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Background

• Alzheimer’s disease (AD)

• Aβ plaques and neurofibrillary tangles

• Cortical atrophy

• Typically thought of as disease of grey matter

• However, white matter (WM) alterations also occur1-4

• Likely vascular-mediated
• Disrupts brain microcirculation

• Impaired clearance of waste products

• We have also shown vascular changes present in AD5-7
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Background

• Relationship between macrovascular flow and WM

microstructure alterations is still unclear

• Goal:

• Utilize 4D Flow MRI (cerebrovascular dynamics)

• Utilize DTI NODDI (WM microstructure)

• 20 AD and 41 cognitively normal (CN) subjects

1. Compare WM axon density between AD/CN groups

2. Correlate WM axon density with vascular measures

a. Carotid pulse wave velocity (stiffness)

b. Carotid pulsatility index (resistance)

c. Total cerebral blood flow

4D Flow

Image: Rivera-Rivera LA, et al (2016). JCBFM 36(10). 

NODDI
ODI NDI ffw
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PWV

Patient Demographics

• 20 Alzheimer’s disease subjects
• Characterized as “dementia due to probable AD1,2”

• 41 Cognitively normal subjects

CN 

(N=41)

AD 

(N = 20)
p-value

Age (years) 74 ±7 73 ±9 0.96a

Female (n, %) 23, 56.1 13, 65.0 0.58b

Parental history of dementia (n, %) 1, 2.44 7, 35.0 0.001b

APOE ε4 carrier (n, %)* 1, 2.44 6, 30.0 2.51e-04b

SBP (mmHg) 132 ±22 131 ±19 0.78a

DBP (mmHg) 78 ±9 75 ±6 0.23a

HR (bpm) 62 ±9 60 ±11 0.55a

CN = cognitively normal; AD = Alzheimer’s disease; APOE = apolipoprotein E; SBP = 

systolic blood pressure; DBP = diastolic blood pressure; HR = heart rate
aTwo sample t-test
bFisher’s exact test 

Bold indicates statistical significance (p<0.05)

Methods

1McKhann GM, et al (2011). Alzheimers Dement 7(3)
2Jack CR, et al (2018). Alzheimers Dement 14(4) 



4D Flow Measurements

• Total cerebral blood flow (tCBF)
• tCBF = FlowICA + FlowBA

• Pulsatility index (PI)
• Vascular resistance

• Pulse wave velocity (PWV)
• Vascular stiffness

• Local low rank reconstruction1
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Methods

PWV

MR Parameter Value

Scanner 3.0T GE Discovery MR750

Coil 32 Channel Head

Sequence PCVIPR2,3

Encoding Scheme 5-point balanced

Projections 11,000

TR 7.4 ms

TE 2.7 ms

Venc 75 cm/s

Resolution 0.7 mm isotropic

Cardiac frames 100

1Rivera-Rivera LA, et al (2021). JCBFM 41(2).
2Gu T, et al (2005). AJNR 26(4).
3Johnson KM, et al (2008). MRM 60(6).

1Rivera-Rivera LA, et al (2021). JCBFM 41(2).
2Gu T, et al (2005). AJNR 26(4).
3Johnson KM, et al (2008). MRM 60(6).



Background ∙ Methods ∙ Results ∙ Discussion

NODDI – Neurite Orientation Dispersion 

and Density Imaging 

• Fit DTI signal into 3 compartment model

1. Intracellular space (Vic)

• Highly-restricted diffusion

• Axons and dendrites

• Modelled as dispersed sticks

2. Extracellular space (Vec)

• Hindered diffusion

• Space between neurites

• Modelled as dispersed cylinders

3. Cerebrospinal fluid (Viso)

• Free diffusion

• Modelled as isotropic Gaussian
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NODDI – Neurite Orientation Dispersion and 

Density Imaging1

• Neurite density index (NDI)

• Orientation dispersion index (ODI)

• Free water fraction (ffw)
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Methods

MR Parameter Value

Scanner 3.0T GE Discovery MR750

Coil 32 Channel Head

Sequence Spin-echo EPI

Shells 6 ×b=0 s/mm2

9 ×b=500 s/mm2

18 ×b=800 s/mm2

36 ×b=2000 s/mm2

Resolution 2 mm isotropic

TR 8575 ms

TE 76.8 ms

Flip angle 8 degrees

NODDI – Neurite Orientation Dispersion and 

Density Imaging1

• Neurite density index (NDI)

• Orientation dispersion index (ODI)

• Free water fraction (ffw)

1Zhang H, et al (2012). Neuroimage 61(4). 

NODDI
ODI NDI ffw
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PWV

Diffusion Tensor Data

• FSL/MRtrix
• Denoise: dwidenoise

• Remove Gibb’s Artifact: mrdegibbs

• Brain extraction: BET

• Eddy current correction: eddy

• Subject motion analysis: eddy_quad/eddy_squad

• DTI Parameter Estimation: dtifit

• NODDI Matlab Toolbox

• NDI maps

• FSL
• Tract-based Spatial Statistics: tbss

• Statistical Analysis: Glm (randomise)

Methods
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PWV

TBSS Hypothesis Tests

• Are there differences in NDI Between AD and CN subjects?

• Are there correlations between PWV/PI/tCBF and NDI for AD and CN subjects?

• Post hoc analysis in significant tracts

• ROIs identified with JHU WM atlas

• Mean NDI values were extracted for 

each subject

Methods

Body of corpus 

callosum

Red: Significant voxels

White: Mean FA skeleton

JHU White 

Matter Atlas



Background ∙ Methods ∙ Results ∙ Discussion
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TBSS Hypothesis Tests

• Compare NDI Between AD and CN
• CN NDI > AD NDI?

Similar results observed by 

Slattery et al1 and Fu et al2

1. Slattery CF, et al (2017). Neurobiol Aging 57

2. Fu X, et al (2020). Clin Neuroradiol 30(3)

Results

CN NDI > AD NDI

Z=67

Z=87

Z=107

R L
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ROI Analysis

• CN NDI > AD NDI

• WM regions identified on 

TBSS using JHU WM atlas

• ANCOVA 

• Adjusted for age/sex

• Corrected for multiple 

comparisons

Results



TBSS Hypothesis Tests

• Compare NDI Between AD and CN
• CN NDI > AD NDI?

• Correlation - PWV and NDI
• No significant findings

• Correlation - PI and NDI
• No significant findings
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No significant findings!

Results



TBSS Hypothesis Tests

• Compare NDI Between AD and CN
• CN NDI > AD NDI?

• Correlation - PWV and NDI
• No significant findings

• Correlation - PI and NDI
• No significant findings

• Correlation - tCBF and NDI
• CN βtCBF ≠ 0?

• AD βtCBF ≠ 0?
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Results

CN βtCBF > 0

Z=67

Z=87

Z=107

R L
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ROI Analysis

CN βtCBF > 0

• Multiple Regression

• Adjusted for age/sex

• Corrected for multiple 

comparisons

Results
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Results

p=0.734

R2=0.098

p=4e-04**

R2=0.323
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Results
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Background ∙ Methods ∙ Results ∙ Discussion

2 2           

Adjusted tC   (m  s)

0  

0  2

0   

0   

0   

0  

0  2

0   

0   

A
d
ju
s
te
d
  
D
  
(a
 u
 )

Cognitively Normal    e t S perior  ongit dinal Fascic l s

Adjusted data

 it:   0 02 0  

    conf  bounds

2 2           

Adjusted tC   (m  s)

0   

0  

0   

0  

0   

0  

0   

A
d
ju
s
te
d
  
D
  
(a
 u
 )

Alzheimer s Disease    e t S perior  ongit dinal Fascic l s

Adjusted data

 it:    0 0 0   

    conf  bounds

p=0.012

R2=0.221

p=0.230

R2=0.151



20

Significant Findings
1. White matter density was decreased in AD subjects 

• Variety of WM regions1,2

2. Positive correlation between cerebral blood flow and axon density in CN subjects

• Corpus callosum

• Superior longitudinal fasciculus

3. No associations between CVD and NDI for AD subjects

Limitations and Future Work
• Small sample size

• Need longitudinal data with subjects along the AD continuum to look at potential 

causative affects of CVD on WM microstructure

Conclusion
• WM microstructure alterations, as measured by NDI, were observed in AD group

• Cerebral blood flow was significantly correlated with WM axon density only in control group

Discussion 1. Slattery CF, et al (2017). Neurobiol Aging 57

2. Fu X, et al (2020). Clin Neuroradiol 30(3)
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Recent Work

Categorize patients using PET
• Total of 113 subjects from ADRC and WRAP

• 60 subjects reconstructed so far

• Using Dmipy for NODDI reconstruction

• MUCH FASTER!

• Scanned with 69-volume multi-shell sequence

• Waiting on 53 remaining subjects

• Scanned with 91-93 paired HYDI sequence

• Consider data harmonization techniques

Dmipy UCL Toolbox

~1 hour 8 hours
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