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Abstract Evidence suggests that accumulation and

aggregation of a-synuclein contribute to the pathogenesis

of Parkinson’s disease (PD). The aim of this study was to

evaluate whether diffusion kurtosis imaging (DKI) will

provide a sensitive tool for differentiating between a-

synuclein-overexpressing transgenic mouse model of PD

(TNWT-61) and wild-type (WT) littermates. This experi-

ment was designed as a proof-of-concept study and forms a

part of a complex protocol and ongoing translational

research. Nine-month-old TNWT-61 mice and age-mat-

ched WT littermates underwent behavioral tests to monitor

motor impairment and MRI scanning using 9.4 Tesla sys-

tem in vivo. Tract-based spatial statistics (TBSS) and the

DKI protocol were used to compare the whole brain white

matter of TNWT-61 and WT mice. In addition, region of

interest (ROI) analysis was performed in gray matter

regions such as substantia nigra, striatum, hippocampus,

sensorimotor cortex, and thalamus known to show higher

accumulation of a-synuclein. For the ROI analysis, both

DKI (6 b-values) protocol and conventional (2 b-values)

diffusion tensor imaging (cDTI) protocol were used.

TNWT-61 mice showed significant impairment of motor

coordination. With the DKI protocol, mean, axial, and

radial kurtosis were found to be significantly elevated,

whereas mean and radial diffusivity were decreased in the

TNWT-61 group compared to that in the WT controls with

both TBSS and ROI analysis. With the cDTI protocol, the

ROI analysis showed decrease in all diffusivity parameters

in TNWT-61 mice. The current study provides evidence

that DKI by providing both kurtosis and diffusivity

parameters gives unique information that is complementary

to cDTI for in vivo detection of pathological changes that

underlie PD-like symptomatology in TNWT-61 mouse

model of PD. This result is a crucial step in search for a

candidate diagnostic biomarker with translational potential

and relevance for human studies.
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Introduction

Treatment options for Parkinson’s disease (PD) are limited

to drugs elevating the brain dopamine levels by various

mechanisms. However, this approach does not stop the

neurodegenerative process. The development of ‘‘neuro-

protective’’ treatments is a central challenge for future PD

therapy. To evaluate efficacy and to monitor disease-

modifying effects, reliable surrogate markers for early PD

diagnosis and progression are needed when patients might

still be eligible for neuroprotective treatment (Rascol et al.

2011; Stocchi and Olanow 2013).

Magnetic resonance imaging (MRI) in contrast to PET

and SPECT relies on intrinsic tissue contrast generation

and thus it is free from ionizing radiation, cheaper, and

widely available. While standard protocols such as T1/T2

imaging have failed to detect the volume changes in the

substantia nigra (SN) in early PD, recent advances in MRI,

such as diffusion-weighted imaging (DWI) and namely

diffusion tensor imaging (DTI), allow non-invasive in vivo

assessment of tissue microstructure by mapping water

proton motion within the tissue microenvironment (Lang

and Mikulis 2009; Meijer and Goraj 2014). This is

expressed in terms of two main variables: diffusivity,

which is a measure for nature of water diffusion, and

fractional anisotropy (FA), which is a measure of the

directionality of diffusion (Boska et al. 2007; Lerner et al.

2013).

Several clinical and pre-clinical studies in PD have

reported that diffusivity is increased and/or FA is reduced

in the SN (Boska et al. 2007; Lang and Mikulis 2009; Soria

et al. 2011; Cochrane and Ebmeier 2013; Vaillancourt et al.

2009). One recent DTI study has demonstrated a decrease

in FA also in the anterior olfactory system at an early stage

of PD (Rolheiser et al. 2011). Of note, two meta-analyses

on DTI in PD patients have been published, one claiming

that DTI is promising biomarker in Parkinsonian syn-

dromes (Cochrane and Ebmeier 2013) while the other was

actually questioning stability and validity of nigral FA

changes (Schwarz et al. 2013). Taken together, the results

of conventional DTI (cDTI) that uses only 2 b-values for

data analysis have been controversial so far. Some authors

recommend further studies with standardizing the

anatomical position of SN to improve the diagnostic

accuracy of the method. However, the major limitation of

the cDTI is that this technique considers the diffusion of

water molecules in the gray matter tissue as Gaussian,

although it is hindered by interactions with other molecules

and cell membranes (Jensen et al. 2005) and the gray

matter is in fact largely isotropic (Pierpaoli and Basser

1996). This is why DTI parameters cannot provide reliable

information on gray matter structural changes induced,

e.g., by a-synuclein deposition. Thus, DTI should be used

mainly to detect the changes in white matter tracts which

are more anisotropic. Information coming from the DTI

parameters of the gray matter has been recently disputed

and it has been suggested by some authors not to be taken

into consideration (Zhuo et al. 2012).

In contrast to cDTI, diffusion kurtosis imaging (DKI),

which is an extension of cDTI with more than 2 b-values

used for data analysis, provides a feasible method to

incorporate non-Gaussian water diffusion behavior in

neural tissues (Jensen and Helpern 2010; Jensen et al.

2005). In order to quantify the degree of non-Gaussianity,

metrics such as the mean, axial, and radial kurtosis (MK,

AK, RK) are computed in addition to standard mean,

axial, and radial diffusivity (MD, AD, RD) and FA met-

rics. This new diffusion kurtosis metrics are strongly

associated with cellular microstructure, and therefore have

higher potential than DTI to reveal useful information

about neural tissue integrity in multiple diseases (Jensen

and Helpern 2010; Jensen et al. 2005). Specifically, pre-

clinical DKI studies with mice and rats revealed changes

in the microstructural complexity of the brain in the

mouse model of Alzheimer’s disease (Vanhoutte et al.

2013), Huntington’s disease (Blockx et al. 2012), trau-

matic brain injury model (Zhuo et al. 2012), chronic mild

stress model of depression (Delgado y Palacios et al.

2011), experimental model of ischemia and stroke (Hui

et al. 2012; Cheung et al. 2012) and in cuprizone-induced

corpus callosum demyelination model (Falangola et al.

2014). In addition, DKI studies in PD patients have found

significant changes of MK in the caudate nucleus, puta-

men, ipsilateral SN (Wang et al. 2011), and in the frontal,

parietal, occipital, right temporal white matter, and lastly

in anterior cingulate fiber as compared to those in the

healthy controls (Kamagata et al. 2013, 2014); however,

the direction of these changes remains controversial and

the underlying pathological mechanisms for these changes

are not well understood.

The aim of this study was to evaluate whether diffusion

imaging as assessed by DKI metrics would provide a

sensitive tool for differentiating between transgenic mice

overexpressing human a-synuclein and wild-type (WT)

littermates using (1) tract-based spatial statistics (TBSS),

i.e., a voxel-based analysis which enables to identify

changes in DKI parameters in the whole brain white matter

without a prior hypothesis (a data-driven method) and (2)

by performing the region of interest (ROI)-based analysis

in brain structures that are known to show high a-synuclein

accumulation. For the ROI analysis, conventional DTI

(cDTI)-derived parametric maps (calculated from 2 b-val-

ues) were also computed in order to explore whether this

widely used method can also capture microstructural
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changes in our PD model. This transgenic model repro-

duces many features of sporadic PD, including progressive

changes in dopamine release and striatal content, a-synu-

clein pathology, and early motor and non-motor deficits

while it does not show major loss of neurons (Fleming et al.

2004, 2005; Chesselet 2008; Chesselet et al. 2012). This

mouse model is particularly well suited to explore the early

neuronal changes induced by a-synuclein accumulation

(Chesselet et al. 2012).

Methods

Animals

Nine-month-old male transgenic mice overexpressing

human wild-type a-synuclein under the murine Thy-1

promoter (TNWT-61) (n = 7) and WT (n = 7) were pro-

vided by QPS Austria (bred under license from UCSD). At

the age of 9 months, animals develop clear PD-like

symptomatology and there is robust presence of a-synu-

clein pathology in the brain (Chesselet et al. 2012). The

animals were housed individually at the Central Animal

Facility of Masaryk University, Brno, Czech Republic,

maintained on a normal 12/12-h light/dark cycle, at con-

stant relative humidity of 50–60 % and temperature of

22 ± 1 �C. Water and food were available ad libitum. All

procedures were performed in accordance with EU Direc-

tive no. 2010/63/EU and approved by the Animal Care

Committee of the Faculty of Medicine, Masaryk Univer-

sity, Czech Republic, in compliance with Czech Animal

Protection Act No. 246/1992.

Behavioral Assessments

Challenging Beam Traversal Test, Pole test (Fleming et al.

2006; Schintu et al. 2009), Grid test (Sgado et al. 2011;

Tillerson and Miller 2003), beam walk test (Suidan et al.

2013) were performed as described earlier in order to

evaluate motor deficits.

Diffusion-Weighted MR Data Acquisition

and Analysis

DKI data were obtained with a Bruker Avance 9.4T MRI

system equipped with a gradient system with strength up to

660 mT/m. All experiments were performed using a

quadrature volume coil (inner diameter 86 mm) for trans-

mission and a 4-channel surface phased-array head coil as a

receiver. Mice were anesthetized using isoflurane inhala-

tion (1.5–2 %) and monitored to maintain constant physi-

ological parameters. Fast low-angle shot (FLASH) scout

images were used to localize the mouse brain. Reference

T2-weighted brain scans were acquired using 2D RARE

(rapid acquisition with relaxation enhancement) sequence

with the following acquisition parameters: 24 mm 9

24 mm field of view (FOV), 256 9 256 acquisition matrix

size, fifteen adjacent slices of 0.5-mm slice thickness. The

echo-train length for each of the echoes was set to eight and

the repetition time (TR) was 2500 ms with 4 averages for a

total acquisition time of *6 min. For the DKI acquisition,

diffusion-weighted images were acquired with two-shot

spin echo-echo planar imaging (SE-EPI). Respiratory gat-

ing was used to prevent motion artifacts. The generalized

auto-calibrating partially parallel acquisitions (GRAPPA)

with acceleration factor 2 were used to improve image

quality and diminish susceptibility-caused artifacts. The

DKI protocol included the acquisition of 6 b-values (b = 0,

500, 1000, 1500, 2000, and 2500 s/mm2) and along 30 non-

collinear directions, d = 4 ms, D = 11 ms, 7 averages

used for b = 0 acquisition and 4 averages for each other b-

value. The SE-EPI sequence was recorded using the fol-

lowing parameters: FOV = 24 mm 9 24 mm, acquisition

matrix = 98 9 128, echo time TE = 25 ms using

300 kHz bandwidth, and TR *5 s depending on respira-

tory rate, fifteen adjacent slices of 0.5 mm slice thickness,

for a total acquisition time of approximately 1 h 40 min.

The DKI data were processed and calculated on a voxel-

by-voxel basis with 6 b-values to produce parametric maps

(MD, AD, RD, FA, MK, AK, and RK), and also with 2 b-

values to produce cDTI-derived parametric maps (MD,

AD, RD and FA) in software called Explore DTI (Leemans

et al. 2009). See Suppl. Fig. 1 for the data quality.

Tract-based Spatial Statistics (TBSS)

Further image analysis was carried out using tools of

FSL (FMRIB Software Library, http://www.fmrib.ox.ac.

uk/fsl) (Smith et al. 2004). Automatic brain extraction

was carried out with BET on the same maps (Smith

2002), and then brain-extracted maps were checked one

by one. Whole-brain voxel-based analysis of the white

matter, tract-based spatial statistics (TBSS), was per-

formed. TBSS (Smith et al. 2006) method was modified

to fit it to the rodent brain (Sierra et al. 2011). All of the

3D FA volumes were registered together non-linearly,

and using the registration matrices, the best registration

target was chosen with a free-search method. The chosen

study-specific volume was used as a template for the

final transformations. Then the mean FA map was cal-

culated and a skeleton was created at the threshold at

FA = 0.2 representing the center of all tracts. Each

mouse’s aligned FA data was projected onto the skeleton.

The process was done for all of the DKI maps. The

general linear model design with permutation test

(10,000 permutation) and cluster-based thresholding were
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used with the predefined threshold (t = 2.3) to compare

groups.

Region of Interest (ROI) Analysis

Averaged diffusion, FA, and kurtosis from both DKI and

cDTI parametric maps were obtained from multiple

regions: SN (1 slice), striatum (average of 5 slices),

sensorimotor cortex (average of 5 slices), hippocampus

(average of 3 slices), and thalamus (average of 2 slices).

We choose these specific ROIs based on the substantial

accumulation of a-synuclein found previously in

9-month old TNWT-61 mice (Chesselet et al. 2012). The

ROIs on b = 0 images was drawn manually according to

the Paxinos Mouse Brain Atlas (Paxinos and Franklin

2001) with the help of FA maps using ImageJ� software

for the various brain regions as shown in the Suppl.

Fig. 2.

Statistical Analysis

Both behavioral and MRI data were averaged using arith-

metic mean and expressed as mean ± SEM. A genotype

effect (TNWT-61 vs. WT) was assessed for all behavioral

tests and DKI/cDTI parameters using an unpaired two-

tailed Student’s t test or a Mann–Whitney U test if the

dataset did not pass the Kolmogorov–Smirnov normality

test. The level of statistical significance was set at

p\ 0.05. Additionally, we performed stepwise discrimi-

nant analysis using all parameters from the DKI protocol.

We also performed the effect size analysis with ROI-based

analysis in DKI and cDTI. Statistical analyses were per-

formed using the software package Statistica 12 and

SPSS20.

Results

Behavioral Study

We have evaluated the motor performance in TNWT-61

(n = 7) and WT (n = 7) mice and confirmed significant

impairments in the TNWT-61 model. The transgenic mice

made significantly more slips and needed more time to

traverse the beam than the WT littermates in all beam

tests—square beam: time (p\ 0.016), number of slips

(p\ 0.001); round beam: time (p\ 0.001), number of

slips (p\ 0.001); challenging beam traversal: time

(p\ 0.007), number of slips (p\ 0.001). In the pole test,

TNWT-61 mice showed worse performance only in turning

behavior (p\ 0.001); the time to descend the pole was not

different from that of WT (p = 0.8733). Latency to fall in

the grid test was significantly shorter in the TNWT-61

group as well (p\ 0.001). The behavioral data are sum-

marized in Fig. 1.

Diffusion-Weighted Imaging Study

TBSS Analysis

Increased kurtosis parameters were found in TNWT-61

mice compared to those in WT: (1) MK: bilaterally in the

external capsule (p = 0.007); (2) AK: left-sided external

capsule (p = 0.029); (3) RK: bilaterally in the external

capsule, corpus callosum, cingulum, dorsal hippocampal

commissure (p = 0.003) Decreased diffusivity parameters

were found in TNWT-61 mice compared to those in WT:

(1) MD: right mamillothalamic tract, right internal capsule,

right nigrostriatal tract, right zona incerta (p = 0.045); (2)

RD: bilaterally in the external capsule (p = 0.018). No

other parameters showed differences between groups. The

data are summarized in Fig. 2.

ROI analysis

As demonstrated in Fig. 3 TNWT-61 transgenic mice

showed significant differences in DKI parameters as

compared to the those in WT littermates. Specifically, the

MK values were significantly elevated in the TNWT-61

group in almost all regions of interest except hippocampus:

SN (p = 0.03, Cohen’s d = 1.824), striatum (p = 0.03,

Cohen’s d = 2.062), sensorimotor cortex (p = 0.05,

Cohen’s d = 1.523), thalamus (p = 0.003, Cohen’s

d = 2.544). AK showed differences only in the striatum

(p = 0.03, Cohen’s d = 1.940) and thalamus (p = 0.007,

Cohen’s d = 2.321), while RK showed difference only in

the thalamus (p = 0.02, Cohen’s d = 1.139). We also

found decrease in RD in the thalamus (p = 0.02, Cohen’s

d = -1.979).

With cDTI, we found decrease in MD, AD, and RD as

compared to that in the WT littermates (Suppl. Fig. 3).

FA calculated from both DKI and cDTI protocols did

not show any significant differences in the analyzed

regions. Discriminant analysis showed that the MK in the

thalamus was the most sensitive parameter to classify the

data (81.8 % after cross-validation). No other parameter or

combination of parameters reached a higher discriminant

level.

Discussion

We confirmed the characteristic phenotype of strong motor

coordination deficits in the TNWT-61 mice in the behav-

ioral part of this study. This is in line with previous reports

and provides evidence of dysfunction of the nigrostriatal
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system. In the MRI part of the study, we assessed the

potential of DKI to measure the microstructural changes

induced by a-synuclein accumulation in white matter using

for the first time TBSS analysis on mice DKI data. We also

evaluated changes in gray matter using hypothesis-driven

ROI method. Results from our study indicate that DKI can

provide unique information in detecting the microstructural

changes induced by a-synuclein in TNWT-61 mice that are

complementary to and from the physiological point of view

more reliable than the information obtained from cDTI.

With the help of TBSS analysis, we found an increase in

kurtosis (MK, AK, and RK) and a decrease in diffusivity

(MD and RD) parameters. The most affected regions were

external capsule, mammilothalamic tract, dorsal hip-

pocampal fissure, and zona incerta. Using the ROI-based

analysis, we found an increase in kurtosis metrics in SN,

striatum, sensorimotor cortex, and thalamus regions known

to show a-synuclein accumulation in our PD model. Our

findings thus accord with the results of Wang et al. (2011),

and are in line with the hypothesis that the pathology

induced by a-synuclein accumulation may result in

microstructural changes that cause a decrease in free

Fig. 1 The graphs represent behavioral motor impairments in TNWT-61 mice. Data are expressed as mean values ± SEM, n = 7 for WT and

n = 7 for TNWT-61, *p\ 0.05, **p\ 0.01, ***p\ 0.001
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diffusion of water and hence are expressed by an increase

in kurtosis metrics and decrease in diffusivity (Giannelli

et al. 2012; Wang et al. 2011). Recently Delenclos et al.

reported TNWT-61 overexpresses human a-synuclein in all

the regions where we found the DKI changes. The DKI-

derived kurtosis parameters were sensitive in detecting the

abnormality in both white matter and gray matter. Inter-

estingly, similar studies have been performed by Vanhoutte

et al. with a transgenic mouse model of Alzheimer’s dis-

ease (Vanhoutte et al. 2013). The authors found an increase

in kurtosis due to accumulation of amyloid.

Recently, Kamagata et al. reported decrease in MK and

FA in parietal, occipital, temporal white matter and cin-

gulate fibers in PD patients (Kamagata et al. 2013, 2014).

Unlike those authors, we have found an increase in MK in

white matter in TNWT-61 mice. The reason for this dis-

crepancy in direction of described changes might be due to

the fact that our mice model is particularly characterized by

overexpression of a-synuclein (Delenclos et al. 2014;

Watson et al. 2012; Wang et al. 2011), while DKI as well

as DTI changes described by Kamagata et al. in humans

might be caused particularly by brain neurodegeneration

(loss of neurons) and white matter tracts disruption (Ka-

magata et al. 2013; Schwarz et al. 2013).

It is necessary to point out that DKI was sensitive to depict

microstructural changes in both white matter and gray matter

in the transgenic model of PD but it may not be specific for

the a-synuclein accumulation and could also reflect changes

caused by other brain pathologies reported previously in this

PD model, such as iron accumulation (Wang et al. 2011) or

glial cell activation (Watson et al. 2012).

It is important to note that we also found a significant

decrease in diffusivity parameters in our gray matter ROIs

when the cDTI protocol was used (see Suppl. Fig. 3), while

significant decrease in diffusivity was observed only in the

thalamus when the DKI protocol was employed. This

might be surprising but we would like to draw attention to

the work of others (Jensen et al. 2005; Jensen and Helpern

2010) showing that estimation of DTI parameters from just

2b values (cDTI protocol) is not theoretically accurate and

might lead to false-positive results.

Kurtosis is a unique, quite novel, and totally indepen-

dent imaging metric. By assessing the non-Gaussian dis-

tribution of water, it reflects true water diffusion in the

tissue and may thus be used as a complement to the cDTI

dataset particularly for the detection of gray matter

microstructural changes (see supplementary materials for

the normalized diffusion-weighted decay in striatum of

Fig. 2 TBSS: On the brain slices (z = -2.5 mm) marked regions

show increased MK, RK, AK and decreased MD and RD. The sum of

the results is presented in one single image as well (called ALL).

Averaged diffusivity parameters under the affected regions are

represented with boxplots. Central mark on the boxplots is the mean,

others present the 25 and 75 % percentiles and outliers are depicted

black rings and stars
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both groups, Suppl. Fig. 4) (Steven et al. 2014). In order to

assess the sensitivity of kurtosis and diffusivity parameters

derived from the DKI protocol, we perform a step-by-step

discriminant analysis and found that MK in the thalamus

reached a discriminant level of almost 82 % for accurate

classification of TNWT-61 from the WT group. No other

parameter or combination of parameters reached a higher

discriminant level.

Taken together, DKI provides additional information

compared to cDTI in detecting alterations induced by a-

synuclein accumulation in TNWT-61 mouse model of PD

and hence it may improve the diagnosis of PD. Future

studies should explore the exact underlying pathology for

the kurtosis and diffusivity changes. Of note, the current

study is part of an ongoing longitudinal study with planned

DKI-pathological correlations. Further studies are also

needed to shed light on potential usefulness of DKI as a

biomarker for the pre-motor stages of PD.
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