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A B S T R A C T   

Purpose: Cerebral amyloid angiopathy (CAA) is a common neuropathological finding and clinical entity that 
occurs independently and with co-existent Alzheimer’s disease (AD) and small vessel disease. We compared 
diffusion tensor imaging (DTI) metrics of the fornix, the primary efferent tract of the hippocampus between CAA, 
AD and Mild Cognitive Impairment (MCI) and healthy controls. 
Methods: Sixty-eight healthy controls, 32 CAA, 21 AD, and 26 MCI patients were recruited at two centers. 
Diffusion tensor images were acquired at 3 T with high spatial resolution and fluid-attenuated inversion recovery 
(FLAIR) to suppress cerebrospinal fluid (CSF) and minimize partial volume effects on the fornix. The fornix was 
delineated with deterministic tractography to yield mean diffusivity (MD), axial diffusivity (AXD), radial 
diffusivity (RD), fractional anisotropy (FA) and tract volume. Volumetric measurements of the hippocampus, 
thalamus, and lateral ventricles were obtained using T1-weighted MRI. 
Results: Diffusivity (MD, AXD, and RD) of the fornix was highest in AD followed by CAA compared to controls; the 
MCI group was not significantly different from controls. FA was similar between groups. Fornix tract volume was 
~ 30% lower for all three patient groups compared to controls, but not significantly different between the patient 
groups. Thalamic and hippocampal volumes were preserved in CAA, but lower in AD and MCI compared to 
controls. Lateral ventricular volumes were increased in CAA, AD and MCI. Global cognition, memory, and ex-
ecutive function all correlated negatively with fornix diffusivity across the combined clinical group. 
Conclusion: There were significant diffusion changes of the fornix in CAA, AD and MCI compared to controls, 
despite relatively intact thalamic and hippocampal volumes in CAA, suggesting the mechanisms for fornix 
diffusion abnormalities may differ in CAA compared to AD and MCI.   

1. Introduction 

Cerebral amyloid angiopathy (CAA) is defined pathologically by 
vascular deposition of β-amyloid peptides and clinically by its associa-
tion with cortical cerebral macro-bleeds, microbleeds, and subarachnoid 
bleeds with associated superficial siderosis (Greenberg et al., 1995; 
Charidimou et al., 2017; Greenberg, 2018). Vascular changes (Peca 
et al., 2013) and cognitive impairment (Viswanathan et al., 2008) have 
also been reported in CAA. Alzheimer’s disease (AD) is also defined by 
the deposition of amyloid, but in contrast to CAA, amyloid deposition is 

primarily in the cortical parenchyma. Microbleeds and white matter 
(WM) changes are also found in AD (Benedictus et al., 2013); however, 
CAA and AD are distinct disorders with different pathologies and clinical 
presentations. 

Impairment in CAA mainly affects processing speed and executive 
function (Xiong et al., 2016; Case et al., 2016). In contrast, impairment 
in AD is defined by functionally significant cognitive decline, with early 
and prominent memory impairment (McKhann, 2011). Volumetric MRI 
studies in CAA and AD show both grey and white matter changes. Grey 
matter atrophy is prominent in AD (Knopman et al., 2016), most notably 
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in the hippocampus. Atrophy in CAA shows global cortical thinning 
(Subotic et al. 2021) but less hippocampal volume loss than AD (Fotiadis 
et al., 2016). Hippocampal atrophy in CAA may differ depending on 
whether superficial siderosis is present (Kim et al., 2018). WM changes, 
including white matter hyperintensities (WMH) on T2-weighted fluid 
attenuated inversion recovery (FLAIR) images and atrophy, are noted in 
both CAA and AD; however, WM changes are greater in CAA compared 
to AD (Fotiadis et al., 2020). 

Diffusion tensor imaging (DTI) tractography allows for a detailed 
characterization of WM tracts by isolating the tracts themselves and 
providing diffusion parameters reflective of tissue microstructure. Pre-
vious studies that examined WM changes in CAA using DTI found 
greater disruption of WM pathways were associated with processing 
speed (McCreary et al., 2020; Raposo et al., 2021). It has also been re-
ported that posterior white matter connections, characterized by DTI, 
are impaired in CAA (Reijmer et al., 2016). A study that examined 
specifically defined tracts in CAA with autopsy correlations found 
diffusion changes in the anterior thalamic radiation and inferior longi-
tudinal fasciculus that were associated with tissue rarefaction, myelin 
density, and white matter microinfarction (van Veluw, et al., 2019). 

The fornix is a key hippocampal efferent tract that is affected in age- 
related cognitive decline (Fletcher et al., 2013), mild cognitive impair-
ment (MCI) and AD (Tang et al., 2017) as well as in disorders with white 
matter involvement, such as multiple sclerosis (Valdés Cabrera et al., 
2020). As such, the fornix is a potential neuro-modulatory therapeutic 
target in diseases and disorders such as AD (Senova et al., 2020). Given 
the importance of the fornix as a major connecting tract from the hip-
pocampus, and its susceptibility to degeneration in AD and MCI, this 
study aimed to reliably characterize diffusion from this one structure, 
and compare changes in the fornix in CAA to disorders where degen-
eration of the fornix is better established. To our knowledge, there are no 
previous diffusion tensor tractography studies of CAA focussing on the 
fornix. Due to its small, curvilinear structure and proximity to adjacent 
cerebrospinal fluid (CSF), the fornix is difficult to measure in typically 
low-resolution DTI (~2x2x2 = 8 mm3 isotropic voxels). The presence of 
atrophy associated with neurodegeneration makes this measurement 
even more challenging; however, a reliable tractography approach with 
high spatial resolution and CSF-suppression to minimize artifacts 
(Concha et al., 2005a,b) can better identify and measure diffusion pa-
rameters of the fornix. 

Our primary objective was to use CSF suppressed diffusion imaging 
to examine the fornix in non-demented patients with probable CAA, 
patients with MCI and AD, and healthy controls. The correlation be-
tween fornix diffusion measures and hippocampus, thalamus, lateral 
ventricles, and WMH volumes were examined. We also explored the 
relationship between fornix diffusion measures and cognitive function. 
We hypothesized that the fornix would show diffusion changes in CAA, 
AD, and MCI relative to healthy controls, and that these changes would 
be associated with brain atrophy and cognitive impairment. 

2. Methods 

2.1. Participants 

Participants were recruited as part of the Functional Assessment of 
Vascular Reactivity (FAVR)-II study across two sites in Alberta, Canada – 
Calgary and Edmonton. Probable CAA participants (N = 32), diagnosed 
by modified Boston criteria (Linn et al., 2010), were recruited from 
stroke prevention and cognitive and memory clinics coordinated 
through the Foothills Medical Centre in Calgary and the University of 
Alberta Hospital in Edmonton. Eligibility was based on presentation of a 
CAA-related syndrome and diagnosis according to the modified Boston 
criteria (Charidimou et al., 2017). Exclusion criteria for CAA included 
symptomatic intracerebral hemorrhage (ICH) in the previous 90 days, 
dementia, or living in long-term care. 

Participants with AD (N = 21) and MCI (N = 26) were recruited from 

cognitive and memory clinics as well as community advertisement. 
Diagnosis of AD and MCI were made using the same criteria as previ-
ously described for a similar cohort (McCreary et al., 2020). Briefly, 
community-dwelling AD participants with mild dementia were diag-
nosed based on the National Institute on Aging-Alzheimer’s Association 
criteria for clinically probable AD (McKhann et al., 2011). Participants 
with MCI were diagnosed according to National Institute on Aging 
criteria (Albert et al., 2011). 

Healthy controls (N = 47) were recruited through spouses of patients 
seen at stroke and cognitive disorder clinics or from the local community 
through advertisements. All participants enrolled in the FAVR-II study 
did not have other neurological and psychiatric disorders, nor contra-
indications for MRI at 3.0 T. Additional self-reported controls (N = 21) 
were recruited as part of a normative aging study at the University of 
Alberta using the same imaging protocol. Informed consent was ob-
tained from all participants in accordance with the University of Calgary 
and the University of Alberta research ethics boards and all research 
protocols were conducted according to the World Medical Association 
Declaration of Helsinki. 

2.2. Cognitive Assessment 

For participants enrolled in the FAVR study, standardized neuro-
psychological assessments were performed by qualified personnel. As-
sessments included the digit symbol substitution from the Weschler 
Adult Intelligence Scale (WAIS-III), Trail Making test parts A and B, 
Delis-Kaplan Executive Function System (D-KEFS) verbal fluency test, 
Rey Auditory Verbal Learning Test (RAVLT), Brief Visuospatial Memory 
Test – Revised (BVMT-R), and Montreal Cognitive Assessment (MoCA). 
Similar to a previous study (Subotic et al., 2021), neuropsychological 
raw test scores were converted to z-scores using published normative 
data with correction for age and education, then combined into domains 
of memory (average z-scores of delayed recall on the RAVLT and BVMT- 
R), executive function (average z-scores of D-KEFS letter fluency and 
Trail Making part B), and processing speed (average z-scores of Trail 
Making part A and WAIS-III digit substitution). 

2.3. MR image acquisition 

All participants were imaged using 3.0 T MRI scanners. Participants 
recruited in Calgary were scanned using a GE Discovery MR750 with a 
32-channel head coil. Participants recruited in Edmonton were scanned 
on a Siemens MAGNETOM Prisma with a 64-channel head-neck coil. In 
order to minimize the deleterious effect of fast diffusing, isotropic CSF 
on tractography of the fornix (which is bathed in CSF), fluid-attenuated 
inversion recovery DTI (i.e. FLAIR-DTI) was used to null CSF signal in 
acquisition. It uses an inversion recovery pulse followed by an appro-
priate delay based on the T1 of CSF prior to the spin-echo diffusion 
sequence (Kwong et al., 1991), and has been shown to improve trac-
tography of the human fornix (Concha et al., 2005a). The inversion re-
covery and delay time makes the TR and total acquisition time longer 
relative to regular DTI, but it can be limited by reducing the number of 
slices to cover only the fornix rather than whole brain. 

2.3.1. Calgary 
Fluid attenuated inversion recovery-DTI (FLAIR-DTI) images with a 

single shot, spin-echo echo planar imaging (EPI) sequence were acquired 
with 36 contiguous slices, 2.0 mm slice thickness (no gap) for a total 
coverage of 72 mm, 230 mm in-plane field of view (FOV); 128 × 128 
acquisition matrix, acquired voxel size of 1.8 mm × 1.8 mm × 2 mm =
6.48 mm3 which was reconstructed with interpolation resulting in 0.9 
mm × 0.9 mm × 2.0 mm voxels, TR = 10000 ms, TE = 61.7 ms, TI =
2200 ms (to null CSF), 20 directions with b = 1000 s/mm2, 5 b0 volumes 
(b = 0 s/mm2) and SENSE with an acceleration factor of 2 for a scan time 
of 4:20 min. The imaging volume was oriented along the bicommissural 
line (AC-PC), and covered from the top of the corpus callosum to the 
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bottom of the temporal lobes to ensure full coverage of the fornix. Whole 
brain sagittal T1-weighted images were acquired using 3D-inversion 
prepared fast spoiled gradient echo (IR-FSPGR) with 256 slices, 1.0 
mm slice thickness, 256 mm FOV, 256 × 256 acquisition matrix, voxel 
size of 1.0 mm × 1.0 mm × 1.0 mm = 1.0 mm3, flip angle of 11◦, TR =
7.5 ms, TE = 3.1 ms, TI = 400 ms, and SENSE with an acceleration factor 
of 1.5 for a scan time of 6:12 min. To assess WM disease, 2D FLAIR 
images were acquired with a 240 mm FOV, 3.0 mm slice thickness, 256 
× 256 acquisition matrix, voxel size = 0.9 mm × 0.9 mm × 3.0 mm =
2.43 mm3, TE = 140 ms, TR = 9000 ms. TI = 2250 ms, and flip angle =
125◦ for a scan time of 4:49 min. 

2.3.2. Edmonton 
Fluid attenuated inversion recovery-DTI images with single shot 

spin-echo EPI were acquired with 35 slices, 2.0 mm slice thickness (no 
gap) with a coverage of 70 mm, 240 mm FOV, 188 × 188 acquisition 
matrix, voxel size of 1.2 mm × 1.2 mm × 2.0 mm = 2.88 mm3 zero-filled 
interpolated on scanner to 0.6 mm × 0.6 mm × 2.0 mm = 0.72 mm3, TR 
= 9000 ms, TE = 70 ms, TI = 2300 ms (to null CSF), 20 directions with b 
= 1000 s/mm2, 5 b0 volumes (b = 0 s/mm2), GRAPPA acceleration 
factor of 2, and phase partial Fourier image reconstruction using 75% k- 
space coverage for a scan time of 4:11 min. The imaging volume 
included the top of the corpus callosum to the base of the temporal lobes, 
oriented along the bicommissural line (AC-PC) to allow full coverage of 
the fornix. Whole brain sagittal T1-weighted images were acquired using 
3D-magnetization prepared rapid gradient echo (MPRAGE) with 208 
slices, 0.85 mm slice thickness, coverage of 188 mm, 250 mm FOV, 
image matrix 288 × 288, voxel size of 0.85 mm × 0.85 mm × 0.85 mm 
= 0.61 mm3 with no subsequent interpolation, TR = 1800 ms, TE = 2.37 
ms, TI = 900 ms, flip angle 8◦, and GRAPPA acceleration factor of 3 for a 
scan time of 3:39 min. For evaluation of WM disease, 2D FLAIR images 
were also acquired with 240 mm FOV, 3.0 mm slice thickness, 256 ×
256 acquisition matrix, voxel size = 0.9 mm × 0.9 mm × 3.0 mm = 2.43 
mm3, TE = 120 ms, TR = 9000 ms, TI = 2500 ms, a flip angle of 165◦, 
and a GRAPPA acceleration factor of 2 for a scan time of 2:44 min. 

2.4. Volumetric analysis 

Automated segmentation and volumetrics of subcortical brain re-
gions, including hippocampus and thalamus, and ventricles was per-
formed using the “recon-all” pipeline in FreeSurfer (v6.0) (Fischl, 2012) 
using T1-weighted images (Duchesne et al., 2019; Potvin et al., 2019; 
Smithet al., 2021). Intracranial volume (ICV) was also estimated (Fischl, 
2012) by FreeSurfer. Left and right volumes were summed and reported 
as a percentage of the ICV (summed volume/ICV × 100%). FreeSurfer 
segmentation and parcellations were visually inspected for quality 
control. Four participants in the CAA group with ICH failed the quality 
control of the FreeSurfer output in that the surfaces generated for the 
hemisphere with the ICH were not reasonable. A visual review of the 
hippocampi on T1 images by an expert radiologist was performed to 
assess for symmetry between left and right subcortical structures. No 
notable asymmetry was found in these cases. To maximize the number of 
CAA participants in this study, the contralateral volume was doubled to 
estimate subcortical structure volume for these participants. 

WMH volume for each participant was determined on FLAIR images 
by one of three trained readers using a semi-automated seed-based 3D 
region growing algorithm (Cerebra-Lesion-Extractor v1.1.2, Calgary 
Image Processing and Analysis Centre, University of Calgary, Alberta, 
Canada). To normalize for different head sizes, individual WMH vol-
umes were also corrected to ICV followed by a log transformation to 
achieve a normal distribution. 

2.5. Neuroimaging Assessment for CAA 

Key neuroimaging markers of CAA including cerebral microbleeds 
(CMB), ICH, cortical superficial siderosis (cSS) with further 

classification to focal cSS (restricted to ≤ 3 sulci) or disseminated cSS 
(≥4 sulci), and WMH were defined according to the Standards for 
Reporting Vascular Changes on Neuroimaging (STRIVE) (Wardlaw 
et al., 2013) and evaluated for presence, number, and location by a 
qualified reader (a radiologist with greater than ten years of experience) 
on T1-weighted and FLAIR images. 

2.6. DTI processing and tractography 

All FLAIR-DTI images were examined for excessive subject motion 
and other artifacts. Diffusion tensor images were processed with 
ExploreDTI (v4.8.6) (Leemans et al., 2009) and included corrections for 
Gibbs ringing, subject motion, and eddy current distortions alongside 
tensor fitting using Robust Estimation of Tensors by Outlier Rejection. 
Deterministic tractography was also carried out in ExploreDTI, with a 
seed point resolution and step size matching the voxel size for each site 
and the following stopping criteria: a FA threshold of 0.15, a turning 
angle of 35◦, and a minimum fiber length of 10 mm. All participants, 
regardless of group, were processed with the same protocol. Tractog-
raphy was performed by the first author (IS), who was blinded to group 
classification until the fornix tracking was completed. Two types of re-
gions of interests (ROIs) were utilized: ‘AND’ ROIs which include the 
fibers passing through them and ‘NOT’ ROIs which exclude the fibers 
passing through them. The ROIs were placed similar to previously 
published protocols for limbic system tracts (Concha et al., 2005a,b): 
‘AND’ ROIs in the fornix body (coronal, roughly midway between crus 
and anterior commissure) to assure that fibers are passing between 
ventricles; and ‘NOT’ ROIs, as needed, to remove spurious anterior 
commissure and other callosal or thalamic fibers. 

Stopping criteria and ROI placement were selected to yield reliable 
and consistent tracts over the entire cohort, prioritizing higher number 
of fornix fibers, zero to low number of spurious fibers, and low incidence 
of fiber disconnections. Spurious streamlines were removed based on a 
priori knowledge of the fornix location, and final tracts were reviewed 
by an experienced clinical neurologist (RC). To reduce multiple com-
parisons, both left and right fornix were kept together to yield tract 
volume, mean diffusivity (MD), axial diffusivity (AXD), radial diffusivity 
(RD), and fractional anisotropy (FA). Excellent intra-rater reliability 
(ICC ≥ 0.8) was found for the diffusion measures using a set of 16 images 
with a 2-week interval between ratings. Inter-rater reliability, assessed 
on the same set of images by two other raters (MG and DVC), was also 
excellent (ICC ≥ 0.8). 

2.7. Statistical analysis 

Statistical analyses were conducted using IBM SPSS Statistics for 
Windows (v26.0). Group demographics and MRI measurements, 
including volumes and WMH, were compared using one-way analysis of 
variance (ANOVA) for continuous variables and Chi-squared test for 
categorical variables. Fornix diffusion measures and volumes were 
compared using one-way analysis of covariance (ANCOVA), co-varying 
for age, and sex. A factor for site was also included in the model as the 
different acquisition parameters for DTI at each site necessitated a 
means to account for expected differences in diffusion measures. To 
identify group differences post-hoc, the Sidak correction for multiple 
comparisons was used. Relationships between diffusion measures and 
cognitive scores for the clinical groups were assessed using partial 
Pearson correlation, controlled for age, sex, site, and years of education. 
Similarly, relationships between diffusion measures and volumes for the 
clinical groups were assessed using partial Pearson correlation, 
controlled for age, sex, and site. Multiple comparisons correction for 
volumetric and diffusion measures as well as correlations was performed 
using the Benjamini-Hochberg False Discovery Rate (FDR) method with 
an FDR p < 0.05 resulting in an adjusted p-value threshold of ≤ 0.028. 
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3. Results 

3.1. Participant characteristics 

One hundred and forty-eight participants were recruited in this 
study. One CAA participant originally included had poor quality of 
diffusion data and was excluded from the study. Group characteristics, 
including cognitive scores, and MRI findings are presented in Table 1. 
Participants with CAA were older than the control (p = 0.001) and AD 
(p = 0.03) groups, but of a similar age to the participants with MCI (p =
0.6). Hypertension and microbleeds were more frequent in CAA par-
ticipants compared to other groups. As expected, the prevalence of ICH 
and cSS in much higher in the CAA group. The controls performed better 
on MoCA, memory, executive function, and processing speed compared 
to the other groups (all post hoc p < 0.001 except for controls versus MCI 
on processing speed where p = 0.006). The CAA participants performed 
better than AD on MoCA (p = 0.004), memory (p = 0.01), and pro-
cessing speed (p = 0.01); however, there was no difference in executive 
function between these two groups. The MCI group did not differ 
significantly from CAA on any of the cognitive measures; however, the 
performance was better for MCI compared to AD on all cognitive pa-
rameters (p < 0.001 for MoCA, memory, and processing speed; p =
0.007 for executive function). 

One CAA participant had hemorrhages affecting both sides of the 
brain and another had extremely large ventricles coupled with extensive 

atrophy. FreeSurfer volumetric estimation was not possible in these two 
cases. Participant data for smoking history (N = 2, both AD), hyper-
tension, hypercholesterolemia, diabetes (N = 2, 1 AD, 1 MCI), memory 
z-score (N = 2, 1 CAA, 1 AD), executive function z-score (N = 3, 1 CAA, 2 
AD) and processing speed z-score (N = 3, 2 AD, 1 MCI) were incomplete. 
Reasons for missing data were: participants did not complete question-
naires (N = 1), did not complete clinical visits due to COVID-19 re-
strictions (N = 2), withdrew from study (N = 2), or could not complete 
cognitive testing (N = 2). 

3.2. Subcortical brain Region, ventricle and WMH volume 

FreeSurfer estimates of hippocampus, thalamus, lateral ventricle, 
and semi-automated estimates of WMH volumes normalized to ICV are 
presented in Table 2. Compared to controls, AD and MCI had smaller 
hippocampal (AD: − 15.2%, MCI: − 11.8%) and thalamic (AD: − 8.7%, 
MCI: − 8.7%) volumes. Hippocampal volumes in CAA were higher 
compared to AD (p = 0.04) and did not differ significantly from controls 
(p = 0.1) or MCI (p = 0.3). Lateral ventricular volumes were higher 
across all clinical groups (CAA: +43.9%, AD: +57.5%, MCI: +50.6%) 
compared to controls. WMH volumes were higher in CAA compared to 
all other groups (p < 0.001 compared to controls and MCI, p = 0.001 
compared to AD). 

3.3. Qualitative assessment of fiber tracts 

Tractography of the fornix for a representative sample from each 
group is shown in Fig. 1. For the majority of the participants, a full ‘W- 
shaped as viewed from above’ fornix was tracked; however, ‘discon-
nections’ at the crus for streamlines from the body were observed in 
some cases indicating pathological change (neurodegenerative or 
aging), as a result of FA dropping below the tracking threshold of 0.15. 
Incidence of streamline disconnection was highest in participants within 

Table 1 
Summary of group characteristics.   

Controls CAA AD MCI p-value 

N 68 32 21 26  – 
Age range (years) 53–87 60–89 59–80 60–89  – 
Age (years) 68.5 ±

7.2 
74.6 ±
7.6 

68.8 ±
6.1 

72.3 ±
7.8  

0.001 

Education (years) 16.3 ±
3.4 

13.7 ±
3.2 

15.8 ±
3.2 

14.8 ±
4.3  

0.004 

Female 44 
(64.7%) 

12 
(37.5%) 

8 
(38.1%) 

8 
(30.8%)  

0.005 

Hypertension 17 
(25%) 

21 
(65.6%) 

6 
(28.6%) 

6 
(23.1%)  

< 0.001 

Hypercholesterolemia 21 
(30.9%) 

14 
(43.8%) 

6 
(28.6%) 

11 
(42.3%)  

0.5 

Diabetes 4 (5.9%) 3 
(9.4%) 

1 (4.8%) 3 
(11.5%)  

0.7 

Current smokers 1 (1.5%) 2 
(6.3%) 

0 (0.0%) 1 (3.8%)  0.6 

Past smokers 15 
(22.1%) 

17 
(53.1%) 

6 
(28.6%) 

11 
(42.3%)  

0.2 

ICH 0 (0.0%) 4 
(12.5%) 

0 (0.0%) 0 (0.0%)  0.007 

CMB 6 (8.8%) 30 
(93.7%) 

1 (4.8%) 7 
(26.9%)  

< 0.001 

cSS 0 (0.0%) 20 
(62.5%) 

1 (4.8%) 0 (0.0%)  < 0.001 

Focal cSS 0 (0.0%) 10 
(31.3%) 

1 (4.8%) 0 (0.0%)  < 0.001 

Disseminated cSS 0 (0.0%) 10 
(31.3%) 

0 (0.0%) 0 (0.0%)  < 0.001 

MoCA 26.9 ±
1.9 

21.0 ±
5.4 

17.5 ±
3.7 

22.9 ±
3.0  

< 0.001 

Memory z-score 0.47 ±
1.01 

− 1.55 
± 1.11 

− 2.45 
± 0.66 

− 1.11 
± 1.07  

< 0.001 

Executive function z- 
score 

0.48 ±
0.86 

− 1.26 
± 1.03 

− 1.76 
± 1.11 

− 0.75 
± 1.15  

< 0.001 

Processing speed z- 
score 

0.79 ±
0.79 

− 0.61 
± 1.06 

− 1.49 
± 1.11 

− 0.01 
± 1.02  

< 0.001 

N (%) for categorical variables; mean ± SD for continuous, normally distributed 
variables; p-value for Chi-square and ANOVA group comparisons. The infor-
mation for the rows ‘Current smokers’ and below are for the 47 FAVR controls 
and not the additional controls from the normative aging study. Abbreviations: 
ICH = intracerebral hemorrhage, CMB = cerebral microbleeds, cSS = cortical 
superficial siderosis, MoCA = Montreal Cognitive Assessment. 

Table 2 
Estimated adjusted means (mean ± SD) for volumetric measures of bilateral 
hippocampus, thalamus, and lateral ventricles, and WMH, for control and clin-
ical groups reported as a percentage of ICV. For the clinical groups, differences in 
group means, compared to controls, are reported as percentages with standard 
deviations. Bolded p-values indicate significant differences after FDR correction 
for multiple comparisons (p-corrected ≤ 0.028).  

Volumes (% of 
ICV) 

Controls CAA AD MCI p- 
value 

Hippocampus 0.54 ±
0.05 

0.51 ±
0.07 

0.46 ±
0.08 

0.48 ±
0.07  

0.004 

Δ vs Controls – − 6.1 ±
2.7% 

− 15.2 ±
3.5% 

− 11.8 ±
2.9%  

p vs Controls – 0.1 < 0.001 < 0.001  
Thalamus 0.92 ±

0.09 
0.88 ±
0.07 

0.84 ±
0.11 

0.84 ±
0.08  

0.01 

Δ vs Controls – − 4.9 ±
1.9% 

− 8.7 ±
2.9% 

− 8.7 ±
2.0%  

p vs Controls – 0.1 0.002 0.001  
Lateral 

Ventricles 
1.91 ±
1.00 

2.75 ±
0.99 

3.01 ±
1.24 

2.88 ±
1.32  

0.007 

Δ vs Controls – 43.9 ±
11.3% 

57.5 ±
15.5% 

50.6 ±
15.0%  

p vs Controls – 0.004 0.001 0.001  
WMH 0.40 ±

0.40 
1.91 ±
1.68 

0.76 ±
0.98 

0.67 ±
0.85  

0.002 

Δ vs Controls – 374.2 ±
77.6% 

89.3 ±
55.2% 

67.3 ±
44.1%  

p vs Controls – < 0.001 0.7 0.9  
WMH – log 

transform 
− 0.66 ±
0.57 

0.14 ±
0.36 

− 0.41 ±
0.53 

− 0.53 ±
0.62  

0.001 

Δ vs Controls – 120.8 ±
15.9% 

38.9 ±
21.5% 

20.7 ±
22.2%  

p vs Controls – < 0.001 0.3 0.9  

Column of p-values corresponds to the ANOVA and rows of p-values correspond 
to output from post hoc comparisons (comparisons to controls only shown). 
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the 80–89 year age group (13 out of 19, with 1 left, 5 right, 7 bilateral), 
followed by substantially fewer disconnections in younger age brackets: 
70–79 years (18 out of 63, with 2 left, 8 right, 8 bilateral); 60–69 years (8 
out of 61 with 2 left, 5 right, 1 bilateral); and no disconnections in the 
50–59 age group. Within the clinical groups, CAA had the highest 
number of bilateral disconnections (13 out of 32 with 1 left, 4 right, 8 
bilateral), MCI had the highest incidence of disconnections (12 out of 26, 
3 left, 5 right, 4 bilateral) in the crus, and AD with the least (6 out of 21, 
4 right, 2 bilateral). However, as expected, controls consistently yielded 
fuller fornices overall with fewer disconnections (7 out of 68, 1 left, 5 
right, 1 bilateral), mainly in older participants. Quantitative diffusion 
measures were obtained from all the residual tracts. 

3.4. Fornix volume and diffusion metrics 

Age-, sex-, and site-adjusted estimates of mean tract volume, MD, 
AXD, RD, and FA are reported in Table 3 and Fig. 2. Fornix volumes were 
lower for the clinical groups (CAA: − 25%, AD: − 30%, MCI: − 26%) 
compared to controls, and did not differ between CAA, AD, and MCI. All 
measures of diffusivity were higher in AD compared to controls, with 
increases of 8.7% for MD, 6.4% for AXD, and 11.0% for RD (p < 0.001 
for all comparisons). Diffusivity in CAA was also significantly higher 
compared to controls but to a lesser extent than for AD, with increases of 
4.7% (p = 0.04) for MD and 4.1% (p = 0.04) for AXD in the CAA group. 
With respect to comparisons between the clinical groups, MD and RD 
were significantly greater in the AD participants compared to the MCI 
group (p = 0.03 for MD and p = 0.01 for RD). Fractional anisotropy did 
not differ between group overall (p = 0.08). 

Fig. 1. Tractography of the fornix for 16 subjects (age, sex) out of the entire study cohort (n = 147) showing (A) controls, (B) CAA, (C) AD, and (D) MCI participants 
ordered by age and color coded by FA. 
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3.5. Volumetric and cognitive correlates of the fornix 

Pearson’s partial correlation coefficients between DTI measures of 
the fornix and volumetric measures as well as cognitive measures across 
the combined patient group (CAA, AD, and MCI) are reported in Table 4. 
Fornix tract volume correlated positively with hippocampal (p = 0.003) 
and thalamic (p = 0.02) volumes and negatively with lateral ventricle 
volumes (p = 0.01). Higher diffusivity in the fornix was associated with 
a smaller hippocampus (p = 0.006 for MD, p = 0.005 for AXD, p = 0.009 
for RD) and larger lateral ventricles (p = 0.02 for MD, p = 0.02 for AXD, 
p = 0.02 for RD). Thalamic volume was negatively correlated with AXD 
(p = 0.03). With respect to cognitive measures, MoCA was negatively 
correlated with diffusivity, with lower MoCA scores associated with 
greater diffusivity in the fornix (p = 0.01 for MD, p = 0.02 for AXD, p =
0.02 for RD). Memory z-scores positively correlated with fornix tract 
volume (p = 0.02) and negatively with diffusivity (p = 0.02 for MD and 
AXD, not significant for RD) while executive function was negatively 
correlated with diffusivity only (p = 0.026 for MD, p = 0.027 for AXD, 
not significant for RD). Fornix FA did not correlate with volumetric or 
cognitive measures. White matter hyperintensity volumes and process-
ing speed were not associated with any fornix diffusion measures or tract 
volume. Within individual groups, diffusion measures and fornix vol-
ume did not correlate with cognitive measures. Given the small groups, 
this is likely a sample size issue. 

4. Discussion 

Differences in diffusion tensor tractography measures of the fornix 
were examined in patients with CAA, MCI, and AD compared to healthy 
controls. Using an optimized diffusion tensor tractography protocol, the 
main findings of this study were: 1) mean, axial and radial diffusivity of 
the fornix were increased in CAA and AD but not MCI compared to 
healthy controls while fornix tract volume was decreased in all patient 

groups; 2) hippocampal and thalamic volumes were comparable be-
tween CAA and controls; in contrast to MCI and AD participants where 
atrophy of these subcortical structures was noted; 3) ventricular dila-
tation was similar for all the patient groups compared to controls, sug-
gesting global but not selective atrophy in CAA; and 4) fornix diffusion 
changes were associated with global cognitive impairment as well as 
memory and executive dysfunction, but not processing speed across 
these patient groups. 

Previous studies have found global diffusivity changes in CAA, which 
were associated with white matter hyperintensities and slower pro-
cessing speed (McCreary et al., 2020; Raposo et al, 2021). Global 
diffusivity has also been shown to be associated with pre-hemorrhage 
cognitive impairment (retrospectively) independent of other MR 
markers of CAA such as the number of microbleeds and white matter 
hyperintensities (Viswanathan et al., 2008). Focal changes in FA, but not 
diffusivity, have been reported in the splenium of the corpus callosum 
and temporal white matter of CAA patients (Salat et al., 2006). Cortical 
thinning of the occipital cortex in CAA has been shown in relation to 
posterior white matter connectivity using DTI tractography (Reijmer et 
al, 2017) while global cortical thinning is greater in CAA and is asso-
ciated with memory impairment (Subotic et al., 2021). Our findings for 
the fornix are consistent with these previous reports of diffusivity 
changes in CAA as well as provide indirect evidence of global atrophy 
via lateral ventricle dilatation. 

Studies of the fornix in aging, AD, and MCI suggest that diffusion 
changes in the fornix may be a sensitive early correlate of cognitive 
change including memory loss and executive dysfunction (Nowrangi & 
Rosenberg, 2015). Methodological factors may influence measurement, 
but changes in fornix diffusion have been found in AD compared to 
healthy controls (Perea et al., 2018). Diffusion changes in the fornix may 
act independently and synergistically with amyloid deposition to affect 
memory change in aging (Rabin et al., 2019). A recent study of non- 
amnestic memory impairment suggests fornix diffusion parameters 
may be correlated with executive function (Srisaikaew et al., 2020). The 
presence of amyloid and other markers of neurodegeneration are asso-
ciated with tract specific degeneration, including in the fornix in MCI 
(Jacquemont et al., 2017). 

The fornix is a major axonal pathway to and from the hippocampus 
that has been considered a target for neuro-stimulation to enhance 
cognitive function (Senova et al., 2020). Similar changes in diffusivity of 
the fornix across clinical cohorts might reflect different mechanisms. In 
the AD and MCI cohorts, fornix diffusivity might reflect degeneration, 
consistent with the greater degree of hippocampal and thalamic atrophy 
in these groups. In the CAA group, fornix diffusivity change may reflect 
axonal and myelin loss along the tracts (van Veluw et al., 2019), 
consistent with the observed global diffusion changes and ventricular 
dilatation. Our data align with the notion that relative hippocampal 
sparing in dementia subtypes, including AD and CAA, may reflect 
distinct pathologies (Ferreira et al., 2018). Our finding that both axial 
and radial diffusivity of the fornix correlates with hippocampus volume 
suggests a mechanism involving axonal and myelin degeneration of the 
fornix. If change to axial diffusivity is considered to be a marker for 
axonal injury (Song et al, 2002; Concha et al., 2006; Acosta-Cabronero 
and Nestor, 2014), correlates to thalamus volume could suggest spe-
cific tract loss of projections to the thalamus Longitudinal multi-modal 
imaging studies that include a spectrum of age-related pathologies 
may allow distinction of these mechanisms. Given previous findings of 
fornix changes in epilepsy (Campos et al., 2015), multiple sclerosis 
(Valdés Cabrera et al., 2020) and non-hemorrhage cerebrovascular 
disease (Tariq et al., 2020), multiple mechanisms may converge, 
affecting the fornix. 

Strengths of our study included the use of CSF suppression for 
acquisition of diffusion images to better identify the fornix with trac-
tography and minimize partial volume effects (Concha et al., 2005a). 
Prior application of FLAIR-DTI in epilepsy has shown that after elimi-
nating CSF at acquisition, deterministic tractography identifies fornix 

Table 3 
Estimated adjusted means (mean ± standard deviation) of fornix volume and 
diffusion measures for control and clinical groups. For the clinical groups, dif-
ferences in group means, compared to controls, are also reported as percentages 
with their standard deviations. Bolded p-values indicate significant differences 
after FDR correction for multiple comparisons (p-corrected ≤ 0.028).  

Diffusion 
measures 

Controls CAA AD MCI p- 
value 

Tract Volume 
(cm3) 

4.92 ±
1.79 

3.68 ±
1.89 

3.44 ±
1.75 

3.62 ±
1.78  

0.02 

Δ vs Controls – − 25% ±
8% 

− 30% ±
9% 

− 26% ±
8%  

p vs Controls – 0.02 0.006 0.02  
MD (×10− 3 

mm2/s) 
1.10 ±
0.08 

1.15 ±
0.08 

1.19 ±
0.08 

1.12 ±
0.08  

0.008 

Δ vs Controls – 4.7% ±
1.6% 

8.7% ±
1.8% 

2.6% ±
1.8%  

p vs Controls – 0.04 < 0.001 0.6  
AXD (×10− 3 

mm2/s) 
1.71 ±
0.11 

1.78 ±
0.12 

1.82 ±
0.12 

1.76 ±
0.11  

0.01 

Δ vs Controls – 4.1% ±
1.4% 

6.4% ±
1.6% 

2.8% ±
1.5%  

p vs Controls – 0.04 < 0.001 0.4  
RD (x10-3 

mm2/s) 
0.79 ±
0.08 

0.83 ±
0.08 

0.88 ±
0.07 

0.81 ±
0.07  

0.01 

Δ vs Controls – 5.3% ±
2.3% 

11.0% ±
2.3% 

2.5% ±
2.2%  

p vs Controls – 0.09 < 0.001 0.8  
FA 0.47 ±

0.03 
0.46 ±
0.03 

0.45 ±
0.03 

0.47 ±
0.03  

0.08 

Δ vs Controls – − 0.6% ±
1.4% 

− 3.6% ±
1.6% 

+1% ±
1.5%  

p vs Controls – 1 0.1 1  

The column of p-values corresponds to the ANCOVA, co-varied for age and 
controlled for site and sex, and rows of p-values correspond to output from post 
hoc pairwise comparisons. 
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abnormalities indicative of alterations in the axonal microstructure 
(Concha et al, 2005b). Moreover, the changes noted were consistent 
within cohorts at each of the two sites and our global analyses included 
site as a covariate. We used standardized clinical criteria with patients 
meeting criteria for probable CAA, AD and MCI. Furthermore, controls 
were screened for the presence of cognitive impairment using stan-
dardized testing. 

Some limitations of our study include the relatively small sample size 
that might have reduced our ability to identify distinct neuropsycho-
logical correlates of fornix atrophy within the groups. Moreover, the 
small sample size limited our ability to examine specific patterns of CAA 
change, such as the presence of cortical superficial siderosis or tau pa-
thology which might affect atrophy (Kim et al., 2018; Schoemaker et al., 
2021). Ideally, we would have had identical scan acquisition protocols 
in a multi-site study; however, this is impractical given different scan-
ners were used at the different centres. Combining data from two sites 
strengthened our group analysis due to greater total and subgroup 
sample sizes. The major difference between FLAIR-DTI protocols across 
sites was the in-plane voxel resolution and differences in MRI scanner 
hardware differences across sites (vendor, coils). Nevertheless, the 
fornix volume and diffusion parameters of travelling heads, and the 
overall data trends for all the participants between sites were similar. We 
also focussed on a single tract with importance in cognition. Individual 
fiber tracking is labour intensive but affords best tract identification for 
each participant. We focussed on cognitive correlates and did not 
examine neuropsychiatric correlates of fornix changes, which may be 
clinically important. We also averaged DTI measures across the entire 
fornix rather than separating the right and left which might affect 
clinical correlations. While we restricted our study to patients with 
probable CAA based on the Boston Criteria (Charidimou et al., 2017) 

and AD and MCI based on established criteria (Chertkow et al., 2019), 
there remains a possibility of misdiagnosis, given the lack of autopsy 
confirmation. 

Combining the participants from all four groups, there was a lack of a 
fully tracked fornix in 39 individuals which was mainly evident in older 
individuals including 13% of the 60–69 year old group, 28% of the 
70–79 year old group, and 68% of the 80–89 year old group. The 
deterministic tractography methodology utilized to track the fornix 
stops tracking when a voxel falls below an FA threshold. Fewer or 
truncated streamlines resulting from poor tractography indicates tract 
degradation which worsen with aging and pathology. We recognize that 
this is an underestimate of the true fornix volume, but when it happens it 
does highlight that volume and/or microstructure is abnormal. Never-
theless, a partially reconstructed tract does not mean that there is no 
biological pathway in that area nor that the physical fornix bundle is in 
fact transected. Tractography stops in those areas because the FA 
threshold (or angle of eigenvectors between adjacent voxels threshold) 
was not reached, despite the suppression of isotropic CSF and increased 
voxel resolution when compared to previous FLAIR-DTI acquisitions for 
the fornix (Concha et al., 2005a,b). 

The fornix has major connections to the hippocampus relevant to 
cognition in aging and neurodegenerative disorders. Our current study 
indicates that it is additionally affected in CAA. Given highly reliable 
methods that can be applied across centers, our methods offer the po-
tential to examine diffusion parameters in the fornix as an outcome 
measure. Potential differences in pathophysiology (degeneration versus 
vascular changes) suggest that different approaches to preventing neu-
rodegeneration of the fornix, or combined approaches, might be needed 
in the context of parenchymal (AD) versus vascular (CAA) amyloid pa-
thology. The fornix has also been examined as a target for 

Fig. 2. Fornix diffusion measures (mean ±SD) for Controls compared to CAA, AD and MCI, showing (A) tract volume, (B) mean diffusivity, (C) axial diffusivity, and 
(D) radial diffusivity. Fractional diffusivity is not significantly different between all the groups and is not shown below. The p-values for between group differences 
for each measure are corrected post-hoc (Sidak correction). 
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neuromodulation making methods for its accurate measurement 
relevant. 

In conclusion, microstructural changes in the fornix occur in prob-
able CAA, without corresponding hippocampal or thalamic atrophy, 
likely reflecting axonal damage and demyelination. Moreover, we 
confirm that diffusion changes in the fornix are evident in AD and to a 
lesser extent in MCI, where we observed hippocampal and thalamic 
atrophy. Given the importance of the fornix as a major white matter 
pathway to and from the hippocampus and demonstration in the liter-
ature that it is impacted in a number of neurological diseases, its prog-
nostic and clinical correlates require further exploration in CAA. Our 
acquisition can be applied across sites and tractography based on this 
method should be explored in additional tracts adjacent to CSF, such as 
the uncinate fasciculus among others (Salminen et al., 2016). Additional 
studies examining the specificity of the fornix changes are necessary. 
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Correlates of fornix tract volume/diffusion measures with other subcortical 
volumes (normalized to ICV) and cognitive measures over the combined patient 
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R(p) – 
Tract 
Volume 

R(p) – 
MD 

R(p) – 
AXD 

R(p) – 
RD 

R(p) – 
FA 

Hippocampal 
volume (% 
ICV) 

0.558 
(0.003) 

− 0.507 
(0.006) 

− 0.513 
(0.005) 

− 0.451 
(0.009) 

0.098 
(0.4) 

Thalamus 
volume (% 
ICV) 

0.362 
(0.02) 

− 0.229 
(0.05) 

− 0.277 
(0.03) 

0.170 
(0.1) 

− 0.084 
(0.5) 

Lateral ventricles 
volume (% 
ICV) 

− 0.406 
(0.01) 

0.380 
(0.02) 

0.376 
(0.02) 

0.344 
(0.02) 

− 0.032 
(0.8) 

WMH (% ICV) − 0.061 
(0.6) 

− 0.048 
(0.7) 

0.007 (1) − 0.084 
(0.5) 

0.152 
(0.2) 

WMH (%ICV) – 
log 
transformed 

− 0.087 
(0.5) 

− 0.008 
(0.9) 

0.081 
(0.5) 

− 0.074 
(0.5) 

0.200 
(0.09) 

MoCA 0.190 
(0.1) 

− 0.336 
(0.01) 

− 0.306 
(0.02) 

− 0.319 
(0.02) 

0.103 
(0.4) 

Memory z-score 0.293 
(0.02) 

− 0.298 
(0.02) 

− 0.306 
(0.02) 

− 0.26 
(0.031) 

0.046 
(0.7) 

Executive z-score 0.226 
(0.06) 

− 0.286 
(0.026) 

− 0.278 
(0.027) 

− 0.26 
(0.031) 

0.056 
(0.6) 

Processing speed 
z-score 

0.126 
(0.3) 

− 0.203 
(0.09) 

− 0.209 
(0.08) 

− 0.176 
(0.1) 

− 0.009 
(0.9)  
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