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Background and Purpose: Recently, there has been growing interest in the 

glymphatic system (the functional waste clearance pathway for the CNS) and its 

role in flushing solutes (such amyloid ß and tau), metabolic and other cellular 

waste products in the brain. Herein, we investigate a recent potential biomarker 

for glymphatic activity [the Diffusion Tensor Imaging Along the Perivascular 

Space (DTI-ALPS) parameter] using Diffusion MRI imaging in an elderly 

cohort comprising 10 cognitively normal, 10 Mild Cognitive Impairment 

(MCI), and 16 Alzheimer's disease (AD) . 

Methods: All 36 participants imaged on a Siemens 3.0T Tim Trio. Single-SE 

diffusion weighted Echo-planar imaging  scans were acquired as well as T1 

Magnetization Prepared Rapid Gradient Echo, T2 Axial and Susceptibility 
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Weighted Imaging. 3mm regions of interest were drawn in the projection and 

associations fibres adjacent to the medullary veins at the level of the lateral 

ventricle. The DTI-ALPS parameter was calculated in these regions and 

correlated with cognitive status, Mini-Mental State Examination (MMSE) and 

ADASCog11 measures. 

Results: Significant correlations were found between DTI-ALPS and MMSE 

and ADASCog11 in the right hemisphere adjusting for age, sex and APoE ε4 

status. Significant differences were also found in the right DTI-ALPS indices 

between cognitively normal and AD groups (p < 0.026) and MCI groups (p < 

0.025) in a univariate General Linear Model corrected for age, sex and APoE 

ε4. Significant differences in Apparent Diffusion Coefficient between 

cognitively normal and AD groups were found in the right projection fibres 

(p=0.028) 

Conclusion: Further work is needed to determine the utility of DTI-ALPS index 

in larger elderly cohorts and whether it measures glymphatic activity. 
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Introduction 

There is currently significant interest in the glymphatic system
1-3

 – the 

functional waste clearance pathway for the CNS – and its role in removing 

solutes (such as amyloid-β and tau), metabolic, and other cellular waste 

products from the brain. So much so, that the term “Neurofluids”
4
 has been 

coined lately to describe collectively the various  fluids (venous, arterial, 

cerebrospinal fluid (CSF), and interstitial fluid (ISF)) present in the extracellular 

brain compartments, and is a useful term when discussing the glymphatic 

system. It is hoped that a knowledge of neurofluid dynamics, and how “open” 

these fluid channels are in the presence of neurological conditions, will greatly 

assist in our understanding of glymphatic system related diseases. For example, 

it has been hypothesized that a failure in the clearance of soluble amyloid-β 

from the brain’s interstitial space contributes to accumulation of amyloid 

plaques and Alzheimer’s Disease (AD) progression.
5,6

  Glymphatic function 

may therefore be used as a potential biomarker of AD progression.  

Measurements of glymphatic dynamics have mainly been performed in animal 

MRI studies.  Adoption in human studies has been limited, due to the need for 
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intrathecal administered tracers
7
 with serial imaging to track fluid movement 

over longer periods of time.   

However, a range of new techniques is being investigated to help assess  

glymphatic function.
8-12

  One recent study
13

 applied Magnetic Resonance (MR) 

Diffusion Tensor Imaging (DTI) for this purpose. The study identified 

projection and association fibres orthogonal to the perivascular space at the 

level of the lateral ventricles, and developed an index referred to as Diffusion 

Tensor Imaging Along the Perivascular Space (DTI-ALPS) that measured water 

diffusion aside the perivascular space which if verified might be used as a proxy 

marker for  glymphatic function. That study showed significant positive 

correlations between DTI-ALPS and cognitive function assessed with the Mini-

Mental State Examination (MMSE),
14

 as well as significant negative 

correlations between the mean diffusivities of the projection fibres (adjacent to 

the lateral ventricle) and association fibres (superior longitudinal fascicles) with 

MMSE scores.  

Other studies
15,16

 have also made use of the DTI-ALPS index in both patients 

with Parkinson’s Disease and Idiopathic Normal Pressure Hydrocephalus. DTI-

ALPS showed promising results in its ability to differentiate between these 

disease groups, but currently there is a paucity of evidence for its utility in 

people with or at risk of dementia. Therefore, in this study, we aimed to 
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evaluate DTI-ALPS in 26 people with either mild cognitive impairment (MCI) 

or established AD and 10 cognitively normal participants (controls).  We also 

investigated whether there are any relationships between the DTI-ALPS index 

and cognitive groups, as well as with two measures of cognitive function, 

MMSE and ADAS-Cog11.
17

  

Methods 

Participants 

The sample in this study was drawn from data of two clinical trials. The first 

trial cohort consisted of 108 older volunteers with subjective memory 

complaints or mild cognitive impairment, living in the Melbourne metropolitan 

area (median age [IQR] - 73 years [67.25,76.0]), recruited from participants of 

the Australian Imaging, Biomarkers and Lifestyle (AIBL Active) study
18

 of 

whom MR scans from 20 of these were selected for inclusion in this study. The 

16 participants living with AD were recruited from the VEL015 trial
18

 which 

was a randomized double-blind controlled trial of sodium selenate in people 

with mild-moderate AD to assess tolerability, and efficacy in varying selenium 

concentration in the central nervous system (CNS). Identical imaging protocols 

were used for both trials and on the same scanner. All scans were acquired on 
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the same MR scanner. The inclusion and exclusion criteria and power 

calculation for the AIBL Active RCT have been published in the trial protocol 

paper,
19

 and for the VEL015 trial here.
20

  The sample data was derived from the 

original data in both trials to ensure there was no selection bias in age, sex, or 

APoE ε4. Demographic information for the samples in this study is given in 

Tables 1 and 2. There were no significant differences in age, sex or APOE ε4 

between the drawn samples and the population. 

MR Imaging 

All 36 participants underwent MR imaging, after providing written consent, 

following recruitment on a Siemens 3.0T Tim Trio (Siemens Healthineers, 

Erlangen, Germany) using the system’s 12-channel head array coil at the Royal 

Melbourne Hospital as part of the AIBL Active study
19

 and VEL015 study.
20,21

 

The MR sequences were as follows:  

1. Single-SE diffusion-weighted Echo-planar imaging (EPI) were acquired: 

Repetition Time (TR)/Echo Time (TE) = 8700/92 ms, Field-of-view 

(FOV) 240 x 240 mm, matrix 96 x 96, b = 1000 s/mm
2
, voxel size 2.5 

mm
3
, 30 directions (gradient direction definitions as provided by vendor); 

2. Susceptibility weighted Imaging using 3D gradient recalled echo and 

Minimum Intensity Projection (mIP) images: TR/TE=40ms/30ms, FOV = 
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164x250mm , matrix=336x512, voxel size 0.48x0.48x4mm,  ⍺=15°); 3. 

Structural T1-weighted Magnetization Prepared Rapid Gradient Echo: 

TR/TE/Inversion Time=1,900/2.13/900ms, FOV=256×256mm, 

matrix=256×256, ⍺=9◦, voxel size 1 mm
3
, bandwidth/pixel 219 hz; and 4. 

2D T2-weighted TSE axial images: TR/TE= 3000/98 ms; 

FOV=256×256mm, matrix, 512x512, voxel size 0.5x0.5x3mm, 

bandwidth/pixel 130 Hz, and turbofactor 21.  

 

Diffusion Image Analysis  

In this study, we were interested in measuring proton diffusion metrics along 

the perivascular space in regions of interest drawn by a neuroradiologist in order 

to calculate the DTI-ALPS index. To do this, required accurate identification of 

medullary veins structures at the level (slice) of the lateral ventricles. The 

perivascular spaces run concentrically along these veins. These fine veins 

cannot be seen on diffusion images and can be best identified on Susceptibility-

Weighted Imaging (SWI) scans. In order to precisely overlay both Diffusion-

Weighted Imaging (DWI) and SWI scans to measure diffusion values in the 

correct regions, for each patient the DWI and SWI scans were both co-

registered to a common space of the high-resolution T2-axial scans.  
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The diffusion-weighted MRI data were initially pre-processed using the 

Tortoise software package (National Institutes of Health, Bethesda, Maryland, 

v3.1.1).
22,23

 The raw DWI were Anterior Commissure (AC)-Posterior 

Commissure (PC) corrected and the skull removed using AFNI.
24

 Moreover, 

Tortoise corrected the data  for Gibbs ringing artefacts, subject motion and 

eddy-current artefacts, as well as EPI susceptibility distortions using 

DIFFPREP.
22,23

 The T2-weighted axial scans were also AC-PC corrected using 

standard AFNI scripts to register the T1-weighted structural images to MNI152 

space, and the T2-weighted images to the T1. Diffusion tensors were then 

calculated (informed RESTORE) on a per pixel basis and registered to the AC-

PC-corrected T2-weighted images using ANTS.
25

  The minimum intensity 

projection (mIP) images were visually better suited than the SWI for co-

registration to the T2-weighted images, and the elastic transformations derived 

from this applied to the SWI images to transfer them to T2-space. The co-

registered SWI and DTI images were visually checked to ensure anatomical 

agreement.  

With FSLEyes
26

 the V1 (primary eigenvector)-color-indexed fractional 

diffusion anisotropy maps (which were derived from the aforementioned DTI 

scans) and SWI images were overlayed and a qualified neuro-radiologist with 

over 25 years of experience marked two 3mm spherical regions of interest 
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(ROIs) in the region of the projection and association fibres for both 

hemispheres and adjacent to the medullary veins at the level of the lateral 

ventricle (Figure 1). Care was taken to ensure that the ROI’s lay exclusively in 

the selected fibre tracts. The DTI-ALPS index
13

 measures the ratio of the mean 

of the x-axis diffusivity in the area of projection fibres (Dx,proj) and x-axis 

diffusivity in the area of association fibres (Dx,assoc) to the mean of y-axis 

diffusivity in the area of projection fibres (Dy,proj) and z-axis diffusivity in the 

area of association fibres (Dz,assoc) and is given by: 

ALPS index = mean (Dx,proj, Dx,assoc)/mean (Dy,proj, Dz,assoc). 

It has been used as a proxy for glymphatic activity
13

 and was calculated for each 

participant in this study.  Thereafter, its relationship was assessed with the 

individual MMSE and Alzheimer's Disease Assessment Scale–Cognitive 

Subscale (ADAS-Cog11) scores. DTI-ALPS values near 1 indicate little 

diffusion along the perivascular space, whilst higher values include greater 

diffusivity. All co-registrations herein were visually inspected. A diagram of the 

main aspects of the processing pipeline is given in Figure 1. 
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Cognition Scores and APoE ε4 

The MMSE cognitive performance scores were obtained for all participants.
14,27

 

Moreover, the Memory Complaint Questionnaire (MAC-Q) score
28

 was used to 

determine perceived cognitive decline in the 10 cognitively normal participants. 

The Consortium to Establish a Registry for Alzheimer’s Disease (CERAD) 

neuropsychological assessment battery was employed to identify 10 participants 

with MCI from the AIBL cohort.
29

 The 16 participants living with AD were 

diagnosed with probable AD according to NINCDS-ADRDA criteria.
30

 

Presence of at least one APoE ε4 allele was determined from baseline blood 

samples. 

Statistical Methods 

All statistical analyses, including demographics, partial correlations, and 

general linear models were performed with SPSS 26.0.
31

 Independent sample t-

tests were used to compare DTI-ALPS index between cognitive groups and 

Cohen’s d to calculate effect-sizes (Tables 3 and 4). Partial correlations (in 

Table 5) used two-tailed testing. A univariate general linear model was used (in 

Table 6) to examine the association of DTI-ALPS index between all three 
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cognitive groups, adjusted for age, and two dichotomous variables, sex and 

APoE ε4.  

 

Results 

In Table 1, the demographics (age, sex) and cognitive information for each 

participant are given. Summary statistics in Table 2. 

In Figure 2a and 2b, the location of the 3mm spherical ROIs used to assess the 

DTI-ALPS index for each participant are displayed. The normally overlaid SWI 

and V1 maps have been separated here for viewing purposes. Projection fibres 

are labelled blue, and association fibres green.  

In Tables 3 and 4, the results for the DTI-ALPS index measures are given, with 

mean values for each cognitive group listed in Table 3, and effect-sizes and t-

test results between groups in Table 4. No significant changes were found 

between groups with effect sizes ranging from small (Right DTI-ALPS index 

between Cognitively normal vs MCI groups) to medium (Right DTI-ALPS 

index between Cognitively normal vs AD groups). 

Table 5 displays partial correlations between DTI-ALPS indices and two 

measures of cognitive score (MMSE or ADASCog11) adjusted for age, sex and 
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APoE ε4 status. Significant correlations were found only in the right 

hemisphere with the ADASCog11 (p < 0.009) and MMSE (p < 0.023). 

In Table 6, significant differences in right DTI-ALPS indices were found 

between cognitively normal and AD groups (p < 0.026) and MCI groups (p < 

0.025) in a univariate corrected for age, sex and APoE ε4. No such differences 

were found with the left DTI-ALPS index. Multiple-comparison corrected 

values are given based on the estimated marginal means for DTI-ALPS in the 

model. There were also no significant changes in DTI-ALPS between MCI vs 

AD groups. 

In Table 7, a univariate General Linear Model (GLM) corrected for age, sex and 

APoE ε4 is given for the Apparent Diffusion Coefficient (ADC) which is a 

measure of the mean diffusion in each voxel.  In the projection fibres, the ADC 

is significant between cognitively normal and AD groups (p < 0.028), but falls 

just outside significance when multiple comparisons on the marginal means are 

calculated (p < 0.057). There were no significant results between MCI and 

cognitively normal groups (p < 0.254). There were also no significant 

differences found in the association fibres between any of the cognitive groups. 
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In Figure 3 the estimated marginal means (mean response) is shown for the 

right DTI-ALPS index using the GLM in Table 6 across all cognitive groups, at 

the mean value of the covariate (age = 72.2), adjusted for sex and APoE ε4. 

 

Discussion 

Recently, there has been considerable and growing interest in the nature of the 

fluid circulation in the glymphatic system, especially in the interstitial space, 

and driving mechanisms for this circulation. Transport in the perivascular space 

is believed to be advective (i.e. bulk flow) and caused by cardiac pulsatility,
1,32-

34
 in the parenchyma. However, some studies

35-37
 have questioned the role of 

advection and contended that diffusion plays the most important role in the 

transport of neurofluids.
38-44

  One recent study
45,46

 used mathematic modelling 

to suggest both diffusion as well as advection are involved in fluid transport in 

the parenchyma. However, a review of such studies
47

 concluded that there is a 

consensus that suggests diffusion is most likely the primary agent that drives 

fluid transport in the interstitial space.   

Diffusion-weighted imaging is particularly suited to measuring CSF dynamics 

when compared to tracer studies because of the relatively short scanning time 
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involved, its non-invasive nature and its inherent sensitivity to microscopic 

motion. By measuring the DTI-ALPS index, this study elucidated the diffusion 

characteristics along the perivascular spaces of 36 participants either at risk of 

developing AD, living with AD, or cognitively normal controls. By overlaying 

SWI on T2-axial scans to exaggerate the presence of medullary arteries/veins 

and perivascular spaces, it was possible to draw 3mm ROIs. These ROIs were 

placed along the line of the medullary arteries and veins which occupy the 

perivascular space and which run orthogonal to white matter projection and 

association fibres. It was hypothesized that changes in diffusivity in these fibres 

may reflect changes in diffusion along the perivascular space and can be 

assessed with the DTI-ALPS index.
13,48

 

Some other studies have made use of the DTI-ALPS index.  A recent study
16

 

measured DTI-ALPS along the perivascular space in 25 people with 

Parkinson’s  Disease (PD), 25 people with PD with mild cognitive impairment  

(PD-MCI), 25 people with PDD (PD with Dementia), and 47 normal controls 

(ND). They found that PD-MCI (p < 0.012) and PDD (p < 0.001) participants 

experienced a significantly lower ALPS index than the normal controls, but no 

significant differences were found between the PD subgroups examined.  In 

addition, significant correlations with MMSE were found. They concluded that 

the lower diffusivity values along the perivascular space were suggestive of 
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deterioration of the glymphatic system. Yokota et al.
15

 studied the ALPS index 

in 24 Idiopathic Normal Pressure Hydrocephalus (iNPH) patients (12 diagnosed 

as pseudo-iNPH).  Significant differences in ALPS index were found between 

the iNPH patients and controls (p < 0.001), pseudo-iNPH and controls 

(p=0.003), and pseudo-iNPH and iNPH (p < 0.001). They also performed a 

ROC curve analysis, and found the ALPS parameter was superior in 

distinguishing disease groups, compared to Evans index and callosal angle. 

We were unable to find any significant differences in DTI-ALPS between 

cognitive groups using the groups means in an independent-samples t-test (see 

Table 4). However, significant partial correlations of right DTI-ALPS were 

shown with the cognitive test scores MMSE and ADASCog11 (p = 0.024 for 

MMSE, and p = 0.019 for ADASCog11. In addition, significant differences in 

right DTI-ALPS between normal versus MCI groups and normal versus AD 

groups were found in a univariate GLM correcting for age, sex and APoE ε4.  

No significant correlations were similarly found in the left-hemisphere which 

we are currently unable to explain, despite the fact the ROI placement 

procedures were identical.  

Currently, there is a lack of literature using DTI in dementia studies for the 

purposes of measuring glymphatic phenomena. One recent study
49,50

 used multi-

shell diffusion imaging to evaluate the impact of perivascular space fluid (PVS) 
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on DTI values, and found that the PVS fluid can bias such results, casting a 

doubt on whether white matter degeneration due to ageing was entirely 

responsible.  

The original study
13

 however serves as the basis for this study.  Both that study 

and this one used similar diffusion protocols and with the same number of 

diffusion gradient directions in calculating DTI-ALPS.  However, our slice 

thickness was slighter higher (3mm) compared to 2.5mm in the earlier study.  

Our results though differ from it in some important respects which are as 

follows:  

Firstly, we investigated ROIs in both hemispheres (compared to only the left 

hemisphere in the earlier work
13

 but as a result had to reduce our regions of 

interest from 5mm to 3mm radius to ensure they remained entirely within the 

projection and association tracts in both hemispheres. We found no significant 

correlation between DTI-ALPS index and MMSE in the left hemisphere 

compared to the earlier study.
13

 Results were statistically significant in the right 

hemisphere and only when adjusted for age, sex, and APoE ε4 which we believe 

very likely present a confounding influence unless the groups are a priori well-

matched in these variables.  Secondly, we also looked at differences between 

cognitive groups in a GLM model, and found significant changes in DTI-ALPS 

index between controls vs AD, and controls vs MCI. This may indicate reduced 
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glymphatic activity via impaired water diffusivity along the perivascular space 

in MCI and AD compared to controls, although other unknown factors cannot 

be discounted that may also inhibit free diffusion and restrict the flow of 

neurofluids in these compartments. This suggests, with further validation on 

larger datasets needed, that this parameter may serve as a useful imaging 

biomarker in identifying people with or at risk of dementia. 

In this pilot study, limitations included small sample size, some variability in 

region of interest placement that still satisfied the same location criteria, and the 

retrospective nature of the study. Furthermore, our SWI images were of a higher 

slice thickness (4mm) than is typical. This higher slice thickness whilst 

improving the SNR of the SWI images, also exacerbates partial voluming 

affects as well as potential registration artefacts. In addition, white matter (WM) 

hyperintense lesions which were more prevalent amongst the AD participants 

can influence diffusion measures in normal appearing WM but were not 

adjusted for here. A- Amyloid status was unfortunately not available for the 

AD patients, and only incomplete information for the healthy controls (80% A 

negative) and MCI participants (also 80% A negative). 
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As with any DTI study, high quality data, pre-processing, and accurate 

registrations were found to be critical in providing an accurate measurement of 

the DTI-ALPS index.   

 

Registrations of both SWI and DTI pre-processed results to T2-space were 

performed with custom registrations scripts using ANTS and AFNI.  Any errors 

produced in these processes, especially the standard difficulties in registration 

of highly atrophied AD images, may noticeably affect the final DTI-ALPS 

results. However, all elastic intra-subject registrations were visually assessed by 

interactive image blending and appeared to be of high quality for this study, 

with affine registrations being the major component.  

In conclusion, advanced imaging of the glymphatic system may provide 

significant benefits to our understanding of the pathophysiology of neurological 

disease. Using a standard diffusion model, we found the DTI-ALPS index was 

able to differentiate between normal controls, MCI and AD groups. Significant 

correlations were also found between the DTI-ALPS index and two cognitive 

scores (MMSE and ADASCog11) of 36 participants either with dementia or at 

risk of the disease.  Further imaging studies are needed to assist in improved 

visualization of the perivascular space in order to help validate the usefulness of 
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the DTI-ALPS parameter and whether it may be a biomarker of neurofluid 

dynamics in the glymphatic system. 
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Participant Age (years) Sex MMSE ADAS-cog11 APoE 4 
Cognition 

Status 

1 76 1 28 6.00 .00 0 

2 75 0 29 5.00 .00 0 

3 74 0 30 10.00 .00 0 

4 73 1 30 11.00 1.00 0 

5 74 0 29 3.00 1.00 0 

6 76 1 30 4.00 .00 0 

7 71 1 29 3.00 .00 0 

8 84 1 28 12.00 .00 0 

9 65 0 29 8.00 1.00 0 

10 70 0 28 10.00 .00 0 

11 77 0 29 15.00 .00 1 

12 88 1 29 12.00 1.00 1 

13 69 1 30 7.00 .00 1 

14 72 0 27 13.00 .00 1 

15 67 0 29 8.00 1.00 1 

16 73 1 29 7.00 1.00 1 

Table 1. Demographics, Sex (0 male, 1 female), MMSE, ADAS-cog11, Cognition Status (0 for 

cognitively normal, 1 for MCI, and 2 for AD), and APoE 4 (1 for 4 positive and 0 for 4 negative). 
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17 89 1 28 14.00 .00 1 

18 79 1 28 8.00 .00 1 

19 67 1 30 5.00 .00 1 

20 80 0 29 13.00 .00 1 

21 68 0 16 37.00 1.00 2 

22 66 0 22 24.33 .00 2 

23 63 1 20 17.00 .00 2 

24 59 0 15 36.66 1.00 2 

25 62 0 18 14.33 1.00 2 

26 65 0 14 31.67 1.00 2 

27 73 0 28 19.00 1.00 2 

28 62 1 17 18.33 1.00 2 

29 81 0 19 19.33 .00 2 

30 63 1 17 26.00 1.00 2 

31 69 0 25 19.66 1.00 2 

32 75 1 15 27.66 1.00 2 

33 78 1 13 34.33 1.00 2 

34 67 0 16 33.00 .00 2 

35 82 0 28 9.67 1.00 2 

36 73 0 16 14.33 .00 2 
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Cognitively Normal 

(Aibl Active) 

MCI 

(Aibl Active) 

AD 

(VEL015) 

Entire 

Cohort 

(N=77) 

Study 

Cohort 

(N=10) 

p-

value 

Entire 

Cohort 

(N=31) 

Study 

Cohort 

(N=10) 

p-

value 

Entire 

Cohort 

(N=40) 

Study 

Cohort 

(N=16) 

p--

value 

Age (Years) 
72.97 

(5.94) 

73.80 

(4.89) 
0.70 

73.45 

(5.75) 

76.10 

(7.99) 
0.30 

71 

(61-81) 

69.13 

(59-82) 
0.61 

Sex (Female, 

%) 

42 

(54.45%) 
5 (50%) 0.79 

15 

(48.39%) 
6 (60%) 0.52 

17 

(42.5%) 

5 

(31%) 
0.83 

APoE 4 

(4+, %) 

19 

(24.6%) 
3 (30%) 0.72 

10 

(32.26%) 
3 (30%) 0.89 

27 

(67.5%) 

 

11 

(69%) 

 

0.43 

MMSE 
29.18 

(1.04) 

28.5 

(0.97) 
0.07 

28.35 

(1.68) 

28.3 

(1.57) 
0.94 

20 

(2) 

18.7 

(4.73) 
0.45 

ADASCog11 
6.06 

(3.11) 

6.30 

(2.98) 
0.81 

9.55 

(4.58) 

8.60 

(3.03) 
0.46 

22.08 

(5.17) 

23.9 

(8.69) 
0.71 

 

N=number of participants, Aibl: Australian Imaging, Biomarkers and Lifestyle 

Table 2. Mean and Standard Deviation (or range) for demographics organized by cognitive group 

(Normal, MCI and AD) and comparison with source trial data.  
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Table 3. Mean ± standard deviation values of DTI-ALPS indices between cognitive groups 

Cognitive Group Right DTI-ALPS Left DTI-ALPS 

ALL 1.5198 ± 0.1920 1.4540 ± 0.1578 

Cognitively normal 1.5812 ± 0.2258 1.4830 ± 0.1671 

MCI 1.5043 ± 0.2314 1.4346 ± 0.1644 

AD 1.4912 ± 0.1400 1.4479 ± 0.1557 
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Table 4. Effect size (Cohen’s d) and t-test results for the left and right DTI-ALPS parameter between 

cognitive groups.  

 

 Right DTI-ALPS Left DTI-ALPS 

Cognitively normal vs MCI 0.34 (p=0.46) 0.29 (p=0.52) 

Cognitively normal vs AD 0.48 (p=0.22) 0.22 (p=0.59) 

MCI vs AD 0.07 (p=0.86) 0.08 (p=0.84) 

 

Effects sizes are medium for normal vs MCI and normal vs AD groups. 
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Table 5. Partial Correlation (bootstrapping with 1000 iterations) for DTI-ALPS index and cognitive 

score (MMSE or ADASCog11) adjusted for age, sex, and APoE ε4. 

 

 MMSE ADASCog11 

Right DTI-ALPS 
r (31) = 0.394 

p =0.023 

r (31) = -0.448 

p = 0.009 

Left DTI-ALPS 
r (31) = 0.271 

p = 0.128 

r (31) = -0.264 

p = 0.137 

 

 

 

 

 

 

 

 

 

 



 

 

 

This article is protected by copyright. All rights reserved. 

 

33 

 

 

   

Table 6. Univariate GLM for right DTI-ALPS index between cognitively normal, MCI and AD 

groups, adjusted for age, sex, and APoE4.  

 

 

 

 

Contr

ast 

Estim

ate 

Hypothes

ized 

Value 

Difference 

(Estimate 

- 

Hypothesi

zed) 

Standar

dd. 

Error 

Significa

nce. 

Sig.Signific

ance 

(multiple 

comparison 

corrected) 

95% 

Confide

nce 

Interval 

for 

Differen

ce 

(Lower) 

95% 

Confide

nce 

Interval 

for 

Differen

ce 

(Upper) 

MCI vs. 

Cogniti

vely 

normal 

-.219 0 -.219 .091 p=.025 p=.024 -.407 -.031 

AD vs. 

Cogniti

vely 

normal 

-.215 0 -.215 .091 p=.026 p=.034 -.403 -.028 

 

GLM=General Linear Model, ADC=-Apparent Diffusion Coefficient 
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Table 7. Univariate GLM for ADC (mean diffusion) in the right projection fibres between cognitively 

normal, MCI and AD groups, adjusted for age, sex, and APoE4.   

 

 

 

Contr

ast 

Estim

ate 

Hypothesi

zed Value 

Difference 

(Estimate 

- 

Hypothesi

zed) 

Standar

dtd. 

Error 

Significa

nce. 

Significa

nce. 

(multiple 

comparis

on 

corrected

) 

95% 

Confide

nce 

Interval 

for 

Differen

ce 

(Lower) 

95% 

Confide

nce 

Interval 

for 

Differen

ce 

(Upper) 

MCI vs. 

Cognitiv

ely 

normal 

-

41.22

8 

0 -41.228 35.234 p=.254 p=.454 
-

114.116 
31.660 

AD vs. 

Cognitiv

ely 

normal 

--

84.76

5 

0 -84.765 36.256 p=.028 p=.057 
-

159.766 
-9.764 

 

GLM=General Linear Model, ADC=-Apparent Diffusion Coefficient 
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Figure 1 – Pictorial description of the major elements of the image processing pipeline. 
With Diffusion Weighted Images (DWI), Susceptibility Weighted Images (SWI) and T2 data 
in (1), the T2 data is skull-stripped and AC-PC corrected using default AFNI scripts in (2). 
The diffusion data is skull-stripped, and a non-linear least squares method employed to fit 
the diffusion tensor using AFNI’s DTI tools. In (3), the B0 image is elastically registered to 
the T2-scans using ANTS, and the transformation applied to the full tensor. In this way, 
the primary eigenvector and standard DTI metrics are now in T2-space. The MIP images 
are skull-stripped using AFNI, and registered (with ANTS) to the same T2-data. The affine 
and warp transformations from this are applied to the SWI data to move it into T2-space. 
In (4), the primary eigenvector (scaled by the FA) is overlaid on the SWI data using FSL’s 
visualisation tool, FSLEYES.  A rater then marked 3mm spherical Regions of Interest (ROI’s) 
in the projection and association fibres at the level of the lateral ventricles. In (5), the 
diffusivity values in these regions of interest were used to calculate the DTI-ALPS index, 
which served as input to all subsequent statistical tests in SPSS 25. 
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Figure 2a and 2b – In Fig 2a, on the left, the primary eigenvector (V1) 

modulated by the Fractional Anisotropy and on the right, the 
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corresponding SWI images for one patient. Regions of Interest (ROI) masks in 

the projection fibres (blue (z axis)) and association fibres (green (y axis)) 

are indicated. Fig 2b below shows a zoomed image of the fibres with 3mm 

sample ROIs shown in grey in the left hemisphere. The arrows point to 

both Projection and Association Fibre regions. 

 

Figure 3. Estimated Marginal Means from the General Linear Model for right DTI-ALPS index 

between cognitively normal, MCI and AD groups, adjusted for age, gender, and APoEe4. 

 


