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Longitudinal Accrual of Neocortical Amyloid Burden Is
Associated with Microstructural Changes of the Fornix in
Cognitively-Normal Adults

Zhuang Song?, Michelle E. Farrell, Xi Chenl, and Denise C. Park:2
1Center for Vital Longevity, University of Texas at Dallas, Dallas, TX 75235, USA

2Department of Psychiatry, University of Texas Southwestern Medical Center, Dallas, TX 75390,
USA

Abstract

The fornix and parahippocampal cingulum are two major limbic tracts in the core memory
network of the hippocampus. Although these fiber tracts are known to degrade with Alzheimer’s
disease (AD), little is known about their vulnerability in the asymptomatic phase of AD. In this
longitudinal study of cognitively-normal adults, we assessed amyloid-beta (Ap) plaques using
positron emission tomography (PET) and white matter microstructure using Diffusion Tensor
Imaging (DTI). We found that an increase of neocortical Ap burden over time was associated with
an increase of radial diffusivity in the fornix but not in the parahippocampal cingulum. The effect
of increasing neocortical Ap burden on the fornix remained significant after controlling for
baseline measures, head motion, global brain atrophy, regional Ap burden in the hippocampus, or
microstructural changes in global white matter. In addition, microstructural changes in the fornix
were not associated with decline of episodic memory or other cognitive abilities. Our findings
suggest microstructrual changes in the fornix may be an early sign of the asymptomatic phase of
AD.
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Introduction

Alzheimer’s disease (AD) is a common type of dementia that is characterized by deposition
of amyloid-beta (AB) plaques and tau tangles in brain networks (Selkoe, 2002). Memory
loss is a prominent clinical symptom of AD. There is mounting evidence that core memory
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structures in the medial temporal lobe (MTL), including the hippocampus and
parahippocampal gyrus, are particularly vulnerable to AD (Braak and Braak, 1991; Small et
al., 2011). Neurodegeneration in the MTL has been long thought to be essentially
responsible for memory decline in the course of AD (Gallagher and Koh, 2011; Jack et al.,
1997; Petersen et al., 2000; Sperling et al., 2010).

The fornix and parahippocampal cingulum (PHC-cingulum) are two prominent limbic white
matter tracts that connect the MTL structures to other memory-related brain structures.
Specifically, the fornix is a bidirectional fiber tract that contains both afferent and efferent
pathways connecting the hippocampus with a number of subcortical and cortical structures;
the PHC-cingulum tract contains predominately afferent fibers to the MTL, but not directly
to the hippocampus, from cingulate cortex and other cortical structures (Aggleton, 2014;
Catani et al., 2013; Mori and Aggarwal, 2014; Mufson and Pandya, 1984). There is
increasing evidence that synaptic dysfunction and axonal degeneration may long precede
somatic cell death in the course of AD (Ittner and Gotz, 2011; Jin et al., 2011; Kanaan et al.,
2013; Menkes-Caspi et al., 2015; Selkoe, 2002), suggesting that white matter degradation
may precede brain volume loss. Degradation of fiber integrity in both the fornix and PHC-
cingulum is observed in AD patients (Kantarci et al., 2017; Nir et al., 2013; Solodkin et al.,
2013), but little is known about the vulnerability of these fiber tracts in the earliest phase of
AD. In the decades-long period of asymptomatic development of AD, neocortical Ap
deposition is elevated in cognitively-normal older adults (Hardy and Selkoe, 2002; Jack and
Holtzman, 2013; Jack et al., 2010), and is recognized as a major biomarker of preclinical
AD (Sperling et al., 2011). The focus of the present study is to assess potential changes in
the limbic white matter tracts at the preclinical stage of AD characterized by neocortical Ap
burden in cognitively-normal adults.

The advent of DTI has permitted examination of microstructures of white matter tracts,
relying on water diffusivity as an indirect measurement of fiber integrity (Basser and
Pierpaoli, 1996). Several cross-sectional studies of diffusion tensor imaging (DTI) have
examined the relationship of Ap deposition to microstructures of the fornix and PHC-
cingulum in cognitively-normal older adults (Chao et al., 2013; Gold et al., 2014; Racine et
al., 2014), though results have been inconsistent. For instance, two studies found that higher
AP burden in the brain was related to lower fractional anisotropy (FA) in the fornix (Chao et
al., 2013; Gold et al., 2014), while another reported the opposite (Racine et al., 2014).
Similarly, cross-sectional DTI studies of autosomal dominant AD mutations carriers in the
preclinical stage have also generated mixed findings. For instance, one study found the effect
of presymptomatic mutations on microstructure in the fornix (Ringman et al., 2007), while
another study failed to find such an effect (Sanchez-Valle et al., 2016). In comparison with
cross-sectional studies, a longitudinal design directly assesses changes within each
individual. A recent longitudinal study of cognitively-normal adults found that higher
neocortical Ap burden at the baseline predicted a faster reduction of FA in PHC-cingulum in
approximately three years, but the fornix was not examined (Rieckmann et al., 2016). Given
the importance of both the fornix and PHC-cingulum in the core memory network, it is of
great interest to assess both tracts within the same study sample.
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The focus of the present longitudinal study is to determine whether increasing neocortical
AP burden is related to microstructural changes in the fornix or PHC-cingulum in
cognitively-normal adults. An affirmative relationship would suggest that degradation in
these fiber tracts may be an early signal of AD. We examined the longitudinal relationship
between neocortical AP burden and white matter microstructure of both the fornix and PHC-
cingulum in cognitively-normal adults aged 55-89 years, over an approximately 4-year
interval, using positron emission tomography (PET) of AB in conjunction with DTI. We first
examined the cross-sectional relationship of neocortical Ap burden to microstructural
assessments in the fornix and PHC-cingulum at both the baseline and follow-up. Then, in the
primary analysis, we related annual change of neocortical Ap burden to annual changes of
DTl indices in both fiber tracts. Finally, we examined whether microstructure changes in the
fornix or PHC-cingulum, which are important fiber tracts in the core memory network, were
predictive of changes in episodic memory as well as other cognitive variables.

Materials and Methods

Participants

The sample initially consisted of 55 cognitively-normal adults (aged 55-89 years at baseline)
drawn from the Dallas Lifespan Brain Study (DLBS) who had PET and DTI scans at both
the baseline and follow-up. Three participants were excluded either for corrupted DTI data
or for poor image registration. The final study sample consisted of 52 participants. All
participants were right-handed, with English as their primary language, did not have major
heart and neurological diseases, and had a Mini-Mental State Examination (MMSE) score of
26 or greater at baseline (mean=28.0+1.2) and 25 or greater at follow-up (mean=29.0+1.2).
Participants completed the same protocols at baseline and approximately 4 years later. One
participant missed all the cognitive tests at both the baseline and follow-up. Two other
participants missed tests for episodic memory at the follow-up. Informed consent for the
study was collected in accordance with the policy of the Institutional Review Board of the
University of Texas Southwestern Medical Center and the University of Texas at Dallas.
Demographic information for the participants is presented in Table 1. Thirteen participants
had at least one APOE e4 allele (25%).

MRI acquisition

MRI data were acquired in a Philips Achieva 3T MR scanner (Philips Medical Systems,
Best, The Netherlands) equipped with an 8-channel head-coil. T1-weighted 3D high-
resolution anatomical images were acquired with MP-RAGE pulse sequence (FOV= 256 x
256 mm2, matrix size 256 x 256, TR=8.18 ms, TE=3.76 ms, flip angle 12°, voxel size 1 x 1
x 1 mm3, 160 sagittal slices). Diffusion-weighted images (DW!1) were acquired with whole
brain T2*-weighted interleaved echo-planar images (EPIs) (SENSE=2, FOV= 224 x 224
mm?2, matrix size 128 x 128, TR= 4410 ms, TE= 51 ms, flip angle 90°, 50 axial slices of 2
mm thickness with 1 mm slice gap, b=1000 s/mm? with 30 directions, one b=0 frame). Raw
par/rec images from the scanner were converted to NIFTI format using r2agui.
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PET acquisition and processing

The PET scan was performed on a Siemens ECAT HR PET scanner. Participants were
injected with a 370 MBq (10 mCi) bolus of F18-AV-45 florbetapir radiotracer. At 30 minutes
post injection, participants were positioned on the imaging table of the scanner. Soft Velcro
straps and foam wedges were used to secure the participant’s head, which was positioned
with laser guides. A 2-frame by 5 minutes each dynamic emission was acquired 50 minutes
after the injection of the florbetapir radiotracer, immediately after a 7-minute scan of internal
rod source transmission. The transmission images were reconstructed using back-projection
and a 6 mm FWHM Gaussian filter. To limit noise associated with using multiple time
points and to avoid bias to either time point, each MPRAGE and their associated PET scans
were co-registered to the mean MPRAGE image of each participant (created using
Freesurfer v5.3). A single set of ROIs was created for each subject by taking the conjunction
of the Freesurfer parcellations from each time point. Standardized uptake value ratio (SUVT)
in the neocortex was defined as the ratio of mean A tracer uptake in 7 predefined
neocortical gray matter regions (dorsal lateral prefrontal cortex, orbitofrontal cortex, lateral
parietal cortex, isthmus cingulate cortex, rostral anterior cingulate cortex, precuneus, and
lateral temporal cortex) normalized to the mean of a reference region including the
cerebellum and subcortical white matter. Using this reference region for the consideration of
longitudinal data stability in PET, however, results in a lower range of values for SUVr, with
SUVr<1 even with substantial Ap load in the brain (Landau et al., 2015; Schwarz et al.,
2017).

It remains an active research topic on how to define a clinically meaningful threshold of
SUVTr in cognitively normal adults (Mormino et al., 2012; Villeneuve et al., 2015). Using
different thresholds based on SUVr may lead to different findings (Farrell et al., 2017).
Therefore, the present study was focused on treating the status of neocortical Ap load as a
continuous variable.

Behavioral measures

The cognitive battery, completed by all participants at both time points, was used to create
scores in four cognitive domains. In each cognitive domain, z-scores were created for
individual indictors across all participants at both time points and then were averaged to
create a composite score. The main composite of interest was episodic memory, with four
indicators: (a) the number of correct items on immediate free-recall, (b) the number of
correct items on delayed free-recall, and (c) accuracy in delayed recognition of the Hopkins
Verbal Leaning Task (Brandt, 1991) and (d) the number of correct items free recalled on the
Verbal Recognition Memory task from the Cambridge Neuropsychological Test Automated
Battery (CANTAB) (Robbins et al., 1994), Cronbach a = .838. The processing speed
composite included the number of correct items on the Digit Symbol task (Wechsler, 1997)
and the Digit Comparison task (Salthouse and Babcock, 1991), Cronbach a = .801. The
fluid reasoning composite had three indicators: (a) the total score on the ETS Letter Sets task
(Ekstrom et al., 1976), (b) the number of correct items on the Raven’s Progressive Matrices
task (Raven et al., 1998), and (c) the number of problems solved in the minimum number of
moves required on the Stockings of Cambridge task from the Cambridge
Neuropsychological Test Automated Battery (CANTAB) (Robbins et al., 1994), Cronbach a
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=.704. Crystallized intelligence was measured using a single task based on the total number
of correct items on the ETS Advanced Vocabulary Scale (Ekstrom et al., 1976).

DTI processing

Diffusion-weighted MRI data were processed and analyzed using the FSL software suite
(Jenkinson et al., 2012). All diffusion-weighted image frames were co-registered with the
b=0 frame with affine registration in order to partially correct for image distortion induced
by eddy current in addition to head motion. Skull stripping was first done in the b=0 frame
for the best tissue contrast and then the resulted mask was applied to all DWI frames. A
diffusion tensor model was constructed at each voxel. Radial diffusivity (RD), axial
diffusivity (AXD), mean diffusivity (MD), as well as FA were derived from the tensor model
(Basser and Pierpaoli, 1996). The diffusivity unit is mm?2 s™1.

We assessed head motion across DWI frames during the acquisition. Head motion of each
DWI frame was assessed relative to the b=0 reference frame, based on the affine registration
parameters, with a Total Motion Index (TMI) that was previously described (Yendiki et al.,
2013). Specifically, the TMI was computed as average displacement of all the 30 DWI
frames to the b=0 frame, which included the translation and rotation of each frame. Further,
we used two metrics to account for the TMI at both baseline and follow-up: (1) the mean
TMI at both time points; (2) the difference of TMI between the two time points.

Template Construction for DTI

For group analyses, we constructed a sample-specific DTI-FA template using the Advanced
Normalization Tools, namely ANTS (Avants and Gee, 2004; Avants et al., 2014), which was
validated in FA image registration in white matter tracts that included the fornix and
cingulum (Schwarz et al., 2014). The spatial registration of each individual FA volume to the
FA template was established with the template construction. Individual RD and AXD
volumes were then registered to the FA template based on the same registration of the
corresponding FA volume. Anatomical ROIs of the bilateral fornix and PHC-cingulum were
identified in the JHU ICBM-DTI-81 FA template (Mori et al., 2008). It is noted that the
fornix was not separated in this template from stria terminalis, another small fiber tract
connecting to the amygdala in the limbic system (Mori et al., 2008). These ROIs were
registered to the sample-specific FA template via the JHU FA template by ANTS (Figure 1).
In addition, we excluded voxels within each ROI if the mean FA values were lower than 0.2
so that the white matter ROI masks were approximately located within white matter in each
individual image. After this processing, the size of the bilateral fornix ROI was 1,791.6 mm3
(195 voxels) and the size of the bilateral PHC-cingulum ROI was 2,021.3 mm?3 (220 voxels)
in the sample-specific FA template. The size of the global white matter ROI of the brain was
140,311.5 mm3 (15272 voxels) in which the fornix and PHC-cingulum were excluded. It is
important to note that the fornix ROl was limited to the crus for the following reasons. First,
the crus was better identified than other parts of the fornix in the JHU ICBM-DTI-81
template, likely because that the crus has a more uniform arrangement of fibers and less
branching connections than the body and columns (Malykhin et al., 2008). Second, because
the crus is the most adjacent part of the fornix to the hippocampus, it is likely to be more
vulnerable than other parts of the fornix to the pathology spreading from the hippocampus
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and other MTL structures (Kantarci et al., 2017). Third, the ROI size of the body and
column was only about one third of the crus of the fornix in the JHU template. A smaller
ROI is more prone to errors in spatial alignments across participants. In addition to the
problem of CSF contamination in DTI, measurement in the body and column would be
therefore much less reliable than the crus of the fornix. Nevertheless, we describe the
analyses of the body and column of the fornix in Supplementary Materials.

Statistical Analysis

We first used cross-sectional data to assess whether neocortical Ap burden (i.e. SUVr) had
any effects on microstructural measures of the fornix crus or PHC-cingulum. Then, in the
primary general linear regression analyses, we used longitudinal data to assess whether
changes in neocortical SUVTr tracked with changes in the DTI indices of the same fiber
tracts, with age and gender controlled. Next, we conducted a series of secondary analyses
where we added one additional variable each time to the original model, allowing us to
determine if the primary effect remained significant after taking into account each additional
variable. These analyses are summarized in Table 2 which shows four categories of
variables: (a) mean and difference of head motion (i.e. TMI) during DTI acquisition at
baseline and follow-up; (b) baseline and annual change rate of global brain atrophy, which
was measured as total cortical volume (TCV) normalized by intracranial volume using the
Freesurfer segmentation; (c) baseline and annual change rate of regional SUVr in the
hippocampus based on the anatomical mask from the Freesurfer parcellation; (d) baseline
and annual change rate of both MD and FA of global white matter that excluded the fornix
and PHC-cingulum. These four types of variables were considered for different reasons.
First, head motion may introduce imaging artifacts in DTI (Yendiki et al., 2013). Second,
age-related brain atrophy may contaminate DT assessments of white matter for partial
volume effects with increased extracellular water (Madden et al., 2012). Third, from a
pathogenesis perspective, regional A burden in the hippocampus may have different
impacts on closely connected limbic tracts in comparison with global Ap burden. Although
the MTL structures have generally low susceptibility to neuritic Ap plaques (Braak and
Braak, 1991; Grothe et al., 2017), we nevertheless considered that Ap plagues might be
present in the hippocampus in some participants, and that increases of Ap deposition in the
hippocampus over time could be more directly related to microstructural changes in the
fornix. It is noted that analyses of the regional SUVTr in the hippocampus were independent
from the primary analysis of the composite neocortical SUVT, as the 7 regions used to
develop the composite were all outside of the MTL. Fourth, DTI measures of global white
matter were taken into account in order to assess how much local changes in the limbic
tracts reflected globle changes in white matter. Each of the additional variables was analyzed
separately for conceptual clarity and to preserve power because of the limited sample size in
the present study.

Finally, we examined relationships between DTI indices and cognition. We first used cross-
sectional data to relate the DTI indices to episodic memory and to other cognitive variables.
We then used longitudinal data to examine whether annual changes in the DTI indices were
related to annual changes in episodic memory or to other cognitive variables.

Neurobiol Aging. Author manuscript; available in PMC 2019 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Song et al. Page 7

Results

Relationship of Neocortical AB Burden to Microstructures of the Limbic Tracts in Cross-
sectional Data

We first conducted general linear analyses at baseline that assessed the relationships between
neocortical Ap burden and the three primary DTI indices (AXD, RD, and FA), respectively,
for both tracts in the fornix crus and PHC-cingulum, with age and gender controlled. We
found that higher neocortical SUVr was marginally related to higher RD (/2=0.07, p=0.06),
but not significantly to AXD (R=0.04, p=0.16) or FA (R=0.04, p=0.14), in the fornix crus.
There were no significant effects of neocortical SUVr on any DTI indices in the PHC-
cingulum (/4<0.001, p>0.80).

We also assessed these cross-sectional relationships for the follow-up data collected
approximately 4 years later. With age and gender controlled, higher neocortical SUVr was
related to higher RD (/2=0.12, p=0.01), and marginally related to AXD (/2=0.07, p=0.06)
and FA (R?=0.05, p=0.12), in the fornix crus. There were no significant effects of
neocortical SUVr on any DTI indices in the PHC-cingulum (R4<0.001, p>0.80). After
multiple comparison correction with the false discovery rate (FDR) method among the 6
tests (3 DTI indices x 2 ROIs), the effect of neocortical SUVr approached significance on
RD (p=0.06), but not on the AD or FA (£>0.20), in the fornix crus.

In summary, we found limited evidence that higher neocortical SUVr was related to RD of
the fornix crus at follow-up but not at baseline.

Annual Changes in Cortical AB Deposition and Microstructure of the Limbic Tracts

In this set of analyses, we assessed longitudinal changes in neocortical AR burden and DTI
measures of microstructures in the tracts of interest. Figure 2 shows the spaghetti plot of
neocortical SUVr measured at baseline and follow-up. A one-sample t-test showed that the
annual change rate of neocortical SUVr was above zero (£5.39, p<0.0001). A multiple
linear regression analysis found that greater annual change of neocortical SUVr was related
to higher neocortical SUVTr at baseline (p=0.01) but not related to APOE-e4 status, age, or
gender (£>0.20).

For the DTI indices, one-sample t-tests showed the annual change rates of RD and AXD was
above zero and the annual change rate of FA was below zero in the bilateral ROIs of the
fornix crus and PHC-cingulum, respectively (|4>2.34, p<0.05). Among all these changes, the
strongest annual change rate was found in RD of the fornix crus (£10.34, p<0.0001). These
analyses indicate that neocortical Ap deposition increased over time whereas microstructural
measures showed a pattern of decreased integrity. We conducted a series of multiple linear
regression analyses examining the effects of baseline and age on annual change rate of each
primary DTI index in both white matter ROIs, which is summarized in the Table 1 in
Supplementary Materials. After FDR correction among the 6 tests (3 DTI indices x 2 ROIs),
higher baseline FA was related to slower FA reduction in both the fornix crus (£=0.045) and
PHC-cingulum (p=0.006), while the effect of baseline was not significant for RD or AXD in
either ROI (£>0.10).
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Relationship of Annual Changes in Cortical A Deposition and Microstructures of the
Limbic Tracts

We then assessed the primary hypothesis of the present study: do increases in neocortical A
burden predict microstructural changes in the fornix or PHC-cingulum? Figure 1 in
Supplementary Materials provides a qualitative look at individual measures of the three DTI
indices in each ROI against overall neocortical A burden at baseline and follow-up. To
quantify the relationships of changes, we first used linear regression models to assess
whether the annual change rate of neocortical SUVr predicted the annual change rate of each
of the three DTI indices in the fornix crus and PHC-cingulum, for which age and gender
were controlled. We found that an increase in neocortical SUVr predicted an increase in RD
(R%=0.158, p=0.003) as well as AXD (R2=0.086, p=0.034) in the fornix crus, while there
was no effect on the FA (A2=0.0007, p=0.851). There were no significant effects of annual
changes in neocortical SUVr on annual changes in any DTI indices of PHC-cingulum
(R2<0.002, p>0.80). After FDR correction among the 6 tests (3 DT indices x 2 ROIs), the
effect of neocortical SUVr remained significant on RD (p=0.018) but not AXD (p=0.170) in
the fornix crus. Figure 3 displays the relationship between neocortical SUVr and RD in the
fornix crus in both (A) the spaghetti plot of individual measures at baseline and follow-up
and (B) the scatter plot of annual change rates. In a separate linear regression analysis of
annual changes, we found no interaction of age by neocortical SUVr on RD in this ROI

(p=0.69).

We next examined whether this primary finding was affected by baseline neocortical A
load. It is of interest to examine whether microstructural changes in the white matter tracts
may differ at different stages of preclinical AD. First, in a general linear regression model,
we found that baseline neocortical SUVr was not significantly related to the annual change
rate of RD of the fornix crus (£2=0.027, p=0.24), for which age and gender were controlled.
Second, in the original linear regression model assessing the change-to-change relationship
between neocortical SUVr and RD in the fornix crus, the primary finding remained
significant after controlling for baseline neocortical SUVTr as well as age and gender
(R%2=0.114, p=0.01). Third, we found no significant interaction of baseline by the annual
change rate of neocortical SUVr (p=0.16). These results indicate that the primary change-to-
change relationship between neocortical AR load and the fornix was consistent regardless of
the baseline status of neocortical Ap load.

We also examined whether the primary finding was affected by baseline RD of the fornix
crus. First, in a general linear regression model, baseline RD of the fornix crus was found
not related to its annual change rate (/2=0.048, p=0.12), for which age and gender were
controlled. Second, in the original linear regression model assessing the change-to-change
relationship between neocortical SUVr and RD in the fornix crus, the primary finding
remained significant after controlling for baseline RD of the fornix crus as well as age and
gender (R2=0.110, p=0.02). There was also no interaction of baseline RD in the fornix crus
and the annual change rate of neocortical SUVr (p=0.62). These results indicate that the
primary change-to-change relationship between neocortical Ap load and the fornix was not
dependent on the baseline microstructural measures of the fornix.
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In addition, we directly compared changes in the fornix and PHC-cingulum and their
relationships to changes in neocortical AB burden. A paired t-test found that the annual
increase rate of RD in the fornix crus was larger than that of the PHC-cingulum (£7.012,
p<0.0001). In a multiple linear regression analysis, we used the annual change rates of RD
in both the fornix crus and PHC-cingulum to predict the annual change rate of neocortical
SUVr, for which age and gender were controlled. We found that there was a main effect of
annual change rate of RD in the fornix crus (p=0.003) but not in the PHC-cingulum

(p=0.52).

We then conducted a series of secondary analyses to assess whether the primary finding
(Figure 3B) was influenced by additional covariates. The additional covariates included head
motion during DTI acquisition (i.e., TMI), global brain atrophy (i.e., TCV normalized by
intracranial volume), regional Ab burden in the hippocampus (i.e., hippocampal SUVT), and
summary DTI indices of global white matter (i.e., MD and FA), all of which were measured
at both baseline and follow-up. As summarized in Table 2, we assessed how much the
relevant variance in the primary relationship would change after controlling for each
additional covariate. In brief, the primary relationship remained significant in most of the
modified models. Not surprisingly, the largest attenuation of the relevant variance was found
in the modified model controlling for annual change rate of MD in global white matter,
where the primary relationship still approached to significance (p=0.058).

Relationship of Microstructure of the Limbic Tracts to Episodic Memory and Other
Cognitive Functions

Finally we assessed whether white matter microstructure of the limbic tracts was related to
episodic memory or other cognitive variables in cognitively-normal adults, both cross-
sectionally and longitudinally. It was expected that such a relationship might be weak, if
present at all, in cognitively-normal adults. To reduce the number of comparisons, we
focused our analyses on RD of the fornix crus as shown in our primary finding.

We first assessed whether RD of the fornix crus predicted episodic memory or other
cognitive outcomes at the baseline and follow-up, respectively. The relationship between RD
of the fornix crus and episodic memory was not significant at either baseline (£2<0.001,
p=0.87) or follow-up (R2=0.051, p=0.12), for which age and gender were controlled. Using
the same approach, we also found that RD of the fornix crus was not significantly related to
any of these cognitive variables at either the baseline or follow-up (/2<0.05, £>0.10), for
which age and gender were controlled. We then examined the relationship of annual change
in RD of the fornix crus and annual change in episodic memory or other cognitive variables.
Annual change in RD of the fornix crus was not significantly related to annual change in
episodic memory (A2=0.010, p=0.50) or other cognitive variables (/2<0.04, p>0.20), with
age and gender controlled.

Overall, we found no evidence that RD of the fornix crus was related to episodic memory or
other cognitive variables in this cognitively-normal sample with either cross-sectional or
longitudinal measures.
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Discussion

In the present study, we report that an increase in neocortical Ap burden predicted an
increase in RD of the fornix crus over the same interval. There were no findings in any DTI
indices of the PHC-cingulum. The relationship between neocortical Ap and the fornix held
after accounting for age, gender and correction for multiple comparisons. Importantly, this
relationship was not dependent on baseline measures of either neocortical Ap burden or RD
of the fornix crus. In a series of additional analyses of other covariates, we further confirmed
that the primary finding held after accounting for head motion during DTI acquisition,
global brain atrophy, global change in white matter, and regional Ap burden in the
hippocampus. Lastly, we found no evidence that increases in RD of the fornix contributed to
declines in episodic memory or other cognitive outcomes in this cognitively-normal sample,
controlling for age and gender. This was not surprising in participants who were cognitively
normal. We expect that the relationship between microstructure of the fornix and cognition
would become more evident at a longer testing interval.

Our longitudinal data were consistent with several previous cross-sectional reports that
higher neocortical Ap burden is related to lower FA in the fornix of cognitively-normal
adults (Brown et al., 2017; Chao et al., 2013; Gold et al., 2014), because higher RD is often
related to lower FA in white matter tracts. The relatively weak cross-sectional effect in our
data, although approaching to significance, may demonstrate the advantage of using a
longitudinal design in order to detect subtle brain changes in preclinical AD. In addition, the
fact that the fornix crus ROl was only a limited portion of the fornix might make it
insensitive to microstructural changes in other parts of the fornix. This problem may be
better addressed in future work with the use of a template of the entire fornix (Brown et al.,
2017). Furthermore, the reason that we did not find an effect of neocortical Ap burden on
the FA index was likely due to greater sensitivity of RD compared to the ratio score that FA
reflects (Acosta-Cabronero and Nestor, 2014; Nir et al., 2013). Higher RD in fiber tracts
might reflect myelin loss in white matter tracts, together with possible changes in axonal
density, axonal diameter, or fiber coherence, based on previous histological validation of
DTI using human tissues (Concha, 2014).

We note that, with a larger sample, Rieckmann et al. reported an effect of baseline
neocortical Ap status on FA decreasing of the PHC-cingulum over about two and half years,
while the fornix was not examined (Rieckmann et al., 2016). In contrast, we found no
relationship between changes in neocortical Ap burden and changes in the PHC-cingulum, a
pattern that persisted across all of our analyses. Our data suggest that the fornix may be
more vulnerable than the PHC-cingulum in the earliest phase of AD. Anatomical differences
between the fornix and PHC-cingulum may explain their different vulnerability to
preclinical AD. Specifically, the fornix directly connects to the hippocampus and contains
both afferent and efferent fiber tracts (Kantarci, 2014; Mori and Aggarwal, 2014), while the
PHC-cingulum contains predominantly afferent fibers to the MTL and does not directly
connect to the hippocampus (Mori and Aggarwal, 2014; Mufson and Pandya, 1984). Further
investigation is needed to clarify how connectivity and directionality of fiber tracts are
relevant to their vulnerability (Braak and Del Tredici, 2011; Stopschinski and Diamond,
2017).
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There are multiple pathological mechanisms that may link the Ap pathology to
microstructural changes in the fornix in preclinical AD. Because the fornix is a bidirectional
fiber tract that connects many cortical and subcortical structures, either directly or indirectly,
to the hippocampus (Aggleton, 2014; Catani et al., 2013), the development of Ap pathology
in the cortical regions may induce microstructural changes in the fornix. In addition,
although the MTL structures have generally low susceptibility to neuritic Ap plaques in
preclinical AD (Arnold et al., 1991; Braak and Braak, 1991; Grothe et al., 2017), diffuse or
soluble forms of AB may still develop in the MTL (Thal et al., 2000). Diffuse or soluble
forms of AB may be more neurotoxic than plaques of Ap (Mucke and Selkoe, 2012). There
is evidence that diffuse or soluble forms of A are cytotoxic to oligodrendocytes and may
lead to white matter abnormality (Xu et al., 2001).

It is also possible that the MTL tau pathology may mediate the effect of neocortical Ap
burden on the fornix. The MTL is the earliest major brain region affected by deposition of
tau tangles, which is a major hallmark of AD (Braak and Braak, 1991). There is mounting
evidence in both post-mortem and /n-vivo PET imaging studies in cognitively-normal adults
that neocortical A deposition is a harbinger of the MTL tauopathy (Braak and Braak, 1991,
Braak et al., 2011; Johnson et al., 2015; Lockhart et al., 2017; Scholl et al., 2016; Sepulcre et
al., 2016). The tauopathy may lead to neural dysfunction and neurodegeneration in the local
brain network (Hoover et al., 2010; Menkes-Caspi et al., 2015; Spires et al., 2006).
Particularly, the MTL tau pathology has been associated with fiber degradation in the fornix
and PHC-cingulum, in both postmortem histology (Hopper and Vogel, 1976) and /in-vivo
DTI studies of AD patients (Kantarci, 2014; Nir et al., 2013; Oishi and Lyketsos, 2014). The
tau pathology may also interact with soluble or diffuse AB, particularly in the MTL, and
induce more detrimental effects on both neurons and neural fibers (Bloom, 2014; Palop and
Mucke, 2016; Shukla and Bridges, 2001).

It is also recognized that myelin loss in white matter fiber tracts may be induced by other
age-related pathological factors independent of Ap or tau (Bartzokis, 2004). Demyelination
of the white matter has been reported to occur prior to the presence of Ap plaques and tau
tangles in preclinical AD (Sachdev et al., 2013). It is further theorized that white matter
degradation may possibly serve as an independent pathological pathway that may induce
AD-related Ap and tau pathologies (Bartzokis, 2004). Further work is needed to clarify the
mechanistic relationship between white matter degradation and other AD-related
pathologies.

Methodological Issues

There are several methodological issues of the present DTI method that deserve
consideration. First, the single tensor model of water diffusion in DTI relies on the
assumption that there is a single, coherent fiber population in each voxel (Jones et al., 2012).
Although both the fornix and PHC-cingulum do not normally cross with other major white
matter fibers, fiber arrangement may become less coherent under the influence of pathology.
Second, the behavior of water diffusion relies on cellular components adjacent to axonal
fibers such as glial cells, vascular capillary bed, and extracellular spaces, which may also
change with a variety of age-related pathologies. Third, both the fornix and PHC-cingulum
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are relatively small fiber tracts in the brain. In addition, the ROIs in the JHU template were
only portions of the structures (Mori et al., 2008). It is technically challenging to align small
ROIs precisely across individuals. We addressed this issue by using a state-of-art image
registration method ANTS (Avants et al., 2014), and by creating a sample-specific FA
template. Future studies may benefit from some recent developments of anatomical
templates of these fiber structures (Brown et al., 2017).

Fourth, because both the fornix and PHC-cingulum are adjacent to the ventricles and brain
atrophy is commonly presented in the brain of older adults, partial volume effects of
cerebrospinal fluid (CSF) near these fiber tracts may result in imaging artifacts in DTI
(Concha et al., 2005). The partial volume effect may be more severe in participants due to
brain atrophy (Metzler-Baddeley et al., 2012), which may introduce bias in the statistical
analyses. Methods of free-water elimination are proposed to address the problem of partial
volume effects (Pasternak et al., 2009), but it is an ill-posed problem with a single b-value in
conventional DTI (Hoy et al., 2014). An accurate and efficient estimation of a model of free
water elimination requires at least two b-value acquisitions (Hoy et al., 2014), or with other
advanced diffusion models (Assaf and Basser, 2005; Zhang et al., 2012). We partially
addressed the problem of CSF contamination and partial volume effects in DTI. First, we
excluded voxels from each anatomical ROl where the FA value was lower than 0.2 in the FA
template. This was to ensure that our measurements were located in voxels composed
mainly of white matter. Second, we took global brain atrophy into account in the secondary
analyses, and found the primary finding remained significant, although attenuated, after
controlling for normalized total cortical volume (Table 2). It was also confirmed that the
effect of neocortical AB burden was found only on RD but not AXD in the fornix ROL. If
DTI signal was contaminated by CSF because of brain atrophy, it would be more likely that
a relationship would be detected between Ap and both RD and AXD in the fornix.

Conclusions

In the present study of cognitively-normal adults, we found that an increase in neocortical
AP burden was associated with an increase of radial diffusivity in the fornix, for which age
and gender were controlled. This relationship was not dependent on baseline measures of
either neocortical AB burden or RD of the fornix crus. In contrast, there were no significant
effects of changes in neocortical AB burden on changes in any DTI indices of the PHC-
cingulum. In addition, we found no significant cross-sectional relationship between
neocortical Ap burden and DTI indices in the fornix at baseline. These data demonstrate the
advantage of using a longitudinal design to detect subtle brain changes in preclinical AD. In
addition, microstructural changes in the fornix were not yet related to decline of episodic
memory or other cognitive outcomes. Overall our data suggest an early sign of white matter
degradation in the core memory network in preclinical AD.
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Highlights
Longitudinal changes over 4 years in limbic tracts in normal adults aged 55 to 89.
Increased amyloid burden was related to increased radial diffusivity in the fornix.

Amyloid change was not related to microstructural change in parahippocampal
cingulum.

Baseline amyloid did not predict microstructural changes in the fornix.

Microstructural changes in the fornix may be an early signal of asymptomatic AD.
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Fornix (Crus)

Figure 1.
Bilateral anatomical ROIs of the fornix crus and PHC-cingulum in the sample-specific FA

template. L, left; R, right; A, anterior; P, posterior.
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Figure 2.
Spaghetti plot of neocortical SUVTr derived from AB-PET measured at baseline and follow-

up.
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Figure 3.

(A) Spaghetti plots of the RD index in the ROI of the fornix crus against neocortical SUVT.
The direction of each arrow points from baseline to follow-up in each individual participant.
(B) Annual change rate of neocortical SUVr was associated with annual change rate of RD
in the bilateral ROI of the fornix crus. The A2 value was computed from linear regression
analysis, for which age and gender were controlled. The gray shade area indicates 95%
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confidence interval of the regression. SUVr, standardized uptake value ratio; RD, radial
diffusivity. The diffusivity unit of RD is mm2 s™1.
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Demographic characteristics and cognitive performance at both time points of assessments.

Table 1

Time 1 Time 2
N 52
Gender (Female/Male) 38/14
Education range (Year) 12~21
Education (Year) 15.9 (2.6)
ApoE4 Allele (N) 13
Testing interval of MRI (Year) 4.0(0.2)
Testing interval of PET (Year) 3.4(0.2)
Age range at baseline 54.7~89.1 58.7~93.1
Age at baseline 70.7 (9.2) 74.7 (9.1)
Body-mass index 26.3(3.2) 26.1(3.3)
MMSE range 26~30 25~30
MMSE 28.0 (1.2) 29.0 (1.2)
Episodic Memory (z-score) 0.013 (0.770) 0.070 (0.769)
Processing Speed (z-score) 0.315 (0.820) -0.231 (0.940) *
Fluid Reasoning (z-score) -0.030 (0.821) 0.044 (0.806)
Crystallized Intelligence (z-score) ~ 0.051 (0.938) -0.073 (1.000)
Neocortical SUVr 0.775 (0.133) 0.807 (0.156) FAE

Page 23

Note: Mean and standard deviations (in parenthesis) are reported for continuous variables. The asterisk symbols indicate significance levels of
paired two-sided t-tests across time points:

*
£<0.05;

Aok

p<0.001.

N, number of participants; MMSE, mini-mental state examination; SUVr, standard uptake value ratio derived from AB-PET.
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Table 2
Summary of the secondary statistical analyses. The original model assessed the primary effect of annual
change rate of neocortical SUVr on annual change rate of RD in the fornix crus, for which age and gender
were controlled. In each modified model, an additional variable was controlled. The coefficient £2 and
significance level pvalue were reported for the primary effect. In addition, relative to the original model,

change and proportion change of /2 in each modified model were reported. TMI, total motion index during
DTI acquisition; SUVTr, standard uptake value ratio in AB-PET; MD, mean diffusivity; FA, fractional
anisotropy; RD, radial diffusivity; WM, white matter.

R? changed from original Proportion R? changed from

R? pvalue model original model

Original model 0.158 0.003 — —
Modified model with additional variable being controlled
Head motion (TMI)

Mean of baseline & follow-up 0.169 0.002 0.011 0.070

Baseline — Follow-up 0.157 0.004 -0.001 -0.006
Normalized total cortical volume (TCV)

Baseline 0.156 0.004 -0.002 -0.013

Annual change rate 0.100 0.022 -0.058 -0.367
Hippocampal AB burden (SUVTr)

Baseline 0.150 0.005 -0.008 -0.051

Annual change rate 0.126  0.010 -0.032 -0.203
Global white matter microstructrue

Baseline MD 0.103 0.021 -0.055 -0.348

Annual change rate of MD 0.070 0.058 -0.088 -0.557

Baseline FA 0.158 0.004 0.000 0.000

Annual change rate of FA 0.141 0.006 -0.017 -0.108
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