies of WM achieve high sensitivity and specificity for predicting FTLD-tau or
FTLD-TDP in patients with known pathology or genetic mutations and these findings were
validated in a detailed neuropathologic examination (McMillan et al., 2013). This
observation is also consistent with previous neuropathologic reports suggesting that FTLD-
tau has relatively increased WM disease compared to FTLD-TDP (Forman et al., 2002;
Geser et al., 2009).

In this study we combine SNPs with GM and WM neuroimaging to evaluate the hypothesis
that genetic risk factors, or SNPs, may be reflected in differential brain morphology of
sporadic FTLD-tau or FTLD-TDP. While traditional approaches to biomarker discovery
typically involve retrospective studies of “gold-standard” autopsy-proven cases, we use a
data-driven prospective approach that takes advantage of high-powered, multivariate
statistics (see Figure 1 for a schematic diagram). Our novel approach for biomarker
discovery integrates neuroimaging and genetic markers in FTLD using two approaches.
“Eigenanatomy” uses dimensionality reduction to identify anatomically-constrained
correlated voxels that account for the greatest variance in the entire dataset and thus
minimizes multiple comparisons problems that are common in voxelwise neuroimaging
studies (Avants et al., 2012; McMillan et al., 2013). We also use sparse canonical correlation
analysis (SCCAN) for the multivariate integration of imaging and genetics by identifying
correlations across independent matrices of data (Avants et al., 2010). We first evaluate the
hypothesis that GM and WM neuroanatomic structure are related to genetic variation in
sporadic FTLD patients. We then evaluate the hypothesis that SNPs associated with
neuroanatomic structure confer risk for a specific histopathological subtype of FTLD
pathology in a large independent, autopsy-confirmed cohort of sporadic FTLD.
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2. Methods
Neuroimaging Participants

92 patients were recruited from the Penn Frontotemporal Degeneration Center at the
University of Pennsylvania and diagnosed with a FTLD-spectrum neurodegenerative disease
by a board-certified neurologist using published criteria (see Supplementary Table 1 for
clinical phenotypes). The patient cohort was comprised of 37 females and 55 males who had
an overall mean age of 63.20 years (sd=8.51), mean disease duration of 4.09 years
(sd=2.54), and mean education of 15.43 years (sd=2.95). All patients and their caregivers
participated in an informed consent procedure approved by University of Pennsylvania
Institutional Review Board.

All patients selected for this study were screened for research participation using an autopsy-
validated cerebrospinal fluid (CSF) ratio of total-tau to beta-amyloid < 0.34, which has been
cross-validated across two independent autopsy series and achieves 95.5% accuracy of
screening FTLD and AD (Irwin et al., 2012b). To investigate “sporadic” FTLD we
additionally excluded patients who had a known genetic mutation that has been associated
with FTLD-TDP, including GRN (Baker et al., 2006) and C9orf72 expansions (DeJesus-
Hernandez et al., 2011; Renton et al., 2011); or with an FTLD-tau associated MAPT
mutation (Hutton et al., 1998). We further classified our cases using a previously published
pedigree classification criteria (Wood et al., 2013): cases with a “medium” (N=9) or “low”
(N=7) family history were negative for C9orf72 expansions, GRN, and MAPT and have a
less than 12% chance of having a mutation detected (Wood et al., 2013); only 3 of our cases
had a “high” family history and were negative when screened for 43 genetic mutations
previously associated with neurodegenerative diseases; and the remaining cases were either
rated as “apparent sporadic” or had too small of a family to accurately determine family
history. By omitting cases with genetic mutations we also minimized overlap of cases
previously reported in DTI and GM analyses of individuals with genetic or autopsy-
confirmed FTLD (McMillan et al., 2013; only 3 autopsy cases from the previous report were
included in the current study: 1 CBD; 1 FTLD-TDP, and 1 FTLD-ALS).

Independent Autopsy Series
We queried the Penn Brain Bank for autopsy samples that had a primary neuropathological
diagnosis of a FTLD-tau, including progressive supranuclear palsy (PSP), corticobasal
degeneration (CBD), Pick’s disease (PiD), and agyrophilic grain disease (AGD), or a
diagnosis of FTLD-TDP, including FTLD with TDP-43 inclusions or amyotrophic lateral
sclerosis (ALS). Neuropathologic diagnoses were established according to consensus criteria
(Mackenzie et al., 2010) by an expert neuropathologist (JQT) using immunohistochemistry
with established monoclonal antibodies specific for pathogenic tau (mAb PHF-1) (Otvos et
al., 1994) and TDP-43 (mAbs p409/410 or 171) (Lippa et al., 2009; Neumann et al., 2009).
Patients who were included in the neuroimaging analysis were excluded from the
independent autopsy series analysis. We further excluded cases with a secondary
neuropathological diagnosis (e.g., AD, vascular disease) or a known FTLD genetic
mutation: all FTLD-tau cases were screened for MAPT mutations; all FTLD-TDP patients
were screened for GRN mutations and a C9orf72 expansion. This resulted in a total of 153
sporadic FTLD-spectrum patients, FTLD-tau (N=62) and FTLD-TDP (N=91; see
Supplementary Table 2).

Genetic Analysis
We selected 21 SNPs from a custom-designed Pan-Neurodegenerative Disease-oriented
Risk Allele panel (PANDoRA (v.1); Table 1) previously associated with FTLD-TDP or
FTLD-tau in case-control GWA studies (Carrasquillo et al., 2010; Höglinger et al., 2011;
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Van Deerlin et al., 2010) or previously implicated in FTLD (Rademakers et al., 2008; 2005).
The panel was designed using MassARRAY Assay design software in 2 multiplex reactions
with 27 and 24 SNV respectively. See Supplementary Materials for detailed genotyping
methods. Each SNP was coded using an additive model, where 0=homozygous for the non-
risk allele, 1=heterozygous for the risk allele, and 2=homozygous for the risk allele. “Risk
allele” refers to the allele previously associated with disease risk in prior case control
studies.

Neuroimaging Analysis
High resolution volumetric (1mm3) MRI volumes and diffusion weighted images (DWI)
were acquired and pre-processed using a previously described pipeline with ANTs software
(see Supplementary Materials for details) (Avants et al., 2011; McMillan et al., 2013). To
analyze GM density and FA of WM we employed Eigenanatomy (available for free
download in ANTs; https://github.com/stnava/sccan) (Avants et al., 2012; McMillan et al.,
2013). Eigenanatomy involves identifying volumes-of-interest (VOIs) composed of
correlated voxels that maximally account for the greatest variance in the entire dataset (see
Figure 1.B). By reducing the dimensionality of the data from over 1M voxels to a much
smaller number of Eigenanatomy VOIs, we can perform high-powered statistics. In the
current study we identified 20 VOIs for each modality (GM and FA) that in total accounted
for over 95% of the variance in the dataset of each modality. To identify these VOIs, all
normalized images for each modality are first transformed into a number-of-subjects (N) by
number-of-voxels matrix where voxels are selected to lie within an explicit mask (see Figure
1.A). For GM and FA we used a threshold of 0.4 or greater to define our mask. Sparse
singular value decomposition is then used to identify the first sparse eigenvectors from the
data matrix that account for the greatest amount of variance, the second sparse eigenvectors
that account for the second most amount of variance, and so on. The ANTs implementation
of Eigenanatomy employs a sparseness penalty on the eigenvectors such that (1) eigenvector
are both sparse (i.e. have many zero entries) and non-negative and (2) the non-zero voxels
are clustered and exceed a cluster extent threshold (>100 adjacent voxels). The sparseness
and non-negativity allows the eigenvectors to be interpreted as weighted averages of the
original data, resembling a distributed version of a traditional region of interest (Figure 1.C).
We refer to each of these distributed regions as an Eigenanatomy VOI.

To relate the identified Eigenanatomy VOIs to SNPs we performed a sparse canonical
correlation analysis (SCCAN) for each neuroimaging modality (Figure 1.E), as previously
reported (Avants et al., 2010). SCCAN is based on classic canonical correlation (CCA)
analysis which can be used to evaluate the multivariate association between two datasets,
such as genetics and Eigenanatomy VOIs. SCCAN methods, like classical CCA, compute
eigenvectors that maximize the Pearson correlation between the input modalities. However,
unlike classical CCA methods that can achieve very low weight values for variates that
account for minimal variance, sparse methods apply a penalty in an effort to push variates
that account for minimal variance to zero and therefore output a subset of significant
variates that contribute to a statistical model. In our case the input modalities are comprised
of one matrix of Eigenanatomy VOIs that represent a neuroimaging modality dataset and
one matrix of additive SNP values that represent the genetic risk factors. In this study, we
did not constrain the polarity of the SCCAN eigenvectors so that we could determine both
positive and negative correlations between neuroimaging and genetics. We performed
independent SCCAN analyses to relate GM to SNPs and then to relate FA to SNPs. The
significance of SCCAN results was tested by permuting the imaging input matrix (FA or
GM) over the SNP matrix for 1000 permutations and we report the results that survive
p<0.001. The correlation value produced by the original ordering of the data is then
compared to the correlations produced over a set of random permutations and thus is
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controlled for risk of Type I error rates in a manner similar to correction for multiple
comparisons. For each neuroimaging modality we report the canonical weights for sparse
correlations that like univariate regression beta weights, provide a measure of the relative
contribution of each variate to the overall canonical model. To increase interpretability of
these canonical weights we also plot the mean FA or GM for each significant VOI and SNP
in our SCCAN models.

3. Results
Integration of DTI and SNPs

SCCAN revealed a significant association between two VOIs and three SNPs (p<0.001;
canonical weights are reported following each features). VOIs were located in the midbrain
(8.7E-02; Figure 2.B) and in the right superior longitudinal fasciculus (−4.7E-02; SLF;
Figure 2.A). The SNPs included rs1768208 (−8.6E-02), rs646776 (−4.3E-02), and rs5848
(−4.5E-02). The canonical weights suggest that rs1768208 is the most highly associated
SNP with WM and the midbrain is the most highly associated WM VOI with the three
SNPs. The bar graphs in Figure 2.C–2.H summarize the direction of the associations for
each SNP and WM VOI. In the midbrain, increased copy numbers of risk alleles for each
SNP are associated with decreased fractional anisotropy (FA). In the SLF, increased rs5848
risk allele copies are associated with reduced FA, while fewer risk allele copies of
rs1768208 and rs646776 are associated with reduced FA. A post-hoc multivariate regression
revealed no significant association between SNPs and WM VOIs with demographic factors
(Age + Education + Gender; F(3,85)=1.863; p=0.142). We also observed no association of
clinical phenotype with SNPs and WM VOIs [F(7,84)=0.736; p=0.642].

Integration of GM Density and SNPs
SCCAN revealed an association between a single SNP, rs8070723 (1.1E-01), and 4 GM
VOIs (p<0.001): bilateral posterior ventral temporal cortex (5.3E-02; Figure 3.A; green), left
temporoparietal cortex (3.2E-02; Figure 3.A; yellow), left ventral frontotemporal (1.5E-02;
Figure 3.A; magenta), and right temporooccipital cortex (2.4E-02; Figure 3.A; green). The
bar graphs in Figure 3 (panels B–E) illustrate that fewer rs8070723 risk allele copies are
associated with decreased GM volume. A post-hoc multivariate regression did not reveal
any associations between SNPs and WM with demographic factors [F(3, 85)=1.448;
p=0.235] or any associations with clinical phenotype [F(7, 84)=0.516; p=0.821].

Neuropathological Confirmation of Risk Factors
We evaluated the odds ratio (OR) of each significant SNP from our neuroimaging analysis
in FTLD-TDP (N=91) relative to FTLD-tau (N=62) in an independent autopsy series of
sporadic FTLD cases (see Table 2 for risk allele frequencies). Carriers of rs1768208 risk
alleles have a significantly increased risk of FTLD-tau relative to FTLD-TDP (OR=1.69;
p=0.030). The SNP rs8070723 also confers an increased risk of FTLD-tau relative to FTLD-
TDP (OR=3.36; p=0.005). Conversely, rs646776 risk allele carriers have about half the
likelihood of developing FTLD-tau relative to FTLD-TDP (OR=0.50; p=0.030). rs5848 does
not confer significant risk of a specific FTLD subtype (OR=1.13; p=0.627).

4. Discussion
SNPs have been associated with GM and WM neuroanatomic structure in AD (Jahanshad et
al., 2013; Shen et al., 2010), but these associations have rarely undergone independent
validation at autopsy and have not been assessed in FTLD. Since FTLD is predominantly
caused by a single misfolded protein, either tau or TDP-43, it is an ideal target for
pharmaceutical development (Boxer et al., 2013). This is in contrast to disease like AD that
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result from both tau tangles and amyloid plaque inclusions. It is therefore critical to improve
our ability to diagnose FTLD using quantitative biomarkers and to better understand the
underlying biological mechanisms that contribute to FTLD neurodegeneration. Our novel
approach identified several genetic and imaging associations in living FTLD patients, and
we determined that these associations confer risk of a specific FTLD histopathological
subtype in an independent autopsy series. These findings validate the importance of specific
regional WM and GM abnormalities in screening for FTLD and these novel genetic and
neuroanatomic associations emphasize the influence of SNPs on neuroanatomic structure,
and provide a proof-of-concept for using the current approach in ongoing biomarker
discovery research.

The SNP rs8070723 associated with GM is located in the microtubule-associated protein tau
(MAPT) gene. It tags the H1 haplotype which is a common variant of MAPT (Höglinger et
al., 2011). The H1 haplotype has consistently been associated with 4-repeat tauopathies
including PSP (Baker et al., 1999) and CBD (Di Maria et al., 2000) relative to controls,
though we are unaware of a direct comparison between FTLD-tau and FTLD-TDP that
evaluated the specificity of this haplotype. The current study indicates that the major risk-
conferring allele (A/A) is nearly always present in FTLD-tau (>92%).

The GM associations with rs8070723 suggest that MAPT H1 (A/A) is protective of GM
atrophy compared to carriers of one or more H2 (G) alleles. The direction of this association
is consistent with prior reports that the MAPT H2 haplotype may be a more aggressive form
of neurodegeneration. For example, H2 has been associated with reduced brain weight at
autopsy (Connelly et al., 2011), lower SNAP-25 synaptic transmission (Connelly et al.,
2011), and reduced glucose metabolism (Laws et al., 2007). The H2 haplotype has also been
associated with increased neurofibrillary tangle burden in Alzheimer’s and Lewy body
diseases (Wider et al., 2012), but to our knowledge pathological burden of MAPT haplotype
has not been investigated in FTLD. The locus of the rs8070723 GM association included
bilateral posterior ventral temporal, left temporoparietal, left ventral frontotemporal, and
right temporooccipital cortices. Our autopsy analysis demonstrated that H1 confers
increased risk of FTLD-tau, and in this comparative study H2 therefore confers increased
FTLD-TDP risk; it is thus possible that this GM distribution reflects FTLD-TDP disease.
Indeed, FTLD-TDP appears to be associated with a temporal distribution of disease, as
observed in the semantic variant of primary progressive aphasia which is statistically biased
toward TDP-43 pathology (Grossman, 2010), while FTLD-tau is more associated with a
frontal distribution (Whitwell et al., 2009).

We also observed that another SNP, rs1768208, confers increased risk of developing FTLD-
tau relative to FTLD-TDP. In a previous GWA study of PSP patients, rs1768208 conferred
increased risk of FTLD-tau relative to case controls (Höglinger et al., 2011). This
observation suggested that rs1768208 is associated with the presence of tau pathology, but
the specificity of the association was not evaluated. The current study performed a
comparative evaluation relative to patients with FTLD-TDP in order to determine the
specificity of rs1768208 as a marker of FTLD-tau. In another study, rs1768208 was not
associated with late-onset AD risk relative to case controls (Liu et al., 2013), providing
additional evidence that this SNP is not a non-specific marker of any neurodegenerative
disease.

The presence of more risk allele (T) copies of rs1768208 is associated with reduced FA in
the midbrain. The midbrain is commonly reported in WM neuroimaging and
neuropathologic studies of PSP (Dickson et al., 2010). Volumetric WM and DTI studies
have revealed reduced FA in the midbrain of PSP patients relative to healthy adults
(Whitwell et al., 2011a; 2011c). The observation that rs1768208 has a WM correlate in the
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midbrain is consistent with this SNP’s location in the region on chromosome 3 coding for
myelin-associated oligodendrocyte basic protein (MOBP). MOBP is involved in protecting
the integrity of the myelin sheath (Yamamoto et al., 1999) and is highly expressed in the
WM of midbrain regions (Montague et al., 2006). We additionally observed that fewer
copies of rs1768208 risk alleles is associated with reduced FA in the SLF. While SLF has
previously been associated with FTLD-tau (McMillan et al., 2013), it is possible that the 4-
repeat subtype of tau found in PSP and related to rs1768208 has distinct neural correlates
relative to 3-repeat tau subtypes. However, our post hoc analyses demonstrated that clinical
syndrome is not driving any of the observed neuroanatomic and genetic associations.

In our comparative autopsy analysis we observed that the SNP rs646776 conferred a twofold
increased risk of FTLD-TDP relative to FTLD-tau. rs646776 is located near sortilin
(SORT1) as well as CELSR2 and PSRC1, and has been associated with regulation of plasma
progranulin levels: each copy of the risk allele yielded nearly a 15% decrease in proganulin
(Carrasquillo et al., 2010). The current study suggests that risk allele copies for rs646776 are
associated with increased FA in SLF, which is consistent with previous neuroimaging and
neuropathological observations suggesting that SLF is relatively preserved in FTLD-TDP
(McMillan et al., 2013).

Another SNP, rs5848, is located in the 3’ untranslated region of GRN. A previous study
suggested that homozygous risk allele carriers of rs5848 have a 3.2 fold increased risk of
FTLD-TDP compared to case controls (Rademakers et al., 2008). Risk allele carriers of
rs5848, like rs646776, have been reported to have lower progranulin plasma levels in a
clinically-defined cohort (Hsiung et al., 2011). We observed that risk allele carriers of
rs5848 have reduced FA in the SLF. However, the direction of this pattern is contrary to a
previous neuroimaging and neuropathological report suggesting that SLF is relatively spared
in FTLD-TDP in comparison to FTLD-tau (McMillan et al., 2013). However, the role of
rs5848 in FTLD-TDP has been controversial. Plasma progranulin levels were not affected in
a subset of sporadic patients with presumed FTLD-TDP pathology due to FTLD-ALS or
presumed FTLD-tau (e.g., CBS, PSP) (Hsiung et al., 2011), and several studies have
suggested that rs5848 may not be associated with sporadic FTLD-TDP (Rollinson et al.,
2011; Simón-Sánchez et al., 2009). Our comparative autopsy study also suggests that rs5848
may not specifically increase the risk for sporadic FTLD-TDP since risk allele carriers in
our cohort are equally likely to have FTLD-TDP or FTLD-tau pathology.

The observation that SNPs related to FTLD-TDP have WM associations is consistent with
neuropathological studies reporting microglial activation, myelin changes, and gliosis in
GRN mutation carriers (Kelley et al., 2009). GRN mutations have been strongly associated
with FTLD-TDP pathology (Gass et al., 2006). Also, progranulin is expressed in microglia
(Ahmed et al., 2007) and in the midbrain of ALS patients (Irwin et al., 2009) who have
FTLD-TDP pathology. A DTI study of WM reported that GRN mutation carriers have
reduced FA relative to sporadic FTLD patients, but these analyses were restricted to a priori
regions of interest in the corpus callosum (Bozzali et al., 2013). In another DTI study, FA
reductions in WM of the extreme capsule, inferior frontal-occipital fasciculus and uncinate
were reported in asymptomatic GRN mutation carriers relative to control non-carriers.
Moreover, volumetric measures of WM and GM did not reveal any differences across
carriers and non-carriers (Borroni et al., 2008). This suggests that the DTI modality used in
our study may provide a more sensitive pre-clinical marker of FTLD pathology.

Since WM abnormalities in the midbrain were associated with FTLD-tau and FTLD-TDP
SNPs, this region may be used to screen for the presence of any FTLD-related disease on an
individual subject basis and then SNP analyses can be used to evaluate if these WM changes
are associated with risk for a specific FTLD spectrum histopathologic abnormality. The
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midbrain may be an optimal region to evaluate presence of disease in WM since this region
is hypothesized to be affected in early stages of TDP-43 (Geser et al., 2011) associated with
ALS and may be an early locus of pathologically-modified tau associated with PSP or CBD
(Irwin et al., 2012a).

The biomarker discovery approach proposed in this report identified neuroanatomic and
genetic associations in a living cohort of FTLD patients and then validated the
meaningfulness of these associations in an independent autopsy series. Rather than focusing
on the neuroanatomical correlates of a single SNP, our analysis procedure additionally
benefits by supporting selection of a subset of meaningful SNPs with neuroimaging
correlates from a large panel of SNPs. Other approaches have included voxel-wise studies in
which a GWA study is performed at each individual voxel (k=31,622) of the entire brain
(Stein et al., 2010). While quantitative trait analyses such as voxel-wise measures can yield
increased statistical power relative to categorical case-control GWA studies (Potkin et al.,
2009), these studies require large numbers of cases which is less feasible in uncommon but
informative neurodegenerative disorders like FTLD. Our data-driven VOI method,
Eigenanatomy, also allows us to reduce neuroimaging comparisons to a small set of
statistically determined regions that yields increased statistical power and minimizes
multiple comparison problems.

In sum, we demonstrate that GM and WM neuroanatomic structure in sporadic FTLD is
related to genetic risk factors, and that these SNPs confer risk specifically for FTLD-tau or
FTLD-TDP histopathologic abnormalities. These observations also emphasize that SNPs
modify neuroanatomic structure, and underline the practical contribution of SNPs and
neuroimaging to biomarker discovery. This report also demonstrates a novel method for
evaluating neuroanatomical correlates of genetic risk factors associated with
neurodegenerative disease.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Schematic illustration of sparse canonical correlation analysis approach
(A) All individual patients’ volumetric MRIs are represented in a matrix containing all
voxels (M) X all patients (N). Colors in the matrix refer to grey matter density and it can be
observed that there are different bands of density observed in columns; (B) Each GM voxel
is correlated with each other GM voxel to generate a correlation matrix. Scatterplots
illustrate correlations between voxels (Voxel1 ~ Voxel2…). For illustration purposes we
displayed a 1000 × 1000 voxel matrix (center) and then a 10x zoom of a subcomponent of
the matrix (right). (C) Clusters of anatomically-constrained correlated voxels are identified
using Eigenanatomy, a sparse singular value decomposition method that identifies volumes
of interest (VOI) that account for the most variance in the brain. (D) Represents a matrix of
patients (N) X 21 SNPs used in this analysis and colors refer to 0–2 risk allele copies. (E)
Eigenanatomy VOIs and the SNP matrix are analyzed using sparse canonical correlation
analysis (SCCAN), in which each matrix is correlated with one another and a sparsity
constraint is applied to push lower model weights to zero and thus remove from the overall
model.
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Figure 2. White matter regions that are significantly associated with FTLD SNPs
(A) Superior longitudinal fasisculus (SLF) and (B) the midbrain, were related to rs1768208
(MOBP), rs646776 (near SORT1), and rs5848 (GRN). Figures 2.C–2.H summarize the
direction of the associations for each SNP and WM VOI: (C) fewer copies of rs178208 risk
alleles are associated with reduced FA in SLF; (D) more rs178208 risk allele copies are
associated with reduced FA in midbrain; (E) more rs5848 risk allele copies are associated
with reduced FA in SLF; (F) more rs5848 risk allele copies are associated with reduced FA
in midbrain; (G) fewer rs646776 risk allele copies are associated with reduced FA in SLF;
and (H) more rs646776 risk allele copies are associated with reduced FA in midbrain. For
(G) and (H) we illustrate a dominant model since only a few cases were homozygous for the
risk allele.
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Figure 3. Grey matter regions that are significantly associated with FTLD SNPs
(A) Four GM volumes of interest were related to rs8070723 (MAPT); Panels B–E illustrate
that fewer rs8070723 risk allele copies are associated with reduced GM.
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Table 2

Risk allele frequencies in the independent autopsy series of SNPs identified in the neuroimaging analysis and
odds ratio (95% confidence intervals) of FTLD-tau.

SNP FTLD-tau FTLD-TDP tau Odds Ratio P-Value

rs1768208 43.55% (54) 31.32% (57) 1.69 (1.02–2.79) 0.030

rs646776 14.52% (18) 25.27% (46) 0.50 (0.26–0.95) 0.031

rs5848 36.29% (45) 33.52% (61) 1.13 (0.68–1.87) 0.627

rs80707231 91.12% (113) 75.27% (137) 3.36 (1.62–7.56) 0.0005

Note.

1
For all SNPs we report minor allele frequencies, except rs8070723 for which the major allele (A/A) has previously been associated with MAPT

risk.
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