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Abstract

Diffusion kurtosis imaging can be used to assess pathophysiological changes in tissue structure and to diagnose central nervous system dis-
eases. However, its sensitivity in assessing hippocampal differences between patients with Alzheimer’s disease and those with amnestic mild
cognitive impairment has not been characterized. Here, we examined 20 individuals with Alzheimer’s disease (11 men and 9 women, mean
73.2 + 4.49 years), 20 with amnestic mild cognitive impairment (10 men and 10 women, mean 71.55 + 4.77 years), and 20 normal controls
(11 men and 9 women, mean 70.45 + 5.04 years). We conducted diffusion kurtosis imaging, using a 3.0 T magnetic resonance scannet,
to compare hippocampal differences among the three groups. The results demonstrated that the right hippocampal volume and bilateral
mean kurtosis were remarkably smaller in individuals with Alzheimer’s disease compared with those with amnestic mild cognitive im-
pairment and normal controls. Further, the mean kurtosis was lower in the amnestic mild cognitive impairment group compared with the
normal control group. The mean diffusion in the left hippocampus was lower in the Alzheimer’s disease group than in the amnestic mild
cognitive impairment and normal control groups, while the mean diffusion in the right hippocampus was lower in the Alzheimer’s disease
group than in the normal control group. Fractional anisotropy was similar among the three groups. These results verify that bilateral mean
kurtosis and mean diffusion are sensitive to the diagnosis of Alzheimer’s disease and amnestic mild cognitive impairment. This study was
approved by the Ethics Review Board of Affiliated Sixth People’s Hospital of Shanghai Jiao Tong University, China on May 4, 2010 (approval
No. 2010(C)-6).
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Introduction

Alzheimer’s disease (AD) is the most common cause of se-
nile dementia (Harris et al., 1998). The characterization of
amnestic mild cognitive impairment (aMCI) is important in
the diagnosis of AD. Annually, approximately 15% of aMCI
patients develop AD, and over a period of 7 years, 80% will
develop AD (Bruegel et al., 2009). Modern neuroimaging
techniques can aid the diagnosis of AD, particularly for
aMCI patients (Harris et al., 1998; Bruegel et al., 2009).

Diffusion tensor imaging was derived from diffu-
sion-weighted imaging technology. Although some scholars
have used diffusion tensor imaging in the study of AD (Zhang
et al., 2007; Mielke et al., 2009; Stebbins and Murphy, 2009;
Wang et al., 2009), the scope of application is limited with
respect to white matter (Li et al., 2017). Diffusion kurtosis
imaging is based on a technical extension of diffusion tensor
imaging. This new form of magnetic resonance imaging can
be used to describe non-Gaussian water diffusion behavior
(Wu and Cheung, 2010). The Gaussian distribution of free
water diffusion is not sufficient to describe diffusion in bi-
ological environment. Most complex structures in human
tissue, such as various types of cells, cell membranes, and the
biochemical properties of such tissue, exhibit Gaussian dif-
fusion that has a non-Gaussian distribution.

To describe this non-Gaussian diffusion behavior, kurtosis
was introduced as the fourth tensor of distribution (Wu and
Cheung, 2010). Physiological and biochemical status not only
affects the diffusion rate of water molecules, but also influ-
ences water dispersion characteristics in different directions.
Diffusion kurtosis imaging can be used to evaluate changes
in the pathophysiology of the organizational structure, and
thus has great potential in the diagnosis of central nervous
system diseases. For instance, diffusion kurtosis imaging can
be used as an indicator of tissue complexity, including gray
matter and white matter (Jensen et al., 2005; Hui et al., 2008),
and has been assessed for its potential in the early diagnosis
of AD (Falangola et al., 2013; Gong et al., 2013; Struyfs et al.,
2015; Wang et al., 2015; Yuan et al., 2016). The sensitivity of
diffusion kurtosis imaging in assessing hippocampal differ-
ences between aMCI and AD patients has not been compre-
hensively investigated. Thus, in this exploratory study, we
used diffusion kurtosis imaging to assess differences between
individuals with aMCI, AD, and normal volunteers.

Participants and Methods
Participants
Written informed consent (Additional file 1) was obtained
from the volunteers or their guardians before conducting
magnetic resonance imaging scanning. This was a cross-sec-
tional study. The study protocol was reviewed and approved
by the Ethics Review Board of our Hospital (approval No.
2010(C)-6; Additional file 2) on May 4, 2010. The study
conformed to the 2013 WMA Declaration of Helsinki.
This trial has been registered in the ISRCTN Registry (IS-
RCTN17337128).

The AD group was diagnosed in accordance with the fol-
lowing criteria (McKhann et al., 1984): (1) the criteria of the
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Diagnostic and Statistical Manual of Mental Disorders IV
and the National Institute of Neurological and Communica-
tive Disorders and Stroke/Alzheimer’s Disease and Related
Disorders Association; (2) a mini-mental state examination
score of < 23.

The Petersen diagnostic criteria were used to identify
cases of aMCI (Petersen, 2004) according to (1) complaints
of memory impairment confirmed by others; (2) objective
evidence of memory impairment, e.g., memory test (delayed
story recall test) scores lower than (age- and duration-)
matched healthy controls by 1.5 standard deviations; (3) an
overall normal level of cognitive function, that is, insuffi-
cient impairment for dementia diagnosis, Clinical Dementia
Rating scale point = 0.5; and (4) normal daily living skills
according to the Activities of Daily Living scale, with a
mini-mental state examination score of < 26 points.

In the normal control (NC) group, the inclusion criteria
included the capacity for independence, normal neurological
examination results, and a mini-mental state examination
score of > 28 points.

Two neurologists with 8 and 10 years of work experience,
respectively, made all diagnoses. The mini-mental state ex-
amination (Tombaugh and McIntyre, 1992) is an extensively
used global assessment tool with identification and tracking
features. All subjects were right-handed, with no history of
hypertension, diabetes, mental illness, cancer, autoimmune
or other diseases, or alcohol/drug abuse. For the AD and
aMCI groups, we required the Hachinski Ischemic Scale
scores (Hachinski et al., 2012) to be less than 4, thus exclud-
ing participants with vascular cognitive impairment and vas-
cular dementia.

Three subjects with AD and one subject with aMCI were
excluded from the analysis because of excessive motion
artifacts. As a result, 20 subjects with AD, 20 subjects with
aMCI, and 20 NC subjects were included in the final analy-
sis. There were no significant differences in age, sex, or edu-
cation level among the three groups (P > 0.05; Table 1). The
study flow chart is shown in Figure 1. This study followed
the Strengthening the Reporting of Observational Studies in
Epidemiology (STROBE) guidance (Additional file 3).

Magnetic resonance examination and measurement
We used a 3.0 T magnetic resonance scanner (MAGETOM,
Verio, Siemens Healthcare, Erlangen, Germany) with a

Table 1 Differences in age, sex, years of education, and MMSE scores
among the NC, aMCI, and AD groups

Item NC aMCI AD

Age (year) 70.45+5.04  71.55+4.77  73.2+4.49
Sex ratio (male: female) 1.22 1 1.22

Years of education 8.24+3.84 6.06+4.14 9.54+6.75
MMSE score 29.2240.97  26.85+1.42° 21.15+1.23"

Data are expressed as the mean + SD (n = 20; one-way analysis of
variance and Fisher test). *P < 0.05, vs. NC group; #P < 0.05, vs. aMCI
group. MMSE: Mini-mental state examination; NC: normal control;
aMCI: amnestic mild cognitive impairment; AD: Alzheimer’s disease.
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32-channel head coil. The imaging sequences included
conventional magnetic resonance sequences (T1-weighted
imaging, T2-weighted imaging), diffusion-weighted imag-
ing, and diffusion kurtosis imaging sequences. The imaging
parameters were as follows. For T2 images: field of view, 250
mm; repetition time/echo time, 6000/95 ms. For T1 3D axial
images: field of view, 230 mm; repetition time/echo time,
1500/2.96 ms. The slice thickness was 1 mm for both T2 and
T1 3D images.

We conducted diffusion kurtosis imaging in all subjects
using 30 gradient directions, six b values (the diffusion sen-
sitive gradient value) (b = 0, 500, 1000, 1500, 2000, and 2500
s/mm’), and an echo-planar diffusion-weighted imaging se-
quence (Figure 2). Parametric maps for mean diffusion and
mean kurtosis were generated using in-house MatLab code
from the raw diffusion images and calculated using MRIcron
software (http://www.nitrc.org/projects/mricron).

To measure hippocampal volume, we acquired oblique
coronal images parallel to the brainstem from the T1-weight-
ed axial images. On a Siemens workstation, two neurora-
diologists (with 5 and 8 years of experience, respectively)
manually outlined the hippocampus on the T1-weighted
images. Each hippocampus was manually traced using mul-
tiple views of each layer to include the cornu ammonis, gy-
rus dentatus, and subiculum (the hippocampus is bordered
by the temporal horn of the lateral ventricle, amygdala, and
splenium). The neuroradiologists also measured the mean
diffusion and mean kurtosis values of the hippocampus
based on the mean diffusion and mean kurtosis images. Us-
ing MRIcron software to refer to different parameter maps in
a brain atlas, the region of interest, that is, the hippocampus,
was manually depicted on continuous sections. This was
conducted to avoid manual editing errors, which may intro-
duce bias into the analyses. We then subjected the data to a
quality control step, in which values that exceeded the scope
of the mean plus or minus three times the standard deviation
were excluded from further analysis.

The hippocampus was segmented on the basis of anatomi-
cal boundaries, as described by MacMaster et al. (2008). The
hippocampus volume was adjusted for intracranial volume
using the covariance method, with the equation Va = Vua - G
- (Vsic — Vmic), where Va is the adjusted volume; Vua is the
unadjusted volume; G is the gradient; Vsic is the subject’s in-
tracranial volume; and Vmic is the mean intracranial volume
for all control subjects. The variable gradient was derived by
regressing the unadjusted volumes against the intracranial
volumes across all subjects. Intracranial volumes were ob-
tained via a previously validated approach, that is, the atlas
scaling factor in the Freesurfer program in MRIcron software.

Statistical analysis

We used SPSS 19.0 (IBM, Armonk, NY, USA) for statistical
analysis. We used a one-way analysis of variance to compare
differences in the bilateral mean kurtosis, mean diffusion
values, and volumes of the hippocampus among the three
groups with Fisher’s least significant difference test. Fisher’s
test was also applied for comparisons between two groups.

We chose an alpha level of 0.05.

Results

Normalized hippocampal volume among the aMCI, AD,
and NC groups

With regards to normalized hippocampal volume, there were
no significant differences between the aMCI and NC groups
in the right or left hemispheres (P = 0.22214 and 0.08269,
respectively; Table 2, Figures 3 and 4).

Table 2 Normalized hippocampal volumes (cm’) among aMCI, AD,
and NC groups

NC aMCI AD
Right hippocampus 2.74+0.38 2.61£0.35 2.10+0.32°
Left hippocampus 2.62+0.51 2.35+0.47 2.05+0.45

Data are expressed as the mean + SD (n = 20; one-way analysis of
variance followed by Fisher’s least significant difference test). #P < 0.05,
vs. aMCI group. NC: Normal control; aMCI: amnestic mild cognitive
impairment; AD: Alzheimer’s disease.

Mean kurtosis and mean diffusion among the aMCI, AD,
and NC groups

The mean kurtosis in the left and right hippocampi was low-
er in the AD group than in the aMCI and NC groups. We
found significant differences in mean kurtosis between the
NC and aMCI groups, the AD and NC groups, and the AD
and aMCI groups in the left hemisphere (P = 0.004, < 0.001,
and 0.029, respectively; Table 3, Figures 3 and 4). Among
the three groups, the mean kurtosis values were lowest in the
AD group. There was a significant difference in the mean dif-
fusion values in the hippocampus between the AD and NC
groups in the right hemisphere (P < 0.001). There were also
significant differences between the AD and NC groups and
between the AD and aMCI groups in the left hemisphere (P
= 0.0211 and 0.027, respectively; Figures 3 and 4). Among
the three groups, the mean diffusion values were highest in
the AD group. We found no significant differences in frac-
tional anisotropy among the three groups (Table 3).

Table 3 Mean kurtosis, mean diffusion, and fractional anisotropy
values in the bilateral hippocampi among the NC, aMCI, and AD
groups

NC aMCI AD

Mean kurtosis

Right hippocampus ~ 0.81:+0.20 0.70+0.09"  0.59+0.10"

Left hippocampus ~ 0.79+0.08 0.69+0.09 0.61+0.14™
Mean diffusion

Right hippocampus ~ 1.34+0.30 1.47+0.20 1.60+0.18"

Left hippocampus 1.13+0.26 1.14+0.29 1.36+0.35"
Fractional anisotropy

Right hippocampus ~ 0.17+0.05 0.17+0.03 0.16+0.02

Left hippocampus 0.18+0.05 0.17+0.04 0.16+0.03

Data are expressed as the mean + SD (n = 20; analysis of variance
followed by the Fisher’s least significant difference test). *P < 0.05, vs.
NC group; #P < 0.05, vs. aMCI group. NC: Normal control; aMCI:
amnestic mild cognitive impairment; AD: Alzheimer’s disease.
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Figure 2 Diffusion kurtosis imaging of a 67-year-old male patient

with Alzheimer’s disease. Figure 3 MK, MD, and FA values of bilateral hippocampal volume in

Diffusion kurtosis imaging was conducted parallel to brainstem the aMCI, AD, and NC groups.

oblique coronal images. (A-F) b = 0, 500, 1000, 1500, 2000, and 2500, Data are expressed as the mean + SD (n = 20; analysis of variance

respectively. followed by Fisher’s least significant difference test). *P < 0.05, vs. NC
group; #P < 0.05, vs. aMCI group. NC: Normal control; aMCI: amnestic
mild cognitive impairment; AD: Alzheimer’s disease; MK: mean kurto-
sis; MD: mean diffusion; FA: fractional anisotropy; R: right; L: left.

Figure 4 Distribution plots of MK, MD, FA, and volume of the bilateral hippocampi in the aMCI, AD, and NC groups.
MK: Mean kurtosis; MD: mean diffusion; FA: fractional anisotropy; NC: normal control; aMCI: amnestic mild cognitive impairment; AD: Alzhei-
mer’s disease; R: right; L: left.
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Discussion

Diffusional non-Gaussianity is the result of diffusive barriers
and compartments in tissue structures. Mean kurtosis value
can reflect the non-Gaussianity of water molecule, and mean
kurtosis value can reflect the micro-change of water mole-
cule (Jensen and Helpern, 2010). The mean kurtosis value
of the probability distribution of diffusion displacement can
be determined from a diffusion kurtosis imaging dataset.
This has potential practical value in characterizing changes
in brain tissue induced by neuropathology (including AD)
(Jensen et al., 2005; Jensen and Helpern, 2010).

Mean kurtosis values rely on the structural complexity of
the region of interest. Structures with greater complexity have
more visible non-Gaussian water molecule diffusion, and
thus higher mean kurtosis values. Although we found that
aMCI hippocampal volume was not substantially reduced
compared with the NCs, the associated pathological changes
in neurons, including degeneration, apoptosis, and demye-
lination, all lead to a decrease in cell complexity (Juottonen
et al., 1999; Jensen and Helpern, 2010). While this coincides
with the expansion of extracellular space and compensatory
glial cells (Juottonen et al., 1999), glial cells are much less
complex than neurons, leading to a clear decrease in mean
kurtosis values. Consistent with previous studies, Grinberg
et al. (2011) found that mean kurtosis values in the frontal
cortex increased from adolescence to adulthood. Increases in
mean kurtosis are associated with enhanced organizational
structural complexity in the brain. However, age-related neu-
rodegeneration, in terms of the microscopic structure of the
whole brain, is accelerated in AD patients (Grinberg et al.,
2011). Thus, microscopic changes lead to a decrease in mean
kurtosis values. Mean kurtosis values (as measured in the
present study) are considered to be a complex micro index.
The advantage of mean kurtosis over fractional anisotropy
is that the former does not depend on the spatial orientation
of the organizational structure; both gray and white matter
structures in the brain can be described using mean kurtosis.
Fractional anisotropy measures the main characteristics of
white matter fiber anisotropy parameters. Fractional anisot-
ropy is strongly associated with the size and integrity of my-
elin, as well as fiber density and parallelism. Consistent with
a previous study (Nakaaki et al., 2013), our results confirm
that fractional anisotropy is not particularly advantageous in
the evaluation of the hippocampal structure.

The hippocampus is closely linked with learning and
memory, especially remote memory, and the transformation
of memories from recent to remote storage functions. It is
also one of the brain regions that is most likely to be affected
by AD brain lesions. This is why we chose the hippocampus
as the region of interest in the present study. Limited scan-
ning time prevented us from examining other regions impli-
cated in AD brain lesions, such as the frontal and temporal
cortices.

In this study, we found asymmetry between the right and
left hippocampi in the NCs, reflected by the mean diffusion
value. Indeed, the internal structure of the hippocampus is
asymmetric. However, studies of hippocampal asymmetry

have mainly focused on animals. Dua et al. (2011a, 2011b)
reported on internal hippocampal asymmetry in terms of
the number of neurons. In addition to asymmetrical hip-
pocampal morphology, asymmetric expression of proteins
and other molecules has been recently proposed. Some re-
searchers used proteomics and genomics to study differences
between the rat right and left hippocampi. They found that
hippocampal activation during the water maze performance
varied such that the left hippocampus was dominant in the
encoding and information transferring stage, and the right
hippocampus was dominant in the memory compensation
stage (Dua et al., 2011a, b). Mean diffusion in the brain
mainly reflects the diffusion coefficient of water molecules,
which is mainly determined by the sizes and number of cells
inside and outside the defined cellular space. Whether the
asymmetry of the hippocampal formation is reflected in the
differences in the mean diffusion values between the right
and left hippocampi remains unclear.

Although many researchers have used diffusion kurtosis
imaging and diffusion tensor imaging to examine individuals
with AD and mild cognitive impairment, none have reported
a direct relationship between diffusion kurtosis imaging and
diffusion tensor imaging. Consequently, further diffusion
kurtosis imaging studies in animals and humans with large
sample sizes are needed to ascertain the link between diffu-
sion kurtosis imaging measurements and structural changes
in AD and mild cognitive impairment.

Using the diffusion kurtosis imaging technique, we were
able to distinguish AD patients, aMCI patients, and NC
participants. Thus, mean kurtosis and mean diffusion values
acquired using diffusion kurtosis imaging may be valuable in
the diagnosis of aMCI and AD.
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