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Diffusion tensor imaging (DTI) studies of cerebral
white matter integrity in normal to moderate
cardiovascular risk patients
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Abstract

Background & Objectives: The cerebral small vessel disease (CSVD) manifest as white matter lesion
(WML) in magnetic resonance imaging (MRI). The diffusion tensor imaging (DTI) study shows a lower
white matter integrity in white matter lesion (WML) and its penumbra region, suggesting cerebral white
matter damage. The aim of this study is to establish correlation between the DTI values of white matter
with the age related white matter changes (ARWMC) visual rating score and identify predictors of
ARWMC score. Methods: 63 brain MRI images of subjects were selected. Relevant clinical information
of the subjects which satisfied QRISK2 risk factors were retrieved from the patients’ folder. DTI
parameters were obtained via postprocessing at OsiriX DTImap workstation. Results: FA frontal (r =
-0.36; p =0.003) and AD frontal (r = -0.26; p = 0.040) had a substantial and negative correlation with
the ARWMC score. There was a significant positive correlation shown between the ARWMC score and
RD frontal (r =0.30; p =0.018). There were positive significant association between the ARWMC score
and age (b(95%CI): 0.106 (0.061,0.151); p<0.001) and QRISK?2 score (b(95%CI): 0.235 (0.036,0.433)).
Conclusion: DTI is a good method to study the cerebral white matter integrity. It was found that frontal
lobe is the first region affected in relation to ageing, in particular the myelin integrity. Increasing age
and higher QRISK?2 cardiovascular risk factors were shown to increase the ARWMC score.

Keywords: DTI studies, age related white matter changes, visual rating score, cerebral white matter,
normal appearing white matter

INTRODUCTION as high signal intensity changes of the cerebral
white matter in T2 weighted or fluid attenuated
inversion recovery (FLAIR) sequences.
Multiple visual rating scores are available
to quantify WML, namely Fazekas, Wahlund
and Scheltens scoring. The scores are based on
numbers and determined by the identification
of lesions. The vascular cognitive impairment
harmonization standard recommends the age-
related white matter changes (ARWMC) scale as
the preferred visual rating scale. This scale can
be applied to both MRI and CT with moderate
to excellent reliability.> In the ARWMC scale,
the degree of white matter changes is rated on a
4-point scale. Changes in the basal ganglia are
rated in the same way and considered as WML
even if located in the grey matter nuclei, which
contain a small amount of white matter.?
Cardiovascular risk factors are shown to have a
relationship with the cerebrovascular disease. Both

Stroke is a global health problem due to it being
the second most common cause of death and the
world’s leading cause of adult disability. Annually
15 million people worldwide suffer from stroke.
Out of these, about one third die and another third
are left permanently disabled. Malaysian Ministry
of Health statistics has consistently shown stroke
as one of the top five leading causes of death
since the year 2000. Data from 2009 showed
cerebrovascular disease causing a mortality of
8.43 per 100,000 population.!
Atherothromboembolism, intracranial small
vessel disease (penetrating artery disease) and
cardiogenic embolism are the three main causes
of ischaemic stroke. Of these, cerebral small
vessel disease (CSVD) accounts for one fourth
of stroke cases.' In magnetic resonance imaging
(MRI), the markers for CSVD are white matter
lesion (WML) and lacunar infarct. WML is defined
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macrovascular diseases such as hypertension and
atherosclerosis, and microvascular diseases such
as endothelial dysfunction have been associated
with CSVD.* Age, hypertension (diastolic blood
pressure), hyperlipidaemia, diabetes mellitus
and smoking duration were strongly associated
with WML in some studies®® in a South
Asian population, more so than in a European
population.® There are few known multivariable
risk scores used to project patients’ risk of
suffering from cardiovascular disease within 10
years after taking the test. The QRISK?2 score
used in this study is an improved version of the
QRISK1 which include additional risk factors
such as self-assigned ethnicity and conditions
associated with cardiovascular risk.” The risks
are stratified into high risk (> 20%), intermediate
risk (10%-20%), and low risk (< 10%).}

Diffusion tensor imaging (DTI) is a relatively
recent quantitative MRI technique. It allows an
in vivo study of tissue microstructure which
is used to study cerebral white matter. DTI
provides multiple imaging metrics, such as
fractional anisotropy (FA) and mean diffusivity
(MD). These metrics have been shown to detect
changes in white matter microstructure in which
conventional MRI are not able to.” It measures
how water moves within the tissue microstructure.
Measurement is derived through the application of
amagnetic diffusion gradient in the different areas
(at least 6) to get a diffusion tensor.!” A lower FA
and a higher MD reading would likely indicate
a lower microstructural connectivity."! There are
other tensor indices that are used to determine
neuronal damage, namely axial diffusivity (AD)
and radial diffusivity (RD). AD reveals the axonal
status and the RD assess the myelin changes."
There are 3 methods used for the post processing
procedures. They are region of interest (ROI),
Tract-based spatial statistics (TBSS), and voxel-
based analysis. The ROI technique seems to be
the best method because the measurement is
more uniformed across the different subjects and
increases the reliability of the data captured by
focusing on the relevant regions.'

Literature shows that advanced age has been
associated to vascular risk factors, cerebral
hypoperfusion or compromised blood brain barrier
integrity."* A study revealead a positive correlation
between the total WML load and diffuse WM
injury in normal appearing white matter (NAWM),
suggesting cerebral white matter damage to be
more widespread rather than region specific.
Normal white matter, WML penumbra,and WML
all show a similar decline in WM integrity over
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time."* Accordingly, NAWM regions that progress
into WML already had a significantly lower FA
and higher MD at baseline imaging compared
with persistent NAWM.'” Consequently, the
information gathered enable the researchers to
study the NAWM integrity in the different regions
of the brain and to predict the presence of WML
development and WM injury." In summary, DTI
in MRI studies enables the investigation of normal
appearing white matter (NAWM) microstructures
before WML develop.'¢

Therefore, the purpose of this study was
to evaluate the microstructure of the cerebral
white matter using DTI. All four DTI parameters
namely FA, MD, RD and AD were measured and
correlated with the ARWMC visual rating score.
The significant predictors to the ARWMC score
were identified.

METHODS

Data collection

This was a cross sectional study conducted at the
Department of Radiology, Hospital Universiti
Sains Malaysia (HUSM), Kelantan, Malaysia.
This study has been approved by the Human
Research Ethics Committee of our university
(JEPeM code: USM/JEPeM/15030096). A total of
63 brain MRI images of subjects from Kelantan
who attended the Klinik Rawatan Keluarga (KRK)
Department, HUSM which fulfilled the QRISK?2
risk factors were retrieved from the patients’
folders. The completed images were retrieved
from the PACS at the Department of Radiology,
HUSM. Incomplete study, study with degraded
image quality and non-availability of the study
within PACS were excluded from the study.
Apart from that, patients with previous history
of cerebrovascular disease, neurological disorder,
brain tumour, congenital brain anomaly and high
cardiovascular risk factors were excluded earlier
by the principal investigator.

All MRI examinations were performed using
the same Philips 3-Tesla Achieva MR scanner
(Best, The Netherlands). All collected MR-DTI
output from the study subjects were manually
analysed. Post processing and analysis were
carried out using OsiriX software version 4.1.2
(17). The MRI examinations were labelled with
serial numbers in order to maintain the privacy
and confidentiality of the subjects.

The MR protocol included T1 axial (TE /
TR 10/600 ms, matrix 512 x 512; FOV 230.0x
230.0, NEX 1.0; slice spacing 1.0mm, slice



thickness 5.0mm, flip angle 70 ), T2 axial (TE /
TR 80/3000ms, matrix 512 x 512; FOV 230.0x
230.0, NEX 1.0; slice spacing 1.0mm, slice
thickness 5.0mm, flip angle 90), FLAIR axial
(TE /TR /TI 125/ 11000/2800ms, matrix 512 x
512; FOV 230.0x 230.0, NEX 1.0; slice spacing
1.0mm, slice thickness 5.0mm, flip angle 90), DTI
32 (TE/TR 72/10000ms, matrix 96X 96; FOV
240.0x 240.0, NEX 1.0; slice spacing zero, slice
thickness 2.5mm, flip angle 90; b value 0).

Neuroimaging assessment

Images were reviewed in the PACS UV
workstation. The qualitative measurement
assessed the WML in the brain MRI images.
The subjects were further categorised using the
age related white matter changes (ARWMC)
score (Table 1). FLAIR and T2 weighted axial
images were reviewed to determine the scoring.
The following brain areas were used for rating:
frontal, parieto-occipital, temporal, infratentorial ,
and basal ganglia (globus pallidus, thalamus,
internal/external capsule, and insula). The rating
of these five regions were done in the right and
left cerebral hemispheres separately. Total score
ranged from 0-30.

Image processing and quantitative measurement

Post processing and analysis was carried out
using OsiriX software version 4.1.2." Diffusion
tensor elements and anisotropy at each voxel were
computed. FA,AD,RD,MD and colour coded FA
were constructed. Regions of interest (ROIs) were
placed on the FLAIR images. Small oval ROIs of
0.30 +0.02cm? were drawn manually (Figure 1)."”
The ROIs were placed in five different regions
and rated in the right, left hemispheres, basal
ganglia and brainstem separately as stated below?:

ROIs were sampled on 5 contiguous sections

Table 1: ARWMC visual rating score

for the right and left frontal, temporal and parietal
lobe white matter area.'” The ROIs were put
approximately 2mm from the frontal horn of
both lateral ventricles, at each section. In the
temporal lobe, ROIs were put approximately
2mm posterolateral to the temporal horn of the
lateral ventricle. As for the parietal lobe, ROIs
were placed approximately posterior to the central
sulcus on the most superior section in which
the centrum semiovale is clearly visible and the
subsequent four sections were 2mm from the body
of the lateral ventricle. The ROIs in the occipital
lobe were placed on 3 contiguous sections, 2mm
from the occipital horn of the lateral ventricle.

The ROIs for the basal ganglia, which included
the globus pallidus, thalamus, internal, external
capsules, and insula were drawn in a single axial
slice, the largest size for that structure.® The
ROIs for the infratentorial area which included
the brainstem (pons and midbrain) were placed
in 3 contiguous sections at right and left, the
largest size for the structures. The means of right
and left white matter/basal ganglia/infratentorial
(FA, MD, AD, RD) were taken separately and
averaged before undergoing analysis.

Statistical Analysis

IBM SPSS Statistics software (version 24) was
used for the data analysis. All data were cleaned
and explored. Numerical variables were presented
using mean and standard deviation after normality
assumption checking, while categorical variables
were presented using frequency and percentage
(Table 2). Average DT parameters were calculated
with readings from both sides (left and right side).

Spearman’s correlation was used to check
the correlation between the DTI parameters and
ARWMC score, and multiple linear regression
was carried out to test the association between the

ARWMIC rating scale for MRI
White matter lesions

0 No lesions

1 Focal lesion

2 Beginning confluence of lesions

3 Diffuse involvement of entire region, with or without involvement of U fibres.
Basal Ganglia lesions

0 No lesion

1 1 focal lesion >5mm

2 More than 1 focal lesion

3 Confluent lesion.

ARWMC: Age related white matter changes
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Table 2: Characteristic of study population (N = 63)

Variables Mean (SD) Range Frequency (%)
Age 40.10 (11.45) 25.00 — 62.00
Gender
Female 43 (68.3)
Male 20 (31.7)
Race
Chinese 5(7.9)
Malay 56 (88.9)
Others 2(3.2)
Comorbidities
No 41 (65.1)
Yes 22 (34.9)
ARWMC 1.79 (2.40) 0-9.00

SD: Standard Deviation

DTI parameters and ARWMC score. For multiple
linear regression, interaction and multicollinearity
checking were done. Model assumptions were
checked as well to indicate the model fitness.
A p value < 0.05 was considered statistically
significant.

RESULTS

A total of 63 patients completed the brain MRI
as per protocol. The mean age of participants was
40 years old (range 25-62 years old). The mean
ARWMC score was 1.79 (range 0-9). Two thirds
of the patients were female (43 patients were
female, 20 were male) and one third of the patients
had associated comorbidities (hypertension,
hyperlipidaemia) (Table 1).

Thirty one patients were categorised as normal
(no cardiovascular risk factors) while 27 and 5
patients were within low risk and moderate risk
respectively (Table 2). Of these, 23 patients have
comorbidities (37%) (Table 3).

The DTI parameters of FA, MD, AD & RD
were presented with their means and standard
deviations in Table 4. All data were normally
distributed. Outlier results due to errors in data
entry were not observed.

Table 5. summarises the relationship of the DTI

parameters and ARWMC score using Spearman’s
correlation as the distribution of the ARWMC
score was positively skewed. Overall, the present
study observed that the DTI parameter FA frontal
(r=-0.36; p =0.003) and AD frontal (r =-0.26; p
= 0.040) had substantial and negative correlation
with the ARWMC score. In addition, there is a
significant positive correlation shown between
the ARWMC score and RD frontal (r = 0.30; p
=0.018).

Table 6. reveals the association between
different DTI parameters and the ARWMC score
with the variable selection stepwise method
used. The results revealed significant association
between the ARWMC score and age, RD insular
and QRISK?2 cardiovascular risk factors. There
were positive significant association between the
ARWMC score and age (b(95%CI): 0.106 (0.061,
0.151); p < 0.001). This indicates that a one year
increase in age would result in an increase of the
ARWMC score by 0.106. There was also positive
significant association between the ARWMC
score and QRISK?2 cardiovascular risk factors
(b(95%CT): 0.235 (0.036,0.433); p<0.021) which
indicates that increased cardiovascular risk factors
would result in an increase of the ARWMC score
by 0.235.

Table 3: Cardiovascular risk factors patients, QRISK2 (N = 63)

QRISK2 Frequency (%) ARWMC Score Comorbidities
Normal 31(49%) 0,1235,6 9(29%)
Low risk 27(42.8%) 0,124,579 11(40.7%)

Moderate risk 5(8%) 3,689 3(60%)
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Table 4: DTI parameters of study population (N = 63)

Variables FA MD  Mean AD RD
Mean (SD)? (SD)? Mean (SD)? Mean (SD)?
Frontal 6497.31 399.30 739.34 229.80
(500.27) (17.75) (48.54) (25.57)
Temporal 6997.17 402.46 782.92 21448
(493 .46) (18.97) (41.30) (28.94)
Parietal 7275.20 377.04 775.18 178.55
(503.83) (15.96) (48.37) (25.88)
Occipital 7730.45 389.58 847.34 160.62
(530.91) (17.54) (59.30) (32.11)
Infratentorium 7616.89 382.24 806.17 170.23
(474 .49) (22.28) (69.93) (25.10)
External capsule 6069.67 394 .84 711.59 237.77
(615.26) (22.04) (70.87) (50.94)
Internal capsule 8777.08 367.74 93491 85.48
(428.39) (19.29) (57.10) (25.84)
Lentiform nucleus 3007.06 374.17 493 .42 321.38
(495.78) (19.95) (35.20) (46 .46)
Thalamus 5486.40 360.37 590.26 247.06
(668.07) (22.90) (41.34) (31.406)
Insular 3054.83 523.67 688.13 43551
(651.55) (73.80) (79.57) (81.19)

SD = Standard deviation; FA = Fractional anisotropy; MD = Mean diffusivity; AD = Axial diffusivity;
RD = Radial diffusivity
*FA values are X 10*, MD, RD and AD values are mm?s™! X 10

In contrast, there was a significant negative variable ARWMC (R? = 0.298). There was no
association between the ARWMC score and RD interaction between age and RD insular.
insular (b(95%CI): -0.007 (-0.013, -0.001); p
= 0.031). This indicates that a unit increment DISCUSSION
in RD insular would result in a decrease in the . ) . o
ARWMC score by 0.007 on average. The model This study aimed t,O pr0v1df3 a quaptltatlve
explained 30.6% of variance in the dependent assessment of the white matter integrity in adults

Table 5: Correlation of DTI parameters and ARWMC score (N = 63)

Variables FA MD AD RD
r (p-value') r (p-value') r (p-value') r (p-value')
Frontal -0.363 (0.003%) -0.035 (0.785) -0.259 (0.040%) 0.298 (0.018%)
Temporal 0.093 (0.468) -0.103 (0.423) 0.165 (0.198) -0.238 (0.061)
Parietal 0.026 (0.839) -0.003 (0.982) -0.103 (0.424) -0.004 (0.973)
Occipital -0.086 (0.504) 0.107 (0.405) -0.018 (0.886) 0.123 (0.337)
Infratentorium 0.045 (0.726) -0.046 (0.721) -0.026 (0.839) -0.075 (0.562)
External capsule 0.230 (0.070) -0.199 (0.118) 0.081 (0.527) -0.222 (0.080)
Internal capsule -0.014 (0.915) 0.000 (0.998) -0.012 (0.926) 0.050 (0.696)
Lentiform nucleus 0.211 (0.096) 0.022 (0.863) 0.092 (0.472) -0.062 (0.632)
Thalamus 0.060 (0.640) 0.003 (0.981) -0.047 (0.717) 0.016 (0.899)
Insular 0.007 (0.955) 0.035 (0.788) -0.061 (0.634) -0.087 (0.496)

SD = Standard deviation; FA = Fractional anisotropy; MD = Mean diffusivity; AD = Axial diffusivity; RD = Radial
diffusivity

*significant at 0.05 level.

ISpear correlation tests were applied
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Table 6: Association of DTI parameters and ARWMC using multiple linear regression

Variables Adj b (95% CI) t-stat p value
Age 0.106 (0.061, 0.151) 4.70 <0.001
RD Insular -0.007 (-0.013, -0.001) 221 0.031
Gender -1.53 (-1.069, -1.375) -2.51 0.803
Comorbidity -0.634 (0.516,-1.783) -1.104 0274
QRISK?2 cardiovascular risk factors 0.235(0.036,0.433) 2.367 0.021

Variable selection stepwise method was done, there were no multicollinearity and interaction. Model assumptions were

found fulfilled

R? =0.306; Std. Error = 2.04; F statistic (df) = 13.21 (2, 60)
The model is able to explain 30.6% of variance in ARWMC (R* = 0.306).

who have normal to moderate cardiovascular risk
factors by comparing the MD, AD, RD and FA
values of white matter with the ARWMC score.
The investigation also included the grey matter
of basal ganglia namely the thalamus, internal
capsule, external capsule, insula and lentiform
nucleus.

In this study, we found that the FA values of
both frontal lobe white matter were significantly
lower with increasing ARWMC score. A lower
FA value denotes increasing WML severity.?'*>
Previous journal articles reported that WML
have a significantly lower FA value with higher
MD value.” The explanation for this finding is a
reduction in the amount of myelin sheath?*, axonal
loss® and subsequent gliosis*! which leads to a less
restricted water molecule movement in regards to
its specific direction. Thus, the lower FA values
in both frontal lobe white matter signify the start
of white matter deterioration.'***

We found that FA value in temporal, parietal
and occipital lobes had no significant correlation
with the ARWMC score. The possible explanation
for this finding is the age-related changes that are
primarily situated in the frontal lobe or caused
by certain deterioration of specific white matter
tracts.”? In other studies, it was learned that the
propensity for this occurring is concentrated in
the frontal and parietal lobes in comparison to
the occipital and temporal lobes, following the
inferior-to-superior gradient rather than posterior-
to-anterior gradient.”®

Conversely, we found that there was a
significant increase of frontal RD and decreased
AD values with an increased ARWMC score. DTI
ageing studies research showed AD reflecting
axonal differences (e.g., axonal damage or loss)
and RD reflecting myelin integrity.”” An analysis
of the age-related differences in AD and RD
showed that higher RD value when compared to
AD was interpreted as a myelin-specific effect

due to ageing.?! %% Previous reported DTI studies
revealed a declining FA value among older adults
is usually linked to age-related increase in both RD
and AD >3 In contrast, the present study showed
that a decline of FA in patients led to a rise in RD
and a drop in AD value in the frontal lobe. This
pattern was recently discovered and reported in a
DTI ageing study?*, where it occurred in a single
white matter region in the frontal lobe specifically
the anterior pericallosal, anterior/superior corona
radiata.”’** The possible explanation for this newly
found pattern is the occurrence of an ischemic
incident followed by axonal degeneration and
subsequent gliosis, which leads to the interruption
of diffusion coherence and reduces diffusion
parallel to the main diffusion direction.?*%

Another explanation for age-related AD
decrease might be the disruption of macrostructural
organisation involving multiple crossing white
matter tracts leading to a less coherent diffusion
and decreased AD reading, more pronounced
in older adults due to reduced axonal packing
contributed by the age related demyelination and
axonal shrinkage.***" This is not the case in young
adults as the multiple crossing white matter tracts
are highly aligned and packed as opposed to older
adults.*® Otherwise, there is little that we know
of AD and RD because most of the studies and
research papers have primarily focused on FA
and MD.*

This study revealed that age has a positive
association with the ARWMC score. An increment
in age would result in an increasing ARWMC
score. This is supported by most of the previous
studies.!’?! Gender and comorbidity have no
significant association with the ARWMC score.
We found that cardiovascular risk factors based on
QRISK?2 showed a positive association with the
ARWMC score indicating that increased QRISK?2
cardiovascular risk factors would increase the
ARWMC score. These findings are compatible
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with a recent study that showed that older age and
higher cardiovascular risk factors are associated
with an increasing WML burden in a South Asian
population, as compared to a European one.

We also found that the RD insula cortex
showed a significant negative association with
the ARWMC score. Very little study on the DTI
values of insula alone has been done previously.
The insula cortex contains more of grey matter,
less myelin in comparison to white matter. Thus
the lack of myelin will increase the RD value
denoting a less restricted water diffusion.*

There are some limitations in this study,
including the use of a linear model to examine
age related tissue changes and low correlations
between the DTI indices and age in certain brain
areas. We found several brain sites that showed
age-related tissue changes with diffusion values,
indicating sufficient statistical power to examine
those areas. However, the small number of subjects
may have precluded showing tissue changes in
other brain sites because of insufficient statistical
power; some of those areas appeared in previous
studies.*' Another limitation was the ROI method
to obtain the DTI values. The preselected ROI
tends to be slightly varied in each subject despite
a uniform size being used.

In conclusion, DTT is a powerful method for
characterising changes in tissue microstructures
associated with ageing. It was found that
increasing ARWMC score was shown to decrease
cerebral white matter integrity at frontal lobes, in
specific myelin integrity. Age and cardiovascular
risk factors are the predictors of ARWMC score.
Increasing age and QRISK?2 score were shown to
increase the ARWMC score.

DISCLOSURE

Financial support: none
Conflict of interest: none

REFERENCES

1. Basri PDH, Piaw APDCS, Irene DL, Rafia DDMH,
Sin PDTK, Aziz DZA. Clinical practice guideline on
management of ischaemic stroke. 2" Ed. Academy
of Medicine Malaysia, 2012.

2. Wahlund LO, Barkhof F, Fazekas F, ef al. A new
rating scale for age-related white matter changes
applicable to MRI and CT. Stroke 2001;32:1318-22.
doi: 10.1161/01.STR.32.6.1318.

3. Xiong YY,Mok V. Age-related white matter changes.
J Aging Res 2011;2011:Article ID 617927. doi:
10.4061/2011/617927.

4. Conijn MM, Kloppenborg RP, Algra A, et al. Cerebral

138

10.

12.

13.

14.

15.

16.

17.

March 2023

small vessel disease and risk of death, ischemic
stroke, and cardiac complications in patients with
atherosclerotic disease: the Second Manifestations
of ARTerial disease-Magnetic Resonance (SMART-
MR) study. Stroke 2011;42(11):3105-9. doi: 10.1161/
STROKEAHA.110.594853.

. Wardlaw JM, Smith C, Dichgans M. Mechanisms of

sporadic cerebral small vessel disease: insights from
neuroimaging. Lancet Neurol 2013;12(5):483-97.
doi:10.1016/S1474-4422(13)70060-7.

Sudre CH, Smith L, Atkinson D, et al.
Cardiovascular risk factors and white matter
hyperintensities: Difference in susceptibility in
South Asians compared with Europeans. J Am
Heart Assoc 2018;7(21):¢010533. doi:10.1161/
JAHA.118.010533.

. Collins GS,ALtman DG. An independent and external

validation of QRISK?2 cardiobascular disease risk
score: A prospective open cohort study. BMJ 2010;
340:¢2442. doi:10.1136/bmj.c2442.

Kanjilal S, Rao VS, Mukherjee M, et al. Application
of cardiovascular disease risk prediction models and
the relevance of novel biomarkers to risk stratification
in Asian Indians. Vasc Health Risk Manag 2008;4(1),
199-211.

Vernooij MW, de Groot M, van der Lugt A, et al.
White matter atrophy and lesion formation explain
the loss of structural integrity of white matter in
aging. Neuroimage 2008:43(3):470-7. doi: 10.1016/].
neuroimage.2008.07.052.

Pasi M, van Uden IW, Thuladhar AM, de Leeuw
FE, Pantoni L. White matter microstructural damage
on diffusion tensor imaging in cerebral small vessel
disease. Stroke 2016;47(6):1679-84. doi: 10.1161/
STROKEAHA.115.012065.

. Stoeter P, Dellani PR, Vucurevic G. Diffusion tensor

imaging of cerebral white matter. Clin Neuroradiol
2008;18(3):155-62. doi: 10.1007/s00062-008-8019-3.
Kumar R, Chavez AS, Macey PM, Woo MA, Harper
RM. Brain axial and radial diffusivity changes with age
and gender in healthy adults. Brain Res 2013; 1512:22-
36. doi:10.1016/j.brainres.2013.03.028.

de Groot M, Verhaaren BF,de Boer R, ef al. Changes in
normal-appearing white matter precede development
of white matter lesions. Stroke 2013;44(4):1037-42.
doi: 10.1161/strokeaha.112.680223.

Topakian R, Barrick TT, Howe FA, Markus HS.
Blood-brain barrier permeability is increased in
normal-appearing white matter in patients with
lacunar stroke and leucoaraiosis.J Neurol Neurosurg
Psychiatry 2010;81(2):192-97. doi: 10.1136/
jnnp.2009.172072.

Maillard P, Carmichael O, Harvey D, ef al. FLAIR
and diffusion MRI signals are independent
predictors of white matter hyperintensities. Am J
Neuroradiol 2013;34(1): 54-61. doi: 10.3174/ajnr.
A3146.

Maillard P, Fletcher E, Harvey D, Carmichael O, Reed
B,Mungas D, Decarli C. White matter hyperintensity
penumbra. Stroke. 2011;42(7):1917-22.doi: 10.1161/
STROKEAHA.110.609768.

Taib NHM, Abdullah WAKW, Magosso E. Diffusion
tensor imaging of leukoaraiosis, normal appearing
brain tissue, and normal brain tissue. Malaysian J



18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

MedHealth Sci [Internet] 2015 [cited 2019 January
21];11(1):1-10. Available from: http://www.medic.
upm.edu.my/upload/dokumen/FKUSK1_Article_1.
pdf.

Rosset A, Spadola L, Ratib O. OsiriX: An open-
source software for navigating in multidimensional
DICOM images. J Digit Imaging 2004,17(3):205-16.
doi: 10.1007/s10278-004-1014-6.

Huang J, Friedland RP, Auchus AP. Diffusion tensor
imaging of normal-appearing white matter in mild
cognitive impairment and early Alzheimer disease:
preliminary evidence of axonal degeneration in the
temporal lobe. AJNR Am J Neuroradiol 2007; 28(10):
1943-8. doi:10.3174/ajnr.A0700

Sharma KR, Sheriff S, Maudsley A, Govind V.
Diffusion tensor imaging of basal ganglia and
thalamus in amyotrophic lateral sclerosis. J
Neuroimaging 2012;23(3), 368-74. doi:10.1111/
j-1552-6569.2011.00679 x.

Madden DJ, Bennett 1J, Burzynska A, Potter GG,
Chen NK, Song AW. Diffusion tensor imaging of
cerebral white matter integrity in cognitive aging.
Biochim Biophys Acta 2012;1822(3):386-400. doi:
10.1016/j.bbadis.2011.08.003.

Salat DH. The declining infrastructure of the aging
brain. Brain Connect2011;1(4):279-93.doi: 10.1089/
brain.2011.0056.

Helenius J, Soinne L, Salonen O, Kaste M, Tatlisumak
T. Leukoaraiosis, ischemic stroke, and normal
white matter on diffusion-weighted MRI. Stroke
2002;33(1):45-50. doi: 10.1161/hs0102.101228.
Chanraud S, Zahr N, Sullivan EV, Pfefferbaum A.
MR diffusion tensor imaging: a window into white
matter integrity of the working brain. Neuropsychol
Rev 2010;20(2):209-25. doi: 10.1007/s11065-010-
9129-7.

Matsusue E, Sugihara S, Fujii S, Ohama E, Kinoshita
T, Ogawa T. White matter changes in elderly people:
MR-pathologic correlations. Magn Reson Med Sci
2006; 5(2):99-104. doi: 10.2463/mrms.5.99.
Sexton CE, Walhovd KB, Storsve AB, et al.
Accelerated changes in white matter microstructure
during ageing: A longitudinal diffusion tensor
imaging study. J Neurosci 2014;34(46):15425-36.
doi: 10.1523/JNEUROSCI.0203-14.2014.

Bennett 1J, Madden DJ, Vaidya CJ, Howard DV,
Howard JH, Jr. Age-related differences in multiple
measures of white matter integrity: A diffusion tensor
imaging study of healthy aging. Hum Brain Mapp
2010;31(3):378-90. doi: 10.1002/hbm.20872.
Davis SW, Dennis NA, Buchler NG, White LE,
Madden DJ, Cabeza R. Assessing the effects of age
on long white matter tracts using diffusion tensor
tractography. Neurolmage 2009;46(2):530-41. doi:
10.1016/j.neuroimage.2009.01.068.

Sun SW, Liang HF, Le TQ, Armstrong RC, Cross
AH, Song SK. Differential sensitivity of in vivo
and ex vivo diffusion tensor imaging to evolving
optic nerve injury in mice with retinal ischemia.
Neuroimage 2006;32(3):1195-204. doi: 10.1016/j.
neuroimage.2006.04.212.

Sullivan EV, Adalsteinsson E, Pfefferbaum A.
Selective age-related degradation of anterior callosal
fiber bundles quatified in vivo with fibre tracking.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Cereb Cortex 2006;16(7):1030-9. doi: 10.1093/
cercor/bhj045.

Sullivan EV, Rohlfing T, Pfefferbaum A. Quantitative
fiber tracking of lateral and interhemispheric white
matter systems in normal aging: Relations to timed
performance. Neurobiol Ageing 2010;31(3):464-81.
doi: 10.1016/j.neurobiolaging.2008.04.007.

Zahr NM, Rohlfing T, Pfefferbaum A, Sullivan
EV. Problem solving, working memory, and motor
correlates of association and commissural fiber
bundles in normal aging: A quantitative fiber
tracking study. Neuroimage 2009;44(3):1050-62.
doi: 10.1016/j.neuroimage.2008.09.046.

Pierpaoli C, Barnett A, Pajevic S, et al. Water
diffusion changes in Wallerian degeneration and
their dependence on white matter architecture.
Neuroimage 2001;13(6 Pt 1):1174-85. doi: 10.1006/
nimg.2001.0765.

Burzynska A, Preuschhof C, Bidckman L, et
al. Age-related differences in white matter
microstructure: Region-specific patterns of diffusivity.
Neuroimage 2009;49(3):2104-12. doi: 10.1016/j.
neuroimage.2009.09.041.

Thomalla G, Glauche V, Koch MA, Beaulieu C,
Weiller C, Rother J. Diffusion tensor imaging detects
early Wallerian degeneration of the pyramidal tract
after ischemic stroke. Neuroimage 2004;22(4):1767-
74. doi: 10.1016/j.neuroimage.2004.03.041.
Stadlbauer A, Salomonowitz E, Strunk G, Hammen
T, Ganslandt O. Age-related degradation in the
central nervous system: Assessment with diffusion-
tensor imaging and quantitative fiber tracking.
Radiology 2008;247(1):179-88. doi: 10.1148/
radiol.2471070707.

Zhou M, Goto N, Otsuka N, Moriyama H, Nakamura
Y. Morphometric analyses of axons in the lateral
corticospinal tract with ageing process. Okajimas
Folia Anat Jpn [Internet]. 1997 [cited 2019 January
21];74(4):133-8. Available from: https://pdfs.
semanticscholar.org/b1f2/0b0d79d6a9cac58e8a780
3fac88adel7ecSe.pdf .

Head D, Snyder AZ, Girton LE, Morris JC, Buckner
RL. Frontal-hippocampal double dissociation
between normal aging and Alzheimer’s disease.
Cereb Cortex 2005; 15:732-9. doi: 10.1093/cercor/
bhh174.

Berman JI, Mukherjee P, Partridge SC, et al.
Quantitative diffusion tensor MRI fiber tractography
of sensorimotor white matter development in
premature infants. Neuroimage 2005;27(4):862-871.
doi: 10.1016/j.neuroimage.2005.05.018.

Wang Q, Xu X, Zhang M. Normal ageing in the basal
ganglia evaluated by eigenvalues of diffusion tensor
imaging. AJNR Am J Neuroradiol 2010;31(3):516-20.
doi: 10.3174/ajnr.A1862.

Nusbaum AO, Tang CY, Buchsbaum MS, Wei TC,
Atlas SW. Regional and global changes in cerebral
diffusion with normal aging. AJNR AM J Neuroradiol
2001;22(1):136-42. doi: 10.3174/ajnr.A1862.

139



