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A JOURNAL OF NEUROLOGY

Cortical microstructure in the behavioural
variant of frontotemporal dementia: looking
beyond atrophy

Ignacio lllan-Gala,'"*" Victor Montal,"*" Sergi Borr‘ego-l’Ecija,3 Eduard Vilaplana,'?
Jordi Pegueroles,"2 Daniel Alcolea,'"? M Belén Sanchez-Saudinés,' Jordi Clarimén,"
Janina Turén-Sans,* Nuria Bargallé»,5 Sofia Gonzalez-Ortiz,° Howard J. Rosen,’
Maria Luisa Gorno-Tempini,7 Bruce L. Miller,” Albert Lladc'),3 Ricard Rojas-Gar'cia,4
Rafael Blesa,'?? Raquel Sénchez-VaIIe,3’Jr Alberto Lle6" ' and Juan Fortea,"z's’Jr on behalf of
the Catalan Frontotemporal Dementia Initiative (CATFI) and the Frontotemporal Lobar
Degeneration Neuroimaging Initiative (FTLDNI)

2

“These authors contributed equally to this work.

Cortical mean diffusivity has been proposed as a novel biomarker for the study of the cortical microstructure in Alzheimer’s
disease. In this multicentre study, we aimed to assess the cortical microstructural changes in the behavioural variant of fronto-
temporal dementia (bvFTD); and to correlate cortical mean diffusivity with clinical measures of disease severity and CSF bio-
markers (neurofilament light and the soluble fraction beta of the amyloid precursor protein). We included 148 participants with a
3T MRI and appropriate structural and diffusion weighted imaging sequences: 70 patients with bvFTD and 78 age-matched
cognitively healthy controls. The modified frontotemporal lobar degeneration clinical dementia rating was obtained as a measure of
disease severity. A subset of patients also underwent a lumbar puncture for CSF biomarker analysis. Two independent raters blind
to the clinical data determined the presence of significant frontotemporal atrophy to dichotomize the participants into possible or
probable bvFTD. Cortical thickness and cortical mean diffusivity were computed using a surface-based approach. We compared
cortical thickness and cortical mean diffusivity between bvFTD (both using the whole sample and probable and possible bvFTD
subgroups) and controls. Then we computed the Cohen’s d effect size for both cortical thickness and cortical mean diffusivity. We
also performed correlation analyses with the modified frontotemporal lobar degeneration clinical dementia rating score and CSF
neuronal biomarkers. The cortical mean diffusivity maps, in the whole cohort and in the probable bvFTD subgroup, showed
widespread areas with increased cortical mean diffusivity that partially overlapped with cortical thickness, but further expanded to
other bvFTD-related regions. In the possible bvFTD subgroup, we found increased cortical mean diffusivity in frontotemporal
regions, but only minimal loss of cortical thickness. The effect sizes of cortical mean diffusivity were notably higher than the effect
sizes of cortical thickness in the areas that are typically involved in bvFTD. In the whole bvFTD group, both cortical mean
diffusivity and cortical thickness correlated with measures of disease severity and CSF biomarkers. However, the areas of correl-
ation with cortical mean diffusivity were more extensive. In the possible bvFTD subgroup, only cortical mean diffusivity correlated
with the modified frontotemporal lobar degeneration clinical dementia rating. Our data suggest that cortical mean diffusivity could
be a sensitive biomarker for the study of the neurodegeneration-related microstructural changes in bvFTD. Further longitudinal
studies should determine the diagnostic and prognostic utility of this novel neuroimaging biomarker.
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Introduction

Frontotemporal lobar degeneration (FTLD) is a neuro-
pathological construct encompassing multiple neurodegen-
erative diseases sharing partially overlapping patterns of
frontal and/or temporal grey matter neurodegeneration
(Bang et al., 2015). The behavioural variant of frontotem-
poral dementia (bvFTD) is a common clinical presentation
of FTLD (Seo et al., 2018). Clinically, bvFTD is character-
ized by progressive personality changes followed by social,
cognitive and functional deterioration (Ranasinghe et al.,
2016). With the exception of genetically determined cases,
the diagnosis of bvFTD relies on the clinical and neuroima-
ging features (Rascovsky et al., 2011; Wood et al., 2013).
The refinement of the diagnostic criteria proposed by the
frontotemporal dementia consortium has been an import-
ant step forward to improve the diagnosis of the bvFTD.
Furthermore, these criteria have shown a good diagnostic
value in pathology-confirmed cases (Rascovsky et al., 2011;
Chare et al., 2014; Balasa et al., 2015; Perry et al., 2017;
Seo et al., 2018). In the frontotemporal dementia consor-
tium criteria, the presence of frontal and/or temporal atro-
phy increases the diagnostic certainty once the clinical
criteria for possible bvFTD are met. However, a number
of patients are still misdiagnosed with other neurodegen-
erative and non-neurodegenerative diseases (Bang et al.,
20135). Several factors, such as the absence of prominent
cortical atrophy in up to a third of the patients
(Rascovsky et al., 2011; Ranasinghe et al., 2016), may
contribute to misdiagnosis. Conversely, possible bvFTD
may include both neurodegenerative cases in early phases
of the disease and non-neurodegenerative phenocopies
(Khan et al., 2012; Gossink et al., 2016). Thus, the devel-

opment of novel biomarkers able to increase the diagnostic

certainty of FTLD is essential (Lam et al., 2013; Downey
et al., 2015; Binney et al., 2017; Meeter et al., 2017). These
are key aspects for the detection of patients with FTLD-
related syndromes, especially at the earliest phase in clinical
practice and for the selection of candidates to trials with
protein-specific targeted therapies that may be more effect-
ive in earlier stages (Elahi and Miller, 2017).

Most neuroimaging studies in bvFTD have been
focused on the cortical macrostructure with different met-
rics (grey matter density in voxel-based morphometry stu-
dies or cortical thickness in surface-based analyses)
(Mahoney et al., 2014a, b; Elahi et al., 2017; Meeter
et al., 2017) or white matter microstructural properties
(namely diffusion tensor imaging metrics such as, frac-
tional anisotropy). However, diffusion tensor imaging
can also be used to measure the magnitude of diffusivity
(mean diffusivity), in the cerebral cortex (Weston et al.,
2015; Montal et al., 2017). Higher cortical mean diffu-
sivity values reflect microstructural disorganization and
disruption of cellular membranes, and have been pro-
posed as a sensitive biomarker that might antedate
macroscopic cortical changes (Weston et al., 2015).
However, only a single small study has assessed mean
diffusivity ~ changes in  frontotemporal  dementia
(Whitwell et al., 2010). In that previous study, no clear
differences were found between grey matter density and
grey matter mean diffusivity, as assessed on a voxel-based
approach. However, the voxel-based approach may fail
to capture the subtle tissue-specific changes that take
place at the cortical level (Weston et al., 2015).

In bvFTD, there are no validated pathophysiological bio-
markers to reflect the underlying pathology, with the ex-
ception of pathogenic mutations that predict specific FTLD
subtypes. However, CSF biomarkers may also contribute to
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our understanding of FTLD pathophysiology (Meeter
et al., 2017; Lleo et al., 2018). Particularly, the CSF
levels of neurofilament light (NfL) (an axonal cytoskeletal
constituent essential for axonal growth) have shown to be
a useful neurodegeneration biomarker in FTLD-related
syndromes (Scherling et al., 2014; Menke et al., 2015).
In addition to NfL, we have recently shown that the
levels of the soluble amyloid precursor protein beta frag-
ment (sAPPB) (Alcolea et al., 2017) may be useful to track
neurodegeneration in frontotemporal structures in fronto-
temporal dementia (Alcolea et al., 2017; 1llan-Gala 1 et al.,
2018).

In this multicentre study, we aimed to assess the cortical
mean diffusivity changes in a large multicentre cohort of
patients with bvFTD, and to correlate these changes with
clinical measures of disease severity (FTLD-CDR) and CSF
biomarkers (NfL and sAPPB). We hypothesized that cor-
tical mean diffusivity may be more sensitive than cortical
thickness to detect the cortical changes associated with
bvFTD.

Materials and methods

Study participants

Participants were recruited in three different centres from two
collaborative studies: The Catalan Frontotemporal Dementia
Initiative ~ (CATFI) and the Frontotemporal Lobar
Degeneration Neuroimaging Initiative (FTLDNI).

The CATFI is a multicentre study focused on the
development of novel biomarkers and therapeutic
interventions for patients suffering from frontotemporal de-
mentia. The CATFI study includes patients from
three centres [Hospital de Sant Pau (HSP), Hospital Clinic
de Barcelona (HCB) and Hospital Arnau de Vilanova]. The
principal investigator of the CATFI study is Dr Alberto Lle6.
The primary goals of FTLDNI are to identify neuroimaging
modalities and methods of analysis for tracking FTLD and
to assess the value of imaging versus other biomarkers in
diagnostic roles. The principal investigator of FTLDNI is
Dr Howard Rosen at the University of California, San
Francisco (UCSF). For up-to-date information on participa-
tion and protocol, please visit: http://memory.ucsf.edu/re-
search/studies/nifd.

The inclusion criteria in this study were: (i) diagnosis of
possible or probable bvFTD according to the frontotemporal
dementia consortium criteria (Rascovsky et al., 2011); and (ii)
3T MRI study available for structural and cortical mean dif-
fusivity analysis (see below for details). In both cohorts the
diagnosis was made by neurologists with expertise in the
evaluation the FTLD-related syndromes after an extensive
neurological and neuropsychological evaluation. Moreover,
patients were followed longitudinally at each centre to ascer-
tain if they presented a progressive clinical deterioration or
developed a second FTLD-related syndrome (i.e. amyotrophic
lateral sclerosis or a progressive supranuclear palsy pheno-
type). Because the diagnosis of bvFTD has been related to
non-neurodegenerative conditions in some cases that do not
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show the typical clinical progression, we identified patients
with bvFTD with increased certainty of underlying FTLD
when any of the following criteria were met: (i) clinical evi-
dence of disease progression (clinical deterioration evidenced
during follow-up or progression to a second phenotype
related to FTLD); (ii) genetic confirmation of FTLD
(identification of a pathogenic mutation); and (iii) confirm-
ation of FTLD in those patients with neuropathological
evaluation.

Figure 1 shows the flowchart of the sample composition. A
total of 192 participants with appropriate 3T structural and
diffusion-weighted MRI were considered for analysis. Of these,
44 (23%) participants were excluded due to quality control
issues or processing errors. All the excluded cases were patients
with bvFTD.

Clinical measures of disease severity

The modified FTLD-CDR was obtained as described pre-
viously, as a measure of bvFTD disease severity (Knopman
et al., 2008). Higher scores in the FTLD-CDR reflect a greater
disease severity.

Genetic studies

Patients were screened for genetic mutations known to cause
autosomal dominant inheritance of frontotemporal dementia
as previously reported (Perry et al., 2017; lllan-Gala 1 et al.,
2018).

Pathological assessment

Neuropathological assessments were performed at the
Barcelona Brain bank (z=1) or at UCSF (n=35) following
previously described procedures (Tartaglia et al., 2010;
Balasa et al., 2015). Pathology-proven FTLD cases were clas-
sified in one of the major molecular subtypes (tau, TDP-43,
FUS or unclassifiable).

CATFI FTLDNI
Center: HSP Center: HCB Center: UCSF
61 bvFTD 17 bvFTD 36 bvFTD
37 controls 20 controls 21 controls
L J
1

192 participants with a 3T MRI and appropriate diffusion weighted
imaging sequence

37 incorrect segmentation
7 Diffusion tensor imaging
processing errors

Final sample available for cortical mean diffusivity analyses (n=148)

70 bwFTD HSP: 41 bvFTD / 37 controls
30 Possible bvFTD (43%) HCB: 14 bvFTD / 20 controls
40 Probable bvFTD (57%) UCSF: 15 bvFTD / 21 controls

Figure | Flowchart of the sample composition.
HSP = Hospital de Sant Pau; HCB = Hospital Clinic de Barcelona;
UCSF = University of California San Francisco.


http://memory.ucsf.edu/research/studies/nifd
http://memory.ucsf.edu/research/studies/nifd
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MRI acquisition

MRIs (3 T) were acquired at three different sites. The acquisi-
tion parameters by centre can be found in the Supplementary
material. All centres had a structural MPRAGE T;-weighted
acquisition of approximately 1 x 1 x 1mm isotropic reso-
lution and an EPI diffusion-weighted acquisition of at least
2.7 x 2.7 x 2.7 mm isotropic resolution.

Possible/probable classification
according to MRI atrophy on visual
inspection

To determine the presence of significant frontotemporal at-
rophy consistent with the diagnosis of probable bvFTD ac-
cording to the frontotemporal dementia consortium criteria
(Rascovsky et al., 2011), all the MRIs from bvFTD partici-
pants analysed in this study (z = 114) were visually inspected
by two independent raters blinded to the clinical data in
order to determine the presence of significant frontotemporal
atrophy to dichotomize the participants into possible
bvFTD (patients with bvFTD with a negative or conflicting
atrophy rating) or probable bvFTD (patients with bvFTD
rated as positive atrophy by the two raters) (Rascovsky
et al., 2011).

CSF sampling and analysis

A subset of 32 CATFI patients also had CSF available. We
measured the CSF levels of NfL and sAPPf as described pre-
viously (Alcolea et al., 2014, 2015, 2017). All biomarkers
were analysed at the Sant Pau Memory Unit Laboratory
with commercially available ELISA kits (NF-light, Uman
Diagnostics; human sAPPB-w, highly sensitive, IBL).

Cortical thickness processing

Cortical thickness reconstruction was performed with the
Freesurfer package v35.1 (http://surfer.nmr.mhg.hardvard.edu)
using a procedure that has been described in detail elsewhere
(Fischl and Dale, 2000). All individual cortical reconstructions
were visually inspected in a slice-by-slice basis to check for
accuracy of the grey/white matter boundary segmentation.
From the initial 114 bvFTD subjects with 3T MRI available
from the three centres, 37 (32.5%) were excluded because of
segmentation issues. Cognitively healthy control scans did not
require manual editing. Finally, each individual reconstructed
brain was registered, and cortical thickness maps were
morphed, to the fsaverage standard surface provided by
Freesurfer, using a spherical registration, enabling an accurate
inter-subject matching of cortical locations for the computa-
tion of further statistics. Prior to statistical analyses, we
smoothed the cortical thickness maps using a Gaussian
kernel with full-width at half-maximum of 10 mm as imple-
mented in Freesurfer (Hagler ez al., 2006).

Cortical mean diffusivity processing

We used a previously described homemade surface-based ap-
proach to process cortical diffusion MRI (Montal et al., 2017).

I. lllin-Gala et al.

Recent studies have shown the potential of surface-based
methods to measure microstructural changes in neurodegenera-
tive diseases (Montal et al., 2017; Parker et al., 2018) and the
cortical architecture (Ganepola et al., 2018). An important
advantage of these methods is the mitigation of partial
volume effects or kernel-sensitive CSF signal inclusion during
the smoothing step (Coalson e al., 2018). Briefly, diffusion
weighted imaging data were first corrected for motion effects
applying a rigid body transformation between the b = 0 image
and the diffusion-weighted acquisitions. Then, after removing
non-brain tissue using the Brain Extraction Tool, diffusion
tensors were fitted and mean diffusivity was computed using
the FSL’s dtifit command. We then computed the affine trans-
formation between the skull-stripped b0 and the segmented T-
weighted volume using a boundary-based algorithm as imple-
mented in Freesurfer’s bbregister. This approach takes advan-
tage of the accurate segmentation of the white matter surface
and pial surface obtained during the Freesurfer’s segmentation
(cortical thickness processing section), to accurately register
the b0 and the T;-weighted image, maximizing the intensity
gradient across grey matter and white matter between both
volumes. At this point, all the diffusion to T; registrations
were visually inspected to exclude those subjects with an er-
roneous co-registration. Then, the mean diffusivity volume
for each individual was sampled at the midpoint of the cor-
tical ribbon (half the distance along the normal vector be-
tween the white matter surface and the grey matter surface)
and projected to each individual surface reconstruction ob-
tained during the Freesurfer processing, to create a surface
map of cortical mean diffusivity (using Freesurfer’s mri_vol2-
surf command). Finally, individual cortical mean diffusivity
maps were normalized to an average standard surface using a
spherical registration, enabling an accurate inter-subject
matching of cortical locations for the statistical analyses.
Prior to statistical analyses, we applied a Gaussian kernel
of 15 mm as implemented in Freesurfer to obtain equivalent
data effective smoothing between cortical thickness and cor-
tical mean diffusivity (La Joie et al., 2012; Bejanin et al.,
2018).

Cortical mean diffusivity
harmonization between centres

Diffusion tensor imaging metrics are sensitive to acquisition
parameters (Zhu et al., 2011). Thus, harmonization
approaches are required to mitigate centre-specific differences
in multicentre studies. We applied a multi-centre harmoniza-
tion algorithm based on ComBat to reduce centre-specific dif-
ferences in cortical mean diffusivity quantifications prior to
any statistical analysis (Fortin et al., 2017). Briefly, ComBat
uses an empirical Bayes framework to estimate the additive
(mean) and multiplicative (variance) contribution of each site,
at each vertex, for a specific diffusion tensor imaging metric,
and corrects these effects. Importantly, this approach allows
the inclusion of biological information (such as clinical group,
age or biomarkers), and it has been reported to preserve
within-site biological variability, thereby increasing the statis-
tical power.


https://academic.oup.com/brainj/article-lookup/doi/10.1093/brainj/awz031#supplementary-data
https://academic.oup.com/brainj/article-lookup/doi/10.1093/brainj/awz031#supplementary-data
http://surfer.nmr.mhg.hardvard.edu
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Statistical methods

Group differences in the clinical and biomarker data were as-
sessed using z-test or ANOVA for continuous variables, and
chi-squared tests were used for dichotomous or categorical
data. Biomarker values not following a normal distribution
were log-transformed. Statistical analyses were performed
with the IBM SPSS Statistics 25 (IBM corp.) software.
Statistical significance for all tests was set at 5% (a =0.05),
and all statistical tests were two-sided.

We first performed group comparisons for cortical mean
diffusivity and cortical thickness with a two-class general
linear model, as implemented in Freesurfer, comparing
bvFTD and the cognitively healthy controls groups. These ana-
lyses were repeated for each centre independently. Moreover,
as it has been reported that some possible bvFTD cases may
represent either non-neurodegenerative cases or cases with a
slowly progressive clinical course, we also compared the pat-
terns of cortical thickness and cortical mean diffusivity in both
the probable and possible subgroups. We then performed a
vertexwise partial correlation analysis in the bvFTD group be-
tween the cortical mean diffusivity and cortical thickness and
the log-transformed CSF sAPPB and NfL values, in addition to
the FTLD-CDR. Specifically, a general linear model was cre-
ated in which cortical mean diffusivity or cortical thickness
was included as the dependent variable, and CSF values and
FTLD-CDR scores were independent variables. We included
age, sex, and centre as nuisance variables in the cortical thick-
ness analysis. In mean diffusivity analysis, only age and sex
were included since diffusion tensor imaging data were already
harmonized between centres in a previous step. The correlation
between both metrics and FTLD-CDR was also assessed seg-
regating the bvFTD group into possible and probable. Only
results that survived multiple comparisons (family wise
error < 0.05) based on Monte Carlo simulation with 10000
repeats as implemented in Freesurfer are presented. We used a
stringent threshold of @ = 0.001 for the group analyses and a
threshold of a=0.05 for the correlation analyses. A full de-
scription of the multiple comparisons methodology can be
found in the Supplementary material.

We computed the Cohen’s d effect size metric for both cor-
tical thickness and cortical mean diffusivity, in a vertex-wise
basis, to obtain a topographical representation of the effect
size for the group comparison between patients with bvFTD
and cognitively healthy controls. Effect size computation was
restricted to cortical regions showing statistically significant
differences between bvFTD and cognitively healthy controls
for either cortical thickness or cortical mean diffusivity. We
then computed the difference between the cortical thickness
and cortical mean diffusivity effect size maps to obtain a topo-
graphical representation of the net effect size for each metric.
For the figure projection and design, we used a freely available
python library to overlay the results into the standard fsaver-
age surface (Pysurf: https:/pysurfer.github.io).

Data availability

The datasets analysed during the current study are available
from the corresponding author on reasonable request.
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Results

Demographics and sample
composition

Table 1 shows the demographics, clinical and neuroimaging
features of the participants in the study. Age at MRI and
years of education was similar between the bvFTD and
healthy control groups. There were more females in the
cognitively healthy control group than in the bvFTD
group [x*(1) =23.090; P < 0.001]. Age at symptom
onset, age at MRI, time from symptom onset to MRI,
sex distribution, education, FTLD-CDR, and follow-up
time were similar between the possible and probable
bvFTD groups. However, the proportion of patients with
an increased certainty of FTLD at the end of follow-up was
higher in the probable bvFTD group than in the possible
bvFTD group [x*(1)=8.089; P=0.004]. As shown in
Fig. 1, 44 of 114 (38.6%) bvFTD participants were
excluded because of segmentation or diffusion weighted
imaging processing errors. The excluded patients had
higher FTLD-CDR than the included bvFTD participants
[#(92) = 2.041; P = 0.044; Supplementary Table 3].

Group comparison of cortical
thickness and cortical mean
diffusivity

First, we compared cortical thickness and cortical mean
diffusivity between bvFTD and cognitively healthy controls.
As shown in Fig. 2, the bvFTD group showed cortical
thinning in the prefrontal cortex, the insula, the cingulate
gyrus (anterior, dorsal and posterior), the orbitofrontal
cortex, the anterior temporal pole, the lateral and medial
temporal lobe, the angular gyrus and the precuneus. The
cortical mean diffusivity map involved more regions, en-
compassing the whole of the frontal and temporal cortices,
and extending to posterior regions such as the inferior par-
ietal and occipital lobe. Thus, while cortical thickness and
cortical mean diffusivity maps showed a partial overlap,
cortical mean diffusivity changes extended beyond the
areas of cortical thinning. Of note, we observed similar
patterns of cortical thickness and cortical mean diffusivity
changes when each cohort was analysed separately (data
not shown).

We found moderate-to-high effect sizes for cortical thick-
ness in the prefrontal cortex, the insula, the anterior and
posterior cingulate gyrus, the lateral and medial temporal
lobe and the precuneus bilaterally (Fig. 2, bottom). For
cortical mean diffusivity, we obtained widespread maps of
moderate-to-high effect sizes. The highest effect sizes for
cortical mean diffusivity were observed at the frontal and
temporal cortex bilaterally. Importantly, the effect sizes of
cortical mean diffusivity were higher than the effect sizes of


https://academic.oup.com/brainj/article-lookup/doi/10.1093/brainj/awz031#supplementary-data
https://pysurfer.github.io
https://academic.oup.com/brainj/article-lookup/doi/10.1093/brainj/awz031#supplementary-data
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Table | Demographics, clinical and neuroimaging features of the participants

I. lllin-Gala et al.

Characteristics Possible Probable All bvFTD Cognitively

bvFTD bvFTD healthy

controls

n (% of bvFTD) 30 (43) 40 (57) 70 (100) 78
Age at symptom onset, years 60.2 + I1.4° 579 +8.8* 588+ I0 -
Age at MRI, years 65.8 + 10.9* 624 +9.2° 63.8 + 10* 623 +6.17
Time from onset to MRI, years 5.5 + 4.2° 45 +3.17 49 + 3.6 o
Sex male/female, n 24/6° 27/13° 51/19° 26/52°
Education, years 12.5 £+ 5.6 13 +£54 12.7 £ 5.5° 13.4 +4.3°
FTLD-CDRf 6.4 +3.7° 83 +4° 75+t4 -
Follow-up time, years 1.7 + 1.4° 1.9 +2° 1.8+ 1.7 -
Last reported phenotype 24 bvFTD 27 bvFTD 51 bvFTD

| bvFTD with 4 bvFTD with 5 bvFTD with

progressive aphasia progressive aphasia progressive aphasia

2 FTD-ALS 7 FTD-ALS 9 FTD-ALS

3 PSP-CBD 2 PSP-CBD 5 PSP-CBD
Increased certainty of underlying 21 (70) 38 (95)° 59 (84.3) -

FTLD (% of cases)

Definitive bvFTD (% of cases) 7 (23.3)* 12 (30)* 19 (27.1) -

4 C9orf72 7 C9orf72 Il C9orf72

0 GRN 2 GRN 2 GRN

| MAPT 0 MAPT | MAPT

0 TARDBP | TARDBP | TARDBP

2 FTLD-TDP (I C90rf72)

| FTLD-Tau

| FTLD-TDP (I TARDBP)

2 FTLD-Tau

3 FTLD-TDP (I C90rf72 and | TARDBP)

3 FTLD-Tau

Demographics, clinical and neuroimaging features of the participants. Values reported are mean =+ standard deviation.

*Non-significant differences.

®Different from the healthy control group (P < 0.05).
“Different from the all bvFTD group (P < 0.05).
9Different from the probable bvFTD group (P < 0.05).
°Different from the possible bvFTD group (P < 0.05).
fAvailable in 59 of the 70 (84.3%) bvFTD patients.

FTD-ALS = frontotemporal dementia-amyotrophic lateral sclerosis; FTLD-Tau = tau subtype of frontotemporal lobar degeneration; FTLD-TDP = transactive response DNA-binding
protein 43 kDa subtype of frontotemporal lobar degeneration; PSP-CBD = progressive supranuclear palsy-corticobasal degeneration.

cortical thickness in bvFTD-related areas such as the anter-
ior and dorsal cingulate, the prefrontal dorsal cortex and
the insula in both hemispheres. In these areas we observed
moderate-to-high net effect sizes favouring cortical mean
diffusivity.

Cortical thickness and cortical mean
diffusivity in possible and probable
bvFTD

We then assessed cortical thickness and cortical mean dif-
fusivity separately in the possible and probable bvFTD sub-
groups (Fig. 3). In the probable bvFTD group we observed
extensive clusters of cortical thinning that included essen-
tially the same regions typically involved in the bvFTD that
were observed in the Fig. 2. Similar to what we observed in
the primary analyses, the cortical mean diffusivity changes
were more widespread than the cortical thickness changes
as shown in the overlap map of Fig. 3 (top). We also
observed moderate-to-high net effect sizes favouring cor-
tical mean diffusivity in the rostral middle frontal, superior

frontal, anterior cingulate, the insula and in more posterior
regions (posterior temporal, precuneus and occipital lobe)
(Fig. 3, top). In the possible bvFTD subgroup, we observed
small clusters of cortical thinning in the insula, and the
medial temporal lobe in both hemispheres. Interestingly, we
observed extensive cortical mean diffusivity increases in the
dorsal and medial prefrontal cortex, as well as in the supple-
mentary motor cortex and the frontal pole in both hemi-
spheres (Fig. 3, bottom). In the possible bvFTD group, we
also observed moderate-to-high net effect sizes favouring cor-
tical mean diffusivity in the rostral middle frontal and super-
ior frontal cortex in both hemispheres (Fig. 3, bottom).

Relationship between cortical
thickness and cortical mean
diffusivity with the FTLD-CDR

We next evaluated the capacity of cortical thickness and
cortical mean diffusivity to reflect the disease severity in
the bvFTD as measured by the FTLD-CDR scale. When
pooling together all the bvFTD subjects, we observed an
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Figure 2 Group comparison of cortical thickness and cortical mean diffusivity between bvFTD and cognitively healthy
controls. Top: Statistically significant results between all bvFTD and cognitively healthy controls for cortical thickness and cortical mean diffusivity.
Regions in blue represent thinner cortex in the bvFTD group, whereas regions in green represent higher cortical mean diffusivity in the bvFTD

group. For illustration purposes, we included the overlapping map between both metrics (top right). Cortical thickness analyses were adjusted for
age, sex and centre. Mean diffusivity analyses were adjusted for age and sex after a harmonization step. Only the clusters that survived family-wise
error correction P < 0.05 are shown. Bottom: Medium to large effect sizes between the bvFTD and cognitively healthy controls for both cortical
thickness and cortical mean diffusivity. The orange-gold colour represents higher effect size. In addition, the difference between both maps of
effect size is displayed (bottom right). The red-white colour represents grey matter areas where the cortical mean diffusivity has higher effect size

than cortical thickness.

inverse correlation between FTLD-CDR scores and cortical
thickness in small clusters in the inferior frontal gyrus, the
anterior insula, the anterior temporal pole and the medial
temporal lobe in both hemispheres and a correlation in the
medial orbitofrontal cortex and in the precuneus in the left
hemisphere. We observed larger clusters of significant posi-
tive correlations between cortical mean diffusivity and
FTLD-CDR scores in both hemispheres (Fig. 4, top).
Similar results were found when restricting the analyses
to the probable bvFTD group (Fig. 4, middle). When re-
stricting the analysis to the possible bvFTD, we did not find
any correlation between cortical thickness and FTLD-CDR
scores. However, cortical mean diffusivity was positively
associated with FTLD-CDR scores in the anterior cingulate,
frontal insula and lateral temporal in both hemispheres
(Fig. 4, bottom).

Correlation of cortical thickness and
mean diffusivity changes with CSF
biomarkers

Finally, we assessed the correlation of cortical thickness
and cortical mean diffusivity with CSF NfL and sAPPj

levels. CSF NfL levels were negatively correlated with cor-
tical thickness in dorsolateral and medial prefrontal areas
of the frontal lobe. The correlation between CSF NfL levels
and cortical mean diffusivity included those areas, but also
areas in the temporal and parietal lobes (Fig. 5, top). CSF
sAPPB levels were positively correlated with cortical thick-
ness in regions of the prefrontal cortex, the insula, the
temporo-parietal union and the lateral temporal cortex.
The negative correlation between CSF sAPPP levels and
cortical mean diffusivity extended to more widespread fron-
tal and temporal regions, as well as to posterior regions
(Fig. 5, bottom).

Discussion

In this study we investigated the value of cortical mean
diffusivity as a biomarker in bvFTD in a large multicentre
sample. We showed that altered cortical mean diffusivity
not only coincided with areas that showed cortical thin-
ning, but also involved other areas that typically become
affected with disease progression (Binney et al., 2017).
Furthermore, we found cortical mean diffusivity was
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Figure 3 Group comparison of cortical thickness and cortical mean diffusivity between patients with possible and probable
bvFTD and cognitively healthy controls. Cortical thickness and cortical mean diffusivity group comparisons between probable (top) and

possible (bottom) bvFTD against cognitively healthy controls. We included the overlapping map (top and bottom) between both metrics. Cortical
thickness analyses are adjusted by age, sex and centre. Mean diffusivity analyses were adjusted by age and sex after a harmonization step. Only
clusters that survived family-wise error correction (P < 0.05) are shown. For visualization purposes, different colour codes were used for cortical
thickness and cortical mean diffusivity. In addition, the net difference in effect size is displayed for probable bvFTD (top right) and possible bvFTD
(bottom right). The red-white colour represents grey matter areas where the cortical mean diffusivity has higher effect size than cortical thickness.

increased in patients classified as possible bvFTD that had
only minimal cortical thinning. Clinical measures of disease
severity (FTLD-CDR) and CSF neuronal biomarkers (CSF
NfL and sAPPB levels) showed a more widespread correl-
ation with cortical mean diffusivity than with cortical thick-
ness. Taken together, these findings suggest that cortical
mean diffusivity might be more sensitive than cortical thick-
ness to detect the earliest disease-related cortical changes in
bvFTD.

Cortical mean diffusivity has been recently proposed as a
sensitive biomarker for the detection of the earliest cortical
changes in sporadic Alzheimer’s disease (Weston et al.,
2015; Montal et al., 2017). We show, for the first time
in bvFTD using a surface-based approach, that cortical
mean diffusivity increases spread beyond the areas of cor-
tical thinning in bvFTD, even in patients with possible
bvFTD. Most previous studies using diffusion tensor ima-
ging in patients with bvFTD have focused on the white
matter, probably because of the technical difficulties in
the study of cortical microstructure (Agosta et al., 2015;
Papma et al., 2017). We identified a single previous small
study (with 16 patients with bvFTD) assessing cortical dif-
fusion tensor imaging in the bvFTD using a volume-based
approach (Whitwell et al., 2010). This study found over-
lapping patterns between atrophy and increases on cortical

mean diffusivity. Our study builds on these results using a
larger sample, a surface-based approach, and the inclusion
of patients with bvFTD at milder disease stages.
Consequently, we were able to show the added value of
cortical mean diffusivity as a more sensitive biomarker in
bvFTD over cortical thickness.

We found minimal cortical thinning when comparing
possible patients with bvFTD and controls. However, we
observed extensive cortical mean diffusivity increases in re-
gions known to be affected in bvFTD (Brettschneider et al.,
2014; Schroeter et al., 2014; Irwin et al., 2016). Moreover,
we calculated effect size maps to quantify the impact of
cortical thickness and cortical mean diffusivity for the dif-
ferentiation of patients with bvFTD from controls.
Importantly, we obtained moderate-to-high net effect size
favouring cortical mean diffusivity in critical bvFTD-related
cortical regions such as the anterior cingulate, the pre-
frontal dorsal cortex and the insula. The suggestion that
cortical mean diffusivity may be more sensitive than cor-
tical thickness to detect the bvFTD cortical changes is fur-
ther supported by our correlation analyses with the FTLD-
CDR and CSF NfL and sAPPB levels. Both the clinical
measures of disease severity and the CSF biomarkers
showed a better correlation with cortical mean diffusivity
than with cortical thickness. The FTLD-CDR has been
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Figure 4 Relationship between cortical thickness and cortical mean diffusivity with the FTLD-CDR score. Correlation of cortical
mean diffusivity with the frontotemporal lobar degeneration clinical dementia rating score in the whole sample (top), probable bvFTD subgroup
(middle) and possible bvFTD subgroup (bottom). Small regions of cortical thinning associated with higher FTLD-CDR scores (blue) were found in
the probable subgroup, whereas extensive areas of increases of cortical mean diffusivity related to increases in FTLD-CDR scores (green) were
found in both subgroups. Cortical thickness analyses were adjusted for age, sex and centre. Mean diffusivity analyses were adjusted for age and sex
after a harmonization step. The overlap between both maps is displayed on the right (top and bottom).

validated as a tool for disease monitoring in clinical trials
(Knopman et al., 2008). Although the FTLD-CDR scores
also correlated with cortical thickness in some small fron-
totemporal clusters, we found a substantially widespread
correlation with cortical mean diffusivity. Moreover,
when restricting the analyses in the possible bvFTD sub-
group, only associations between cortical mean diffusivity
and FTLD-CDR scores were found. This finding supports a
possible role for cortical mean diffusivity as a candidate
neuroimaging biomarker for disease staging.

To evaluate the role of cortical mean diffusivity as a
neurodegeneration biomarker further, we investigated its
correlation with CSF biomarkers in a subgroup of patients.
NfL is one of the major constituents of the axonal cyto-
skeleton and plays an important role in axonal transport.
The measurement of NfL levels both in the CSF and in

serum correlates with disease severity, progression and sur-
vival in multiple neurodegenerative diseases (Landqvist
Waldo et al., 2013; Scherling et al., 2014; Pijnenburg
et al., 2015; Meeter et al., 2016; Rohrer et al., 2016;
Wilke et al., 2016). We also measured CSF sAPPB levels,
as we have previously shown that this biomarker correlates
with frontotemporal neurodegeneration in FTLD-related
syndromes (Alcolea et al., 2017; Illan-Gala et al., 2018).
The association between cortical mean diffusivity and CSF
values further reinforces the notion that cortical mean dif-
fusivity changes reflect the underlying neurodegeneration.
Although we acknowledge that it is possible that some
patients classified as possible bvFTD may not have under-
lying FTLD (Devenney et al., 2016; Gossink et al., 2016),
recent studies in deep-phenotyped cohorts have shown that
a significant proportion of bvFTD cases do not have
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Figure 5 Correlation of cortical thickness and cortical mean diffusivity with CSF biomarkers. Relationship of cortical thickness and
cortical mean diffusivity with the CSF levels of NfL (top) and the CSF levels of sSAPP (bottom) in the subgroup of bvFTD participants with CSF
sample available for analysis (n = 32). As NfL and sAPPf} values were not normally distributed, we used log-transformed values for these

biomarkers. NfL levels negatively correlated with cortical thickness (blue) and positively correlated with cortical mean diffusivity (green). sAPP3
positively correlated with cortical thickness (red) and negative correlated with cortical mean diffusivity (purple). Cortical thickness analyses were
adjusted for age, sex and centre. Mean diffusivity analyses were adjusted for age and sex after a harmonization step. Only clusters that survived

familywise error correction at P < 0.05 are shown.

frontotemporal atrophy and may be characterized by a
slower disease course (Rascovsky et al., 2011; Ranasinghe
et al., 2016). In the present study, 70% of patients classi-
fied as possible bvFTD were found to have an increased
certainty of underlying FTLD as suggested by follow-up,
genetic and neuropathological information available.
Indeed, longitudinal decline was observed in most possible
patients with bvFTD and psychiatric diagnoses were
excluded by expert clinicians. Of note, four cases classified
as possible bvFTD were found to have a C9orf72 expan-
sion, a finding that has been previously reported in differ-
ent cohorts (Khan et al., 2012; Goémez-Tortosa et al., 2014;
Devenney et al., 2018; Llamas-Velasco et al., 2018). Thus,
we propose that the patients classified as possible bvFTD
are at high risk of having underlying FTLD and that our
cortical mean diffusivity results support that at least a pro-
portion of possible patients with bvFTD have a neurode-
generative disease. Cortical mean diffusivity may be a
relevant tool for increasing the diagnostic certainty in
these ‘slowly progressive’ bvFTD patients without overt
frontotemporal atrophy (Davies et al., 2006; Khan et al.,
2012).

Taken together, our findings support the role of cortical
mean diffusivity as a novel potential neurodegeneration
biomarker in bvFTD. We hypothesize that cortical mean
diffusivity may be a sensitive tool for the refinement and
monitoring of the very earliest cortical changes genetically
determined FTLD (Rohrer et al., 2015). Importantly, fur-
ther longitudinal studies should explore the ability of cor-
tical mean diffusivity to predict disease progression at the
single-subject level. Additionally, our study is the first to
report the potential added value of cortical diffusion tensor
imaging changes over cortical thickness in bvFTD. Further
studies could explore the added value of the combined
study of white and grey matter diffusion tensor imaging
changes to improve pathological predictions (McMillan
et al., 2014; Downey et al., 2015). All the aforementioned
points are key aspects for candidate selection in clinical
trials once protein-specific targeted therapies become avail-
able (Elahi and Miller, 2017).

The main strengths of this study are the relatively large
number of bvFTD participants at a mild-to-moderate dis-
ease stage, and the surface-based analyses using a previ-
ously validated technique. This surface-based approach
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solves some of the limitations and methodological concerns
that have been previously reported when using a voxel-
based approach (Coalson et al., 2018). Moreover, we en-
riched our description of the cortical mean diffusivity in
the bvFTD with established clinical measures of disease
severity and CSF biomarkers. This study also has some
limitations. First, we acknowledge that a substantial pro-
portion of the bvFTD cases (38.6%) were excluded due to
segmentation or diffusion tensor imaging processing errors.
Even though this is an inherent limitation of our surface-
based approach, future improvements in T; MRI acquisi-
tions or the use of higher field MRIs, together with soft-
ware improvements will likely reduce the number of
subjects excluded due to segmentation errors. Of note,
we observed that the excluded patients belonged to the
probable bvFTD group (77.3% of the excluded cases)
and were at a more advanced disease stage, as measured
by the FTLD-CDR. Notwithstanding, cortical mean diffu-
sivity may still provide valuable topographical information
regarding the earliest cortical microstructural changes in
patients at very mild disease stages (for example, sporadic
bvFTD cases without overt cortical atrophy or even genetic
cases) where fewer segmentation errors are expected to
occur. Second, it could be argued that there may be con-
founding results related to the different acquisition proto-
cols across centres. However, the results presented in the
current study were obtained after using a validated state-
of-the-art algorithm to harmonize diffusion data between
centres (Fortin et al., 2017; Montal et al., 2017).
Moreover, results were similar when analysing each
centre independently regardless of the use of different dif-
fusion weighted imaging sequences. Third, although we
provide cross-sectional evidence that cortical mean diffu-
sivity changes may be a novel sensitive metric to reflect
neurodegeneration, further longitudinal studies and using
presymptomatic mutation carriers should confirm that cor-
tical mean diffusivity changes antedate cortical atrophy in
patients with bvFTD. Fourth, because most of the included
bvFTD cases did not have neuropathological evaluation,
misdiagnosis could have occurred, especially in the pos-
sible bvFTD group. However, a high proportion of cases
were found to have an increased certainty of underlying
frontotemporal lobar degeneration when considering the
available clinical, genetic and neuropathological informa-
tion. Finally, as neuropathological evaluation was not
available in most cases, we were not able to explore the
precise pathological correlates of the observed cortical
mean diffusivity changes.

In summary, this study supports the use of cortical mean
diffusivity as a valuable novel biomarker for the cortical
mapping of neurodegeneration-related microstructural
changes in bvFTD. Further longitudinal studies in different
populations including preclinical mutation carriers are
needed to fully determine the diagnostic and prognostic
utility of this biomarker, particularly at the earliest stages
of the disease.
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