
RESEARCH Open Access

Application of diffusion tensor imaging in
Alzheimer’s disease: quantification of white
matter microstructural changes
Shereen Magdy Abdel Malak Esrael1,2* , Ahmed Mostafa Mohamed Hamed1, Eman M. Khedr3 and
Radwa Kamel Soliman1

Abstract

Background: Alzheimer’s disease (AD) is the most common cause of dementia in the aging population,
responsible for 60–70% of all demented cases. Diffusion tensor imaging (DTI) is a very recent technique that allows
the mapping of white matter (WM) microstructure changes in neurological disorders. The current study was
conducted to compare DTI parameters between AD patients and healthy elderly subjects and to determine
whether DTI can act as a potential biomarker for AD.

Results: There were significant differences in Modified Mini-Mental State Examination (MMMSE) and Clinical
Dementia Rating (CDR) between the two groups. As regards the DTI parameters, significant differences were found
between AD patients versus healthy subjects, in the mean diffusivity (MD) of the splenium [(1.05 ± 0.19) vs. (0.92 ±
0.22) , P=0.03], the MD of the right uncinate fasciculus [(0.92 ± 0.04) vs. (0.87 ± 0.05), P= 0.01], and MD of the right
arcuate fasciculus (AF) [(0.83 ± 0.04) vs. (0.79 ± 0.04) P =0.01], as well as the MD of the right and left inferior fronto-
occipital fasiculus (IFOF) [(0.89 ± 0.06) vs. (0.83 ± 0.04), P=0.01]. In addition, there were significant differences in the
fractional anisotropy (FA) of the right and left cingulum between both groups [(0.45 ± 0.02) vs. (0.47 ± 0.03), P=0.01
and (0.45 ± 0.03) vs. 0.49± 0.04), P=0.01, respectively]. The overall accuracy of the aforementioned parameters
ranged between 73 and 81% with the MD of the left cingulum revealing the highest accuracy.

Conclusion: DTI proofed to be a useful tool in differentiating AD patients from healthy subjects. In our study, we
found that the splenium, cingulum, IFOF, and the right UF and right AF are the main tracts involved in AD. The left
cingulum provided the highest accuracy in differentiating AD from normal subjects.
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Background
Alzheimer’s disease (AD) is a progressive neurodegener-
ative disease representing the most prevalent cause of
dementia in the elderly population, accounting for 60–
70% of all demented cases [1]. In 2015, there were
roughly 46 million people worldwide with AD [2]. It is

characterized by gradual cognitive impairment and
memory loss that gradually cause severe disabilities and
significant complications, eventually leading to death [3].
Histopathologically, AD is characterized by extracellular
beta-amyloid protein and Tau protein intercellular ag-
gregation (known as neurofibrillary tangles), which lead
to the damage and destruction of neurons resulting in
memory loss and other manifestations of Alzheimer dis-
ease [4].
Previous imaging researches focused on the damage of

gray matter (GM) based on voxel-based morphometry
and positron emission tomography [5]. While it was
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believed that AD is a GM disease, various structural
MRI studies revealed variable degrees of WM abnormal-
ities such as demyelination and gliosis [6]. This WM
damage is thought to be secondary to the GM damage
[7]. Good deals of evidences, however, indicate that
WM damage is independent of GM damage. It may even
precede the GM involvement, which indicates the pri-
mary role of WM in the pathology of AD [8]. Addition-
ally, as Tau is primarily found in axons, it is possible
that changes in WM microstructure may exist in the
early stages of AD [9]. Changes in the WM microstruc-
ture can be quantified using diffusion tensor imaging
(DTI). Therefore, DTI can be applied to quantify WM
microstructure changes in AD [10].
DTI-MRI is a fairly new tool that enables mapping of

WM microstructure changes in neurological disease.
From the tensor, it is possible to derive the mean diffu-
sivity (MD) that describe the overall mean-squared dis-
placement of molecules which is the average of the
diffusion ellipsoid size, and the fractional anisotropy
(FA) which measures the fraction of the magnitude of
diffusion that can be recognized to anisotropic diffusion.
Those are the most robust measures of anisotropy which
measure the degree of deviation from isotropic diffusion
[11]. In this study, we aimed to compare DTI parameters
between AD patients and healthy elderly subjects, to de-
termine whether DTI can identify WM microstructural
changes in AD patients and act as a potential biomarker
for AD.

Methods
A prospective cross-sectional study was conducted at
the Diagnostic Radiology Department. It was performed
in the period from May 2017 to May 2019.

Subjects
A total of 16 Alzheimer patients (9 males and 7 females)
were recruited, ranging from 63 to 86 years of age, with
a mean education level of 3.94 ± 1.24 years. Patients
with AD were included after clinical neurological evalu-
ation (according to the criteria of the National Institute
of Neurological and Communicative Disorders and
Stroke Alzheimer Disease and Related Disorders Associ-
ation) [12].
In addition, 16 control subjects (9 males and 7 fe-

males), with normal memory and cognition with no his-
tory of neurological or psychiatric disorders, were
included. Control subjects were matched with AD pa-
tients for age and education level, age range from 58 to
80 years, with a mean education level of 5.06 ± 1.24
years.
All participants or their caregivers gave informed con-

sent before participation in the investigation and after

the full explanation of the study protocol. The study was
approved by the local ethical committee.
Exclusion criteria included patients with other types of

dementia such as fronto-temporal dementia or any other
factors causing dementia and patients with pyramidal or
extrapyramidal tract signs. Any patient with moderate or
profound subcortical ischemic changes, structural abnor-
malities in the brain and/or any metallic prosthesis was
excluded.

Neuropsychological assessment
For staging of dementia, patients were classified into
mild, moderate, and severe AD according to Modified
Mini-Mental State Examination (MMMSE) and Clinical
Dementia Rating (CDR).
Each patient was evaluated with MMMSE by a trained

neuropsychologist. It is a measure of global cognition,
for assessing orientation, attention, language, and mem-
ory. The cutoff point ≤23 is used in order to detect sus-
pected demented subjects. Dementia was classified
according to the MMMSE score as 23–19, 18–11, and
less than 11 for mild, moderate, and severe dementia, re-
spectively, using the full score of 30 points in the case of
educated patients [13].
The CDR is a numeric scale used to quantify the se-

verity of symptoms of dementia. A structured interview
protocol for the assessment of a patient’s cognitive and
functional performance in six areas was used: memory,
orientation, judgment and problem solving, community
affairs, home and hobbies, and personal care.

MRI protocol
MRI examination was performed at a 1.5-T unit
(Achieva, Phillips Healthcare) using the standard head
coil for signal perception.
3D fluid-attenuated inversion recovery (FLAIR) images

were acquired with FLAIR sequences (TR/TE = 11,000/
140ms, matrix= 208×106, voxel size 1 × 1 × 1mm). DTI
was obtained using an echo-planner imaging sequence
with a b value of 1000 s/mm2 and a b value of 0s/mm2,
32 uniform directions, and a matrix size of 112 × 112
with a 2-mm isotropic spatial resolution. TR/TE is equal
to 11,785/110 ms. The slice thickness was 2 mm. The
examination time of this sequence was 13.33 min.

Post-processing
After data preparation, images were transferred to the
Philips Workstation software package; the 2 maps were
obtained (FA and MD colored maps). Processing was
performed on colored FA maps where 3D FLAIR was
overlaid.
The color maps provide information about the orien-

tation of the tracts, where red color indicates a latero-
lateral direction (left to right and right to left), green
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color an anterior-posterior direction (and vice versa),
and blue color a dorsal-ventral direction (and vice versa).
Other colors indicate intermediate orientations.
The following WM tracts were manually dissected

using either single or two ROI (region of interest) ap-
proaches. Single ROI approach was used for the fornixes,
anterior thalamic radiation (ATR), cingulum, and corpus
callosum (genu, body, and splenium) [14]. Two ROI ap-
proaches were drawn for arcuate fasciculus (AF), uncin-
ate fasiculus (UF), inferior longitudinal fasiculus (ILF),
and inferior occipito-frontal fasciculus (IFOF) bilaterally
[15, 16]. The tracts were dissected conjointly by two ra-
diologists: a resident (SMA) with 4 years of experience
and a consultant radiologist (RKS) with over 10 years of
experience.

Statistical analysis
Data was collected and analyzed using SPSS (Statistical
Package for the Social Science, version 20, IBM, and
Armonk, NY). Continuous data was expressed in the
form of mean ± SD while nominal data was expressed in
the form of frequency (percentage).
The chi-squared test was used to compare the nominal

data of different groups in the study while the Student t
test was used to compare the mean of DTI parameters
(FA and MD) of the selected WM tracts between AD
patients and control subjects. The diagnostic perform-
ance of significant DTI parameters was determined by
the ROC curve. The level of confidence was kept at 95%;
hence, P value was significant if < 0.05.

Results
The mean age of the study group was 71.01 ± 7.71 years
while the mean age of the control group was 66.25 ±
6.54 years. It was noticed that the majority (56.2%) of
both groups were males. The MMME and CDR were
significantly lower in AD patients compared to control
subjects (P= 0.01 and 0.001, respectively) (baseline data
of studied groups was shown in Table 1).
Differences in DTI parameters (FA and MD) of the ex-

amined tracts between AD and healthy controls are
shown in Table 2. There was significant higher MD

values of the splenium in AD patients (1.05 ± 0.19 vs.
0.92 ± 0.22; P= 0.03). In addition, there were significant
lower FA at the right cingulum (0.45 ± 0.02 vs. 0.47 ±
0.03; P= 0.01) and lower FA at the left cingulum (0.45 ±
0.03 vs. 0.49 ± 0.04; P= 0.01) in AD patients compared
to healthy controls.
A significant higher MD at the right UF (0.92 ± 0.04

vs. 0.87 ± 0.05; P= 0.01), right AF (0.83 ± 0.04 vs. 0.79 ±
0.04; P= 0.01), right IFOF (0.91 ± 0.07 vs. 0.85 ± 0.04;
P= 0.01), and left IFOF (0.89 ± 0.06 vs. 0.83 ± 0.04; P=
0.01) was observed in AD patients. Otherwise, there
were no significant differences as regards the other ex-
amined tracts between the patients and the control
group.
Figure 1 shows an example of the examined tracts of

AD patients vs. healthy controls.
Diagnostic performance DTI parameters (MD and FA)

of the examined tracts are shown in (Fig. 2). MD of the
splenium at a cutoff point of 0.961 with an AUC of 0.75
had 69% sensitivity and 81% specificity for the diagnosis
of AD with an accuracy of 77.3% (Fig. 2a).
FA of the right cingulum, best differentiated between

AD and control groups, at a cutoff point of < 0.469
(AUC =0.74) with a sensitivity of 87.5%, a specificity of
62.5% and an accuracy of 77.3%, while FA of the left cin-
gulum, differentiated the two groups, at a cutoff point
of < 0.477 (AUC =0.73) with a sensitivity of 69%, a speci-
ficity of 75% and an accuracy of 88.8% (Fig. 2b).
In addition, MD of the right UF, best discriminated

AD from control groups, at a cutoff point of > 0.876
(AUC of =0.74) with a sensitivity of 94%, a specificity of
50%, and an accuracy of 73% (Fig. 2c). MD of the right
AF, however, discriminated the two groups, at a cutoff
point of >0.78 (AUC =0.76) with a sensitivity of 87.5%, a
specificity of 56.3%, and an accuracy of 73% (Fig. 2d).
Furthermore, MD of the right IFOF, best differentiated

between AD and control groups, at a cutoff point of
>0.88 (AUC of =0.88) with a sensitivity of 75%, a specifi-
city of 63% and an accuracy of 68.2%, while MD of the
left IFOF, discriminated the two groups, at a cutoff point
of > 0.82 (AUC of =0.82) had 100% with a sensitivity of

Table 1 Baseline data of studied groups

Study group (n= 16) Control group (n= 16) P value

Age (years) 71.01 ± 7.71 66.25 ± 6.54 0.07

Sex
Male
Female

9 (56.2%)
7 (43.8%)

9 (56.2%)
7 (43.8%)

0.63

Education years 3.94 ± 1.24 5.06 ± 1.24 0.59

MMSE 15.02 ± 5.47 27.54 ± 1.50 0.01

CDR 2.062±0.7 1 < 0.001

Data expressed as frequency (percentage), mean (SD). P value was significant if < 0.05
MMSE Mini-Mental State Examination, CDR Clinical Dementia Rating
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Table 2 DTI parameters of the corpus callosum, cingulum, fornix, anterior thalamic radiation, AF, ILF, IFOF, and UF in the studied
groups

Study group (n= 16) Control group (n= 16) P

Corpus callosum genu
FA
MD

0.52 ± 0.04
0.91 ± 0.09

0.53 ± 0.03
0.87 ± 0.10

0.43
0.30

Body
FA
MD

0.53 ± 0.04
0.94 ± 0.24

0.55 ± 0.05
0.91 ± 0.16

0.34
0.57

Splenium
FA
MD

0.56 ± 0.14
1.05 ± 0.19

0.61 ± 0.05
0.92 ± 0.22

0.15
0.03

Right cingulum
FA
MD

0.45 ± 0.02
0.85 ± 0.04

0.47 ± 0.03
0.83 ± 0.06

0.01
0.29

Left cingulum
FA
MD

0.45 ± 0.03
0.86 ± 0.05

0.49 ± 0.04
0.82 ± 0.06

0.01
0.07

Right FNX
FA
MD

0.33 ± 0.05
1.49 ± 0.40

0.36 ± 0.04
1.45 ± 0.23

0.14
0.77

Left FNX
FA
MD

0.34 ± 0.04
1.60 ± 0.38

0.36 ± 0.04
1.50 ± 0.28

0.22
0.47

Right ATR
FA
MD

0.43 ± 0.04
0.91 ± 0.17

0.44 ± 0.05
0.82 ± 0.08

0.61
0.07

Left ATR
FA
MD

0.43 ± 0.04
0.89 ± 0.08

0.45 ± 0.05
0.83 ± 0.12

0.14
0.09

Right AF
FA
MD

0.45 ± 0.02
0.83 ± 0.04

0.46 ± 0.02
0.79 ± 0.04

0.34
0.01

Left AF
FA
MD

0.46 ± 0.02
0.81 ± 0.05

0.47 ± 0.03
0.79 ± 0.04

0.47
0.29

Right ILF
FA
MD

0.45 ± 0.03
0.89 ± 0.04

0.47 ± 0.03
0.90 ± 0.22

0.13
0.86

Left ILF
FA
MD

0.45 ± 0.04
0.88 ± 0.03

0.47 ± 0.04
0.90 ± 0.13

0.18
0.68

Right IFOF
FA
MD

0.46 ± 0.02
0.91 ± 0.07

0.46 ± 0.03
0.85 ± 0.04

0.80
0.01

Left IFOF
FA
MD

0.47 ± 0.03
0.89 ± 0.06

0.48 ± 0.02
0.83 ± 0.04

0.23
0.01

Right UF
FA
MD

0.38 ± 0.02
0.92 ± 0.04

0.39 ± 0.03
0.87 ± 0.05

0.28
0.01

Left UF
FA
MD

0.37 ± 0.03
0.88 ± 0.21

0.39 ± 0.03
0.90 ± 0.10

0.11
0.79

Data expressed as mean (SD). P value was significant if < 0.05
FA fractional anisotropy, MD mean diffusivity, DTI diffusion tensor imaging, FNX fornix, ATR anterior thalamic radiation, AF arcuate fasciculus, ILF inferior
longitudinal fasciculus, IFOF inferior fronto-occipital fasciculus, UF uncinate fasiculus
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100%, a specificity of 44% and an accuracy of 73% (Fig.
2e).

Discussion
In the current study, dissection of WM tracts was per-
formed via deterministic tractography, using the ROI ap-
proach, being less computationally extensive and more
practical for clinical studies [17]. Overall, there were

significant differences in the FA of the cingulum, bilat-
erally, as well as in the MD of the splenium, right AF,
right UF, and bilateral IFOF, between AD patients and
control subjects. These findings reflect diffuse WM
microstructural changes, likely representing degenerative
changes, in AD [10].
The limbic system is a complex set of structures, lies

on both sides of the thalamus just under the medial

Fig. 1 Example of the examined WM tracts in AD patients compared to healthy subjects. The examined tracts are shown on sagittal FLAIR-
weighted images. White matter tracts of AD patients (a–e) are shown in blue color; while white matter tracts of the healthy subjects (f–j) are
shown in purple color. a, f Splenium. b, g Cingulum. c, h Arcuate fasciculus. d, i Inferior fronto-occipital fasciculus. e, j Uncinate fasciculus. (Only
tracts that revealed significant microstructural alteration are shown in this example). Significant differences were found in the MD of the
splenium, right AF, right UF, and the IFOF bilaterally, between AD patients and healthy subjects. In addition, significant differences were found in
FA of the cingulum bilaterally. AF, arcuate fasciculus; IFOF, inferior fronto-occipital fasciculus; UF, uncinate fasciculus; FA, fractional anisotropy; MD,
mean diffusivity
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temporal lobes. It has been closely linked to emotions
and memory and has shown to be the first affected part
in AD [18]. The cingulum and fornix are the major WM
fibers of the limbic system [19]. In the present study,
there were significantly lower FA values in both right
and left cingulum in AD patients relative to healthy con-
trols. These findings are in agreement with DTI studies
that revealed evident microstructural changes of the cin-
gulum in AD [20, 21]. Furthermore, Lee et al. [22] found
that, among the WM tracts, only the cingulum angular

fibers showed significant microstructural alteration in
early AD compared to controls. These findings suggest
that the cingulum is most affected by AD.
The fornix is another major component of the limbic

system. Neurodegeneration of its fibers has been de-
tected histologically in AD [23]. Accordingly, different
DTI studies revealed significant microstructural changes
of the fornix in the early stages of AD [24, 25]. However,
in the present study, there were no significant differ-
ences in the DTI parameters of the fornix between AD

Fig. 2 Diagnostic performance of a MD of the splenium, b FA of the cingulum, c MD of UF, d MD of AF, and e MD of IFOF in diagnosing AD. AF,
arcuate fasciculus; IFOF, inferior fronto-occipital fasciculus; UF, uncinate fasciculus; FA, fractional anisotropy; MD, mean diffusivity
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patients and control subjects. More advanced image ac-
quisitions, which have been applied in the other studies,
may be required for better estimation of the microstruc-
tural changes in such small tracts and to reduce the
false-negative results. For instance, Mayo et al. [26] re-
ported significant microstructural alteration in the fornix
in AD relative to controls, when using 46 diffusion di-
rections at a 3-T machine. Furthermore, the authors re-
lied on probabilistic tractography in their analysis. The
latter has been shown to be more accurate compared to
deterministic tractography [27].
The corpus callosum is known to be involved in

motor, somatosensory, and visual functions via inter-
hemispheric transfer [28]. The current study demon-
strated a significant increase in MD values of the
splenium. Accordingly, Demey et al. [29] showed that all
parts of the corpus callosum were adversely affected by
AD. Yet, more consistent with the results of this study,
Palesi et al. [30] reported that the splenium was predom-
inantly affected by AD. These results may explain the
poor motor, sensory, and visual output in AD patients.
The present study revealed significant higher MD of

the right AF as well as significantly higher MD of the
right UF in AD patients compared to healthy controls.
Furthermore, there was higher MD of the IFOF bilat-
erally in AD patients compared to the controls. These
results are in agreement with other cross-sectional DTI
studies, investigating WM changes in AD patients com-
pared to healthy subjects [31–33]. The damages of the
above tracts are likely related to language, cognitive, and
visual impairments with the progress of AD [32, 34, 35].
There were no significant differences, however, in DTI

parameters of ILF and ATR between AD patients and
healthy controls, in the current study. Although they
were relatively preserved, a non-significant increase of
MD values remains demonstrated in AD patients com-
pared to healthy controls. Similarly, Niida et al. [36] re-
vealed the absence of a significant difference in DTI
parameters of ATR between AD patients and control
subjects despite the visually depicted dissimilarity. In
contrast to these results, Wegrzyn et al. [37] found a sig-
nificant microstructural alteration of ATR and ILF in
AD patients compared to control subjects. The small
sample size, in this study, might be the reason behind
the lack of significant results. Additionally, using differ-
ent methodological approaches, e.g. deterministic tracto-
graphy, may also contribute to these variations.
Regarding the diagnostic performance of the DTI pa-

rameters of the examined tracts, FA of the left cingulum
showed the highest accuracy (81.8%). It is followed by
FA of the right cingulum and MD of the splenium (77%)
each. However, MD of the right IFOF showed the least
accuracy (68.2%). Similarly, Jung et al. [38] also found
that the cingulum had the best diagnostic performance

in differentiation between AD patients and healthy
controls.
The small sample size is the main limitation in this

study, which might make it difficult to generalize the re-
sults with confidence.

Conclusion
Overall, the current study supports diffuse WM micro-
structural alteration in AD. In particular, the right UF,
the right AF, and the splenium as well as the IFOF and
cingulum, bilaterally, were significantly affected. The FA
of the left cingulum provided the highest accuracy in dif-
ferentiating AD from normal subjects. Thus, DTI pa-
rameters of the aforementioned tracts can act as a
biomarker for the diagnosis of AD.
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