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Using two imaging modalities, that is, Pittsburgh compound B (PiB) positron emission
tomography (PET) and diffusion tensor imaging (DTI) the present study tested associ-
ations between cortical amyloid-beta (AB) burden and fornix microstructural changes
with cognitive deficits in early Alzheimer's disease (AD), namely deficits in working
memory (1-back) processing of visual object categories (faces, places, objects, bodies
and verbal material). Second, we examined cortical AB associations with fornix micro-
structure. Seventeen early AD patients and 17 healthy-matched controls were
included. Constrained spherical deconvolution-based tractography was used to seg-
ment the fornix and a control tract the central branch of the superior longitudinal fas-
ciculus (CB-SLF) previously implicated in working memory processes. Standard
uptake value ratios (SUVR) of AB were extracted from 45 cortical/subcortical regions
from the AAL atlas and subject to principal component analysis for data reduction.
Patients exhibited (i) impairments in cognitive performance (ii) reductions in fornix
fractional anisotropy (FA) and (jii) increases in a component that loaded highly on cor-
tical Ap. There were no group differences in CB-SLF FA and in a component loading
highly on subcortical AB. Partial correlation analysis in the patient group showed
(i) positive associations between fornix FA and performance for all the visual object
categories and (ii) a negative association between the cortical AB component and per-
formance for the object categories but not for the remaining classes of visual stimuli.
A subsequent analysis showed a positive association between overall cognition (per-
formance across distinct 1-back task conditions) with fornix FA but no association
with cortical A burden, in keeping with influential accounts on early onset AD. This
indicates that the fornix degenerates early in AD and contributes to deficits in work-
ing memory processing of visual object categories; though it is also important to
acknowledge the importance of prospective longitudinal studies with larger samples.
Overall, the effect sizes of fornical degeneration on visual working memory appeared

stronger than the ones related to amyloid burden.

KEYWORDS
Alzheimer's disease, amyloid, cognition, fornix, object processing

Hippocampus. 2022;1-13.

wileyonlinelibrary.com/journal/hipo © 2022 Wiley Periodicals LLC.

85U0|7 SUOWIWOD 8A11e81D 3|(edl|dde ays Aq pauAob 8 Ssolle O 8SN JO'S3IN1 10} A%eid 13Ul UQ AB|IA UO (SUOHIPUOD-PUR-SWBIW0D A8 | 1M AteIq | Bu UO//:SdNY) SUORIPUOD pue swie | 81 88S *[220z/ZT/62] Uo A%iq1T8ulluo A8]IM ‘BIquiod 8Q PepsBAIuN - SUle N OpRedly Aq €662 0d1U/200T 0T/I0p/W0D A8 | 1M AIq Ul uo//Sdny Wwoj papeojumod ‘0 ‘€90T860T


https://orcid.org/0000-0001-7184-185X
https://orcid.org/0000-0003-4364-6373
mailto:mcbranco@fmed.uc.pt
http://wileyonlinelibrary.com/journal/hipo
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fhipo.23493&domain=pdf&date_stamp=2022-12-28

2 | WILEY

BOURBON-TELES ET AL.

1 | INTRODUCTION

According to an influential model of early onset Alzheimer's disease
(AD), the amyloid cascade hypothesis proposes that the aggregation
of amyloid-beta (Ap) plaques trigger subsequent pathological events
including the formation of neurofibrillary tangles, loss of synapses,
neurons and their axons (Hardy & Allsop, 1991; Jorge et al., 2021;
Reitz, 2012).

It has long been established that specific structures within the
medial temporal lobes (MTL) are particularly vulnerable to AD and
include the hippocampus, entorhinal cortex and the parahippocampal
gyrus (Desikan et al., 2009; Devanand et al, 2012; Frisoni
et al, 2010). Most notably, neurodegeneration within gray matter
MTL structures have long been thought as responsible for the mem-
ory deficits observed in the early course of AD (de Toledo-Morrell
et al., 2000; Kohler et al., 1998; Petersen et al, 2000; Sperling
et al, 2010).

More recently, studies have also focused on the brain white mat-
ter (Acosta-Cabronero & Nestor, 2014; Huang et al., 2012). The fornix
is a prominent limbic tract that contains both afferent and efferent
pathways connecting the hippocampus with a number of subcortical
and cortical structures including the mammillary bodies, the anterior
thalamus and portions of the prefrontal cortex (Aggleton, 2012;
Aggleton et al., 2010). Recent studies suggest microstructural changes
to the fornix to predict conversion from normal aging to mild cognitive
impairment (MCI) (Fletcher et al., 2013; Lee et al, 2012; Zhuang
et al, 2013) and from MCI to early AD dementia (Lee et al., 2012;
Mielke et al., 2012) and to even precede gray matter hippocampal vol-
ume loss during healthy aging (Metzler-Baddeley et al., 2019). Fur-
thermore, the degree of fornix microstructural damage has been
associated with the degree of memory impairment in early AD
(Douet & Chang, 2015; Mielke et al., 2012; Oishi & Lyketsos, 2014).
Thus, given the increasing number of recent studies implicating fornix
changes in the early pathology of AD, further research is warranted
for a better understanding of its contributions to the early disease
process, for example, to the decline in cognitive functions beyond
memory (Douet & Chang, 2015; Oishi & Lyketsos, 2014).

In the present study, we tested contributions of cortical A bur-
den and/or fornix microstructural changes to cognitive deficits in early
AD, namely to impairments in visual object category processing
(i.e., faces, places, objects, bodies and verbal material) as measured by
1-back working memory tasks. A secondary question tested whether
cortical Ap burden is negatively associated with microstructural char-
acteristics of the fornix.

The role of the fornix in cognition has been established beyond
processes related to long-term memory (e.g., in working memory) in
animal studies. In rodents, fornix lesions have been shown to impair
successful working memory performance in delayed match/non-
match to sample tasks and radial-arm maze tasks (Aggleton
et al, 1992; Bubb et al., 2018; Cassaday & Rawlins, 1995; Galani
et al., 2002; Markowska et al., 1989; Sziklas & Petrides, 2002). In addi-
tion, there is evidence supporting hippocampal involvement (which is

known to be structurally related to the fornix) in the online

maintenance of visual information at short-delay periods (Hannula
et al., 2006; Kantarci, 2014; Leszczynski, 2011; Olson et al., 2006;
Warren et al., 2012, 2014) which is also in keeping with an integrative
role of the hippocampus beyond long-lasting memory.

In addition, deficits in visual working memory functions have
been reported in the AD patient population and commonly concern
difficulties in processing a variety of features (e.g., color, orientation
or location) of the stimuli to be held in memory (e.g., Zokaei &
Husain, 2019). Here, we tested AD-associated deficits in the proces-
sing everyday visual object category information into working mem-
ory and a potential fornical predictive role.

While tractography based on the single diffusion tensor model
has been shown to provide anatomical plausible reconstructions of
tracts located within regions with highly coherent fiber orientations it
fails to provide reliable trajectories of fibers with a considerable num-
ber of crossing fiber populations such as in the case of the fornix
(Pierpaoli et al., 2001). In order to overcome this limitation, con-
strained spherical deconvolution (CSD)-based tractography which
estimates a white matter (WM) fiber orientation distribution function
(FODF) in each voxel was chosen as the appropriate method to seg-
ment the fornix and other fiber tracts (Tournier et al., 2004, 2007). In
addition, we studied measures of fornix fractional anisotropy
(FA) which appear to be rather robust against partial volume contami-
nations driven by cerebrospinal (CSF) fluid (e.g., Metzler-Baddeley
etal, 2012).

To test for specific associations between cortical A burden/
fornix microstructural changes and cognitive decline the statistical
analysis was controlled for measures of FA in the central branch of
the superior longitudinal fasciculus (CB-SLF) because of its previous
associations with working memory/attention control processes
(Bourbon-Teles et al., 2021; Thiebaut de Schotten et al., 2011) and
subcortical Ap burden following previous observations supporting ele-
vated AP depositions to occur predominantly in the cortex in compari-
son to subcortical nuclei in preclinical AD (e.g., Edmonds et al., 2016).

Following influential accounts on early onset AD, we hypothe-
sized that fornix microstructural changes should be better predictive
of the cognitive and clinical symptoms in comparison with manifest
cortical Ap burden (Berron et al, 2020; Hanseeuw et al., 2019;
Hardy & Allsop, 1991; Marks et al., 2017; Svenningsson et al., 2019).

2 | METHODS

21 | Participants

For this study, 34 participants were selected to take part (sample size
based on Jorge et al., 2021). Post hoc power estimates were not used
because are generally variable in the range of practical interest and
can be very different from the true power (Zhang et al., 2019). All par-
ticipants gave their written informed consent, approved by the Ethics
Committee of the University of Coimbra. A total of 17 patients with
early AD (eight females and nine males, mean age = 66.47 years) were

recruited at the Neurology department of the Centro Hospitalar e
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TABLE 1 CSF biomarker levels of AD patients
Aﬂ1_42 (n = 17) Aﬁ42/Aﬁ4o (n = 14) Tau (n = 17)
Mean 510.94 0.057 445.64
SD 215 0.021 246.80

pTau (n = 17) Tau/AB4z (n = 17) ABaz/pTau (n = 17)
63.15 0.98 9.23
24.36 0.52 6.28

Note: Normal values as follow: AB1_42 > 580 pg/ml; AB42/AB4o > 0.068; Tau <250 pg/ml; pTau (181) < 37 pg/ml; Tau/AB4, < 0.40; ABso/pTau >15.8.

Abbreviation: SD, standard deviation.

Universitario de Coimbra (CHUC). We recruited patients with a proba-
bly diagnosis of AD as supported by biological markers (CSF or Pitts-
burgh compound B-positron emission tomography [PiB-PET]) and in
mild stages of the disease as supported by the global staging scale
Clinical Dementia Rating (i.e., CDR = 1) (Morris, 1993).

The selected criteria for diagnosis of AD was based on the Diag-
nostic and Statistical Manual of Mental Disorders-fourth edition
(DSM-IVTR) and the National Institute of Neurological and Communi-
cative Disorders and Stroke-Alzheimer's Disease and Related Disor-
ders (NINCDS-ADRDA) (McKhann et al, 2011). Extensive
neuropsychological evaluation was conducted with the Mini-Mental
State Examination (MMSE) with Portuguese normative data (Folstein
et al.,, 1975; Freitas et al., 2015), with the Montreal Cognitive Assess-
ment (MoCA) test (Freitas et al., 2013; Nasreddine et al., 2005) and
with a comprehensive neuropsychological battery with normative
data for the Portuguese population (BLAD) exploring memory and
other cognitive domains (Guerreiro, 1998).

Subcortical volumetric analysis was conducted and confirmed hip-
pocampal atrophy in the patient group versus controls (patients mean
hippocampal volume = 4326 mm®, controls mean hippocampal
volume = 5139 mm?, p = .005) in support of a probable AD diagnosis.
CSF biomarkers levels of ABi_42, ABa2/APao, tau and pTaul81 were
also consisted with a clinical diagnosis of AD (see Table 1). The cut-off
values used in our laboratory and applied for the current study were
as follow: 580 pg/ml for AB1_42, 0.068 for AB42/AB4o, 250 pg/ml for
tau and 37 pg/ml for pTau181 (Table 1).

We considered patients that were on stable medication and with-
out significant acute events. Criteria of exclusion included: ophthal-
mological comorbidities, neurological/psychiatric conditions other
than AD and MRI demonstration of significant vascular burden (large
cortico-subcortical infarct; extensive subcortical WM lesions superior
to 25%; uni- or bilateral thalamic lacune; lacune in head of caudate
nucleus; more than two lacunes) (McKhann et al., 2011).

A selected control group of 17 participants (nine males and eight
females, mean age = 65.24 years) comprised age, sex and education-
matched subjects from the community. The controls had no history of
cognitive deterioration, neurological or acquired CNS disorders, trau-
matic brain injury, psychiatric disorders, or alcohol abuse or any other
substance abuse. The control individuals were not subject to any med-
ication that could have interfered with the study. Furthermore, they
showed no evidence of significant memory complaints (as assessed by
a subjective memory complaint [SMC] scale) (Giné et al., 2008;
Schmand et al., 1996), exhibited a normal general cognitive function
(assessed by the MoCA test) (Freitas et al., 2013; Nasreddine
et al., 2005), preserved daily living activities (assessed by the Lawton &

Brody scale) (Lawton & Brody, 1969; Madureira & Verdelho, 2008)
and showed no evidence of depressive symptoms (measured by the
Geriatric Depression Scale) (Barreto et al, 2008; Yesavage
etal, 1982).

All participants from the current study underwent a comprehen-
sive ophthalmological evaluation to guarantee the absence of any
visual complications. Visual assessment comprised visual acuity
assessment with Snellen chart, ocular tension (Goldmann applanation
tonometer), slit lamp biomicroscopy, and optical coherence tomogra-
phy (OCT) imaging. Only subjects with normal or corrected to normal
vision were considered to the present study, that is, with visual acuity
>8/10, with refractor error between +5 dioptres, with intraocular
pressure < 21 mmHg, and without apparent alterations of the optic

disc or macula.

2.2 | Cognitive assessment

Cognitive performance (i.e., working memory) was assessed with
1-back-tasks for the following stimulus categories: faces, objects,
bodies, places and verbal material each of them comprising three
subcategories (see, e.g., Figure 1a). All of the stimulus categories
consisted of grayscale images. The faces category was composed of
young, middle and old faces, obtained from the FACES database
(Ebner et al., 2010). The objects category comprised tools, cars and
chairs subcategories and were all obtained from publicly available
sources. The bodies' category was represented by faceless bodies,
body shape silhouettes, hands and feet. The faceless bodies images
were taken from the Bochum Emotional Stimulus Set database
(Thoma et al., 2013), and hands and feet were selected from publicly
available images that were obtained online. Body shape silhouettes
images were generated with a customized code in MATLAB R2014a
(MathWorks, Natick). The places category comprised landscapes,
buildings and skylines and were obtained from both online searches
and a database of the computational visual cognition laboratory
(Oliva & Torralba, 2001) (http://cvcl.mit.edu/database.htm). The ver-
bal material was composed by words, pseudo and non-words and
provided as a courtesy from the database of Universidade Catdlica
Portuguesa. Images from each category were further equalized in
terms of luminance with the SHINE toolbox (Willenbockel
et al, 2010). This procedure calculates a globally equalized lumi-
nance based on the average of the image input matrices. In order for
the Shine procedure to be correct, a verified luminance-corrected
matrix needs to be calculated based on the SpectroColorimeter PR-
650 (Canario et al., 2016).

85U0|7 SUOWIWOD 8A11e81D 3|(edl|dde ays Aq pauAob 8 Ssolle O 8SN JO'S3IN1 10} A%eid 13Ul UQ AB|IA UO (SUOHIPUOD-PUR-SWBIW0D A8 | 1M AteIq | Bu UO//:SdNY) SUORIPUOD pue swie | 81 88S *[220z/ZT/62] Uo A%iq1T8ulluo A8]IM ‘BIquiod 8Q PepsBAIuN - SUle N OpRedly Aq €662 0d1U/200T 0T/I0p/W0D A8 | 1M AIq Ul uo//Sdny Wwoj papeojumod ‘0 ‘€90T860T


http://cvcl.mit.edu/database.htm

BOURBON-TELES ET AL.

FIGURE 1

The stimulus categories were tested in two different runs (ver-
sions A and B) and presented randomly in a block-design paradigm.
Individual runs were composed by 18 blocks and lasted for 9 min
and 17 s. Each block had a duration of 20 s and was composed by
20 images that always belonged to the same subcategory of stimuli
(e.g., regarding the face categories a single block would always be
composed of either just young faces, middle aged faces, or old
faces). Within each block there were a total of four match trials
and 16 non-match trials. In addition, each block was separated by
a 10 s interval filled with a uniform grayscale image with no
stimulus.

Please note that scrambled versions of visual object categories
were also tested in the current experiment; however, since these rep-
resent meaningless abstract material they were not considered for the
present study.

During the 1-back tasks, individual images were presented for
800 ms with a 200 ms interval and participants were requested to
press a button with their dominant hand every time the image
being presented was the same that had been presented before
(see Figure 1b). The order of blocks was presented in a pseudo-
randomized fashion. There were four repetitions of images within
each block. Before starting the actual experiment, subjects per-
formed a brief training session in order to guarantee that they
understood the task demands and to be familiarized with the
stimuli.

Visual stimuli were presented using Presentation 17.1 software
(Neurobehavioral systems) on a uniformly black background. Stimuli
were presented using a Fujitsu PC (1920 x 1080) onto an LCD
screen. The image size used to build the stimuli was 544 x 544 pixels
and subtended approximately 11° x 11° of visual field.

Finally, measures of mean response accuracy in the 1-back tasks

were extracted for each individual participant.

(a) Examples of faces, places, bodies, objects and verbal subcategories of stimuli (b) illustration of the 1-back working memory
tasks as follow: Cue (800 ms) + delay (200 ms) + probe (800 ms) + blank screen (200 ms). Participants were asked to press a button every time
cue and probe matched and to abstain from pressing any button whenever cue and probe did not match. Note that individual stimulus could
either serve as cue and/or probe. ms, milliseconds

2.3 | MRI data acquisition

MRI data were acquired in a 3 Tesla Siemens Magnetom TrioTim
scanner (Erlangen, Germany) at the Institute of Nuclear Sciences
Applied to Health (ICNAS) using a 12-channel birdcage head coil. The
session started with one 3D anatomical MPRAGE (rapid gradient-
echo) sequence T1-weighted with a 1.0 x 1.0 x 1.0 mm voxel resolu-
tion, repetition time (TR) 2530 ms, echo time (TE) 3.42 ms, field of
view (FOV) 256 x 256 mm. The MPRAGE sequence comprised
176 slices, a flip angle of 7° and an inversion time of 1100 ms. The
protocol also included a diffusion tensor imaging (DTI) sequence with
the following parameters: TR/TE = 7800/90 ms, number of excita-
tions = 1, matrix = 96 x 96 x 63 contiguous axial slices, isotropic
voxel resolution = 2 x 2 x 2 mm?, bandwidth = 1628 Hz/pixel, echo
spacing = 0.72 ms, 63 noncollinear directions, one scan without diffu-
sion weighting (b = 0 s/mm?, b0), (b-value = 1000 s/mm?).

24 | DTIdata processing and tractography
The diffusion-weighted MRI images were corrected for subject motion,
eddy-current induced distortions and EPI deformations by registering each
image volume to the high-resolution T1-weighted anatomical images
(Irfanoglu et al., 2012; Soares et al., 2013) with appropriate reorientation
of the encoding vectors (Leemans & Jones, 2009) in ExploreDTI (Version
4.8.6) (Leemans et al., 2009). The fornix and the CB-SLF were segmented
using CSD-based deterministic tractography (Jeurissen et al, 2011;
Tournier et al., 2004, 2007) with the following parameters: uniform
whole-brain seeding with 2 mm resolution, step size 1 mm, fiber orienta-
tion distribution threshold of 0.1 and maximum angle deviation of 30°.
Three-dimensional fiber reconstructions were made by applying
waypoint ROI gates (“AND,” “SEED” and “NOT” gates following

95UB01 7 SUOWILLIOD AIIERID B |qedi[dde ay) Aq peusenof a1e ssjofe O ‘8sN JO So[nJ o} Akeiq18UUO /]I UO (SUONIPUD-PUR-SLLIBY WD A3 1M A1 1[BU UO//STIY) SUONIPUOD PUe SWB | 8y} 88S *[2202/2T/62] U0 A%iqiT8uluo AS|IM ‘eIquWIoD 9 PepSIBAIUN - SUle | 0Pl Aq €662 0d1U/Z00T 0T/10p/W0d A8 M AIq 1 Ul juo//Sdny Wol pepeojumoqd ‘0 ‘€90T860T



BOURBON-TELES T AL.

WILEY_L_*

(a) Fornix

FIGURE 2 Depicts sagittal views of (a) the fornix and (b) the
central branch of the superior longitudinal fasciculus (CB-SLF)

Boolean logic) to isolate specific tracts from the whole brain CSD-
based tractography data.

The reconstruction of the fornix (in Figure 2a) followed the proto-
col by Metzler-Baddeley et al. (2011). In short, a seed ROI was placed
on the coronal slice around the area where the anterior pillars enter
into the main body of the fornix. An AND ROI was placed on the axial
plane encompassing the crush of the fornix in both hemispheres
around the inferior part of the splenium of the corpus callosum. Then,
NOT gates were drawn around areas that are not part of the fornix
shape.

Further, as specified earlier in order to assess for specific associa-
tions between fornix microstructure and cognitive performance we
controlled for CB-SLF microstructure (because of its previous associa-
tions with working memory/attention control functions) in the statisti-
cal analysis. The reconstruction of the CB-SLF (in Figure 2b) followed
the protocol by Thiebaut de Schotten et al., 2011. In essence, a coro-
nal seed ROI was placed at the level of the posterior commissure
around the parietal lobe and an AND ROI was placed around the mid-
dle frontal gyrus. Further, NOT gates were drawn around areas that
are not part of the CB-SLF shape. Measures of CB-SLF FA were col-
lapsed/averaged across both hemispheres and computed for each

individual participant.

25 |
analysis

PET acquisition, processing, and quantitative

[11C]-PiB PET data were acquired at Institute of Nuclear Sciences
Applied to Health (ICNAS), University of Coimbra, using a Philips
Gemini GXL PET/CT scanner (Philips Medical Systems, Best). The par-
ticipants performed a dynamic 3D PET scan of the entire brain
(90 slices, 2-mm slice sampling) and a low-dose brain CT scan, for
attenuation correction. The dynamic [11C]-PiB PET consists of
37 frames (total duration of 90 min: 4 x 15s+8 x 30s+ 9 x 60's
+ 2 x 180 s+ 14 x 300s). The [11C]-PiB PET acquisition started
immediately after the intravenous bolus injection of approximately
555 MBq of [11C]-PiB. To minimize head movement, the patient's
head was restrained with a soft elastic tape. The [11C]-PiB PET
images were reconstructed to a 128 x 128 x 90 matrix, with

isotropic voxels of 2 mm width, using the LOR RAMLA algorithm
(Philips PET/CT Gemini GXL) with attenuation and scatter correction.

For each participant, a sum image was obtained using all the
frames of the dynamic PET. The sum image was used to estimate a
rigid transformation between the [11C]-PiB PET image space and the
T1 anatomical MRI space of each participant. The rigid transformation
was determined using 3D Slicer software (version 4.8.1, BRAINS reg-
istration tool) (Kikinis et al., 2014). The individual MRI scans were spa-
tially normalized to the Montreal Neurological Institute (MNI)
template using DARTEL algorithm (Ashburner, 2007) in Statistical
Parametric Mapping (SPM) 12 toolbox (Wellcome Trust Centre for
Neuroimaging).

The voxel-level quantitative analysis of [11C]-PiB PET images
was implemented in the MNI space using in-house made software
(Oliveira et al., 2018), and by resampling the PET data to the MNI
space applying the geometric transformations described previously.
The individual [11C]-PiB standard uptake value ratio (SUVR) map was
computed by summing voxel-level signal from 40 to 70 min post-
injection, and dividing by the mean signal from the individual's refer-
ence region, the cerebellar gray matter (essentially the cerebellum
without the cerebellar peduncles) (Price et al., 2005). For each individ-
ual participant, the mean SUVR value of 45 regions-of-interest (ROI)
(averaged across hemispheres) was extracted from the individual
voxel-level SUVR map in the MNI space using the anatomical auto-
matic labelling (AAL) atlas (Tzourio-Mazoyer et al., 2002) (see Table 3)
and the 3D Slicer software.

2.6 | Statistical analysis

All statistical analyses were carried out in IBM SPSS statistical
package (version 26). Given the large number of extracted
measures from the PET data we conducted a principal component
analysis (PCA) based on the 45 SUVR of molecular AB across
distinct cortical/subcortical regions from the AAL atlas (Table 3).
The main purpose of PCA was to identify the minimum number
of uncorrelated principal components that together explained
the maximum amount of variance of the molecular Ap data
(Joliffe, 1986).

Due to the relatively small sample size for PCA (n = 34) we fol-
lowed recommendations to limit the number of extracted components
to a minimum (de Winter et al., 2009; Preacher & MacCallum, 2002).
Given that there is no single recommended method available, we
adopted the following strategy: first, we employed the SPSS default
of the Kaiser criterion of including all components with an eigenvalue
of >1. Second, we inspected Cattell's scree plots (Cattell, 1952) to
identify the minimal number of components that accounted for most
of the variability in the data. Third, we assessed each component with
regard to their interpretability. We used a PCA procedure with
orthogonal Varimax rotation of the component matrix. Per conven-
tion, loadings that exceeded a value of 0.5 were regarded as signifi-
cant. Table 3 summarizes the component loadings for the SUVR of

regional molecular Ap.
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Firstly, we computed the mean accuracy scores which was simply
based on the proportion of the same/correct responses, for the target
events. Subsequently, the data were checked for normality with
Shapiro-Wilk tests for the group of patients and healthy controls
separately.

We then tested for group differences in the principal compo-
nent scores (i.e., from the extracted cortical Ap and subcortical Ap
components) (see Table 3), fornix microstructure and CB-SLF micro-
structure with independent samples t-tests. Group differences in
cognitive performance (as measured by mean response accuracy
[Acc] and mean response times [RTs]) were tested with Mann-
Whitney U tests.

Subsequently, partial correlations were conducted to test rela-
tionships between the cortical AB component, fornix microstructure
with (i) cognitive performance for each individual 1-back task mea-
sures and (ii) overall cognitive performance measures (computed as
follow: Acc faces + Acc places + Acc bodies + Acc objects + Acc ver-
bal/5). In addition, we also tested associations between fornix FA and
the cortical AB component with partial correlations. All the statistical
analysis were conducted in the patient and healthy control groups
separately and the control variables included in the regression models
were: age, education, sex, CB-SLF microstructure and the subcortical
AB component. Thus, these analyses allowed testing individual associ-
ations between fornix FA and/or cortical Ap burden with cognitive
performance above and beyond CB-SLF FA (a WM region previously
implicated in working memory/attention control functions) and sub-
cortical AB burden.

All statistical tests were corrected for multiple comparison errors
with the Bonferroni correction with a family-wise alpha level of 5%
(two-tailed) leading to a corrected p-value of (i) p <.025 for two t-
tests for molecular A data (ii) p <.025 for two t-tests for micro-
structural data (iii) p < .01 for five Mann-Whitney U tests concerning
cognitive performance (i.e., separately for Acc and RTs scores)
(iv) p<.05 for one correlation between cortical Ap component
and/or fornix FA with overall cognitive performance measures and
(v) p <.05 for one correlation between fornix FA and cortical Ap
component. In addition, with regards to the analysis concerning indi-
vidual associations between the cortical Ap component and/or fornix
FA with individual cognitive performance measures the significance
levels differed when the analysis was conducted in the patient sam-
ple and/or in the control sample. In the analysis concerning the
patient data sample we performed (i) three parametric correlations
between the cortical Ap component and/or fornix FA with cognitive
performance measures (i.e., the mean accuracy scores for faces,
places and body categories) each requiring a level of significance of
p < .016 and (ii) two non-parametric correlations between the corti-
cal Ap component and/or fornix FA with cognitive performance mea-
sures (i.e., the mean accuracy scores for objects and verbal
categories) each requiring a level of significance of p < .025. By com-
parison, with regards to the healthy control sample there were five
non-parametric correlations each requiring a p < .01 to comply with

a family-wise alpha level of 5%.

3 | RESULTS

Patients and controls were matched for age, sex and education.
Patients showed as expected reduced performance in MoCA test.
Every patient had a CDR of 1, being affected by mild dementia
(Table 2). With regards to performance in the BLAD test, patients
showed the highest ratio of impairment in the memory domain
(16/17), followed by the executive domain (12/17), language (7/17),
constructive (4/17) and calculation (3/17) domains.

Part of the patient population data (i.e., DTI, PET and cognitive
accuracy data) conformed to normality with exception for the mean
accuracy scores for objects and verbal categories and the overall cog-
nitive performance measures for which partial Spearman rho correla-
tions were conducted. By comparison, for the healthy control group
only the DTl and PET data conformed to normality while the cognitive
accuracy data did not conform to normality for which partial Spear-
men rho correlations were conducted.

Finally, with regards to the cognitive RT data, in the patient sam-
ple only the mean RT scores for places and the verbal categories con-
formed to normality while for the control data sample all of the RT

data were normally distributed.

3.1 | Group differences in PET, DTI and cognitive
measures

With PCA, two components were extracted that together explained
90.3% of the variability in the PET data (Table 3). The first component
loaded highly predominately on cortical amyloid SUVR and it is sum-
marized as the “cortical AR component.” By comparison, the second
component loaded highly predominantly on subcortical amyloid SUVR
and it is summarized as the “subcortical Ap component” (Table 3).
Patients showed significant increases in the cortical Ap compo-
nent in line with the notion that at early stages AD AB depositions are
already widespread throughout the cortex. There were no significant
differences in the subcortical Ap component. Regarding DTl measures,
there were significant reductions in fornix FA in the patient group. No
significant differences were observed in CB-SLF FA (Table 4).

TABLE 2
participants

Demographics and clinical characteristics of study

Mean (SD) Patients (n = 17) Controls (nh = 17) p-value
Age 66.47 (6.63) 65.24 (7) .601
Education 9.06 (6) 11.59 (5.8) 22
Sex (F/M) 8/9 9/8 74
MoCA 14.47 (4.51) 25 (4.5) <.001
MMSE 23.1(2.97)

CDR 1 0

Note: Data are expressed as mean (SD). The higher the scores in the
MMSE and MoCA the better the performance.
Abbreviations: F, female; M, male.
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TABLE 3

analysis of the molecular Ap data (n = 34)

Regional Ag SUVR
Cortical
Precentral gyrus

Superior frontal gyrus,
dorsolateral

Superior frontal gyrus,
orbital part

Middle frontal gyrus

Middle frontal gyrus, orbital

part

Inferior frontal gyrus,
opercular part

Inferior frontal gyrus,
triangular part

Inferior frontal gyrus,
orbital part

Rolandic operculum

Supplementary motor area

Olfactory cortex

Superior frontal gyrus,
medial

Superior frontal gyrus,
medial orbital

Gyrus rectus
Insula

Anterior cingulate and
paracingulate gyri

Median cingulate and
paracingulate gyri

Posterior cingulate gyrus
Parahippocampal gyrus

Calcarine fissure and
surrounding cortex

Cuneus

Lingual gyrus

Superior occipital gyrus
Middle occipital gyrus
Inferior occipital gyrus
Fusiform gyrus
Postcentral gyrus
Superior parietal gyrus

Inferior parietal, but
supramarginal and
angular gyri

Supramarginal gyrus
Angular gyrus
Precuneus
Paracentral lobule

Heschl gyrus

“Cortical Ap
component”

0.909
0.893

0.881

0.908
0.852

0.908

0.904

0.892

0.913
0.919
0.808
0.892

0.852

0.903
0.892
0.860

0.890

0.656
0.625
0.919

0.944
0.926
0.949
0.963
0.961
0.931
0.927
0.901
0.881

0.907
0.910
0.902
0.865
0.882

Rotated component matrix of the principal component

“Subcortical A
component”

0.288
0.402

0.383

0.383
0.424

0.375

0.406

0.351

0.352
0.325
0.435
0.399

0.424

0.364
0.407
0.483

0.415

0.567
0.615
0.088

0.065
0.016
0.095
0.162
0.110
0.305
0.293
0.328
0.401

0.384
0.383
0.374
0.312
0.374

(Continues)

TABLE 3 (Continued)
“Cortical Ap “Subcortical Ap
Regional Ag SUVR component” component”
Superior temporal gyrus 0.904 0.395
Temporal pole: superior 0.836 0.418
temporal gyrus
Middle temporal gyrus 0.944 0.308
Temporal pole: middle 0.871 0.371
temporal gyrus
Inferior temporal gyrus 0.927 0.329
Subcortical
Hippocampus —0.148 0.809
Caudate nucleus 0.147 0.752
Putamen 0.774 0.576
Pallidum 0.421 0.684
Thalamus 0.270 0.826
Amygdala 0.657 0.649

Note: Loadings >0.5 are highlighted in bold.

Patients also exhibited reduced cognitive performance though
this was only present at the level of response accuracy but not at the
level of RTs (Table 5).

3.2 | Partial correlations between fornix FA,
cortical Ap burden and individual cognitive
performance measures

There were statistically significant positive associations between for-
nix FA and individual cognitive performance for faces (r = .76,
p = .004), places (r = .7, p = .01) and body categories (r = .7, p = .01).
Non-parametric correlation analysis also revealed statistically signifi-
cant positive associations between fornix FA and cognitive perfor-
mance for objects (rs = .76, p = .004) and verbal categories (r; = .7,
p = .01) (Figure 3a). Overall, these findings are in keeping with robust
fornical contributions to short-term visual object category processing
functions in early AD.

There was a trend (i.e., significant at uncorrected level) for a nega-
tive association between the cortical A component and cognitive
performance for object categories (rs = — .62, p = .03). By compari-
son, there were no significant associations between the cortical Ap
component and cognitive performance for faces (r = —.35, p = .26),
places (r = —.5, p = .1), bodies (r = —.53, p = .077), and verbal catego-
ries (rs = — .5, p = .06) (Figure 3b).

For the control group there was a significant negative association
between the cortical Ap component and cognitive performance for
face categories (rs = — .7, p = .01). There was also trend for a negative
association between the cortical Ap component and performance for
the object categories (r; = — .62, p = .03). There were no other signifi-
cant associations between the cortical AR component and/or fornix

FA with individual cognitive performance measures (data not shown).
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Mean (SD)
PET

BOURBON-TELES ET AL.

Cortical Ap component

Subcortical Ap component

DTI
Fornix FA
CB-SLF FA

Patients (n = 17)

0.81(0.8)
0.28 (1.3)

0.21 (0.03)
0.56 (0.07)

Note: Data are expressed as mean (SD).

***p < .001.

TABLE 5

Mean (SD)

Cognitive performance (stimulus)

Faces
Places
Objects
Bodies
Verbal

Response accuracy

Controls (n = 17)

—0.81(0.17)
—0.28 (0.47)

0.26 (0.03)
0.55 (0.04)

p-value

<.001***
094

.001***
.73

Effects of group (patients vs. controls) on cognitive performance measures

RTs

TABLE 4

Effects of group (patients

vs. controls) on PET and DTI measures

Note: Data are expressed as mean (SD). RTs are given in ms.
**p < .01; ***p < .001.

(@)

0.4
X
E 03
(o]
L
< 02
('

0.1

(b)

cortical amyloid
component

faces

r=-0.35.ns

Patients (n = 17) Controls (n = 17) p-value Patients (n = 17) Controls (n = 17) p-value
2.51(0.9) 3.45(0.6) .003** 729 (260) 688 (87) 46
2.22(1.3) 3.33(0.9) .004** 631 (190) 665 (92) .69
2.16(1.2) 3.3(0.77) .003** 660 (190) 664 (88) .82
1.96 (1.1) 3.35(0.8) <.001*** 703 (405) 677 (96) .62
2.1(1.3) 3.35(0.9) .002** 671 (108) 696 (95) .66
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FIGURE 3 Plots the individual correlations and coefficients (controlled for covariates of interest) between (a) fornix FA and (b) cortical Ap
burden and cognitive performance for visual object categories in the patient group (n = 17). *p < .05, **p < .01. ns, nonsignificant
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measures

For the patient group there was a statistically significant positive

association between fornix FA and overall cognitive performance

Partial correlations between fornix FA,
cortical Ap burden and overall cognitive performance

—.5,p=.09).

(rs = .82, p = .001). By comparison, there was no significant associa-
tion between the cortical A component with overall cognition

(rs:

For the control group there were no significant associations

cognition (data not shown).

between fornix FA and/or the cortical AB component with overall
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3.4 | Partial correlations between fornix FA and
cortical Ap burden

There were no statistically significant associations between fornix FA
and the cortical Ap component in the patient group (r = —.33, p = .3).
Similarly, there were also no significant associations between fornix
FA and the cortical AR component in the analysis concerning the con-

trol group (r = —.54, p = .07).

4 | DISCUSSION

The main aim of the present study was to test associations between
cortical AB burden and fornix microstructural changes with cogni-
tive deficits in patients with early AD. In particular we sought to
determine if cortical AB burden and fornix changes link to deficits in
cognitive functions beyond long-lasting memories, namely to defi-
cits in working memory processing of everyday visual object cate-
gories (i.e., faces, objects, bodies, places and verbal material).
Secondly, we also exploited potential negative associations
between fornix microstructure and cortical Ap amyloid in early AD
patients.

Consistent with previous studies, we found that patients exhib-
ited (i) deficits in cognitive processing, notably in terms of response
accuracy (ii) impairments in fornix microstructure and (jii) significant
increases in a component that loaded highly on Ap across the exten-
sive cortex in line with the notion that at early stages AD AB amyloid
depositions are already widespread throughout the cortex (Cho
et al., 2016; Edmonds et al., 2016; Jorge et al., 2021; Kensinger
et al., 2003; Oishi & Lyketsos, 2014). By comparison, there were no
significant effects of disease on CB-SLF microstructure and on sub-
cortical Ap burden. Overall, these findings support the hypothesis that
cortical AB depositions and fornix changes constitute early and spe-
cific biomarkers in AD (Cho et al., 2016; Edmonds et al., 2016; Oishi &
Lyketsos, 2014). With regards to our second aim, cortical Ap burden
was not negatively associated with fornix FA in the AD patient group.

Subsequently, analysis at the individual predictor level indicates
that fornix microstructural changes link better to the impairments in
face category processing in contrast to manifest cortical AB burden
depositions in early AD. Furthermore, there were individual associa-
tions between fornix microstructure and/or cortical Ap burden with
cognitive performance for the object categories, though the effects of
cortical Ap burden were still lower and significant at the uncorrected
level, clearly showing that the effect sizes are stronger concerning
functional effects of fornical lesions in AD. Accordingly, previous
research by Nichols et al., 2006 reported hippocampal activations
during the maintenance of faces at short-delay periods (i.e., into
working memory) and that the degree of hippocampal responses were
predictive of performance in a later face recognition task. In addition,
hippocampal lesions have been shown to impair working memory
representations of faces and other visual information (Ezzyat &
Olson, 2008; Olson et al., 2006). Moreover, research in older adults
support a link between disrupted hippocampal-prefrontal connectivity

(a network supported by the fornix) and deficits in face recognition
(Dennis et al., 2008; Grady et al., 1995).

Additionally, the findings reported here also support stronger
contributions of fornical microstructural changes to cognitive deficits
in the processing of places, bodies and verbal categories in early AD
patients, in comparison to manifest cortical Af burden. Thus, a link
between fornix microstructure and place processing at this level in
not surprising given the well-established roles of the fornix/
hippocampus in high-level visuospatial processing abilities and place
processing (Bird & Burgess, 2008; Buckley et al., 2004; Gaffan, 1994;
Hodgetts et al., 2015; Postans et al., 2014; Wilson et al., 2008). For
instance, studies in non-human primates have shown that fornix
transections impair learning of object-in-place associations and con-
junctions of spatial features both of which represent necessary attri-
butes for place processing and representation (Buckley et al., 2004;
Gaffan, 1994; Wilson et al., 2008) and research in young human
adults have reported significant associations between fornix micro-
structure and place processing (Hodgetts et al, 2015; Postans
et al., 2014). Specifically, given that the body stimuli studied here
had no emotional traits and their relatively abstract nature, it is likely
that these categories rely on considerable levels of attention/
working memory and executive control (Bourbon-Teles et al., 2021;
Jorge et al., 2018), functions that have also been previously attrib-
uted to the fornix and the hippocampus (Leszczynski, 2011; Nestor
et al., 2007; Zahr et al., 2009). Similarly, previous evidence also indi-
cates that short-term encoding of verbal categories relies on consid-
erable levels of executive control and involvement of associated
control networks (e.g., Jorge et al., 2018) which could explain the
fornical predictive association.

Thus, it also important to consider that deficits in cognitive per-
formance exhibited by the AD patients may also pertain to more gen-
eral attributes of the 1-back tasks (and not just related to the type of
visual stimuli per se). Nevertheless, false alarms were rare in the non-
match trials.

Thus, our findings are also in keeping with previous influential
accounts on early onset AD in that while Ap depositions constitute one
of the earliest hallmarks of AD, subsequent neurodegeneration within
the MTL structures are better predictive of the cognitive and clinical
symptoms since overall, we report more tight/robust associations
between fornix microstructural integrity and cognitive performance
measures in the AD patient group (Figure 3) (Berron et al., 2020;
Hanseeuw et al., 2019; Hardy & Allsop, 1991; Marks et al., 2017;
Svenningsson et al., 2019). Accordingly, a complementary analysis also
revealed an association between overall cognitive performance mea-
sures with fornix microstructure but not with cortical AB burden. None-
theless, it also important to acknowledge the statistical limitations of the
present study which is only correlational by nature and based on a low
study sample and the importance of prospective longitudinal studies in
design and with larger study samples to more accurately determine the
differential effects of cortical AB burden and/or fornix microstructural
impairments (or even an interaction-effect between both measures) to
cognitive performance declines in early AD (e.g., as measured by 1-back

working memory tasks for visual object categories).
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There was no cross-sectional association between fornix FA and
cortical Ap burden. One possibility is that the current study sample
was not large enough to detect such effects. Some of the previous
related studies who have reported associations between fornix micro-
structure and Ap burden still included larger samples than the current
one (Brown et al., 2016; Chao et al., 2013) although others failed to
report any associations at this level (e.g., Rabin et al., 2019). Second, it
is possible that at early stages of the disease measures of cortical Ap
load likely co-occur more directly with more ancient neuropathologi-
cal measures such as tau phosphorylation/tangle formation rather
than with fornix degeneration although it is possible that this level of
association may become more visible at later stages of the disease
with increasing fornical deterioration (Hanseeuw et al., 2019; Hardy &
Allsop, 1991; Marks et al., 2017; Reitz, 2012). Indeed, it is observable
in the current study that between-group differences in cortical Ap
burden are considerably larger than that of fornix degeneration which
could explain any lack of association between these two critical neu-
ropathological measures.

In sum, our findings support contributions of cortical Af burden
and even into a larger extent of fornix microstructural changes to cog-
nitive deficits in early AD beyond memory, namely deficits in the
short-term/working memory maintenance of object categories. The
fornix could serve as a new target region for future intervention stud-
ies (e.g., in deep brain stimulation studies) aiming to delay disease pro-
gressing and the onset of cognitive/clinical symptoms in early AD.

Prospective longitudinal studies with large study samples will be
essential to achieve more robust and solid conclusions concerning the
differential effects of cortical AB burden and/or fornix microstructural
changes to cognitive deficits in early AD (e.g., in visual working mem-

ory processes).
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