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a b s t r a c t 

Diffusion weighted imaging (DWI) is a widely recognized neuroimaging technique to evaluate the microstruc- 

ture of brain white matter. The objective of this study is to establish an improved automated DWI marker for 

estimating white matter integrity and investigating ageing related cognitive decline. The concept of Wasserstein 

distance was introduced to help establish a new measure: difference in distribution functions (DDF), which cap- 

tures the difference of reshaping one’s mean diffusivity (MD) distribution to a reference MD distribution. This 

new DWI measure was developed using a population-based cohort ( n = 19,369) from the UK Biobank. Validation 

was conducted using the data drawn from two independent cohorts: the Sydney Memory and Ageing Study, a 

community-dwelling sample ( n = 402), and the Renji Cerebral Small Vessel Disease Cohort Study (RCCS), which 

consisted of cerebral small vessel disease (CSVD) patients ( n = 171) and cognitively normal controls (NC) ( n = 43). 

DDF was associated with age across all three samples and better explained the variance of changes than other 

established DWI measures, such as fractional anisotropy, mean diffusivity and peak width of skeletonized mean 

diffusivity (PSMD). Significant correlations between DDF and cognition were found in the UK Biobank cohort 

and the MAS cohort. Binary logistic analysis and receiver operator characteristic curve analysis of RCCS demon- 

strated that DDF had higher sensitivity in distinguishing CSVD patients from NC than the other DWI measures. 

To demonstrate the flexibility of DDF, we calculated regional DDF which also showed significant correlation with 

age and cognition. DDF can be used as a marker for monitoring the white matter microstructural changes and 

ageing related cognitive decline in the elderly. 
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. Introduction 

Diffusion weighted imaging (DWI) is a non-invasive imaging tech-

ique widely used to investigate the microstructure of cerebral white

atter in vivo ( Terence et al., 2008 ). White matter integrity is critical to

ormal brain structure and function, and its disruption may accelerate

rain ageing as well as brain diseases. Various DWI measures have been

eveloped for investigation of white matter, with notable examples of

A (fractional anisotropy) and MD (mean diffusivity). DWI measures has

een reported associated with microstructural changes across the lifes-

an ( Mwangi et al., 2013 ). FA and MD ( Basser and Pierpaoli, 1996 ) are
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he two most commonly used DWI indexes to depict the directionality

nd magnitude of diffusion in the cerebral white matter. Changes of FA

nd MD have also been widely observed to be associated with cogni-

ive decline in the healthy elderly ( Abe et al., 2002 ; Grieve et al., 2007 ;

ebel et al., 2012 ) and in populations affected by small vessel disease

r Alzheimer’s disease ( Croall et al., 2017 ; Li et al., 2018 ). 

Efforts have been made to develop DWI-derived metrics that are sen-

itive to changes in specific cognitive domains or specific neuropatholo-

ies. Peak width of skeletonized mean diffusivity (PSMD) is a novel

easure introduced in 2016 ( Baykara et al., 2016 ). PSMD has been

xtensively used to investigate cerebral small vessel disease (CSVD),

nd is defined as the difference between the 95 th and 5 th percentiles
. 
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f skeletonized MD. It has been found to be highly correlated with pro-

essing speed, a cognitive domain most detrimentally affected by CSVD

 Lam et al., 2019 ). However, if two individuals have similar level of

ariances in their MD distributions, their PSMD would not be much dif-

erent, even if the locations of the modes (the peaks) of the two dis-

ributions are very different. This is because PSMD captures only the

ariability of MD distribution without accounting for the shift of the

istribution. 

The aim of our study, therefore, was to develop a new DWI metric

hich would capture the comprehensive profile of MD distribution of

he whole brain white matter by considering the accumulative shift of

D of each voxel. This new measure should meet two major criteria:

ble to capture the change of age, and the change in cognition. Fur-

hermore, it should be able to differentiate diseased brains from healthy

nes. Our new DWI metric is a special case under the general framework

hich was developed in this study. We name this general framework the

ifference in distribution function (DDF). Under this framework, in ad-

ition to MD, other DWI indexes such as FA, AD (axial diffusivity) and

D (radial diffusivity) were also computed and investigated in Supple-

entary. 

Three independent cohorts were used to develop and validate

he new framework and measures. As a discovery dataset, we used

K Biobank, a large-scale cohort study with comprehensive data

n lifestyle, physical and mental health, brain MRI and cognition

 Collins, 2012 ). We investigated the associations between DDF and age

nd cognition in this cohort. Reliability and predictive validity of DDF

ere examined using two independent cohorts: the Sydney Memory and

geing Study (MAS) ( Sachdev et al., 2010 ) and the Renji Cerebral Small

essel Disease Cohort Study (RCCS) ( Du et al., 2019 ). 

. Materials and methods 

.1. Participants 

.1.1. UK Biobank 

UK Biobank ( www.ukbiobank.ac.uk ) ( Sudlow et al., 2015 ) is a large-

cale ongoing biomedical study which began in 2006 with a focus on in-

estigating the contributions of genetic and environmental influences on

geing and diseases. The UK Biobank project received ethical approval

rom the Research Ethics Committee within the terms of an Ethics and

overnance Framework and all participants provided written informed

onsent. We excluded seven participants with dementia, resulting in

9,369 participants being included in our study since the release date. 

As shown in supplementary Table e-1, educational attainment of UK

iobank participants was measured in seven categories, which we bi-

arized into either having attained a college/university degree or not

1 = college/university degree or above, 0 = otherwise). The age of a

articipant was the age at the MRI scan. 

.1.1.1. MRI acquisition. Brain imaging data from the UK Biobank co-

ort were obtained from three dedicated imaging centres (Manchester,

eading and Newcastle). The scanners had the same system, parameters

nd manufacturer (3T Siemens Skyra, software VD13) and a standard

iemens 32-channel receive head coil. We used T1-weighted, FLAIR

fluid-attenuated inversion recovery) and DWI scans. The parameters

or each MRI modality can be found in previous publications ( Alfaro-

lmagro et al., 2018 ; Miller et al., 2016 ) of UK Biobank. 

.1.1.2. Cognition. Cognitive tests were administered on a touchscreen

omputer. The short-term test-retest reliability and validity of the cogni-

ive tests (as correlations with other well-validated, standardised cogni-

ive tests) have been reported to be moderate to high, with mean Pearson

 = 0.55, ranging from 0.40 to 0.89, and mean Pearson r = 0.53, ranging

rom 0.22 to 0.83, respectively ( Fawns-Ritchie and Deary, 2020 ). 

Cognitive test data were acquired at the imaging visit (instance 2).

even tests from the UK Biobank battery of cognitive tests were selected
2 
or the current study to represent three cognitive domains ( Cox et al.,

019 ; Kendall et al., 2017 ). “Reaction Time ” (average time to cor-

ectly identify matches in a “snap ”-like card game task), “Trail Making

est A ” (time taken to complete a numeric path), and “Symbol Digit

ubstitution ” (number of correct symbol number matches within time

imit) formed the Processing Speed domain . “Numeric Memory ” (max-

mum number of digits remembered correctly) and “Pairs Matching ”

number of incorrect visual matching) contributed to the Memory do-

ain . “Trail Making Test B ” (time taken to complete an alphanumeric

ath) and “Fluid Intelligence ” (total number of questions that required

ogic and reasoning correctly answered) formed the Executive Function

omain . 

.1.2. MAS 

The first validation sample was drawn from Wave 2 of the

ommunity-dwelling population-based Sydney Memory and Ageing

tudy (MAS) ( Sachdev et al., 2010 ), which is a longitudinal study exam-

ning the predictors of cognitive decline in a nondemented, community-

welling sample. They were recruited randomly through the electoral

oll from two electorates of Eastern Sydney, New South Wales, Australia,

here registration on the electoral roll is compulsory. Participants with

ementia were excluded from the study at baseline. MRI scans were

vailable for Waves 1, 2 and 4 for about half of the participants in each

ave. We used the data of Wave 2 in our study as there were no DWI

ata available in Wave 1 and Wave 4 had fewer scans than Wave 2. Par-

icipants with dementia at Wave 2 were excluded (final n = 402). The

tudy was approved by the Human Research Ethics Committees of the

niversity of New South Wales (UNSW Sydney) and the South Eastern

ydney and Illawarra Area Health Service (SESLHD). Written informed

onsent was obtained from participants and informants. 

.1.2.1. MRI acquisition. The brain MRI data of Wave 2 were acquired

n Philips 3T Achieva Quasar Dual scanner (Philips Medical Systems,

est, The Netherlands) at Neuroscience Research Australia (NeuRA),

ydney, New South Wales, Australia. T1-weighted, FLAIR and DWI scans

ere used in this study. The standard protocol can be found in our pre-

ious publications ( Jiang et al., 2015 ). 

.1.2.2. Cognition. A battery of interview-based cognitive tests cov-

ring five cognitive domains were administered by trained psycholo-

ists. These tests ( Sachdev et al., 2010 ) include Attention/processing

peed: Digit Symbol-Coding, Trail Making test A; Executive function:

ontrolled Oral Word Association Test, Trail Making Test B; Memory:

ogical Memory Story A delayed recall, Rey Auditory Verbal Learning

est, Benton Visual Retention Test recognition; Language: Boston Nam-

ng Test – 30 items, Semantic Fluency (Animals); Visuo-spatial function:

lock Design. 

.1.3. RCCS 

The second validation cohort is Renji Cerebral Small Vessel Disease

orhort Study (RCCS), a cohort study of post-stroke cerebral small ves-

el disease (CSVD) patients with varying levels of cognitive performance

ecruited consecutively by the Renji Hospital, Shanghai Jiao Tong Uni-

ersity School of Medicine. Written informed consent was obtained from

articipants and informants and the study was approved by the Research

thics Committee of Renji Hospital School of Medicine, Shanghai Jiao

ong University ( Du et al., 2019 ). This study included detailed cognitive

ests across different domains and multi-modal MRI sequences, includ-

ng structural MRI, DWI and functional MRI. Forty-three age and sex

atched healthy community-dwelling participants without CSVD were

ecruited from the Tangqiao community, Pudong New District in Shang-

ai as normal controls (NC). Detailed recruitment and exclusion criteria

or CSVD patients have been published elsewhere ( Du et al., 2019 ). The

ollowing inclusion criteria were applied for the NC: (1) education ≥ 6

ears; (2) no history of clinical stroke; (3) no history of severe diseases

f important organs including liver, heart, lung; (4) visual rating score

http://www.ukbiobank.ac.uk
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Fig. 1. Flowchart of DDF computation. A: Generating skeletonized MD map (TBSS). B-D: The computation of DDF: Column C shows the PDF for skeletonized MD 

distribution. Column D shows the CDF for skeletonized MD distribution. The upper row is the reference, the lower row is an individual subject, and row in the middle 

shows the comparison between individual and reference. The value of DDF is the area with green dash lines. The grey dash lines are the 5 th to 95 th percentiles of the 

differences of the inversed distribution functions. Abbreviations: DDF, Difference in distribution functions; TBSS, Tract-Based Spatial Statistics; MD, mean diffusivity; 

PDF, probability density function; CDF, cumulative distribution function. 

o  

F  

o  

p  

s  

h

2  

d  

w  

M  

p

2  

t  

s  

(  

a  

o  

a  

t  

n  

2  

t

2

 

c  

s  

o  

t  

a  

a  

f

𝑑

w  

D  

i  

𝑑  

s  

t  

v  

b  

s  

i  

t  

c  

i

 

𝜙

𝑑

w  

v  

(  

a  

𝑙  

m  

s  

m  

n

 

t  
f WMH graded using the Fazekas score ( Fazekas et al., 1987 ) in T2

LAIR sequence ≤ 1 and without other obvious structural abnormalities

n MRI scans; (5) no severe depressive symptoms (17-item Hamilton De-

ression Rating Scale score ( Hamilton, 1960 ) ≥ 24); (6) cognitive tests

cores were within normal range; (7) no vascular risks factors such as

ypercholesterolemia, diabetes mellitus, hypertension and smoking. 

.1.3.1. MRI acquisition. Standardized T1-weighted 3D fast spoiled gra-

ient recalled (SPGR) sequence images, T2-weighted FLAIR, and DWI

ere obtained using a 3T MRI scanner (Signa HDxt; GE HealthCare,

ilwaukee, WI, USA). Detailed parameters can be found in previous

ublication ( Du et al., 2019 ). 

.1.3.2. Cognitive testing. Standardized detailed multi-domain cogni-

ive tests were administered by a trained neuropsychologist. Processing

peed was assessed by Trail Making Test A, Stroop colour-word test A

 Stroop, 1935 ) and Symbol digital substitution. Executive function was

ssessed by Trail Making Test B and Stroop colour-word test C. Mem-

ry function was evaluated by auditory verbal learning test (short term

nd long term recall) (AVLT) ( Qihao Guo et al., 2009 ). Language func-

ion was assessed by semantic verbal fluency test (VFT, 1-minute animal

aming test) ( Benton, 1989 ) and Boston naming test (BNT) ( Guo et al.,

006 ). Spatial function was assessed by Rey-Osterrieth complex figure

est (Rey-O copy) ( Shin et al., 2006 ). 

.2. Development of DDF – a general framework using W-index 

Definition: DDF computation is illustrated in Fig. 1 . Inspired by the

oncept of Wasserstein distance (WD) ( Villani, 2003 ) we began by con-

idering two cumulative distribution functions (DF) with 𝐹 𝑅 for the DF

f some reference distribution of a random variable 𝑅 and 𝐹 𝑆 for the

arget distribution of a random variable 𝑆. 𝐹 𝑅 can be the distribution of

 group of healthy controls or an entire population, and 𝐹 𝑆 is the DF of

 DWI metric of a participant. The framework we propose is then in the
3 
orm of: 

 

(
𝐹 𝑅 , 𝐹 𝑆 

)
= ∫

1 

0 
𝜙
(
𝑥, 𝐹 −1 

𝑅 
( 𝑥 ) − 𝐹 −1 

𝑆 
( 𝑥 ) 

)
𝑑𝑥, 

here 𝜙 is a weighting function applied to the differences of the inverse

Fs. The inverse DF gives the quantile, for example, 𝐹 −1 
𝑅 

( 0 . 5 ) − 𝐹 −1 
𝑆 

( 0 . 5 )
s the difference between the medians of the two distributions. Hence

( 𝐹 𝑅 , 𝐹 𝑆 ) measures the accumulated weighted differences of the corre-

ponding quantiles. Furthermore, the use of inverse DFs allows the in-

egral to be defined cleanly in terms of quantiles as opposed to specific

alues or units of measurement. As 𝑑( 𝐹 𝑅 , 𝐹 𝑆 ) captures the differences

etween 𝐹 𝑅 and 𝐹 𝑆 using the mass transportation idea in the Wasser-

tein distance, we call it W-index of 𝑆 in terms of the reference 𝑅 . Ideally,

f we know the benchmark distribution 𝐹 𝑅 , the W -index would be able

o tell the health status of the brain 𝑆. It is, however, in reality diffi-

ult to find the perfect benchmark distribution 𝐹 𝑅 because it would be

mpossible to define a perfectly healthy brain. 

It is worth noting the case when 𝜙 is the identity function, that is

( 𝑥, 𝑦 ) = 𝑦 for l ≤ x ≤ u and 𝜙( 𝑥, 𝑦 ) = 0 for x < l or x > u , we have 

 

(
𝐹 𝑅 , 𝐹 𝑆 

)
= ∫

𝑢 

𝑙 

(
𝐹 −1 
𝑅 

( 𝑥 ) − 𝐹 −1 
𝑆 

( 𝑥 ) 
)
dx = ∫

𝑢 

𝑙 

𝐹 −1 
𝑅 

( 𝑥 ) dx − ∫
𝑢 

𝑙 

𝐹 −1 
𝑆 

( 𝑥 ) dx 

= 𝔼 
( 

𝑅 × 𝟏 [
𝐹 −1 
𝑅 

( 𝑙 ) <𝑅<𝐹 −1 
𝑅 

( 𝑢 ) 
]
) 

− 𝔼 
( 

𝑆 × 𝟏 [
𝐹 −1 
𝑆 

( 𝑙 ) <𝑆<𝐹 −1 
𝑆 

( 𝑢 ) 
]
) 

, 

here 1 [ a < R < b ] is an indicator function which takes value 1 if random

ariable R is between a and b ; otherwise, it is 0. In other words, 𝔼
 R × 1 [ a < R < b ] ) is called the trimmed mean of R for its values between

 and b . Hence, when 𝜙( 𝑥, 𝑦 ) = 𝑦 for 𝑙 ≤ 𝑥 ≤ 𝑢 and 𝜙( 𝑥, 𝑦 ) = 0 for 𝑥 <

 or 𝑥 > 𝑢, 𝑑( 𝐹 𝑅 , 𝐹 𝑆 ) is simply the difference between the truncated

eans of the two distributions. In this case, when comparing DWI mea-

ures of subjects evaluated against the same reference, the truncated

ean of the reference distribution can be treated as constant and thus

o longer required in the computation. 

We point out that PSMD is a special case of our framework. When

here is no reference, i.e., 𝐹 −1 
𝑅 

( 𝑥 ) = 0 for all 𝑥 , and 𝜙( 𝑥, 𝑦 ) = 

1 
𝑓 ( 𝑦 ) for

𝑠 
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2  

t  
.05 ≤ x ≤ 0.95 and 𝜙( 𝑥, 𝑦 ) = 0 for x < 0.05 or x > 0.95, where 𝑓 𝑆 is the den-

ity of 𝐹 𝑆 , then 

 𝑆𝑀𝐷 = ∫
0 . 95 

0 . 05 
𝜙
(
𝑥, 𝐹 −1 

𝑆 
( 𝑥 ) 

)
𝑑 𝑥 = ∫

0 . 95 

0 . 05 
𝑑 𝐹 −1 

𝑆 
( 𝑥 ) = 𝐹 −1 

𝑆 
( 0 . 95 ) − 𝐹 −1 

𝑆 
( 0 . 05 )

Implementation: A software package, ( https://github.com/

orrestCKoch/DCDF ) available through the Python Package Index

 https://pypi.org/project/dcdf/ ) (PyPI) was developed to perform nu-

erical integration using Reimann sums over user specified functions

 𝜙). These functions can be defined using Python 3 syntax and any

unctions available through the Numpy library ( https://numpy.org/ ).

he reference distribution is first estimated by calculating the running

verage of cumulative bin frequencies over a user supplied reference

ist of images. DDF framework based DWI metrics of the subjects

ere then computed in parallel against the generated reference. DDF

eferences were computed specifically for each different cohort. One

undred participants were randomly selected from UK Biobank for

he calculation of reference distribution 𝐹 𝑅 , we conducted the visual

nspection of their images to ensure that there were no severe brain

esions. For MAS cohort, all MAS Wave 2 participants were included as

he reference distribution. In RCCS, we used all the normal controls as

he reference. 

Preprocessing: DWI data were first skeletonized using Tract-Based

patial Statistics (TBSS), part of the FSL ( Smith et al., 2006 ). AD, FA,

D, and RD images were projected onto the resulting skeleton using

A derived projection parameters. These images were further masked

sing a standard skeleton threshold at an FA of 0.3 and a mask pro-

ided with the PSMD tool to exclude regions adjacent to the ventricles

 Baykara et al., 2016 ). Mean MD (AD or FA or RD) values were calcu-

ated by averaging each individual’s skeletonized MD data (AD or FA or

D). 

Data exploration: We conducted an initial search of functional forms

o find measures which correlated well with both age and cognition in

he MAS cohort. For each of the AD, FA, MD, and RD map, we calculated

easures for Eqs. (1 )–(3) . 

1 

0 
𝜙
(
𝑥, 𝐹 −1 

𝑅 
( 𝑥 ) − 𝐹 −1 

𝑆 
( 𝑥 ) 

)
𝑑𝑥, (1)

ith 

( 𝑥, 𝑦 ) = 𝑦 for 𝑙 ≤ 𝑥 ≤ 𝑢 and 𝜙( 𝑥, 𝑦 ) = 0 for 𝑥 < 𝑙 or 𝑥 > 𝑢, (2) 

r 

( 𝑥, 𝑦 ) = 𝑒 𝜃𝑦 for 𝑙 ≤ 𝑥 ≤ 𝑢 and 𝜙( 𝑥, 𝑦 ) = 0 for 𝑥 < 𝑙 or 𝑥 > 𝑢. (3) 

If we use Eq. (2) , it is the simplest form without taking its absolute

alue. In most of the cases, the difference between the DWI measure

istributions of a reference and a subject, i.e. 𝐷( 𝑥 ) = 𝐹 −1 
𝑅 

( 𝑥 ) − 𝐹 −1 
𝑆 

( 𝑥 ) , is
ery small. Therefore, for Eq. (3) , we considered 𝜃 = 10 𝑖 , 𝑖 ∈ { 0 , 1 , 2 , 3 } .
ere we used ( 𝑙, 𝑢 ) = ( 0 . 05 , 0 . 95 ) , as we considered the DWI values be-

ween (0, 0.05) and (0.95, 1.0) as outliers or noises. Top performing

easures were then selected for UK Biobank, MAS cohort and RCCS

ohort. For ( 𝑙, 𝑢 ) = ( 0 . 05 , 0 . 95 ) , we applied Eqs. (1) and (3) with 𝜃 =
0 ( 𝑖 = 1 ) , 100 ( 𝑖 = 2 ) , and 1000 ( 𝑖 = 3 ) . In this study we focused on MD

sing Eqs. (1) and (3) with 𝜃 = 1000 ( 𝑖 = 3 ) , ( 𝑙, 𝑢 ) = ( 0 . 05 , 0 . 95 ) , which

ad best performance correlating with age and cognition and was de-

oted as DDF MD 
1000 , 0 . 05 , 0 . 95 . 

ROI analysis : In addition to TBSS analysis for the whole brain, region

f interest (ROI) analysis was conducted to evaluate the regional DDF

or local anatomical information. As an example, we used JHU white

atter tractography atlas (probability threshold at 0.25) ( Wakana et al.,

007 ) and computed DDF for the eleven (we combined right and left of

he same structure) white matter fibre tracts. An illustration of JHU atlas

as shown in Supplementary Fig. e-1, detailed information for the tracts

an be found in Supplementary Table e-2. 
4 
.3. Computation of white matter hyperintensity (WMH) volume 

WMH volumes were extracted by an automated pipeline UBO De-

ector ( Jiang et al., 2018 ) for all three cohorts. For MAS and RCCS par-

icipants, WMH volumes were extracted by an automated pipeline UBO

etector. Briefly, individual FLAIR images were warped to a standard

pace, and segmented into clusters using FSL FAST. A k-nearest neigh-

our (k-NN)-based algorithm was then applied to the clusters for the

lassification of WMH and non-WMH. Periventricular WMH was defined

s WMH voxels within 12 mm from a periventricular mask in standard

pace, and the rest WMH voxels were regarded as deep WMH. 

UBO Detector generated satisfying WMH segmentations for older

articipants (e.g. MAS) and individuals with cerebrovascular pathology

e.g. RCCS). However, we found UBO Detector did not perform satisfac-

orily in scans with very subtle WMHs, such as the younger participants

n UK Biobank, because subtle WMH burden tended to disappear after

he interpolation in spatial transformation. Therefore, we modified the

BO Detector to extract WMH in the individual FLAIR space. All atlases

nd masks in the standard space were transformed to individual space

y applying the reversed flow map. Intracranial volume (ICV) was in-

luded as a covariate when analysing WMH volume in UK Biobank. 

.4. Computation of cognitive domain and global cognition scores 

All the raw test scores were first transformed into z-scores using the

ean and standard deviation values of a healthy reference subsample

n each study following previous practice ( Lipnicki et al., 2013 ). Trans-

ormation was used to reduce skewness if the absolute value was larger

han 1 and outliers using ± 3 standard deviation (SD) were winsorized.

he z-scores of corresponding tests were averaged to form domain scores

nd were again standardized using the means and SDs of the reference

ample. Global cognition scores were computed in a similar way by aver-

ging the domain scores and subsequently transforming to z-scores. The

se of this standardization procedure assists comparison of cognitive

erformance across different distributions and samples and interpreta-

ion of effects. Because UK Biobank does not have tests on the language

nd visuospatial domains, we computed two sets of global cognition

cores in MAS and RCCS, one with and the other without the language

nd visuospatial domain scores. 

To identify the healthy reference subsample, we screened UK

iobank participants and excluded those participants who had severe

isorders which may have a significant influence on their cognition.

etails of the disease codes (field ID 20002) used can be found in Sup-

lementary Table e-3. Similarly, we used a subsample of healthy indi-

iduals at baseline in MAS who were free from medical conditions that

ay affect cognition for the standardization of test scores. For RCCS, we

sed the healthy controls as our reference for standardization. 

.5. Statistical analyses 

Regression analysis : Linear regression analysis was employed for ex-

loring the relationship between DWI measures and age after controlling

or sex, education and imaging centre for UK Biobank, with age as the

ndependent variable and DWI measure as the dependent variable. Lin-

ar regression analyses between DWI measure and the global cognition

nd the main cognitive domain scores were then performed after con-

rolling for age, sex, education and imaging centre for UK Biobank. Hi-

rarchical multiple linear regression was conducted to assess the unique

ontribution of an individual imaging measure to global cognition. Mul-

icollinearity tests were performed to make sure that the independent

ariables were not highly correlated by considering variance inflation

actors (VIF) above 10 indicating multicollinearity. Demographic char-

cteristics including age, sex, education attainment and imaging centres

ere initially entered in step 1. Total WMH volume was added in step

 to examine whether WMH volume provided additional contribution

o the prediction of cognition. FA and MD were subsequently entered as

https://github.com/ForrestCKoch/DCDF
https://pypi.org/project/dcdf/
https://numpy.org/
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Table 1 

Sample characteristics. 

UK Biobank (n = 19369) MAS (n = 402) RCCS 

CSVD (n = 171) NC (n = 43) 

Demographics 

Age, years, mean ± SD 

range (min, max) 

63.11 ± 7.45 

(45.16, 80.71) 

77.82 ± 4.58 

(70.29, 90.40) 

65.38 ± 7.73 

(50.00, 85.00) 

65.74 ± 4.81 

(56.00, 75.00) 

Male, number (%) 9123(47.10) 189(46.90) 130(76.00) 31(72.09) 

Education, years, mean ± SD - 11.84 ± 3.59 10.58 ± 3.00 11.67 ± 2.74 

Qualification, college number (%) 9009(46.50) - - - 

Neuroimaging measures 

Total WMH volume mm 

3 , mean ± SD 2166.92 ± 2422.31 15387.24 ± 14336.46 23379.76 ± 34064.06 6724.57 ± 7727.95 

FA, mean ± SD 0.516 ± 0.018 0.448 ± 0.023 0.560 ± 0.029 0.590 ± 0.026 

MD, × 10 − 3 , mean ± SD 0.747 ± 0.024 0.780 ± 0.033 0.788 ± 0.036 0.749 ± 0.028 

PSMD, × 10 − 3 , mean ± SD 0.226 ± 0.032 0.408 ± 0.067 0.547 ± 0.116 0.457 ± 0.086 

After excluding outliers of neuroimaging measures, in UK Biobank, the number of participants for analysis were: FA n = 19261, MD n = 19229, 

PSMD n = 19155, Total WMH volume n = 17473; in MAS, FA n = 396, MD n = 398, PSMD n = 395, Total WMH volume n = 401; in CSVD 

patients of RCCS, FA n = 170, MD n = 171, PSMD n = 169, Total WMH volume n = 170; in NC of RCCS, 43 participants were included for 

all neuroimaging measures. 

Abbreviations: CSVD = cerebral small vessel disease; NC = normal control; FA = mean fractional anisotropy of the skeleton; MD = mean 

of mean diffusivity of the skeleton; PSMD = peak width of skeletonized mean diffusivity; SD = standard deviation; WMH = white matter 

hyperintensity. 

Table 2 

The associations between DWI measures and age, cognition in UK Biobank. 

Age (n = 19369) Processing speed (n = 7936) Executive (n = 7682) Memory (n = 8519) Global (n = 7626 three domains) 

standardized 

coefficient P 

standardized 

coefficient p 

standardized 

coefficient p 

standardized 

coefficient p 

standardized 

coefficient p 

FA -0.351 < 0.001 ∗ 0.091 < 0.001 ∗ 0.076 < 0.001 ∗ 0.028 0.016 0.082 < 0.001 ∗ 

MD 0.320 < 0.001 ∗ -0.059 < 0.001 ∗ -0.040 0.001 ∗ -0.010 0.368 -0.047 < 0.001 ∗ 

PSMD 0.445 < 0.001 ∗ -0.112 < 0.001 ∗ -0.068 < 0.001 ∗ -0.025 0.043 -0.086 < 0.001 ∗ 

DDF 𝑀𝐷 

1000 , 0 . 05 , 0 . 95 -0.545 < 0.001 ∗ 0.117 < 0.001 ∗ 0.069 < 0.001 ∗ 0.031 0.017 0.086 < 0.001 ∗ 

Abbreviations: FA = mean fractional anisotropy of the skeleton; MD = mean of mean diffusivity of the skeleton; PSMD = peak width of skeletonized mean diffusivity; 

DDF MD 
1000 , 0 . 05 , 0 . 95 = MD computed using Eqs. 1 and 3 with 𝜃 = 1000 and ( 𝑙, 𝑢 ) = ( 0 . 05 , 0 . 95 ) ; 

Two tailed p-value of p < 0.05 was considered statistically significant. Reported p values refer to the raw p values before Bonferroni correction. ∗ Statistically significant 

after Bonferroni correction (adjusted p-value: 0.05/4 = 0.0125). 
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n

he conventional DWI measures in step 3. In step 4, PSMD was entered.

inally, DDF MD 
1000 , 0 . 05 , 0 . 95 was entered to in step 5 to examine its contri-

utions to cognitive outcomes in addition to the demographic charac-

eristics and other neuroimaging measures already considered. 

Binary logistic regression analysis was used to assess the diagnos-

ic power of DWI measures for classifying CSVD patients from cogni-

ive normal controls in RCCS. Receiver operator characteristic (ROC)

urve analysis assessed the sensitivity and specificity of different DWI

easures for predicting CSVD status from normal controls. Area under

he curve (AUC) and corresponding 95% confidence intervals were cal-

ulated to compare the diagnostic ability of different DWI measures.

nivariate General linear model (GLM) was applied to identify group

ifference of regional DDF values between CSDV and NC after correct-

ng for age, sex and education. Null hypothesis for AUC value was set at

.5. 

All statistical analyses were performed in SPSS 26.0 (IBM corpora-

ion, USA). Outliers of DWI measures using the ± 3 SD range were ex-

luded. All DWI measures were transformed to Z scores. A two-tailed

-value of 0.05 was considered statistically significant for all analyses.

onferroni correction was used for adjusting multiple comparisons when

onducting the linear regression for different DWI measures and differ-

nt ROIs. 

. Results 

Demographics and neuroimaging characteristics of three study sam-

les are summarized in Table 1 . This research examined 19,369 UK
5 
iobank participants without dementia, 402 MAS participants without

ementia, and 214 RCCS participants. Both UK Biobank and MAS were

ecruited from community-dwelling populations. RCCS contained two

ubsamples: a group of CSVD patients, and a group of cognitively normal

ontrols. MAS had a higher mean age and age range than UK Biobank

nd RCCS. 

.1. UK Biobank as exploratory sample 

We first conducted regression analysis on DWI measures and age

fter controlling for sex, education and imaging centre, with age as

ndependent variable and DWI measures as dependent variables. The

egression coefficient between DDF MD 
1000 , 0 . 05 , 0 . 95 and age was the high-

st compared to those of other DWI measures, after controlling for

ex, education and imaging centre (standardized 𝛽 = -0.545, p < 0.001)

 Table 2 ). Fig. 2 depicts the associations between DWI measures (FA,

D, PSMD and DDF) and age in UK Biobank fitted with linear regres-

ion model. Table 2 also shows the results of associations between DWI

easures and different cognitive domains and global cognition in UK

iobank. 

The results of hierarchical regression analyses in UK Biobank were

isted in Table 3 . VIFs of these independent variables were less than 10.

fter controlling for demographics and all the other neuroimaging met-

ics, including WMH volume, skeletonized mean FA and MD and PSMD,

DF MD 
1000 , 0 . 05 , 0 . 95 still explained a small additional variance of global cog-

ition significantly ( ΔR 

2 = 0.001, p = 0.007). 
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Fig. 2. Associations between age and DWI measures in UK Biobank (upper panel) and MAS (lower panel). Each point in scatter plots A, B, C and D represents 

an individual. Linear regression model is shown fitting the DWI measure as a function of age. The inverse relationships were transformed to be positive for easy 

comparison for FA and DDF. The x axis is age in years, and the y axis is the unitless values of residuals of DWI measures after correcting for sex, education and 

imaging centre. Standardized regression coefficients and p-values are shown at the lower right corner of each subplot, colour bar indicates the density of the points; 

FA = mean fractional anisotropy of the skeleton; MD = mean of mean diffusivity of the skeleton; PSMD = peak width of skeletonized mean diffusivity; DDF here 

represents DDF MD 
1000 , 0 . 05 , 0 . 95 = MD computed using Eqs. 1 and 3 with 𝜃= 1000 and (l,u) = (0.05,0.95). 

Table 3 

Hierarchical regression analyses of association of neuroimaging measures with global cognition in UK 

Biobank. 

Measures R 2 ΔR 2 p 

Model 1 Demographics (age, sex, education and imaging centre) 0.179 - < 0.001 

Model 2 Demographics + Total WMH volume 0.181 0.002 < 0.001 

Model 3 Demographics + Total WMH volume + (FA + MD) 0.186 0.005 < 0.001 

Model 4 Demographics + Total WMH volume + (FA + MD) + PSMD 0.187 0.001 0.002 

Model 5 Demographics + Total WMH volume + (FA + MD) + PSMD + 𝐷𝐷𝐹 𝑀𝐷 
1000 , 0 . 05 , 0 . 95 0.188 0.001 0.007 

Those participants who had global cognition (7626 out of total 19369 participants in our sample) were 

included in the hierarchical regression analysis. 

Abbreviations: FA = mean fractional anisotropy of the skeleton; MD = mean of mean diffusivity of the 

skeleton; PSMD = peak width of skeletonized mean diffusivity; DDF MD 
1000 , 0 . 05 , 0 . 95 = MD computed using 

Eqs. 1 and 3 with 𝜃 = 1000 and ( 𝑙, 𝑢 ) = ( 0 . 05 , 0 . 95 ) ; WMH = white matter hyperintensity; R 2 = Proportion 

of variance explained in sample; ΔR 2 = Change in the proportion of variance explained. Reported p values 

are significance for ΔR 2 . Two tailed p-value of p < 0.05 was considered statistically significant. 
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.2. Validation in MAS 

For validation, we investigated whether similar relationships be-

ween the new DWI measure DDF MD 
1000 , 0 . 05 , 0 . 95 and age and cognition

ould be observed in the MAS cohort. Consistent with the results in UK

iobank, DDF MD 
1000 , 0 . 05 , 0 . 95 had the highest regression coefficient with age

standardized 𝛽 = − 0.460, p < 0.001) ( Table 4 and Fig. 2 ) after control-

ing for sex and education. Results of associations between DWI mea-

ures and cognition in MAS are shown in Table 4 . Consistent with that

f UK Biobank, in comparison with other DWI measures, DDF MD 
1000 , 0 . 05 , 0 . 95 

emonstrated the highest regression coefficient with global cognition. 

Subsequent hierarchical regression analysis in MAS ( Table 5 ) showed

hat DDF MD 
1000 , 0 . 05 , 0 . 95 ( ΔR 

2 = 0.016, p = 0.005) explained significant ad-

itional variance of cognition after controlling for demographics, WMH,

A, MD and PSMD. No multicollinearity existed with all VIFs being

maller than 10. 

.3. Validation in RCCS 

To test whether DDF MD 
1000 , 0 . 05 , 0 . 95 could differentiate CSVD patients

rom cognitively normal controls, we further extended our validation to

CCS. The analysis was applied to two groups of participants: the CSVD

atients ( n = 171), and cognitively normal participants ( n = 43). 
6 
Binary logistic regression: Binary logistic regression analysis was

sed to identify associated DWI measures which may significantly dis-

riminate CSVD patients. DWI measures including FA, MD, PSMD,

DF MD 
1000 , 0 . 05 , 0 . 95 were entered into the model as independent variables,

nd the binary outcome of disease status (1 indicates CSVD, 0 indicates

C) was set as the dependent variable. Age, sex and education were also

ntered into the model as covariables. FA and DDF MD 
1000 , 0 . 05 , 0 . 95 were in-

ersely transformed to make their odds ratios (ORs) comparable with

he other DWI measures. AD and RD were excluded from the analysis

or their high VIFs. The results ( Table 6 ) indicated that DDF MD 
1000 , 0 . 05 , 0 . 95 

as the only significant DWI measure (OR = 4.633, p = 0.007, 95%

I = 1.527–14.057) that discriminated CSVD patients form NC. 

ROC curves analysis: Summary of the ROC curve analysis is shown in

ig. 3 . The highest AUC was found for DDF MD 
1000 , 0 . 05 , 0 . 95 (AUC = 0.826,

.E. = 0.035, 95% CI = 0.758–0.895, p < 0.001). The second highest

UC was for MD (AUC = 0.798, S.E. = 0.035, 95% CI = 0.729–0.867,

 < 0.001). PSMD was found to have an AUC = 0.750 (AUC = 0.750,

.E. = 0.043, 95% CI = 0.666–0.833, p < 0.001). FA shows the smallest

iagnostic sensitivity (AUC = 0.778, S.E. = 0.038, CI = 0.704–0.851, p

 0.001). 

Linear regression analysis was carried out between age and DWI

easures within CSVD patients in RCCS. In line with results from the
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Fig. 3. Receiver Operator Characteristic analysis predicting CSVD status. The 

black line is the reference line indicating area under curves (AUC) where the null 

hypothesis (p < 0.05) is not rejected. Variable with AUC under 0.5 would have 

no predictive value. FA = mean fractional anisotropy of the skeleton; MD = mean 

of mean diffusivity of the skeleton; PSMD = peak width of skeletonized mean 

diffusivity; DDF MD 
1000 , 0 . 05 , 0 . 95 = MD computed using Eqs. 1 and 3 with 𝜃= 1000 and 

( 𝑙, 𝑢 ) = ( 0 . 05 , 0 . 95 ) . 

Table 5 

Hierarchical regression analyses of association of neuroimaging measures 

with global cognition in MAS. 

Measures R 2 ΔR 2 p 

Model 1 Demographics (age, sex and education) 0.231 - < 0.001 

Model 2 Demographics + Total WMH volume 0.231 0.000 0.717 

Model 3 Demographics + Total WMH 

volume + (FA + MD) 

0.263 0.032 0.001 

Model 4 Demographics + Total WMH 

volume + (FA + MD) + PSMD 

0.280 0.017 0.004 

Model 5 Demographics + Total WMH 

volume + (FA + MD) + PSMD + DDF MD 
1000 , 0 . 05 , 0 . 95 

0.296 0.016 0.005 

Those participants who had global cognition with five cognitive domains (368 

out of total 402 participants in our sample) were included in the hierarchical 

regression analysis. 

Demographics in MAS included age, sex and education. 

Abbreviations: FA = mean fractional anisotropy of the skeleton; MD = mean 

of mean diffusivity of the skeleton; PSMD = peak width of skeletonized mean 

diffusivity; DDF MD 
1000 , 0 . 05 , 0 . 95 = MD computed using Eqs. 1 and 3 with 𝜃 = 1000 

and ( 𝑙, 𝑢 ) = ( 0 . 05 , 0 . 95 ) ; WMH = white matter hyperintensity; R 2 = Proportion 

of variance explained in sample; ΔR 2 = Change in the proportion of variance 

explained. 

Reported p-values are significance for ΔR 2 . Two tailed p-value of p < 0.05 

was considered statistically significant. 

Table 6 

Binary logistic regression results for group comparison of DWI measures 

among two groups in RCCS. 

Variable B S.E. 

p- 

value OR 

95% CI for OR 

Lower Upper 

Sex 0.204 0.542 0.707 1.226 0.424 3.546 

Age -0.150 0.044 0.001 0.861 0.790 0.938 

Education -0.101 0.075 0.177 0.904 0.781 1.047 

FA 0.251 0.664 0.706 1.285 0.350 4.725 

MD 0.319 0.644 0.621 1.376 0.389 4.865 

PSMD 0.765 0.413 0.064 2.148 0.955 4.829 

DDF 𝑀𝐷 

1000 , 0 . 05 , 0 . 95 1.533 0.566 0.007 4.633 1.527 14.057 

Abbreviations: FA = mean fractional anisotropy of the skeleton; 

MD = mean of mean diffusivity of the skeleton; PSMD = peak width 

of skeletonized mean diffusivity; DDF MD 
1000 , 0 . 05 , 0 . 95 = MD computed using 

Eqs. 1 and 3 with 𝜃 = 1000 and ( 𝑙, 𝑢 ) = ( 0 . 05 , 0 . 95 ) ; B = regression coef- 

ficient; S.E. = standard error; OR = odds ratio; CI = confidence interval. 

Two tailed p-value of p < 0.05 was considered statistically significant. 
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Table 7 

The associations between regional DDF in eleven tracts and age, cognition in UK Biobank. 

Age (n = 19369) Processing speed (n = 7936) Executive (n = 7682) Memory (n = 8519) Global (n = 7626 three domains) 

standardized 

coefficient p 

standardized 

coefficient p 

standardized 

coefficient p 

standardized 

coefficient p 

standardized 

coefficient p 

ATR -0.512 < 0.001 ∗ 0.091 < 0.001 ∗ 0.037 0.004 ∗ -0.008 0.532 0.048 < 0.001 ∗ 

CGC -0.218 < 0.001 ∗ 0.045 < 0.001 ∗ 0.039 < 0.001 ∗ 0.006 0.594 0.040 < 0.001 ∗ 

CGH -0.232 < 0.001 ∗ 0.043 < 0.001 ∗ 0.023 0.035 0.025 0.024 0.036 0.001 ∗ 

CST -0.299 < 0.001 ∗ 0.066 < 0.001 ∗ 0.031 0.007 0.004 0.722 0.039 < 0.001 ∗ 

Fmajor -0.206 < 0.001 ∗ 0.034 0.001 ∗ 0.006 0.565 -0.001 0.893 0.014 0.193 

Fminor -0.467 < 0.001 ∗ 0.097 < 0.001 ∗ 0.051 < 0.001 ∗ 0.025 0.053 0.070 < 0.001 ∗ 

IFO -0.417 < 0.001 ∗ 0.081 < 0.001 ∗ 0.041 0.001 ∗ 0.008 0.485 0.053 < 0.001 ∗ 

ILF -0.277 < 0.001 ∗ 0.054 < 0.001 ∗ 0.033 0.003 ∗ 0.013 0.233 0.041 < 0.001 ∗ 

SLF -0.495 < 0.001 ∗ 0.099 < 0.001 ∗ 0.054 < 0.001 ∗ 0.001 0.950 0.063 < 0.001 ∗ 

SLFt -0.150 < 0.001 ∗ 0.038 < 0.001 ∗ 0.015 0.179 0.004 0.694 0.024 0.025 

UNC -0.381 < 0.001 ∗ 0.077 < 0.001 ∗ 0.056 < 0.001 ∗ 0.020 0.090 0.062 < 0.001 ∗ 

Abbreviations: ATR, Anterior thalamic radiation; CGC, Cingulum (cingulate gyrus); CGH, Cingulum (hippocampus); CST, Corticospinal tract; Fmajor, Forceps major; 

Fminor, Forceps minor; IFO, Inferior fronto-occipital fasciculus; ILF, Inferior longitudinal fasciculus; SLF, Superior longitudinal fasciculus; SLFt, Superior longitudinal 

fasciculus (temporal part); UNC, Uncinate fasciculus; 

Two tailed p-value of p < 0.05 was considered statistically significant. Reported p-values refer to the raw p-values before Bonferroni correction. ∗ Statistically 

significant after Bonferroni correction (adjusted p-value: 0.05/11 = 0.0045). 
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K Biobank and MAS cohorts, DDF MD 
1000 , 0 . 05 , 0 . 95 had the highest regres-

ion coefficient with age (standardized 𝛽 = -0.508, p < 0.001). The coef-

cient for PSMD was 0.368 with p < 0.001 after Bonferroni correction.

oefficients for FA (standardized 𝛽 = -0.186, p = 0.017), MD (standard-

zed 𝛽 = 0.154, p = 0.047) did not survive after Bonferroni correction. 

.4. ROI analysis 

Significant correlations were found between age and DDF MD 
1000 , 0 . 05 , 0 . 95 

n all tracts in UK Biobank (see Table 7 ). For cognition, after correcting

or age, sex, education and scanner, DDF MD 
1000 , 0 . 05 , 0 . 95 in all 11 tracts were

ound significantly associated with processing speed. Executive function

as associated with DDF MD 
1000 , 0 . 05 , 0 . 95 in ATR (Anterior thalamic radia-

ion), CGC (Cingulum - cingulate gyrus), Fminor (Forceps minor), IFO

Inferior fronto-occipital fasciculus), ILF (Inferior longitudinal fascicu-

us), SLF (Superior longitudinal fasciculus) and UNC (Uncinate fascicu-

us). We did not find any significant relationship between memory and

DF in UK Biobank after Bonferroni correction. 

Relationships between regional DDF MD 
1000 , 0 . 05 , 0 . 95 and age, cognition

ere replicated in MAS cohort (see Table 8 ). DDF MD 
1000 , 0 . 05 , 0 . 95 showed

ignificant correlation with age in most of the tracts except for SLFt

Superior longitudinal fasciculus - temporal part), and showed signifi-

ant correlation with processing speed in ATR, CST (Corticospinal tract),

major (Forceps major), Fminor, IFO, SLF and UNC. Only CST was found

orrelated with executive function and only CGH (Cingulum - hippocam-

us) was found correlated with memory. For RCCS cohort, we also con-

ucted group comparison analysis for regional DDF MD 
1000 , 0 . 05 , 0 . 95 between

SVD patients and normal controls. The results indicated that DDF val-

es in all white matter tracts for CSVD patients were significantly lower

han normal controls (see Supplementary Fig. e-2). 

. Discussion 

The major objective of this study was to develop an improved auto-

ated neuroimaging marker of white matter integrity using DWI scans.

o extract more information from the distributions of DWI derived met-

ics, we proposed a novel general framework based on the concept of

asserstein distance to describe the cost of shaping one distribution

nto the other ( Villani, 2009 ). There were several major points to be

oted from our study. Firstly, DDF MD 
1000 , 0 . 05 , 0 . 95 which was computed us-

ng the new framework based on MD better explained the variance of

he chronological age and cognition of the participant, when compared

o FA, MD, AD, RD and PSMD. Secondly, DDF MD 
1000 , 0 . 05 , 0 . 95 had higher
8 
iagnostic accuracy for classifying CSVD from controls than traditional

WI measures we examined. Thirdly, our general framework can be ap-

lied to compute DWI-derived metrics other than MD, such as FA, AD,

nd RD, the results of which are shown in supplementary. 

The strong relationship between DDF MD 
1000 , 0 . 05 , 0 . 95 and the chronolog-

cal age found in the UK Biobank was replicated in an independent

ommunity-dwelling cohort of older adults in MAS. Ageing is accom-

anied with gradual functional deterioration at the cellular and organ-

smal levels ( Wyss-Coray, 2016 ) and is the predominant risk factor for

arious chronic age-related brain diseases, such as Alzheimer’s disease

nd cerebral small vessel disease ( Partridge et al., 2018 ; Wardlaw et al.,

013 ). Ageing related brain function disruption drives progressive im-

airment of cognitive, emotional and circadian behaviours ( Satoh et al.,

017 ), creating a pressing need to further investigate the role of age-

ng in brain function and understand the mechanisms of age-associated

rain pathophysiology. It is generally accepted that our brains do not

xperience biological ageing at the same rate ( Cole et al., 2019 ). Age-

ng brings about changes to the brain size, vasculature, and cognition.

ost existing studies of brain age and brain health focus on grey matter

 Cole et al., 2018 ; Franke et al., 2010 ) using structural MRI. As vascular

urden has been proposed to relate to white matter degeneration in cog-

itively normal older individuals ( Lakatta and Levy, 2003 ; Thom et al.,

006 ), the DDF measures derived from various DWI maps (FA, MD, AD

nd RD) showed a high correlation with chronological age, and could

e considered as a neuroimaging tool for investigating cerebrovascular

geing related brain structural and functional changes. 

The DDF metrics were also shown to be associated with age-related

ognitive decline in community-dwelling cohorts, demonstrating high

orrelations with cognitive changes in global cognition and most cogni-

ive domains. Although the DDF metric we developed in the hierarchical

egression analysis of UK Biobank explained only a small additional vari-

nce in cognition above the traditional DWI measures, the additional as-

ociation with cognition in MAS was larger. This is likely in part due to

ifferences in the methods between MAS and UK Biobank; face-to-face

nterviews the participants were carried out in MAS, while computer-

zed tests were used in UK Biobank. The MAS cognitive test battery was

herefore more detailed and comprehensive. 

An interesting difference between DDF and traditional DWI de-

ived metrics was that DDF had the highest regression coefficient in

he binary logistic regression analysis of RCCS, which suggests that

DF MD 
1000 , 0 . 05 , 0 . 95 had better diagnostic accuracy in differentiating CSVD

atients from normal controls. ROC curve analysis also showed higher

iagnostic accuracy of DDF MD 
1000 , 0 . 05 , 0 . 95 than other DWI measures. Taken



J. Du, F.C. Koch, A. Xia et al. NeuroImage 240 (2021) 118381 

T
a
b

le
 
8
 

T
h
e
 
a
ss

o
ci

a
ti

o
n
s 

b
e
tw

e
e
n
 
re

g
io

n
a
l 

D
D

F
 
in
 
e
le

v
e
n
 
tr

a
ct

s 
a
n
d
 
a
g
e
, 
co

g
n
it

io
n
 
in
 
M

A
S
. 

A
g
e
 
(n
 
=
 4
0
2
) 

P
ro

ce
ss

in
g
 
sp

e
e
d
 

(n
 
=
 
3
8
7
) 

E
x
e
cu

ti
v
e
 
(n
 
=
 
3
7
1
) 

M
e
m

o
ry
 
(n
 
=
 
4
0
2
) 

L
a
n
g
u
a
g
e
 
(n
 
=
 3
9
7
) 

S
p
a
ti

a
l 

(n
 
=
 
3
9
4
) 

G
lo

b
a
l 

(n
 
=
 
3
6
8
 
fi

v
e
 

d
o
m

a
in

s)
 

G
lo

b
a
l 

a
 

(n
 
=
 
3
6
9
 
n
o
 

sp
a
ti

a
l 

a
n
d
 
la

n
g
u
a
g
e
) 

st
a
n
d
a
rd

iz
e
d
 

co
e
ffi

ci
e
n
t 

p
 

st
a
n
d
a
rd

iz
e
d
 

co
e
ffi

ci
e
n
t 

p
 

st
a
n
d
a
rd

iz
e
d
 

co
e
ffi

ci
e
n
t 

p
 

st
a
n
d
a
rd

iz
e
d
 

co
e
ffi

ci
e
n
t 

p
 

st
a
n
d
a
rd

iz
e
d
 

co
e
ffi

ci
e
n
t 

p
 

st
a
n
d
a
rd

iz
e
d
 

co
e
ffi

ci
e
n
t 

p
 

st
a
n
d
a
rd

iz
e
d
 

co
e
ffi

ci
e
n
t 

p
 

st
a
n
d
a
rd

iz
e
d
 

co
e
ffi

ci
e
n
t 

p
 

A
T

R
 

-0
.2

7
2
 

<
 0
.0

0
1
 ∗ 

0
.1

7
3
 

0
.0

0
1
 ∗ 

0
.1

2
1
 

0
.0

2
4
 

0
.1

3
4
 

0
.0

0
5
 

0
.0

0
3
 

0
.9

5
6
 

0
.1

6
4
 

0
.0

0
1
 ∗ 

0
.1

5
5
 

0
.0

0
2
 ∗ 

0
.1

7
8
 

<
 0
.0

0
1
 ∗ 

C
G

C
 

-0
.2

8
7
 

<
 0
.0

0
1
 ∗ 

0
.1

0
7
 

0
.0

3
3
 

0
.0

2
1
 

0
.6

7
4
 

0
.0

4
0
 

0
.3

8
9
 

0
.1

1
0
 

0
.0

2
7
 

0
.1

1
6
 

0
.0

1
8
 

0
.1

1
1
 

0
.0

2
1
 

0
.0

8
0
 

0
.0

9
7
 

C
G

H
 

-0
.3

5
0
 

<
 0
.0

0
1
 ∗ 

0
.1

3
4
 

0
.0

1
1
 

0
.0

8
1
 

0
.1

3
1
 

0
.1

6
6
 

0
.0

0
1
 ∗ 

0
.1

3
4
 

0
.0

1
0
 

0
.1

8
3
 

<
 0
.0

0
1
 ∗ 

0
.1

8
4
 

<
 0
.0

0
1
 ∗ 

0
.1

6
0
 

0
.0

0
2
 ∗ 

C
S
T
 

-0
.3

1
1
 

<
 0
.0

0
1
 ∗ 

0
.1

6
2
 

0
.0

0
2
 ∗ 

0
.1

5
1
 

0
.0

0
4
 ∗ 

0
.0

6
1
 

0
.2

0
2
 

0
.0

8
8
 

0
.0

8
6
 

0
.0

9
4
 

0
.0

6
2
 

0
.1

5
5
 

0
.0

0
2
 ∗ 

0
.1

6
1
 

0
.0

0
1
 ∗ 

F
m

a
jo

r 
-0

.1
6
8
 

0
.0

0
1
 ∗ 

0
.1

4
4
 

0
.0

0
4
 ∗ 

0
.0

9
3
 

0
.0

6
3
 

0
.0

2
2
 

0
.6

3
4
 

0
.0

5
0
 

0
.3

0
7
 

0
.1

3
3
 

0
.0

0
6
 

0
.1

1
4
 

0
.0

1
6
 

0
.0

9
7
 

0
.0

4
2
 

F
m

in
o
r 

-0
.4

0
1
 

<
 0
.0

0
1
 ∗ 

0
.1

8
0
 

0
.0

0
1
 ∗ 

0
.1

2
4
 

0
.0

2
5
 

0
.0

6
6
 

0
.1

9
1
 

0
.1

1
6
 

0
.0

3
3
 

0
.2

1
0
 

<
 0
.0

0
1
 ∗ 

0
.1

9
0
 

<
 0
.0

0
1
 ∗ 

0
.1

6
0
 

0
.0

0
2
 ∗ 

IF
O
 

-0
.3

3
8
 

<
 0
.0

0
1
 ∗ 

0
.1

6
1
 

0
.0

0
2
 ∗ 

0
.1

3
0
 

0
.0

1
2
 

0
.0

4
7
 

0
.3

1
7
 

0
.0

8
4
 

0
.0

9
8
 

0
.1

3
8
 

0
.0

0
6
 

0
.1

5
5
 

0
.0

0
2
 ∗ 

0
.1

4
6
 

0
.0

0
3
 ∗ 

IL
F
 

-0
.2

7
3
 

<
 0
.0

0
1
 ∗ 

0
.0

8
9
 

0
.0

7
8
 

0
.0

5
2
 

0
.3

1
0
 

0
.0

1
2
 

0
.7

9
1
 

0
.0

6
6
 

0
.1

8
7
 

0
.0

9
4
 

0
.0

5
6
 

0
.0

8
6
 

0
.0

7
7
 

0
.0

6
9
 

0
.1

5
5
 

S
L
F
 

-0
.3

2
5
 

<
 0
.0

0
1
 ∗ 

0
.1

5
7
 

0
.0

0
3
 ∗ 

0
.1

4
7
 

0
.0

0
6
 

0
.0

1
9
 

0
.6

9
8
 

0
.0

7
7
 

0
.1

3
6
 

0
.1

2
4
 

0
.0

1
4
 

0
.1

4
7
 

0
.0

0
3
 ∗ 

0
.1

4
3
 

0
.0

0
5
 

S
L
F
t 

-0
.0

5
3
 

0
.2

9
0
 

0
.1

1
4
 

0
.0

1
8
 

0
.1

2
0
 

0
.0

1
4
 

-0
.0

0
2
 

0
.9

7
3
 

0
.0

8
5
 

0
.0

7
8
 

0
.0

4
9
 

0
.2

9
9
 

0
.1

0
5
 

0
.0

2
3
 

0
.1

0
2
 

0
.0

2
9
 

U
N

C
 

-0
.4

0
2
 

<
 0
.0

0
1
 ∗ 

0
.2

0
6
 

<
 0
.0

0
1
 ∗ 

0
.1

4
4
 

0
.0

0
7
 

0
.1

1
3
 

0
.0

2
0
 

0
.1

6
4
 

0
.0

0
2
 ∗ 

0
.2

0
9
 

<
 0
.0

0
1
 ∗ 

0
.2

3
2
 

<
 0
.0

0
1
 ∗ 

0
.2

0
5
 

<
 0
.0

0
1
 ∗ 

a
 

W
e
 
co

m
p
u
te

d
 
th

e
 
g
lo

b
a
l 

co
g
n
it

io
n
 
in
 
M

A
S
 
w

it
h
o
u
t 

sp
a
ti

a
l 

a
n
d
 
la

n
g
u
a
g
e
 
d
o
m

a
in

s 
fo

r 
co

m
p
a
ri

so
n
 
w

it
h
 
U

K
 
B

io
b
a
n
k
 
w

h
ic

h
 
d
o
e
s 

n
o
t 

h
a
v
e
 
te

st
s 

o
n
 
th

e
 
la

n
g
u
a
g
e
 
a
n
d
 
sp

a
ti

a
l 

d
o
m

a
in

s.
 

A
b
b
re

v
ia

ti
o
n
s:
 
A

T
R

, 
A

n
te

ri
o
r 

th
a
la

m
ic
 
ra

d
ia

ti
o
n
; 
C

G
C

, 
C

in
g
u
lu

m
 
(c

in
g
u
la

te
 
g
y
ru

s)
; 
C

G
H

, 
C

in
g
u
lu

m
 
(h

ip
p
o
ca

m
p
u
s)

; 
C

S
T

, 
C

o
rt

ic
o
sp

in
a
l 
tr

a
ct

; 
F
m

a
jo

r,
 
F
o
rc

e
p
s 

m
a
jo

r;
 
F
m

in
o
r,
 
F
o
rc

e
p
s 

m
in

o
r;
 
IF

O
, 
In

fe
ri

o
r 

fr
o
n
to

-o
cc

ip
it

a
l 

fa
sc

ic
u
lu

s;
 
IL

F
, 
In

fe
ri

o
r 

lo
n
g
it

u
d
in

a
l 

fa
sc

ic
u
lu

s;
 
S
L
F
, 
S
u
p
e
ri

o
r 

lo
n
g
it

u
d
in

a
l 

fa
sc

ic
u
lu

s;
 
S
L
F
t,
 
S
u
p
e
ri

o
r 

lo
n
g
it

u
d
in

a
l 

fa
sc

ic
u
lu

s 
(t

e
m

p
o
ra

l 
p
a
rt

);
 
U

N
C

, 
U

n
ci

n
a
te
 
fa

sc
ic

u
lu

s;
 

T
w

o
 
ta

il
e
d
 
p
-v

a
lu

e
 
o
f 

p
 
<
 
0
.0

5
 
w

a
s 

co
n
si

d
e
re

d
 
st

a
ti

st
ic

a
ll

y
 
si

g
n
ifi

ca
n
t.
 
R

e
p
o
rt

e
d
 
p
-v

a
lu

e
s 

re
fe

r 
to
 
th

e
 
ra

w
 
p
-v

a
lu

e
s 

b
e
fo

re
 
B

o
n
fe

rr
o
n
i 

co
rr

e
ct

io
n
. 
∗ S

ta
ti

st
ic

a
ll

y
 
si

g
n
ifi

ca
n
t 

a
ft

e
r 

B
o
n
fe

rr
o
n
i 

co
rr

e
ct

io
n
 
(a

d
ju

st
e
d
 
p
-v

a
lu

e
: 

0
.0

5
/
1
1
 
=
 
0
.0

0
4
5
).
 

t  

t  

f  

t  

m  

e  

c  

l  

p  

t  

c  

d

 

P  

t  

p  

a  

d  

f  

o  

o  

t  

n  

s  

b  

n  

R  

2  

b  

d  

t  

n  

o  

a

 

m  

u  

s  

p  

t  

i  

d  

e  

m  

a  

v  

s  

a  

p  

s  

m  

f  

n  

d  

i  

t  

u

 

c  

d  

w  

w  

u  

w  

o  

b  

9 
ogether, the results demonstrate that DDF metrics have the ability to de-

ect age-related cognitive decline as well as discriminate diseased brains

rom normal brains. We posit that DDF is a good general framework

hat can be utilized as a neuroimaging biomarker for investigating white

atter health in the ageing process, where the effects of ageing and dis-

ases often overlap and can be additive or interactive or both. In the

ommunity-dwelling cohorts of UK Biobank and MAS, ageing was most

ikely the predominant determinant of cognitive decline, but in CVSD

atients of RCCS, vascular burden was likely to have contributed more

o cognitive impairment. Development of sensitive imaging markers that

an capture this additive and interactive process may help us better un-

erstand brain ageing process. 

In order to make a straightforward comparison with FA, MD and

SMD, TBSS was applied in our main analysis due to its ability of inves-

igating the entire white matter of the whole brain. It also alleviates the

roblems caused by less precise registration of white matter fibre tracts

nd allows for voxel-based analysis. TBSS is convenient for clinical use

ue to the availability of the computer programs/scripts and methods

or fully automated processes. In order to demonstrate the flexibility of

ur framework, we added the ROI analysis in our study. Interestingly, to

ur expectation, the ROI results suggested that DDF in all tracts across

he brain were significantly correlated with chronological age and cog-

ition especially processing speed. For most of the tracts, DDF did not

how significant correlation with memory, which was usually thought to

e affected by neurodegenerative factors. For MAS, CGH remained sig-

ificant after Bonferroni correction, which was consistent with previous

OI analysis of FA and MD in an earlier MAS study of ours ( Zhuang et al.,

013 ). For UK biobank, we also observed the significant relationship

etween DDF in CGH and memory (p values uncorrected). A study con-

ucted in subjects with subjective memory impairment also reported

hat only the left CGH had FA decrease and MD increase compared to

ormal controls ( Shao et al., 2019 ). Our ROI findings demonstrate that

ur DDF could be a useful tool for examining individual brain structures

s well as for the whole brain. 

Given that DDF is a flexible framework under which different DWI

aps could be calculated, the biological meaning of DDF is mainly the

nderpinning of the original DWI maps applied. DDF MD 
1000 , 0 . 05 , 0 . 95 in our

tudy was calculated based on MD distribution. From the mathematical

erspective, it is the parameter which describes the shift between the

arget MD distribution and the MD distribution of a reference. Since it

s calculated based on the MD distribution, it reflects the accumulative

ifference of all the voxels in the MD maps of a subject and a refer-

nce. The mechanism of white matter changes in the ageing brain re-

ains unclear; but its aetiology may include different pathologies, such

s demyelination and axonal loss, which may lead to the increase of MD

alues of the ageing brain. DWI technique is well established for its sen-

itivity of detecting the microstructural impairment of white matter. As

 result, many DWI measures are developed to characterize the different

hysical properties of white matter microstructure, e.g. density, diffu-

ivity and permeability. FA and MD can be used for predicting the white

atter changes by estimating the direction and magnitude of water dif-

usion. However, even these commonly recognized DWI measures are

ot specific for measuring the pathological changes of the white matter

irectly ( Wozniak and Lim, 2006 ). As a result, although DWI measures

ncluding FA, MD, PSMD and our new developed DDF are highly sensi-

ive to the white matter structure, it is difficult to determine the specific

nderlying pathologies. 

Interestingly, when the DDF framework was applied to the other two

ommonly used DWI measures AD and RD, i.e. DD F AD and DD F RD , they

emonstrated a similar degree of association with age and cognition,

hich was a significant improvement over the mean AD or RD of the

hole brain in this regard. In this study, we describe in detail the results

sing only DDF MD because we intended to relate and compare our metric

ith PSMD. On the other hand, DD F FA was not much of an improvement

ver the mean FA. This poor performance of DD F FA may be explained

y the fact that FA is mainly a weighted ratio between the first, second
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nd third Eigenvalues. Due to the large amount of crossing fibers in the

hite matter, this ratio would not count as the ratio but the ‘mean’ of

he ratios in the voxel which contains crossing fibers. Given that FA

s a measure of how directed the diffusion of water is, it is unable to

istinguish between regions of deterioration and crossing fibres. This is

roblematic because crossing fibres are common in areas where fibre-

racts intersect. MD does not suffer from this pitfall and is thus better

ble to identify healthy brains. 

The development of a new mathematical framework for computing

WI-derived metrics is a key strength of this study. The DDF’s mathe-

atical property of capturing a comprehensive difference of two distri-

utions show the advantage of DDF over PSMD or other DWI measures.

uch a general framework provides researchers with flexible means to

pply different DDF measures to target the individual aims of their stud-

es using different DWI maps, e.g. FA, MD, AD and RD in different forms.

he computation of the DDF metrics is automated and the code is pub-

icly available. This study was based on the large exploratory cohort (UK

iobank) and we made replications in two discordant cohorts (MAS is

lso community-dwelling population and RCCS is a CSVD cohort). 

Potential limitations of this study should be noted. All three cohorts

n our study were cross-sectional, which did not allow us to examine

he trajectories of our DDF metrics in relation to age or cognition. Even

hough we consider that DDF metrics reflect the cerebrovascular bur-

en because they were computed using DWI properties of brain white

atter, it is not possible for us to determine the underlying etiology

sing these measures because cerebrovascular burden is markedly pleo-

orphic and our DDF metrics are blind to the direction. Moreover, al-

hough the significant explorative results in UK Biobank might be due to

ts large sample size, the effect was validated in MAS cohort, the sample

ize of which is relatively much smaller. 

In conclusion, this study introduces a novel DWI-derived metric DDF

nd the mathematical framework for calculating it, using MD and other

WI maps. The sensitivity of tracking the brain ageing process allows

DF to be a biomarker applied for monitoring the structural and func-

ional changes in both healthy and diseased brains. 
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