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Abstract

Our aim was to investigate the patterns and trajectories of white matter (WM) diffusion
abnormalities in microtubule-associated protein tau (MAPT) mutations carriers. We studied 22
MAPT mutation carriers (12 asymptomatic, 10 symptomatic) and 20 noncarriers from 8 families,
who underwent diffusion tensor imaging (DTI) and a subset (10 asymptomatic, 6 symptomatic
MAPT mutation carriers, and 10 noncarriers) were followed annually (median = 4 years). Cross-
sectional and longitudinal changes in mean diffusivity (MD) and fractional anisotropy were
analyzed. Asymptomatic MAPT mutation carriers had higher MD in entorhinal WM, which
propagated to the limbic tracts and frontotemporal projections in the symptomatic stage compared
with noncarriers. Reduced fractional anisotropy and increased MD in the entorhinal WM were
associated with the proximity to estimated and actual age of symptom onset. The annualized
change of entorhinal MD on serial DTI was accelerated in MAPT mutation carriers compared with
noncarriers. Entorhinal WM diffusion abnormalities precede the symptom onset and track with
disease progression in MAPT mutation carriers. Our cross-sectional and longitudinal data showed
a potential clinical utility for DTI to track neurodegenerative disease progression for MAPT
mutation carriers in clinical trials.
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1. Introduction

Frontotemporal lobar degeneration (FTLD) is a progressive neurodegenerative disease
associated with behavioral and language disorders, executive dysfunction, and impaired
social cognition (Bang et al., 2015). About 30%-50% FTLD patients have an autosomal
dominant pattern of inheritance (Rohrer and Warren, 2011), with many showing mutations
in the microtubule associated protein tau (MAPT) gene (Spillantini et al., 1998). Mutations
in MAPT result in filamentous accumulation of hyperphosphorylated tau in neurons and glia
leading to neurodegeneration, atrophy, and white matter (WM) microstructure alterations
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years before the onset of clinical symptoms (Bunker et al., 2006; Cash et al., 2018; Dopper
et al., 2014; Ingram and Spillantini, 2002; Kantarci et al., 2010). Families with MAPT
mutations provide a unique opportunity to investigate early disease-burden brain changes
and identify biomarkers for tracking disease progression in the context of potential disease-
modifying therapies.

Diffusion tensor imaging (DTI) is sensitive to the WM micro-structure alterations, such as
loss of myelin and axonal membranes. Loss of WM microstructural integrity on DTI was
associated with cerebrospinal fluid biomarkers of tau protein and Braak staging of the
neurofibrillary tangle tau pathology in Alzheimer’s disease (Bendlin et al., 2012; Kantarci et
al., 2017). Damage to WM caused by tau pathology is a frequent observation in postmortem
examinations of genetic and sporadic cases of patients with FTLD (Kovacs et al., 2008;
Larsson et al., 2000; Sima et al., 1996) and in animals expressing tau mutations (Gotz et al.,
2001; Lin et al., 2003). Recently, focal myelin injury was identified as the first manifestation
of tauopathy in a tauP301L mouse model (Jackson et al., 2018). Despite the growing
literature of DTI findings in patients with FTLD and in asymptomatic carriers of the
granulin (GRN) (Pievani et al., 2014) and chromosome 9 open reading frame 72 (C90rf72)
mutations (Bertrand et al., 2018), few studies have demonstrated microstructural WM
changes in asymptomatic MAPT mutation carriers (Dopper et al., 2014; Jiskoot et al., 2018,
2019; Panman et al., 2019). We hypothesized that DTI measures of WM microstructure
occur early in asymptomatic MAPT mutation carriers and the trajectory of DTI changes are
associated with the disease progression during longitudinal follow-up.

Our objectives were 1) to determine the DTI abnormalities across all WM regions of interest
(ROIs) to distinguishing asymptomatic and symptomatic MAPT mutation carriers from
noncarriers; 2) to estimate the relationship between diffusion abnormalities and proximity to
symptom onset in MAPT mutation carriers; 3) to compare the trajectory of DTI changes on
serial DTI in MAPT mutation carriers compared with noncarriers.

Methods

Participants

Individuals in this study were participants enrolled in the Mayo Alzheimer’s Disease
Research Center and Longitudinal Evaluation of Familial Frontotemporal Dementia Subjects
study at the Mayo Clinic site. Longitudinal Evaluation of Familial Frontotemporal Dementia
Subjects is a national multisite study longitudinally investigating the biomarkers of disease
progression in familial FTLD mutation carriers. The present study included participants who
had screened positive for a mutation in MAPT and who were followed at the Mayo Clinic. A
cohort of 22 MAPT mutation carriers from 8 individual families was enrolled at the baseline.
Noncarriers from healthy first-degree relatives of the patients were recruited as a control
group after DNA screening (n = 20). Participants were followed prospectively with annual
clinical evaluation at the time of magnetic resonance imaging (MRI) examination, including
a medical history review, mental status examination, a neurological examination, and a
neuropsychological examination. The behavioral neurologist (BB, JGR, NGR, DJ, or DK)
who examined all of the participants was blinded to the mutation status. None of the
participants fulfilled the exclusion criteria.
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Inclusion criteria include the following: 1) participants are eligible for enrollment if they are
members of families with a known mutation in MAPT and are aged 18 years or older, and
preferably above age 30 years; 2) the predominant phenotype in the kindred should be
cognitive/behavioral (i.e., kindreds in whom behavioral variant frontotemporal dementia
(bvFTD) or primary progressive aphasia is the predominant clinical phenotype among
affected relatives is favored over parkinsonism or ALS, although all phenotypes are eligible
for enrollment); 3) a reliable informant who personally speaks with or sees that participant at
least weekly; 4) participant is sufficiently fluent in English to complete all measures, 5)
willing and able to consent to the protocol and undergo yearly evaluations, 6) willing and
able to undergo neuropsychological testing (at least at the baseline visit), and 7) no
contraindication to MRI.

Exclusion criteria include 1) absence of a known mutation in MAPT in the participant or
family; 2) presence of a structural brain lesion (e.g., tumor, cortical infarct); 3) presence of
another neurologic disorder which could impact findings (e.g., multiple sclerosis); 4)
unwillingness to return for follow-up yearly; 5) unwillingness to undergo
neuropsychological testing and MRI; and 6) no reliable informant.

2.2. Baseline characteristics

Participants’ demographic and clinical characteristics are shown in Table 1. Of the 22
MARPT mutation carriers at the baseline, 12 participants had no clinical symptoms and a
CDR Dementia Staging Instrument plus NACC FTLD Behavior and Language Domains
sum of boxes (CDR plus NACC FTLD-SB) (Knopman et al., 2008) of 0, which we refer to
as asymptomatic MAPT mutation carriers. The remaining MAPT mutation carriers (n = 10)
were symptomatic and had a mean CDR plus NACC FTLD-SB score of 11.6 including 5
patients diagnosed with bvFTD, 4 with bvFTD and parkinsonism, and 1 with mild cognitive
impairment behavior. The clinical status was based on the key ratings for the assessment
team, including the scale, neuropsychological data, the consensus clinical diagnostic
assessment (Rascovsky et al., 2011), and the confidence rating. The mutations identified in
these symptomatic MAPT mutation carriers were as follows: V337M (n = 3), P301L (n = 3),
S305N (n =2), Q336H (n = 1) and N279K mutations (n = 1).

Estimated age of symptom onset was=calculated as the median age at symptom onset among
all symptomatic carriers in each family/mutation type based on the clinical history on these
families.

2.3. Longitudinal cohort

A subset of participants (n = 29) received at least 2 DTI scans with a total of 100 DTI scans.
After quality control measures, we had to exclude 3 symptomatic MAPT mutation carriers
and 17 DTI scans (8 with a head motion artifact, 7 with failure of image analysis, and 2 with
incomplete brain coverage) from further analyses. Finally, 26 participants (10 asymptomatic,
6 symptomatic MAPT mutation carriers, and 10 noncarriers) with a total of 83 DTI scans
were included in the longitudinal analysis (Supplemental Table 1).

All symptomatic MAPT mutation carriers described in this report have undergone clinical
genetic testing and therefore they and/or their proxies are aware of their mutation status.
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Most of the asymptomatic mutation carriers included in present study had not undergone
clinical genetic testing, and therefore they are not aware of their mutation status. Personal
identifiers have been excluded to maintain confidentiality. Informed consent, which was
approved by the Mayo Institutional Review Board, was obtained from all participants before
participation in the studies.

2.4. MRl and DTI scanning

2.5.

All MRI studies were performed at 3T with an 8-channel phased array head coil (GE
Healthcare, Milwaukee, W1, USA). A 3D high-resolution T1-weighted magnetization-
prepared rapid gradient echo acquisition was performed with repetition time/echo time/
inversion time = 2300/3/900 msec, flip angle 8°, voxel resolution 1.2 x 1 x 1 mm. A single-
shot echo-planar DTI pulse sequence was performed in the axial plane, with repetition time
10,200 msec, in-plane matrix 128 x 128, field of view 35 cm. The DTI volumes consisted of
41 diffusion-encoding gradient directions and 5 volumes of nondiffusion T2-weighted
images. Parallel imaging with a SENSE factor of 2 was used. The slice thickness was 2.7
mm, corresponding to 2.7-mm isotropic resolution.

Image analysis

DTI images were initially corrected for subject motion and residual eddy current distortion
by affine-registering each volume to the first image volume with no diffusion weighting.
Images were skull stripped using a previously published method (Reid et al., 2018).
Diffusion tensors were fit for extracted voxels using weighted linear least squares
optimization, and maps of fractional anisotropy (FA) and mean diffusivity (MD) images
were calculated from the eigenvalues of the tensors using Dipy (Garyfallidis et al., 2014).
We performed an ROI-based analysis using the John’s Hopkins University (JHU) single-
subject “Eve” DTI atlas (Oishi et al., 2008). Advanced normalization tools—symmetric
normalization (ANTs-SyN) version 1.9.y (Avants et al., 2011) was used to nonlinearly
register the JHU FA template to each subject’s FA image and transform the atlas. We then
measured the mean DT scalar values within each atlas region. Regional values were
averaged across the left/right hemispheres and gray matter regions were omitted, leaving 43
WM ROlIs for analysis (Supplemental Table 2). The results were displayed on a rendered
transparent brain for visualization using MRIcroGL (http://www.mccauslandcenter.sc.edu/
mricrogl/).

2.6. Genetic analysis

Analysis of MAPT exons 1, 7, and 9-13 was performed using primers and conditions that
were previously reported (Hutton et al., 1998). PCR amplicons were purified using the
Multiscreen system (Millipore, Billerica, MA, USA) and then sequenced in both directions
using Big Dye chemistry following the manufacturer’s protocol (Applied Biosystems, Foster
City, CA, USA). Sequence products were purified using the Montage system (Millipore)
before being run on an Applied Biosystem 3730 DNA Analyzer. Sequence data were
analyzed using either SeqScape (Applied Bio-system) or Sequencher software (Gene Codes,
Ann Arbor, MI, USA).
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2.7. Statistical analysis

Baseline characteristics were described with means, standard deviations, counts, and
proportions. Baseline characteristics were compared among asymptomatic, symptomatic
MAPT mutation carriers, and noncarriers using logistic mixed effect models for sex and
linear mixed effect models for the other variables. These models were adjusted for age at
DTI where appropriate, and accounted for within-family correlations. Tukey contrasts based
on the mixed models were used for pairwise comparisons for continuous variables.

The weighted median of the tract-based MD and FA values derived from WM JHU atlas
ROIs combining the right and left hemispheric regions were determined. Because age
influences DTI measures, we used the data from the noncarriers to estimate the age effects
on DTI measures and adjusted the MD and FA values in the MAPT mutation carriers for
age. Predicted probabilities accounting for family mutation was used to calculate the
estimates area under the receiver operating characteristics curves (AUROC) for each ROI to
distinguish the MAPT mutation carriers from noncarriers. The DTI values from the
asymptomatic and symptomatic MAPT carriers were compared with noncarriers, and ranked
according to AUROC values. Because we were conducting comparisons in 43 different
ROIs, we adjusted for multiple comparisons to control the familywise error rate. Significant
after correction for multiple comparisons were displayed on a rendered single-participant
transparent brain for visualization (Fig. 1).

The association between DTI values and time to expected age of onset and time past age of
onset was tested using multiple linear regression analysis after adjusting for age. We tested
interactions between time from symptom onset and groups in FA and MD in these models.
A significant interaction would produce a change in the estimated slopes at the time of
symptom onset.

To assess the longitudinal DTI abnormalities, we modeled DTI metrics from each individual
time-point to estimate annualized rate of change in FA and MD. The annual changes in FA
and MD over time were modeled to compare MAPT mutation carriers to noncarriers using
linear mixed-effect models with random subject-specific intercepts and slopes, while
accounting for within-family correlations. Owing to the small sample size of this group, we
only analyzed regions that showed abnormal FA and MD values in the cross-sectional
analysis in asymptomatic MAPT mutation carriers. We coded group (noncarriers,
asymptomatic, or symptomatic) using dummy variables with noncarrier as the reference, and
included two-way interactions for group x age at MRI scan.

3. Results

3.1. Characteristics of participants

Characteristics of participants in each group at the baseline are listed in Table 1. The MAPT
mutation carriers and noncarriers did not differ in sex and level of education. The
asymptomatic MAPT mutation carriers were significantly younger than symptomatic MAPT
mutation carriers (p < 0.001) and noncarriers (p = 0.03). Therefore, all cross-sectional
analyses on the DTI data were adjusted for age. As expected, symptomatic MAPT mutation
carriers scored lower on the Mini-Mental State Examinations and had a higher score (i.e.,
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more abnormal) on CDR plus NACC FTLD-SB than asymptomatic MAPT mutation carriers
and noncarriers. In the longitudinal cohort, there were no differences in sex and level of
education across 3 groups at the baseline; however, asymptomatic MAPT mutation carriers
were younger than symptomatic MAPT mutation carriers (p= 0.01) and noncarriers (o =
0.02). The symptomatic MAPT mutation carriers had more DTI scans compared with
noncarriers (p = 0.03), but there were no differences in follow-up time range among the 3
groups.

The median follow-up time was 4 years (range 1-5 years) for the asymptomatic MAPT
mutation carriers, 3 years (range 2—4 years) for the symptomatic MAPT mutation carriers,
and 4 years (range 2-5 years) for the noncarriers. There were 2 asymptomatic MAPT
mutation carriers from the same family, with a N279K mutation, who transitioned from
asymptomatic to symptomatic during follow-up. Both patients were diagnosed with mild
cognitive impairment behavior according to the consensus criteria (Rascovsky et al., 2011).

3.2. Cross-sectional regional WM change

On average, there were no differences in left and right hemispheric WM tract FA values (o =
0.18), but the hemispheric MD was higher on the right than the left side (o= 0.01) in MAPT
mutation carriers at the baseline. However, for practicality, we averaged right and left
hemispheric DTI measurements. We ranked the 43 JHU-atlas ROIs according to the AUROC
for distinguishing asymptomatic and symptomatic MAPT mutation carriers from noncarriers
using baseline MD and FA values (Supplemental Fig. 1A and B).

3.2.1. Asymptomatic MAPT mutation carriers versus noncarriers—The MD
values in the entorhinal WM were higher in the asymptomatic MAPT mutation carriers
compared with the noncarriers after adjusting for age and correcting for multiple
comparisons (p = 0.01). There were no differences in FA values from any of the ROIs
between asymptomatic MAPT mutation carriers and noncarriers (Fig. 1).

3.2.2. Symptomatic MAPT mutation carriers versus noncarriers—In
symptomatic MAPT mutation carriers, MD was higher in a number of ROIs compared with
noncarriers after applying FDR correction for multiple comparisons, including the WM
connections of the limbic system network (entorhinal WM, fornix, uncinate fasciculus,
cingulum, corpus callosum), as well as the subcortical WM in the temporal lobe (inferior
and superior temporal WM, middle temporal WM) and frontal lobe (superior frontal WM,
gyrus rectus WM, medial and lateral fronto-orbital WM), and the connections of frontal and
occipital lobes (inferior fronto-occipital fasciculus, sagittal stratum, precuneus, and cuneus
WM) and the corticospinal tracts (anterior and superior corona radiata, internal capsule
anterior limb). The number of ROIs with lower FA in symptomatic MAPT mutation carriers
compared with noncarriers was similar but lower than the number of ROIs showing
increased MD, which also included the limbic system network (fornix, entorhinal WM,
cingulum, corpus callosum), the subcortical WM in the temporal lobe (middle and inferior
temporal WM) and the frontal lobe (superior and middle frontal WM, middle and lateral
fronto-orbital WM), and the connections of frontal and occipital lobes (sagittal stratum,
precuneus, and cuneus WM) (Fig. 1).

Neurobiol Aging. Author manuscript; available in PMC 2020 November 01.
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3.3. Relationship with proximity to symptom onset

Median age at symptom onset in the 8 families ranged from 30 to 67 years at the baseline.
The median of estimated proximity to symptom onset was —6 years (range —24 to 0 years) in
asymptomatic MAPT mutation carriers, and the median of actual proximity to symptom
onset was 8 years (range 1-27 years) in symptomatic MAPT mutation carriers
(Supplemental Table 3).

3.3.1. MAPT mutation carriers—Because we found DT alterations only in the
entorhinal WM ROI in asymptomatic MAPT carriers, an association between the estimated
or actual proximity to symptom onset and DTI metrics from entorhinal WM was analyzed
(Fig. 2). The FA declined as the ages of MAPT mutation carriers approached the estimated
age of symptom onset and passed actual age at the symptom onset (p < 0.001).

3.3.2. Symptomatic versus asymptomatic MAPT mutation carriers—There
were no differences between the slopes of entorhinal WM FA in asymptomatic and
symptomatic MAPT mutation carriers on multiple regression analysis (o = 0.23). On the
contrary, the slope in symptomatic MAPT mutation carriers was significantly steeper than in
asymptomatic carriers (p= 0.02), and MD increased as the ages of MAPT mutation carriers
passed the actual age at the symptom onset (o = 0.004) (Table 2).

3.4. Longitudinal entorhinal WM change

Because we found DTI alterations only in the entorhinal WM ROI in asymptomatic MAPT
mutation carriers, we compared groupwise rates of DTI metrics in entorhinal WM between
the all MAPT mutation carriers and noncarriers due to the small sample size. The results of
linear mixed-effects models are summarized in Table 3. Fig. 3 shows that the trajectories of
MD in entorhinal WM increased faster with aging in MAPT mutation carriers compared
with noncarriers in the mixed-effect models (o= 0.002). The difference in the decline of FA
in the entorhinal WM between MAPT mutation carriers and noncarriers did not reach
statistical significance (o= 0.06).

Table 4 shows the groupwise rates of DTI metrics in entorhinal WM among 3 groups. The
trajectories of MD in entorhinal WM increased faster with aging in symptomatic MAPT
mutation carriers compared with noncarriers in the mixed-effect models (p < 0.001). The
difference in the rates of annual change MD in the entorhinal WM between asymptomatic
MARPT mutation carriers and noncarriers did not reach statistical significance (p= 0.18). No
difference of the rates of annual change FA in entorhinal WM is observed in asymptomatic
and symptomatic MAPT mutation carriers compared with noncarriers.

4. Discussion

In this study, we examined the cross-sectional and longitudinal DTI abnormalities in
asymptomatic and symptomatic MAPT mutation carriers. Our main findings are 1) elevated
MD in the entorhinal WM is present as early as the asymptomatic stage in MAPT mutation
carriers; 2) the WM degeneration extends to the limbic tracts and the frontotemporal lobe
WM in the symptomatic stage; 3) higher MD and lower FA in the entorhinal WM are
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associated with the proximity to the estimated and actual age of symptom onset; and 4)
longitudinal increase of MD in the entorhinal WM accelerates with aging in MAPT mutation
carriers compared with noncarriers.

The WM alterations on DTI can be linked to a variety of degenerative changes in the WM of
MARPT mutation carriers. Progressive accumulation of hyperphosphorylated tau in neurons
and glia caused by the MAPT mutation can impair the neuronal and axonal transport
(Coleman, 2005; McAleese et al., 2017), and initiate a degenerative loss of axons and
associated demyelination in FTLD (Adalbert et al., 2018). Furthermore, WM tau pathology
were also observed in postmortem studies of MAPT mutation carriers (Sima et al., 1996),
sporadic FTLD patients (Kovacs et al., 2008; Larsson et al., 2000), and animals expressing
mutant tau (Gotz et al., 2001; Lin et al., 2003), even in the asymptomatic stage (Ling et al.,
2016), indicating that WM degeneration occurs early and is a significant component of
pathophysiology in MAPT mutation carriers.

In the present study, DTI findings in asymptomatic MAPT mutation carriers compared with
noncarriers revealed higher MD in the entorhinal WM, which harbors the perforant pathway
connecting the hippocampus and the entorhinal cortex. This early entorhinal WM
involvement is concordant with the pattern of gray matter atrophy predominantly involving
anteromedial temporal lobe in MAPT mutation carriers (Rohrer et al., 2015) and FTD
patients (Fumagalli et al., 2018; Whitwell and Josephs, 2012). Entorhinal cortex is affected
heavily with the tau pathology and subsequent atrophy, with a volume loss of about 28% in
FTD patients compared with controls (Laakso et al., 2000). However, it is not yet clear if the
entorhinal WM diffusion abnormalities are due to the Wallerian degeneration secondary to
the cortical tau pathology or to the tau pathology observed in the WM. Pathologic
correlation would be needed to determine the underlying pathophysiology of these WM
changes in MAPT mutation carriers.

Previous cross-sectional studies have demonstrated reduced FA and increased diffusivity in
bilateral uncinate fasciculus in asymptomatic MAPT mutation carriers (Dopper et al., 2014;
Jiskoot et al., 2018). Furthermore, lower FA in uncinate fasciculus and other WM tracts were
present 2 years before symptom onset in converters with MAPT and GRN mutations,
whereas no difference in FA was found between asymptomatic MAPT mutation carriers who
remained asymptomatic and noncarriers (Jiskoot et al., 2019). In the present study, we found
diffusivity changes in the uncinate fasciculus only in symptomatic MAPT mutation carriers,
while we did not find an alteration in diffusivity in the asymptomatic MAPT mutation
carriers in this tract. On the other hand, MD was higher in the entorhinal WM in
asymptomatic MAPT mutation carriers. This discrepancy may be related with region
specific involvement at the different time windows during the disease process. It is possible
that uncinate fasciculus may be involved right before conversion to symptomatic disease as
demonstrated by Jiskoot et al., and many of the asymptomatic MAPT mutation carriers we
studied may not have reached that stage. However, our findings in symptomatic MAPT
mutation carriers demonstrate that uncinate fasciculus is involved at later stages.

The DTI findings in symptomatic MAPT mutation carriers compared with noncarriers
revealed a pattern of increased MD and reduced FA primarily involving the WM connections
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of the limbic system network. Except for the entorhinal WM, increased MD was also
observed in the fornix, which primarily carries the efferent projections from neurons of the
hippocampus and from the subiculum to the subcortical gray matter and back; the uncinate
fasciculus, which connects the anterior temporal lobe with the inferior frontal gyrus and the
base of the frontal lobe; the cingulum tract, which carries hippocampal projections to the
medial parietal lobe; the corpus callosum, which is the major commissure integrating the 2
hemispheres; the inferior fronto-occipital fasciculus, which connects the frontal and occipital
lobes with some branches also terminating in the parietal and temporal lobes. This pattern of
DTI alterations involving the limbic pathways connecting the anterio-medial temporal lobe
to the subcortical gray matter, from temporal lobe to basal portion of frontal lobe and from
frontal lobe to occipital lobe, is consistent with most of the DT studies in patients with
FTLD (Bertrand et al., 2018; Dopper et al., 2014; Elahi et al., 2017; Frings et al., 2014;
Kassubek et al., 2018; Mahoney et al., 2015; Pievani et al., 2014; Whitwell et al., 2010).

We found an association between the entorhinal WM diffusion abnormalities and the
proximity to symptom onset, characterized by decreasing FA and increasing MD as the
participants approached the estimated age of onset that continued with a similar trend after
passing the actual age of onset in the symptomatic group. Furthermore, with a median 4
years of follow-up, our longitudinal data provided information on annualized rates of change
in DTI metrics, indicating that the annualized rates of increase in entorhinal WM MD in
MARPT mutation carriers was faster than noncarriers. These findings demonstrated that the
loss of WM integrity related to neurodegeneration occurred years before symptom onset and
progressed over time in MAPT mutation carriers. A similar pattern of diffusion abnormality
was reported in converters with MAPT and GRN mutations, demonstrating longitudinal
decline of FA in uncinate fasciculus, genu and posterior corpus callosum, forceps minor, and
superior longitudinal fasciculus (Jiskoot et al., 2019). Increasing MD and decreasing FA
were also found in animal models of tauP301L mutations, along with the WM pathology.
Increased diffusivity and lower FA were detected in the WM during the early stages
preceding severe tauopathy, and got worse with a “disorganized” pattern of myelinated fiber
arrangement with enlarged interaxonal spaces in the later stage (Jackson et al., 2018; Sahara
etal., 2014).

The association of entorhinal MD with proximity to symptom onset was mainly driven by
the symptomatic MAPT mutation carriers. A possible explanation is that entorhinal WM
integrity was already impaired before symptom onset, but accelerated after clinical symptom
onset. This is supported by our cross-sectional findings of higher MD in the entorhinal WM
of asymptomatic MAPT mutation carriers compared with noncarriers. The accelerated
increase of entorhinal MD was also noted in our 2 asymptomatic MAPT mutation carriers
after they progressed to the symptomatic stage (Fig. 3).

MD was more sensitive than FA in detecting the longitudinal diffusion abnormalities in the
asymptomatic and symptomatic stages, correlating with the disease progression in MAPT
mutation carriers as they aged. These differences may in part be explained by variations in
underlying pathological findings with disease progression. Elevation of MD in the
asymptomatic stage and accelerating during the symptomatic stage may be related to the
astrogliosis, laminar spongiosis (Sima et al., 1996) and micro-vacuolization (Mann et al.,
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1993) that would lead to an increase in free water in the extracellular space observed in
MARPT mutation carriers during early stages of pathologic involvement. On the other hand,
the consistent decline in FA may be due to a gradual loss of WM organization because of
deafferentation in the projections from the ventral frontal and temporal lobe throughout
disease progression, which may be linked to the neurodegenerative changes in the gray
matter. FA could also be influenced by crossing fibers more than MD, which may have
limited the sensitivity of FA to detect subtle WM degeneration (Jeurissen et al., 2013).

In our longitudinal cohort, we observed that 3 symptomatic carriers of the V337M MAPT
mutation, from the same family, with disease duration up to 31 years had relatively lower
MD values in entorhinal WM than symptomatic carriers of the S305N MAPT mutation with
even shorter disease duration. Interestingly, the unusually delayed symptom onset and long
duration was reported in another FTLD family with V337M mutation (Domoto-Reilly et al.,
2017). Further studies are needed to fully characterize the WM abnormality and
heterogeneous clinical presentation across different mutation types.

Limitations of our study include a small sample size and the unbalanced representation of
MAPT families in carrier and noncarrier groups. Larger cohorts of asymptomatic MAPT
mutation carriers are needed to longitudinally follow and establish the patterns of WM
diffusion changes in specific tracts. Furthermore, the right hemispheric WM tracts had
higher MD than the left but no difference in FA values in MAPT mutation carriers. Whether
this asymmetry observed in this sample is generalizable to other samples need to be clarified
in larger data sets. In addition, DTI remains an indirect measure of WM integrity. Although
different DTI metrics may reflect different processes, linking them to specific pathologies
remains challenging. Further studies are needed to characterize and compare the trajectory
of change across different FTLD mutations, such as GRNand C9orf72 mutations. Multishell
DTI that enable measurements of neurite orientation dispersion and density imaging (Zhang
et al., 2012) and multitissue constrained spherical deconvolution (Jeurissen et al., 2014) may
address more specific characterization of tissue microstructure in MAPT mutation carriers
than conventional DT in future studies. Because heterogeneity was a common feature in
symptom onset across different MAPT mutations/families and within the same family, future
studies by tracking the trajectory of DTI alteration in MAPT mutation carriers with respect
to the actual time of symptom onset during a longitudinal evaluation would provide more
information.

5. Conclusions

In summary, we have demonstrated that DTI measures of WM microstructure appear
sensitive to the earliest entorhinal WM changes in asymptomatic MAPT mutation carriers,
which propagate to the limbic connections and temporofrontal projections in symptomatic
MAPT mutation carriers. The DTI metrics in the entorhinal WM were also associated with
the proximity to symptom onset and the disease progression. Our cross-sectional and
longitudinal data showed a potential clinical utility for DTI to track neurodegenerative
disease progression for MAPT mutation carriers in clinical trials. Future work is needed to
confirm the sensitivity and reliability of DTI measurement in individual subjects.
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FA

Asymptomatic Symptomatic Symptomatic

Fig. 1.
Region of interest analysis. WM regions of interest with increased MD in asymptomatic and

symptomatic MAPT mutation carriers compared with noncarriers are displayed on a
rendered transparent brain from a single participant (colored in red). WM regions of interest
with reduced FA in symptomatic MAPT mutation carriers compared with noncarriers are
colored in green. MD and FA values from regions of interest that distinguished the MAPT
mutation carriers from noncarriers with an area under the receiver operating characteristic
curve (AUROC) of p< 0.05 after adjusting for age and correcting for multiple comparisons.
Abbreviations: FA, fractional anisotropy; MAPT, microtubule-associated protein tau; MD,
mean diffusivity; WM, white matter. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)

Neurobiol Aging. Author manuscript; available in PMC 2020 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Chenetal. Page 18

Entorhinal WM

—— Asymptomatic — Symptomatic

FA MD
1,450 -
0.25 - .
. o
1,250 =
w i)
3 o (\I\
@ «|* £
~= 0207 € 1,050 -
= : - i
¢ L ® O
< J A = 850 -
L 015+ o a
. .| = es0-
0.10 - 450 -
T T T T T T T T T T T T T T T T T T T T T T
25-20-15-10 -5 0 5 10 15 20 25 25-20-15-10 -5 0 5 10 15 20 25
Estimated/actual Estimated/actual
proximity to symptom onset proximity to symptom onset

Fig. 2.

Plgts of age-adjusted FA and MD from entorhinal WM and the estimated or actual proximity
to symptom onset. In the horizontal axis, 0 indicates the estimated age of symptom onset for
asymptomatic MAPT mutation carriers based on the median age at the symptom onset in
symptomatic MAPT mutation carriers from the same family. 0 indicates the age at actual
symptom onset in symptomatic MAPT mutation carriers. Abbreviations: FA, fractional
anisotropy; MD, mean diffusivity; MAPT, microtubule-associated protein tau; WM, white
matter.
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FA and MD values plotted against age at MRI. Data points for individual participants are
shown in the top panel with asymptomatic (blue line) and symptomatic (red line) MAPT

mutation carriers. The dash line in lower panel represents the average FA and MD value for

all MAPT mutation carriers, the solid line shows the average FA and MD value for
noncarriers. Abbreviations: FA, fractional anisotropy; MAPT, microtubule-associated

protein tau; MD, mean diffusivity. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)
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