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Advanced diffusion magnetic resonance imaging in 
patients with Alzheimer’s and Parkinson’s diseases

Introduction
The prevalence of neurodegenerative diseases with aging as 
the main risk factor is increasing with an increase in human 
longevity (Hou et al., 2019). This increasing prevalence of 
neurodegenerative diseases has resulted in serious medical 
and socioeconomic problems. The hallmark events in neu-
rodegenerative diseases include misfolding and aggregation 
of abnormal proteins, which result in cellular stress, syn-
aptic dysfunction, and ultimately neurodegeneration (Soto 
and Pritzkow, 2018). Although the definitive diagnosis of 
neurodegenerative diseases is pathologically confirmed via 
autopsy, living patients are diagnosed according to clinically 
established diagnostic criteria. However, the frequency of 
misdiagnosis of these diseases, which are diagnosed only 
based on clinical symptoms in clinical trials (Salloway et al., 
2014), increases the need for objective biomarkers. Recent 
advances in magnetic resonance imaging (MRI) techniques 
have made it possible to determine brain pathological 
changes in vivo. In particular, diffusion MRI is a powerful 
tool used to determine brain microstructural features, such 
as microstructural complexity, integrity, and axonal order, 
density, and myelination via the micron-scale displacement 
of water molecules diffusing in tissues (Beaulieu, 2002). 
Diffusion tensor imaging (DTI) is a widely utilized diffusion 
MRI technique in clinical and research settings of neurode-
generative diseases; however, it has several limitations. To 

overcome these limitations, advanced diffusion MRI tech-
niques, such as diffusional kurtosis imaging (DKI) (Jensen 
et al., 2005), neurite orientation dispersion and density im-
aging (NODDI) (Zhang et al., 2012), and free water imaging 
(FWI) (Pasternak et al., 2009), have recently been proposed. 
This review focused on the main applications, findings, per-
spectives, and future directions of advanced diffusion MRI 
techniques in patients with Alzheimer’s disease (AD) and 
Parkinson’s disease (PD), the first and second most common 
neurodegenerative diseases, respectively.

Search Strategy and Selection Criteria
The MEDLINE database was electronically searched for liter-
ature describing advanced diffusion MRI prior to published 
March 2019 using the following criteria: “neurodegenerative 
diseases” [All Fields] OR “neurodegenerative disorders” [All 
Fields] OR “Alzheimer disease” [MeSH Terms] OR “Alzhei-
mer’s disease” [All Fields] OR “Parkinson disease” [MeSH 
Terms] OR “Parkinson’s disease” [All Fields] AND (“diffu-
sional kurtosis imaging” [All Fields] OR “neurite orientation 
dispersion and density imaging”[All Fields] OR “free water” 
[All Fields] OR “DKI” [All Fields] OR “NODDI” [All Fields] 
OR “advanced diffusion magnetic resonance imaging” [All 
Fields]). The studies identified were further screened using 
the following inclusion criteria: focus on diffusion MRI and 
the evaluation of AD and/or PD patients. We excluded re-
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view articles and studies that did not involve humans or the 
use of MRI.

One hundred and five studies were identified via MED-
LINE search. Based on the inclusion and exclusion criteria, 
48 studies were finally selected for this review (Figure 1). 
The selected studies were published between 2013 and 2019, 
and 60% of them were published within the last three years.

Diffusion MRI Techniques
Diffusion tensor imaging
DTI is a powerful technique used to explore microstruc-
tural changes. The theoretical background of DTI has been 
extensively reviewed (Mori and Zhang, 2006; Assaf and Pas-
ternak, 2008). Briefly, DTI measures the diffusion of water 
molecules in tissue and provides information about their 
orientation and quantitative anisotropy (Soares et al., 2013). 
The diffusion is modeled by a tensor, a mathematical form 
of a 3 × 3 symmetric matrix. DTI produces measures, such 
as fractional aonisotropy (FA; the directionality of water dif-

Table 1 Summary of method characteristics

 Model Method Estimated metrics Advantages Disadvantages

Mathematical 
models

DTI FA, MD, AxD, RD Short acquisition time; relatively high 
reproducibility; 

The estimation of voxels containing multidirectional 
nerve fibers or free water may not be accurate.

easy data acquisition Does not reflect specific pathological changes (e.g., 
demyelination, axonal degeneration)

DKI MK, AK, RK It is not restricted to evaluate the voxels of 
single fiber populations. Voxels containing 
multidirectional nerve fibers or gray matter 
can also be evaluated

Relatively long acquisition time; difficulty in the 
interpretation of the changes in DKI measures

Biophysical 
models

NODDI ICVF, OD, ISOVF A biological interpretation such as neurite 
density, neurite orientation dispersion can 
be provided (needs to be verified)

Long acquisition times to acquire 2 b-shells; 
relatively low reproducibility: because of the pre-
fixed intracellular and extracellular diffusivity, 
deviations from the fixed value can bias the NODDI 
measures. 

Hybrid models FWI FAT, MDT, ADT, 
RDT, FW

Can eliminate the effect of partial volume 
of free water contained in voxels

The voxels containing multidirectional nerve fibers 
might be considered as FW

ADT: Free water-corrected AxD; AK: axial kurtosis; AxD: axial diffusivity; DKI: diffusional kurtosis imaging; DTI: diffusion tensor imaging; 
FA: fractional anisotropy; FAT: free water-corrected FA; FW: free water; FWI: free-water imaging; ICVF: intracellular volume fraction; ISOVF: 
isotropic volume fraction; MD: mean diffusivity; MDT: free water-corrected MD; MK: mean kurtosis; OD: orientation dispersion index; RD: radial 
diffusivity; RDT: free water-corrected RD; RK: radial kurtosis.

Figure 1 Flow chart of the article selection process.

fusion), mean diffusivity (MD; the magnitude of diffusion), 
axial diffusivity (the diffusion rate along the main axis), and 
radial diffusivity (RD; the transverse diffusion rate) (Table 1) 
(Soares et al., 2013).

The clinical use of DTI, however, is constrained by several 
limitations: (1) DTI assumes a Gaussian distribution of water 
molecules (Basser et al., 1994), whereas it is known that bio-
logical restrictions in the living tissue microstructure cause 
deviations from the Gaussian distribution of water mole-
cules (Jensen et al., 2005; Jensen and Helpern, 2010). (2) DTI 
parameters cannot be used to illustrate specific pathological 
changes (Assaf and Pasternak, 2008). For example, decreased 
FA and increased MD may be attributed to demyelination 
or axonal loss (Chung et al., 2016; Kamagata et al., 2017). 
Although some studies have demonstrated the usefulness of 
AD and RD as biomarkers of axonal loss and demyelination, 
respectively (Beaulieu, 2002), these interpretations have also 
been questioned in the literature (Wheeler-Kingshott and 
Cercignani, 2009). (3) The DTI model assumes a single-tis-
sue compartment in each voxel, and thus, the partial volume 
effect from an extracellular fluid, such as cerebrospinal fluid 
(CSF) (Alexander et al., 2007), might bias the interpretation 
of DTI indices (Metzler-Baddeley et al., 2012). (4) DTI is not 
preferred for the evaluation of gray matter (GM) because of 
its inability to explore the water diffusion isotropy of GM 
(Jensen et al., 2005; Jensen and Helpern, 2010).

Diffusional kurtosis imaging
Diffusional kurtosis imaging (DKI) was proposed to over-
come the limitations of DTI by estimating the kurtosis of 
water diffusion based on a probability distribution function. 
Kurtosis is a dimensionless measure that determines the 
deviation of the Gaussian distribution of water molecules in 
a voxel (Jensen et al., 2005). DKI protocols differ from DTI 
protocols and require at least three b-values (compared with 
two b-values for DTI), as well as at least 15 diffusion gradient 
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directions (compared with six b-values for DTI) (Jelescu and 
Budde, 2017). The test-retest reproducibility of DKI metrics 
has been demonstrated to be comparable to that of DTI met-
rics (Shahim et al., 2017). DKI provides the following diffu-
sional kurtosis measures: axial kurtosis (AK), mean kurtosis 
(MK), and radial kurtosis (RK). Briefly, MK represents 
the overall microstructural complexity of the brain tissue, 
whereas AK and RK reflect the tissue complexity along and 
perpendicular to the direction of water diffusion, respective-
ly (Table 1) (Kamagata et al., 2017). Higher kurtosis values 
indicate greater restriction in tissue, whereas a decrease in 
kurtosis value might reflect neuronal loss (Arab et al., 2018). 
In contrast with FA, which can detect the restriction of water 
diffusion only in anisotropic environments, kurtosis param-
eters are used to evaluate the restriction of water diffusion 
both in isotropic and anisotropic environments (Steven et 
al., 2014). Therefore, DKI is useful in evaluating microstruc-
tural changes in the GM (Zhuo et al., 2012) as well as white 
matter (WM) (Guglielmetti et al., 2016). A major drawback 
of DKI is that its parameters lack specificity. In line with 
DTI parameters, it is difficult to interpret the changes in the 
measures (Kamagata et al., 2016a). Another limitation is 
that with a shorter imaging protocol, its parameters can vary 
across brain areas (Szczepankiewicz et al., 2013).

Neurite orientation dispersion and density imaging
NODDI is a multishell diffusion MRI imaging technique that 
uses a clinically feasible protocol probing the neurite mi-
crostructure. The NODDI model assumes three brain tissue 
compartments, namely intra-neurite (modeled as restricted 
diffusion), extra-neurite (modeled as hindered diffusion), 
and free water (modeled as isotropic Gaussian diffusion) 
compartments (Zhang et al., 2012). Similar to DKI, NODDI 
also requires at least two shells. NODDI was originally pro-
posed as a two-shell acquisition sequence with 30 gradient 
directions (711 s/mm2 shell) and 60 directions (2855 s/mm2 

shell) (Zhang et al., 2012). Nevertheless, the single-shell re-
sults of orientation dispersion index (ODI) are comparable 
to the two-shell results (Zhang et al., 2012; Parvathaneni et 
al., 2018).

Briefly, three NODDI parameters are produced to quantify 
neurite density [intracellular volume fraction (Vic)], intra-
cellular neurite dispersion (ODI), and the fractional volume 
of extracellular fluid (isotropic volume fraction) (Table 1) 
(Zhang et al., 2012; Kamagata et al., 2016a). Notably, Vic 
and ODI are considered two disentangled facets of FA; thus, 
NODDI provides more specific information of brain micro-
structure. Furthermore, NODDI parameters can be used to 
explore the changes in whole brain microstructures, includ-
ing WM and GM (Zhang et al., 2015).

NODDI measures, particularly ODI, have been found 
to be less reproducible than DTI measures, and magnetic 
field strength (i.e., 1.5 and 3 T) has a significant impact on 
NODDI. Therefore, the data need to be interpreted with 
caution (Chung et al., 2016). It is important to reiterate that 
the NODDI model predetermines diffusivity estimation. The 
model also assumes equal intra- and extracellular diffusivity 

(= 1.7 μm2/ms) (Jelescu and Budde, 2017). Because of this 
oversimplification, any deviation from the fixed values may 
bias the measures.

Free-water diffusion magnetic resonance imaging
Free-water diffusion MRI (FW diffusion MRI) is a bi-ten-
sor model that allows to differentiate between the water 
diffusion changes in brain tissue (anisotropic) and those in 
extracellular space (isotropic) (Pasternak et al., 2009). A sin-
gle-shell diffusion MRI acquisition can be used to produce 
FW diffusion MRI measure, and this method can be easily 
integrated with the pipeline of DTI analysis (Pasternak et al., 
2009). The model allows the measurement of FW-corrected 
DTI parameters, such as FW-corrected FA (FAT), MD (MDT), 
AD (ADT), and RD (RDT), enabling better specificity for the 
evaluation of brain tissue (Table 1) (Metzler-Baddeley et al., 
2012). FW elimination has also been demonstrated to im-
prove DTI-based tractography (Pasternak et al., 2009) and 
to increase the reproducibility of DTI metrics (Albi et al., 
2017).

Importantly, the model allows calculating the fractional 
volume of extracellular FW within a voxel. Extracellular FW 
in the human brain exists as CSF and may also accumulate 
in the extracellular space in brain parenchyma due to brain 
pathologies (Pasternak et al., 2009; Oestreich et al., 2017). 
Therefore, the FW map can be potentially used as a biomark-
er of neuroinflammation (Wang et al., 2011; Andica et al., 
2019). Although it is difficult to prove it histopathologically, 
as neuroinflammation is an active physiological phenome-
non, a recent study has demonstrated a relationship between 
FW in the hippocampus and 18 kDa translocator protein 
binding, one of the in vivo measurements of neuroinflamma-
tion (Reid et al., 2019).

Similar to other diffusion techniques, FW diffusion MRI 
also has some limitations. The bi-tensor model assumes two 
compartments comprising FW and a single neuronfiber. 
Since more than 60 percent of brain WM voxels consist of 
at least two fiber bundles, the signal from fiber bundles that 
do not match the single fiber tensor will be known as FW, 
resulting in reduced measure specificity.

Diffusion Applications in Alzheimer’s and 
Parkinson’s diseases
Alzheimer’s disease
AD is the most common progressive neurodegenerative 
disease that causes dementia in the elderly individuals.  In-
tracellular neurofibrillary tangles and senile plaques (com-
prising hyperphosphorylated tau protein and extracellular 
deposits of β-amyloid peptide, respectively) are considered 
as the pathological hallmarks of AD. Furthermore, these 
pathologies could lead to a typical spatiotemporal pattern of 
synaptic dysfunction and neuronal loss throughout the brain 
(Aisen et al., 2017). The stages of AD can be broadly divided 
into three phases. The first is the preclinical phase with no 
observable clinical symptoms. Subjects with a heritable risk 
for AD, namely the ε4 allele of apolipoprotein E (APOE ε4) 
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gene, positive Aβ42/CSF tau biomarkers or a parental history 
of AD, are also considered to have preclinical AD (Hoy et 
al., 2017). The second phase is the prodromal phase, which 
is frequently described as mild cognitive impairment (MCI) 
and carries a higher risk of AD development with a progres-
sion rate of 16.5% in 12 months (Petersen, 2004; Petersen 
et al., 2010). The last phase is the symptomatic phase. It is 
sometimes difficult to strictly differentiate these phases; 
therefore, these phases have recently been conceptualized as 
a multifaceted process moving along a seamless continuum 
(i.e., AD continuum) (Aisen et al., 2017).

Medial temporal lobe atrophy, as assessed using structural 
MRI, is currently the gold standard for the early diagnosis of 
AD (Wang et al., 2015b); nonetheless, the diagnostic accura-
cy for AD is just moderately high (Schmand et al., 2010). In 
contrast, advanced diffusion MRI has added further insights 
into the cerebral microstructural changes related to preclini-
cal, prodromal, and symptomatic AD (Parente et al., 2008).

Applications of advanced diffusion magnetic resonance 
imaging in Alzheimer’s disease
DKI has consistently been reported to be useful for detecting 
microstructural changes in cerebral WM in patients with 
MCI and AD (Falangola et al., 2013; Gong et al., 2013; Beni-
tez et al., 2014; Struyfs et al., 2015; Yuan et al., 2016; Chen et 
al., 2017). Furthermore, some previous studies have reported 
that this technique is useful for detecting GM alterations 
(Yuan et al., 2016; Gong et al., 2017; Wang et al., 2018; Song 
et al., 2019). Reductions in DKI parameters in the corpus 
callosum (Struyfs et al., 2015), corona radiata (Falangola et 
al., 2013; Struyfs et al., 2015), cingulate bundle (Yuan et al., 
2016), hippocampus (Yuan et al., 2016; Gong et al., 2017; 
Song et al., 2019), and deep GM (Yuan et al., 2016; Gong et 
al., 2017; Wang et al., 2018) in patients with AD and MCI rel-
ative to the findings in healthy controls have been reported.

Gong et al. (2013) first utilized DKI to evaluate micro-
structural changes in cerebral WM and GM in patients with 
MCI and AD. They found significantly decreased MK and 
RK in parietal WM and decreased AK in occipital GM in 
patients with AD compared with patients with MCI. 

In addition, significant correlations were found between 
DKI measures and the mini-mental scale examination score 
in both GM and WM in these areas. Furthermore, Gong et 
al. (2017) focused on capturing microstructural anomalies in 
GM in patients with AD using DKI and compared DKI met-
rics against cortical thickness and deep GM volume. They 
found decreased MK in patients with MCI relative to the 
findings in healthy controls in the globus pallidus, putamen, 
thalamus, and hippocampus. On the other hand, significant 
atrophy was observed only in the bilateral amygdala and 
hippocampi at the MCI relative to the control data (Figure 
2). The findings were considered due to loss of microstruc-
tural compartments in patients with MCI, such as neuronal 
somas, dendrite axons, and synapses in GM. In a previous 
study focusing on the hippocampus (Wang et al., 2015a), 
significantly lower MK values were found in patients with 
MCI and AD than in healthy subjects with no difference in 

hippocampal volume between the MCI and healthy subjects 
(Wang et al., 2015a). These findings suggest that microstruc-
tural changes detected by DKI may precede brain atrophies. 
On the other hand, Falangola et al. (2013) also utilized DKI 
to detect brain microstructural changes in patients with MCI 
or AD and in healthy controls. Among patients with MCI 
and AD, they found a decrease in all DKI parameters in the 
anterior corona radiata compared with the findings in cog-
nitively intact healthy controls. Furthermore, the mean and 
radial diffusion kurtosis values in the anterior corona radiata 
were shown as the best parameters for differentiating MCI 
from controls in ROC analyses. This result suggests that DKI 
may be useful for assessing microstructural changes in the 
early stage of MCI.

Only three studies have used NODDI to evaluate the brain 
microstructure of patients with AD (Slattery et al., 2017; 
Parker et al., 2018; Fu et al., 2019). Two studies evaluated 
early-onset AD using NODDI (Slattery et al., 2017; Parker 
et al., 2018), whereas one study evaluated MCI/AD (Fu et 
al., 2019). These studies have reported the utility of NODDI 
to evaluate AD pathology. Slattery et al. (2007) investigated 
WM alteration related to apolipoprotein (APOE) ε4 modu-
lation in 37 patients with young-onset AD (59% were pos-
itive for APOE ε4) and 23 healthy subjects to understand 
the mechanisms underlying heterogeneity in phenotype of 
young-onset AD. They found that WM alteration, as detect-
ed by DTI or NODDI, was more extensive in patients with 
ε4+ early-onset AD but more focal in those with ε4− ear-
ly-onset AD (Figure 3). The authors further observed that 
the decreased FA in WM in patients with early-onset AD 
was attributable to the effects of either a decrease in Vic (i.e., 
a decrease in neurite density) or an increase in OD (i.e., a 
degree in neurite orientation dispersion). The microstructur-
al alteration of cortical GM in patients with early-onset AD 
was also evaluated using NODDI (Parker et al., 2018). In this 
study, Vic, OD, and cortical thickness in the cortical areas 
related to early atrophy in AD (i.e., entorhinal area, inferior 
temporal cortex, middle temporal cortex, fusiform cortex, 
and precuneus) and one area relatively spared from atrophy 
in AD (precentral cortex) were compared between controls 
and patients. Vic was significantly decreased in patients with 
early-onset AD in all regions, whereas cortical thickness was 
significantly decreased in the AD group in regions associat-
ed with early atrophy in AD but not in the precentral cortex 
(Figure 4). Furthermore, cortical Vic was significantly asso-
ciated with mini-mental scale examination scores in the pa-
tient group. These results indicate that cortical Vic and ODI 
might be more sensitive markers for cortical assessment than 
cortical thickness.

FWI has been applied to evaluate the cerebral pathology of 
the preclinical stages of AD and MCI and the symptomatic 
phase of AD, and its usefulness has been reported (Hoy et 
al., 2017; Ji et al., 2017, 2019; Montal et al., 2018). Hoy et al. 
(2017) investigated the association between FWI parameters 
and AD-related CSF biomarkers (pTau181, Aβ42, YKL-40, 
sAPPβ, and tTau) in 70 subjects with preclinical AD (APOE 
ε4 and parental history of AD) and found that FW content 
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Figure 3 The changes 
in diffusion tensor 
imaging (FA, axial 
diffusivity, and RD), 
neurite orientation 
dispersion, and 
density imaging 
(NDI, ODI, and Fiso) 
metrics in patients 
with (A) ε4– and 
(B) ε4+ young-onset 
Alzheimer’s disease 
in comparison with 
controls. 
In the voxel-wise group 
differences, the metrics 
that are increased and 
decreased in patients 
are highlighted in blue 
and red, respectively.  
The results are overlaid 
on axial and sagittal 
planes of the white 
matter skeleton (shown 
in green) in the neuro-
logic convention. Re-
produced with permis-
sion from Slattery et 
al., 2017 (CC BY 4.0). 
AxD: Axial diffusivity; 
FA: fractional anisot-
ropy; Fiso: fraction of 
isotropic water; L: left; 
NDI: neurite density 
index; ODI: orienta-
tion dispersion index; 
R: right; RD: radial 
diffusivity.

Figure 2 Lower volume and mean kurtosis (MK) are demonstrated in the deep gray matter areas of patients with amnestic mild cognitive 
impairment (aMCI) and Alzheimer’s disease (AD) when compared with controls. 
Reproduced with permission from Gong et al., 2017. Amyg: Amygdala; Cau: caudate nucleus; GP: Globus pallidus; HIP: hippocampus; NC: nor-
mal control; Put: putamen; Thal: thalamus. 

Figure 4 Box plots of orientation dispersion index, neurite density index, 
and cortical thickness in patients with young-onset Alzheimer’s disease 
and healthy controls in six cortical regions of interests.
*P < 0.05, **P < 0.008. Bonferroni-corrected: P = 0.008 (0.05/6). Reproduced 
with permission from Parker et al., 2018 (CC BY 4.0).
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derived from FWI was correlated with these CSF biomarkers 
in WM regions, including the frontal, temporal, and parietal 
lobes. These findings suggest that FWI can provide increased 
sensitivity to early cerebral WM changes associated with 
AD pathology. Furthermore, because YKL-40 is known as a 
CSF marker of microglial activation and neuroinflammation 
(Hoy et al., 2017), FW parameters might be used as markers 
of neuroinflammation. In contrast, FW changes in cortical 
GM have also been proposed as a biomarker for AD (Montal 
et al., 2018). The authors evaluated cortical microstructural 
changes along the AD continuum using FWI. They assessed 
changes in cortical MD, FW, and thickness in healthy control 
subjects (n = 254), patients with MCI (n = 41), and patients 
with AD (n = 31). They classified healthy controls into stages 
0, 1, and 2/3 following the National Institute on Aging-Alz-
heimer’s Association stages. They demonstrated the biphasic 
trajectory of changes in FW and cortical thickness. Subjects 
in stage 1 displayed increased cortical thickness and de-
creased FW compared with the findings in stage 0 subjects. 
Stage 2/3 subjects exhibited decreased cortical thickness and 
increased cortical FW, whereas the changes were more wide-
spread in patients with AD. They considered that increased 
cortical thickness and decreased in FW in the early preclin-
ical stage of AD might be related to an amyloid-induced in-
flammatory response. One explanation is that inflammation 
causes changes in cell volume resulting in cortical thickening 
and cell number changes (glia recruitment and activation), 
which induces decrease in cortical FW.

In addition, disruption of WM structural connectivity, 
which is related to myelinated axon and synaptic degenera-
tion, in patients with AD has been demonstrated using diffu-
sion MRI and graph theory. Mallio et al. (2015) showed dis-
connectivity around the entorhinal cortex and hippocampus 
in patients with MCI and AD and wide pathology in patients 
with AD. Recently, Kim et al. (2019) evaluated the longitu-
dinal data of patients with preclinical AD and analyzed the 
correlation between WM neural networks and CSF biomark-
ers of AD. They observed an association between increased 
longitudinal changes in WM connectivity and elevated CSF 
biomarker levels.

However, it is also important to reiterate that in some 
patients, MCI will progresses to non-AD diseases, such as 
frontotemporal dementia or Lewy body dementia (Petersen, 
2009). Therefore, future longitudinal studies using advanced 
diffusion MRI techniques should be conducted in patients 
with MCI that progresses to AD, such as AD Neuroimaging 
Initiative (ADNI) database (Petersen et al., 2010), to demon-
strate the robustness of these methods as early biomarkers of 
AD.

Parkinson’s diseases
PD is the second most common progressive neurodegen-
erative disorder and is characterized by the selective loss of 
dopaminergic neurons in the substantia nigra (SN) as well as 
motor symptoms, such as bradykinesia, rigidity, and trem-
ors. However, recent neuropathological studies indicate that 
Lewy pathology, the pathological hallmark of PD, initially 

begins in the enteric nervous system or the olfactory bulb 
and then spreads to the SN, limbic areas, striatum, insular 
cortex and neocortex (Braak et al., 2002, 2003, 2004; Braak 
and Del Tredici, 2008). Furthermore, another study has re-
ported that cardiac denervation precedes nigrostriatal dopa-
minergic degeneration (Salsone et al., 2012). Because it is be-
coming clear that the damage of neuronal populations other 
than the nigral dopaminergic neurons is associated with var-
ious non-motor symptoms of PD such as olfactory impair-
ment, sleep disorders, autonomic dysfunction, and cognitive 
impairment, the classical view that PD is characterized only 
by the selective damage of dopaminergic neurons in the SN 
has been replaced by the view that PD is a severe systemic 
neurodegenerative disorder (Klingelhoefer and Reichmann, 
2017). 

Considering that pathological changes have already begun 
in areas other than the brain, such as the enteric and sympa-
thetic nervous systems, it is expected that it will be difficult 
to use brain MRI for the early diagnosis of PD. However, 
development of techniques, such as advanced diffusion MRI, 
has been shown to be useful in differentiating PD from atyp-
ical Parkinsonism as well as for the early detection of alter-
ations within the SN and other brain regions. SN changes are 
considered an important landmark in the progression of PD 
because progressive dopaminergic neuron loss (up to 70% 
of dopamine neurons have been lost by the time of the first 
diagnosis) in this area leads to the motor symptoms of PD 
(Cheng et al., 2010). The widespread aggregation of α-synu-
clein in the form of Lewy neurites and Lewy bodies is also 
considered an important pathological cause of PD (Fearnley 
and Lees, 1991; Braak et al., 2003). PD involves multiple 
neurotransmitter pathways that cause numerous non-motor 
symptoms (Schapira et al., 2017).

The development of reliable early biomarkers may be 
helpful for the development of neuroprotective treatments, 
which are essential for slowing the progress of PD. Indeed, 
advanced diffusion MRI, such as DKI, NODDI, and FWI, 
has demonstrated the remarkable advantages of DTI in the 
assessment of the microstructural changes in PD in the SN, 
WM, and GM, as observed in prior studies.

Applications of advanced diffusion magnetic resonance 
imaging in Parkinson’s disease
Lower MK in the putamen was associated with severe mo-
tor and cognitive impairment in patients with PD (Surova 
et al., 2016). Furthermore, using DKI, Zhang et al. (2019)  
demonstrated a correlation between hyperhomocysteinemia 
(HHCY) and the SN structural changes in PD. In their study, 
they recorded longitudinal changes in SN in patients with 
PD, including significantly worse HHCY compared with the 
findings in the PD control group. Zhang et al. (2016) evalu-
ated patients with PD with and without striatal silent lacunar 
infarction (SSLI) using DKI. MK values of SN in the PD with 
SSLI group were found to be higher than those in the PD 
without SSLI group. In addition, the frequency of SSLI had a 
linear correlation with the MK values of the SN. The findings 
indicate that SSLI in early-stage PD is associated with SN 
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microstructural changes, and these changes can be detected 
via DKI. In another study, MK in the brainstem structures 
was also identified as an effective biomarker for differenti-
ating PD from other atypical Parkinsonism with sensitivity 
and specificity of greater than 80% (Ito et al., 2017).

Decreased Vic was found in the contralateral SN pars 
compacta and putamen of patients with PD compared with 
the findings in healthy subjects. Vic also showed the best 
diagnostic performance among DTI and other NODDI mea-
sures using receiver operating characteristics curve analysis 
(Figure 5). Significant negative correlations were also found 
between Vic and OD in the SN pars compacta and disease 
severity (Kamagata et al., 2016b). Another study demonstrat-
ed retrograde degeneration in patients with PD, as shown by 
decreased Vic in the contralateral distal part of the nigrostri-
atal pathway (Andica et al., 2018).

Increased FW levels have been consistently demonstrated 
in single- and multi-site studies in the posterior SN of pa-
tients with PD and have been comparable with the findings 
in healthy controls (Ofori et al., 2015a, 2017; Planetta et 
al., 2016; Arribarat et al., 2019; Mitchell et al., 2019; Yang 
et al., 2019). In a prospective longitudinal study, FW levels 
increased in the posterior SN with the progression of PD 
over 1 (Ofori et al., 2015b) and 4 years (Burciu et al., 2017), 
whereas FW values did not change in healthy controls. 
Meanwhile, in a later-stage PD cohort, increased FW levels 
over a 3 years of follow-up period were demonstrated in the 
anterior SN, but not in the posterior SN, potentially reflect-
ing the posterior-to-anterior pattern of SN degeneration 
over the progression of PD (Guttuso et al., 2018). The lon-
gitudinal changes of FW also predicted subsequent changes 
in bradykinesia (Ofori et al., 2015b) and Hoehn and Yahr 
staging scale (Burciu et al., 2017).

Patients with PD who had taken rasagiline (monoamine 
oxidase type B inhibitor) had higher FW levels in the pos-
terior SN than healthy controls but lower levels than those 
with PD who had not taken rasagiline (Burciu et al., 2016). 
These findings suggest that extracellular dopamine levels 
are higher in patients with PD who received rasagiline than 
those in patients who did not receive the drug (Burciu et al., 
2016). Significant differences in FW and FAT were not ob-
served between OFF and ON antiparkinsonian medication, 
suggesting that both parameters reflect the chronic stage of 
SN microstructural changes (Chung et al., 2017). In a differ-
ent study, Yang et al. (2019) reported a negative correlation 
between FW values in the SN and striatal vesicular mono-
amine transporter 2, indicating that nigral microstructural 
changes detected using FWI correlated with the neuronal 
loss of striatal dopaminergic neurons. Furthermore, they 
found that higher Hoehn and Yahr stage, MDS-UPDRS part 
III total scores, and posture and gait scores were correlated 
with increased FW values in the posterior part of the SN 
and decreased vesicular monoamine transporter type 2 
binding in the putamen. Furthermore, in patients with mod-
erate-stage PD, Arribarat et al. (2019) noted increased relax-
ometry T2* (reflecting iron deposition) in the anterior SN 
and elevated FW and MDT values in the posterior SN. They 

suggested that the results reflect the complementary aspect 
of the two parameters and represent different pathophysio-
logical processes in PD.

A study of 44 patients with PD and 24 healthy controls 
using FWI and NODDI observed increased FW and isotro-
pic volume fraction in the posterior part of the SN (Mitchell 
et al., 2019). This study also demonstrated high accuracies 
of NODDI (area under the curve = 0.945) and FWI (area 
under the curve = 0.969) in differentiating PD from atypical 
Parkinsonism (such as multiple-system anisotropy Parkin-
sonian variant and progressive supranuclear palsy), with no 
significant difference between models (Figure 6; Mitchell et 
al., 2019).

In WM, DKI displayed greater sensitivity than DTI by 
revealing more extensive microstructural changes in the PD 
group than in the control group. Decreased MK was found 
in the frontal, occipital, parietal, and right temporal WM, 
whereas decreased FA was only observed in the frontal WM. 
In addition, lower MK was demonstrated in crossing fiber 
areas such as the superior longitudinal fasciculus and poste-
rior corona radiata (Kamagata et al., 2014). A separate study 
of the anterior and posterior cingulate fiber (Kamagata et al., 
2013) noted decreased MK and FA in the anterior cingulate 
fiber of patients with PD, whereas MK exhibited the best di-
agnostic performance. The anterior cingulum is expected to 
display changes in early-stage PD, suggesting that DKI mea-
sures can be used as an early biomarker of PD.

Kamagata et al. (2017) used NODDI and DKI to assess 
GM in patients with PD, and demonstrated changes in 
NODDI (reduced Vic and increased VISO) and DKI (re-
duced MK, AK, and RK) parameters when compared with 
healthy controls in areas related to Braak stages IV and V. 
The changes may be related to the sparing of neurite struc-
tures and neuronal loss in GM. Furthermore, the changes 
of NODDI and DKI parameters were more extensive than 
those of DTI parameter (i.e., reduced FA and increased AD, 
MD, and RD), indicating that NODDI and DKI have higher 
sensitivity compared  to DTI for detecting GM anomalies in 
patients with PD (Figure 7). In addition, NODDI and DKI 
measures in some GM areas, such as frontal, temporal, basal 
ganglia, limbic, and paralimbic areas were correlated with 
UPDRS-III scores.

In WM and GM in patients with PD, changes in FWI 
measures were demonstrated in more specific WM areas 
compared with DTI indices. Specifically, compared with 
the findings in healthy controls, reduced FAT and increased 
MDT, ADT, and RDT values were predominantly demon-
strated in the anterior WM areas; meanwhile, increased FW 
levels were recorded in the posterior WM areas of patients 
with PD. Patients with PD also displayed increased MDT, 
ADT, and FW levels in GM regions related to Braak stage 
IV, whereas no significant changes were observed in DTI 
measures. These findings indicate that in WM in patients 
with PD, neuroinflammation precedes axonal degeneration. 
Further, the FW imaging indices seem to be more sensitive 
than DTI indices in evaluating GM changes in patients with 
PD (Andica et al., 2019).
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Similar to AD, PD is also considered a multifactorial dis-
ease related to the disruption of WM connectivity. Diffusion 
MRI has also been used to evaluate neural networks in pa-
tients with PD using graph theory analyses. To date, Nigro et 
al. (2016) and Kamagata et al. (2018) have demonstrated de-
creased WM connectivity in motor and non-motor regions 
in patients with PD compared with healthy controls. 

Challenges and Future Directions
As described in this review, advanced diffusion MRI tech-
niques, including DKI, FWI, and NODDI, have provided 
new insights into the in vivo assessment of the brain micro-
structure in neurodegenerative diseases. However, clinical 
evidence regarding advanced diffusion MRI is lacking, un-
like routine DWI, which is currently used in clinical practice 
to assess acute infarction. In addition, cost-effectiveness 
must also be considered. Although using hippocampal vol-
ume as a biomarker of AD has been shown to reduce the re-
quired sample size and cost of clinical trials in AD (Yu et al., 
2014), advanced diffusion MRI lacks similar data.

There are several limitations to overcome to consider 
advanced diffusion MRI, a biomarker that can be used for 
clinical trials. First, the sample size of the studies demon-
strating the utility of these techniques was small. Therefore, 
large-scale, multi-site studies are required to establish evi-
dence for the use of DKI, FWI, and NODDI as biomarkers 
for neurodegenerative diseases. In addition, MRI scanner 
types, imaging parameters, post-processing algorithms, and 
magnetic fields are often different for each imaging site (Zhu 
et al., 2011). These differences might explain the data incom-
patibility. For example, it has been reported that NODDI 
parameters differ between 1.5 and 3T MRI (Chung et al., 
2016). In fact, the mean percentage change with increasing 
field strength of Vic was reported as 10.26–15.02%, whereas 
the mean percentage change of ODI has been reported as 
−10.62 to −8.34%. Further, Cercignani et al. (2003) eval-
uated the inter-sequence variability of diffusion MRI data 
obtained using three different sequences for eight healthy 
subjects. They observed inter-sequence variability, measured 
via coefficient of variation, of 5.45–7.34% for FA. Conversely, 
Kamagata et al. (2015) investigated inter-site reliability using 
identical 3T MRI scanners and acquisition protocols at two 
different sites. They reported that the coefficient of variation 
ranged between 0.6% and 5.6%. These non-linear variations 
of diffusion MRI parameters across sites reduced statisti-
cal power (Zhu et al., 2011). Therefore, standard imaging 
protocols and post-processing algorithms are required to 
reduce the inter-site variability of diffusion MRI parameters. 
For example, a model-free post-processing algorithm  can 
be used for direct harmonization of diffusion MRI and for 
reducing site-specific variations (Huynh et al., 2019). The 
authors demonstrated that the method could minimize the 
variations (from 1% to 3% to less than 0.9%) of DTI param-
eters (FA and MD) of traveling human subjects scanned at 
multiple sites. A similar post-processing method might be 
validated in a multi-center large cohort study. Second, the 
relationships between the changes in DKI, FWI, and NODDI 

parameters and pathological changes in patients with neuro-
degenerative diseases are not fully understood. Because DKI, 
FWI, and NODDI remain models for estimating the micro-
structures of brain tissue, postmortem studies of human or 
animal models of neurodegenerative disease are necessary 
to address the relationships between these parameters and 
pathological findings. These limitations should be overcome 
to permit the use of advanced diffusion MRI as a biomarker 
for evaluating neurodegenerative diseases.
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Figure 7 The gray-matter based spatial statistics (GBSS) analysis 
of diffusion tensor imaging (DTI), diffusional kurtosis imaging, 
and neurite orientation dispersion, and density imaging metrics  in 
patients with Parkinson’s disease (PD) versus controls. 
Patients with PD demonstrated reduced FA, ICVF, MK, AK, and RK 
(highlighted in blue-light blue colors) and increased MD, AD, RD, 
and ISOVF (highlighted in red-yellow colors) compared with the age-
matched healthy subjects. In patients with PD, the changes of ICVF, 
MK, AK, and RK were measured in the limbic, paralimbic, frontal, and 
temporal cortical gray matter. The changes in the conventional DTI 
parameters (FA, AD, and RD) were noticeably smaller than those in 
MK, AK, RK, and ICVF. The results are enhanced (corrected P < 0.05) 
for visualization using using the fill script implemented in FSL. AD: 
Axial diffusivity; AK: axial kurtosis; FA: fractional anisotropy; ICVF: 
intracellular volume fraction; ISOVF: isotropic volume fraction; MD: 
mean diffusivity; MK: mean kurtosis; OD: orientation dispersion index; 
RD: radial diffusivity; RK: radial kurtosis. Reproduced with permission 
from Kamagata et al., 2017. 

Figure 6 Receiver operating curve analyses and corresponding area 
under the curve for each diffusion imaging model for differentiating 
Parkinson’s disease (PD) from atypical Parkinsonism 
(multiple-system anisotropy Parkinsonian variant and progressive 
supranuclear palsy). 
Delong’s test was conducted to determine between-model differences. 
CC1: Corpus callosum prefrontal area; CN: caudate nucleus; DN: den-
tate nucleus; FWms: free water derived from the multishell scan; FAtms: 
free water-corrected fractional anisotropy derived from the multi-shell 
scan;  FAtss: free water-corrected fractional anisotropy derived from 
the single-shell scan; FPR: false positive rate; FWss: free water derived 
from the single-shell scan; GP: globus pallidus; LBV: cerebellar lobule 
V; LB VI: cerebellar lobule VI; MCP: middle cerebellar peduncle; n.s.: 
not significant; ODI: orientation dispersion index; SCP: superior cere-
bellar peduncle; STN: subthalamic nucleus; THA: thalamus; TPR: true 
positive rate; Vic: intracellular volume fraction; Viso: isotropic volume 
fraction. Reproduced with permission from Mitchell et al., 2019. 

Figure 5 Receiver operating 
characteristics.
Receiver operating curves of Vic and OD 
in the SNpc and putamen (A), the Vic at 
the contralateral SNpc had the greatest 
sensitivity and specificity, and the MD 
and RD (B) at the SNpc. FA: Fractional 
anisotropy; MD: mean diffusivity; OD: 
orientation dispersion index; RD: radi-
al diffusivity; ROC: receiver operating 
charactentic fractional qnisotropy; SNpc: 
substantia nigra pars compacta; Vic: intra-
cellular volume fraction. Reproduced with 
permission from Kamagata et al., 2016b. 
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