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Abstract: Background: The mean diffusivity (MD) parameter obtained by diffusion tensor imag-
ing provides a measure of how freely water molecules move in brain tissue. Greater tissue density
conferred by closely arrayed cellular structures is assumed to lower MD by inhibiting the free diffu-
sion of water molecules.

Methods: In this paper, we review studies showing MD variation among regions of the brain dopa-
minergic system (MDDS), especially subcortical structures such as the putamen, caudate nucleus,
and globus pallidus, in different conditions with known associations to dopaminergic system func-
tion or dysfunction. The methodologies and background related to MD and MDDS are also discussed.

Results: Past studies indicate that MDDS is sensitive to pathological derangement of dopaminergic
activity, neural changes caused by cognitive and pharmacological interventions that are known to
affect the dopaminergic system, and individual character traits related to dopaminergic function.

Conclusion: These results suggest that MDDS can be one useful tool to tap the neural differences
related to the dopaminergic system.

Keywords: Mean diffusivity, dopaminergic system, dopamine, diffusion tensor imaging, basal ganglia, cognition.

1. INTRODUCTION

Apparent diffusion coefficient (ADC) is a measure of the
diffusion of water molecules within tissues calculated by
diffusion-weighted magnetic resonance imaging (DW-MRI).
Mean diffusivity (MD) refers to the average ADC measured
in three orthogonal directions by diffusion tensor imaging
(DTI) [1]. ADC measured in one direction tends to underes-
timate diffusion-related pathological changes because fiber
tracts are not always oriented in the same direction [1].
Therefore, MD appears to be more sensitive than unidirec-
tional ADC for detecting these changes. Traditionally, MD
was often used to measure microstructural properties of
white matter [2-4], but is now used with increasing fre-
quency to investigate microstructural properties of gray mat-
ter as well [5, 6].

MD is positively correlated with the amount of water in
tissues and is thought to reflect the overall tissue water con-
tent [7]. On the other hand, a greater density of cellular
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structures in tissues, such as capillaries, synapses, and mac-
romolecular proteins, is expected to decrease MD (Fig. 1), as
are changes in the shapes of neurons or glia and the direc-
tionality of tissue organization (e.g., by strengthening of the
axonal or dendritic backbones and the surrounding tissues)
[5, 8, 9]. However, MD is not specific to any one of these
changes [10].

Differences in MD are associated with individual cogni-
tive, biological, and genetic characteristics as well as neuro-
logical diseases and psychiatric disorders [11-14]. In addi-
tion, Sagi et al. [S] showed that MD can detect rapid plastic-
ity caused by cognitive intervention, suggesting its utility for
in vivo studies of neural plasticity. Johansen-Berg et al. [15]
proposed possible microlevel mechanisms that underlie these
MD changes over different time frames. According to the
authors, astrocyte swelling with increased neural activity
affects MD over a period of seconds to minutes, synapse and
dendritic spine formation over minutes to hours, and more
elaborate structural changes such as dendritic sprouting, neu-
rogenesis, and angiogenesis over days to weeks.

In this review, we focus on MD variation in areas of the
dopaminergic system (MDDS), particularly subcortical areas
such as the putamen, caudate nucleus, and globus pallidus,
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Fig. (1). Schema of lower and higher mean diffusivity (MD) and
association with water content in various tissue components.

among healthy individuals and patients with various neu-
rodegenerative and psychiatric diseases. As will be discussed
in this article, MDDS is uniquely associated with several
conditions related to differences or changes of the dopa-
minergic system.

2. IMAGING METHODS

A number of methods have been used to investigate
MDDS. One important issue in the preprocessing of MD
maps is the exclusion of effects from cerebrospinal fluid
(CSF) because voxels of brain parenchyma and CSF show
markedly different MD values (Fig. 2). The traditional
method to measure MDDS without CSF contamination is to
manually trace anatomical areas by hand and use the mean
MD values [16]. Another method involves exclusion of vox-
els with high signal intensity from the analysis, as voxels
corresponding to CSF are likely to show much higher MD
signals. However, the partial-volume effect at the brain pa-
renchyma—CSF interface is still liable to affect the results.
Yet another method is to coregister fractional anisotropy
images (together with other DTI images) rich in signal dif-
ferences among tissues with T1-weighted structural images
that provide information for segmentation, and then normal-
ize the coregistered images to a standard space [12]. Using
this information for segmentation and normalization, the MD
of gray matter in each anatomical area can be determined.
While this may be a useful method under certain conditions,
distortion induced by high-Tesla MRI may yield DTI images
that are slightly different in shape than T1-weighted struc-
tural images. This is a potential pitfall when high-Tesla MRI
is used.

To circumvent these problems, we developed the diffeo-
morphic anatomical registration through exponentiated lie
algebra (DARTEL)-based registration process, which utilizes
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Fig. (2). One example MD image. Note the high signal intensity in
areas of cerebral spinal fluid (CSF).

the fractional anisotropy signal distribution in the white mat-
ter on DTI images [17]. In this method, both tissue probabil-
ity distribution information within each tissue as well as
fractional anisotropy signal distribution within the white
matter are used for the registration of brain images for dif-
ferent individuals. In addition, we carefully remove the vox-
els that are unlikely to be gray or white matter in the tem-
plate to exclude the effects of CSF on MD.

Finally, Biological Parametric Mapping [18] is a tool for
correcting CSF effects on MD during statistical analysis
based on the probability of CSF in each voxel. This is espe-
cially useful when contamination from CSF signals is still
strongly suspected after preprocessing.

3. IMAGING CORRELATES OF MDDS

Several studies have investigated the neuroimaging cor-
relates of MDDS. Kawaguchi et al. [19] reported a signifi-
cant negative correlation between MD and carbon-11-labeled
levodopa, which reflects dopamine synthesis capacity, in the
posterior caudate and putamen of 10 healthy young adults.
Based on the assumption that MD in these regions reflects
the density of wide-spreading axonal terminals in the stria-
tum, the authors suggested that dopamine synthesis in the
striatum may be related to the density of dopaminergic fi-
bers. Scherfler et al. [20] reported a significant negative cor-
relation between MD of the substantia nigra and putaminal
6-['*F] fluorolevodopa uptake, which reflects dopamine ter-
minal activity from nigral projections in the striatum, in a
study of 14 Parkinson’s disease (PD) patients. The results
suggest that microstructural degeneration of the substantia
nigra parallels the progression of putaminal dopaminergic
dysfunction in PD. Baudrexel et al. [21] showed a significant
negative correlation between MD in the putamen and signal
strength on 18-fluorodeoxyglucose positron emission tomo-
graphy, reflecting cerebellar metabolism, in the putamen of
patients with the Parkinson variant multiple system atrophy
(MSA-P). This suggests a close association between the ex-
tent of microstructural damage in the putamen and hypome-
tabolism in MSA-P patients.
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In short, studies using positron emission tomography
have suggested associations between MDDS in relevant ar-
eas with both dopaminergic function and metabolism in
health and disease.

4. BRAIN REGIONS SHOWING MD CHANGES
UNDER CONDITIONS THAT INVOLVE ALTERED
DOPAMINERGIC SYSTEM FUNCTION

Brain areas where MD changes are frequently associated
with alterations in dopaminergic system structure or function
include the globus pallidus, putamen, caudate nucleus,
thalamus, and substantia nigra (Fig. 3). Here, we introduce
the basic characteristics of these regions in this subsection.
All of these areas are involved in motor function [22]; how-
ever, in this subsection, we focus on regional functions re-
lated to cognition as they are more relevant to this review.
The globus pallidus receives dopaminergic input from the
substantia nigra [22, 23] and thus is an important part of the
dopaminergic system. The globus pallidus plays a key role in
motivation [6].

The putamen receives the dopaminergic input from the
substantia nigra and a major part of the nigrostriatal pathway
of the dopaminergic system [22]. The putamen is involved in
various aspects of reward such as encoding reward magni-
tude [24], reward expectation [25], and reward predictability
[26]. Activation of the putamen is associated with motivation
regardless of whether the motivation is intrinsic or extrinsic
(e.g., driven by the prospect of a monetary reward) [27]. Fur-
thermore, the putamen is involved in various distressing
emotions such as hatred [28], disgust [29], and anger [30,
31] as well as with emotions associated with romantic love
[32]. In addition, the putamen is also thought to be involved
in action or action planning driven by distressing emotions
and rewards [28, 33].

The caudate nucleus also receives dopaminergic input
from the substantia nigra and a major part of the nigrostriatal
pathway of the dopaminergic system [22]. This area is in-
volved in reward and expectation of reward [34] as well as
with learning through positive feedback [35].

The thalamus receives inputs from the substantia nigra
and relays this information to widespread cortical areas [22].
The thalamus contains the highest level of dopamine D2

sub antla nigra

Fig. (3). Areas where associations between MD and altered dopa-
minergic states are frequently observed.
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receptors outside the caudate and putamen [36]. In the
thalamus, dopamine is involved in changing the threshold of
information gating [37] thereby influencing the excitation of
cortical regions [38]. We believe that these mechanisms may
be associated with a greater concentration in the motivational
state, which is related to dopaminergic functions [39].

Finally, dopaminergic neurons from the substantia nigra
project to other regions. Degeneration of the substantia nigra
leads to PD, which impairs motor function as well as a wide
range of cognitive functions [22].

5.  ASSOCIATION BETWEEN
INDIVIDUAL TRAITS AND STATES

MDDS AND

Several studies have revealed associations between MD
(or MDDS) and individual traits linked to dopaminergic
function. For instance, Yokoyama et al. [40] reported an
negative association between extraversion and right putamen
MD among 884 young healthy subjects. In this study, the
NEOFFI scale [41] was used to measure extraversion, a sta-
ble personality trait strongly dependent on dopaminergic
function [42, 43]. Nakagawa et al. [44] reported an associa-
tion between fatigue and MDDS in an anatomical cluster
including, right globus pallidus, and right putamen in 883
young normal subjects (Fig. 4). In this study, the Checklist
Individual Strength Questionnaire [45] was used to measure
individual fatigue over a period of a few weeks. Disruption
within the dopaminergic system is considered a common
mechanism underlying fatigue [46]. Takeuchi et al. [39] re-
ported an association between the motivated state (vigor) and
MD in several areas, including right globus pallidus, right
putamen, right posterior insula, right caudate nucleus, right
thalamus, and right superior temporal gyrus, in 776 healthy
young subjects (Fig. 4). The motivational state was measured
by the vigor/activity subscale of the Profile of Mood
States (POMS) [47]. In contrast, there was little correlation
between MDDS and other mood subscales of the POMS,
including tension/anxiety, depression/dejection, anger/
hostility, fatigue/inertia, and confusion/bewilderment.
Increased motivation is known to be associated with upregu-
lated dopaminergic activity [48]. Collectively, these studies
substantiate the association between region-specific MDDS
and individual trait/state differences related to dopaminergic
activity.

Takeuchi et al. [6] investigated the associations between
MD and personality type as measured by the Temperament
and Character Inventory in 776 healthy subjects (Fig. 4).
Interestingly, a negative correlation between novelty seeking
and MD, a positive correlation between harm avoidance and
MD, and a negative correlation between self-directedness
and MD overlapped in areas of the right caudate nucleus,
right putamen, and right globus pallidus together with con-
tiguous regions. Harm avoidance also showed a negative
correlation with MD in the putamen, and self-transcendence
showed a negative correlation with MD in the right globus
pallidus. In addition, persistence (perseverance despite frus-
tration and fatigue as well as a tendency toward a persistent
pursuit of desired goals) showed a negative association with
MD in the thalamus, left putamen, and left globus pallidus.
The personality types showing negative associations with
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Motivational state

Fig. (4). Associations of MDDS with traits and states. Red color indicates positive associations between MDDS and altered cognitive states;
blue color indicates negative associations. Left row: Associations between MDDS and the personality types novelty seeking, harm avoid-
ance, and persistence [adapted from Takeuchi et al. [6]]. The color bar indicates the ¢ scores for the respective associations. Middle row:
Association between MDDS and fatigue [adapted from Nakagawa et al. [44]]. The color bar indicates the # scores for the respective associa-
tions. Right row: Association between MDDS and motivational state [adapted from Takeuchi et al. [39]]. The color bar indicates the value of
threshold-free cluster enhancement [114], which reflects the strength and extent of the effects at each voxel. (The color version of the figure

is available in the electronic copy of the article).

MDDS (high novelty seeking, low harm avoidance, high
self-directedness, high self-transcendence, and high persis-
tence) showed robust positive associations with self-
fulfillment, achievement motivation, and state of vigor (mo-
tivational state) [6], which in turn are believed to be strongly
dependent on dopaminergic functions as described above.
Therefore, these results are consistent with the notion that
individual character differences related to dopaminergic
function are associated with variation in MDDS.

In addition, Laricchiuta et al. [12] reported a positive
association between MD in the bilateral putamen and harm
avoidance among 125 healthy adults, but in this study, no
significant association was observed between novelty seek-
ing and MDDS, possibly due to smaller sample size and a
wider age range in the subject population.

For a summary of these findings, see Table 1.

6. STUDIES OF COGNITIVE FUNCTION

In addition to associations of traits and states with
MDDS, a number of studies have also shown associations of
MDDS with cognitive functioning. In our previous study of
895 healthy young adults, MD in the bilateral globus pallidus
showed a significant negative correlation with creativity as
measured by divergent thinking [6]. Further, the associations
appeared to be mediated by personality traits such as persis-
tence (left globus pallidus) and harm avoidance, novelty
seeking, self-transcendence, and self-directedness (right
globus pallidus). In that study, we also summarized previous
studies that suggested an association between creativity as
measured by divergent thinking and the dopaminergic sys-
tem, including studies implicating the dopaminergic system
in the promotion of creativity [49, 50]. Such evidence in-
cludes a positive association of creativity with novelty seek-
ing [51] and extroversion [42, 43, 52], traits strongly associ-
ated with dopaminergic function [53-57], and motivation not
caused by external incentives [58], which is also strongly

dependent on dopaminergic function [59]. Furthermore, do-
pamine antagonists suppress creativity [49] and decreased
creativity is well-documented in conditions with pathological
impairment of the dopaminergic system [60]. Finally, crea-
tivity can be rescued by dopaminergic agonist therapy [61].

In another study [62], we observed a negative association
between MD and psychometric intelligence as measured by
the Wechsler IQ test in a large cohort (N = 253) of children.
Significant negative correlations between MD and full scale
1Q, verbal IQ, and performance IQ were observed in partially
overlapping areas around the left thalamus, left hippocam-
pus, left putamen, left Heschl’s gyrus, and the adjacent white
matter bundles. In addition, a significant negative correlation
of MD with performance IQ was seen in widespread areas
around the entire brain. We suggest that this broadly distrib-
uted MD correlation with IQ test performance could reflect
the critical involvement of motivation processes (which are
strongly associated with the dopaminergic system) in 1Q test
performance among children [63].

Given the associations of MDDS with a wide range of
conditions linked to altered dopaminergic activity, these
findings reinforce the notion that creativity as measured by
divergent thinking and suggest psychometric intelligence in
children are also dependent on dopaminergic activity. For a
summary of these findings, see Tables 2 and 3.

7. STUDIES OF NEURAL PLASTICITY

A few studies have applied the analyses of MDDS to
investigate the effects of intervention and daily habits. These
studies suggest that environmental factors known to alter
dopaminergic activity are associated with MDDS alterations.

7.1. Working Memory Training

Working memory is a limited capacity storage system
involved in the maintenance and manipulation of information
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Table 1. Association of MDDS with individual trait and state differences in cross-sectional studies.
Ind dent Caudat Glob
Study " epf:n en Subjects Putamen aucate 0. us Thalamus Other Areas
Variable Nucleus | Pallidus
Yokoyama, Nozawa, Takeuchi,
Taki, Sekiguchi, Nouchi, Koto-
zakl,vNakagawa, Miyauchi, lizuka, Extraversion 884 young R() n.s. n.s. n.s. st
Shinada, Yamamoto, Hanawa, (age:-) (ROI) (ROI) (ROI) (ROI)
Araki, Hashizume, Kunitoki, Ue-
hara, Sassa and Kawashima [40]
Nakagawa, Takeuchi, Taki,
. s e 883 young
Nouchi, Kotozaki, Shinada, Maru- Fatioue (2074181 R#) R#) R#) n.s. n.s.
yama, Sekiguchi, lizuka and Yo- & ’ ’ (WB) (WB) (WB) (WB) (WB)
years)
koyama [44]
Takegchl, Takl’. Sekiguchi, Motivational 766 young Right ?osterlor {n—
Nouchi, Kotozaki, Nakagawa, State (state of | (20.7+1.8 R() R() R() R(-) sula, right superior
Miyauchi, lizuka, Yokoyama and Vigon) ‘ears) ’ (WB) (WB) (WB) (WB) temporal gyrus (—)
Shinada [39]' & y (WB)
Takeuchi, Taki, Sekuguchi, Hashi- R R
. . Right anterior and
zume, Nouchi, Sassa, Kotozaki, R(-) ) .
. . . Novelty seek- | 766 young R() R() n.s. middle cingulate,
Miyauchi, Yokoyama, lizuka, in (ager) (WB) (WB) (WB, (WB) rioht corpus callus
- u us,
Nakagawa, Nagase, Kunitoki and & & ROI) i it ins r{; (=) (WB)
ula (—
Kawashima [6]* &
Right insula (+),
Takeuchi, Taki, Sekuguchi, Hashi- Right insula ()
. . right middle cingu-
zume, Nouchi, Sassa, Kotozaki, R R#) R
R X R Harm avoid- 766 young R+) R+) R(+) late cortex, right
Miyauchi, Yokoyama, lizuka, ance (age:) (WB) (WB) (WB, (WB) corpus callosum
- u um,
Nakagawa, Nagase, Kunitoki and & ROI) . P .
. right superior tempo-
Kawashima [6]
ral gyrus (+) (WB)
Takeuchi, Taki, Sekuguchi, Hashi-
zume, Nouchi, Sassa, Kotozaki, L)
. 766 L(- 8. B(—
Miyauchi, Yokoyama, lizuka, Persistence young = s (WB, ) n.s. (WB)
o (age:-) (WB) (WB) (WB)
Nakagawa, Nagase, Kunitoki and ROI)
Kawashima [6]
Takeuchi, Taki, Sekuguchi, Hashi-
, Nouchi, Sassa, Kotozaki, R(— L
ZI‘\‘ATZ CE?CY;k:S:fna (I’iozlfa‘ Self- 766 young | R(-) R() (“EB) ns. Right insula (-)
yauchl, Tokoyama, 1zuxa, directedness (age:) (WB) (WB) ’ (WB) (WB)
Nakagawa, Nagase, Kunitoki and ROI)
Kawashima [6]
Takeuchi, Taki, Sekuguchi, Hashi-
, Nouchi, Sassa, Kotozaki,
le\l;lea c;)llilch)k:S:?na (I)i Ozlial Self- 766 young n.s. n.s. R() n.s. n.s.
yauet, yama, . Zu, i transcendence (age:-) (WB) (WB) (ROI) (WB) (WB)
Nakagawa, Nagase, Kunitoki and
Kawashima [6]
Laricchiuta, Petrosini, Piras, Cu- R 125 adults
. L. . . . Harm avoid- R(+) n.s. n.s.
tuli, Macci, Picerni, Chiapponi, ance (349+124 (ROI) (ROI) (ROI) n.a n.a.
Caltagirone and Spalletta [12]° years)

“R,” “L,” and “B” indicate findings in the right hemisphere, left hemisphere, and bilateral hemispheres, respectively. (+) indicates positive correlation and (-) indicates negative
correlation. (WB) indicates results of whole brain analyses. (ROI) indicates the results of region of interest analyses. n.s. represents “not significant”. n.a. represents “not analyzed”.
! There were only weak correlations of MDDS with other mood subscales of the POMS, including tension/anxiety, depression/dejection, anger/hostility, fatigue/inertia, and confu-

sion/bewilderment.

? Reward dependence and cooperativeness was not associated with MDDS.
* In this study, an association between MDDS and novelty seeking was not observed.
* In this study, only subcortical areas were analyzed.
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Table2. Associations of MDDS with cognitive function, cognitive intervention, daily habits, and genotype.
Study Variables Design Subjects Putamen | Caudate Globus Thalamus Other Areas
of Interest Nucleus Pallidus
Takeuchi, Taki, Verbal Cross-sectional 895 young n.s. n.s. B() n.s. n.s. (WB)
Sekuguchi, Hashi- creativity of Correlation (20.8 = (WB, (WB, (WB, (WB,ROI)
zume, Nouchi, Sassa, divergent 1.8 years) ROI) ROI) ROI)
Kotozaki, Miyauchi, thinking
Yokoyama, lizuka,
Nakagawa, Nagase,
Kunitoki and Kawa-
shima [6]
Takeuchi, Taki, Ha- Full scale Cross-sectional | 253 children L) n.s. n.s. ) Left hippocampus,
shizume, Asano, 1Q Correlation (age:-) (WB) (WB) (WB) (WB) left insula, left Heschl
Asano, Sassa, Yokota, gyrus, contingent
Kotozaki, Nouchi and white-matter areas
Kawashima [62] (—)(WB)
Takeuchi, Taki, Ha- Verbal 1Q Cross-sectional | 253 children L) n.s. n.s. ) Left hippocampus,
shizume, Asano, Correlation (age:-) (WB) (WB) (WB) (WB) left insula, left Heschl
Asano, Sassa, Yokota, gyrus, contingent
Kotozaki, Nouchi and white-matter areas
Kawashima [62] (—)(WB)
Takeuchi, Taki, Ha- Performance | Cross-sectional | 253 children L) L) L) -) Widespread gray and
shizume, Asano, 1Q Correlation (age:-) (WB) (WB) (WB) (WB) white-matter areas
Asano, Sassa, Yokota, across the wide range
Kotozaki, Nouchi and of areas in the whole
Kawashima [62] brain (—)(WB)
Takeuchi, Taki, Working Intervention 34 young of R#) B(+) n.s. n.s. Left dorsolateral
Nouchi, Hashizume, memory the interven- (WB, (WB, (WB, (WB, prefrontal cortex,
Sekiguchi, Kotozaki, training tion (21.0 £ ROI) ROI)* ROI) ROI) right substantia nigra,
Nakagawa, Miyauchi, 1.6 years) vs. ventral tegmental area
Sassa and Kawashima 17 young of right anterior cingu-
[67] the passive late cortex (+)(ROI)
control (21.2
+ 2.4 years)
Takeuchi, Taki, Ha- Length of Cross-sectional | 240 children B(+) B(+) B(+) L(#+) Extensive gray and
shizume, Asano, videogame Correlation (11.5+3.1 (WB) (WB) (WB) (WB) white-matter areas
Asano, Sassa, Yokota, play years) that mainly spread
Kotozaki, Nouchi and around the anterior
Kawashima [62] parts of the brain
(H)(WB)
Takeuchi, Taki, Ha- Length of Longitudinal 189 children B(+) B(+) L#) B(+) Sporadic gray and
shizume, Asano, videogame predictive (14.5+£3.0 (WB) (WB) (WB) (WB) white matter around
Asano, Sassa, Yokota, play analysis years) Left frontal, occipital,
Kotozaki, Nouchi and temporal, fusiform,
Kawashima [62] Right temporal,
Heschl gyrus, right
insula. (+)(WB)
Takeuchi, Tomita, S-repeat Carriers vs. 756 subjects R#) R#) R#) R(+) Widespread areas of
Taki, Kikuchi, Ono, allele of non-carriers (age:-) (WB) (WB) (WB) (WB) the gray and white-
Yu, Sekiguchi, dopamine Cross-sectional matter areas of the
Nouchi, Kotozaki and receptor D4 whole brain, particu-
Nakagawa [14] larly dorsal part
(H)(WB)

“R,” “L,” “B” indicate findings in the right hemisphere, left hemisphere, and bilateral hemispheres, respectively. (+) indicates positive correlations or increased MD and () indicates
negative correlations or decreased MD. (WB) indicates results of whole brain analyses. (ROI) indicates the results of ROI analyses. n.s. represents “not significant”. n.a. represents
“not analyzed”.

. Significant results were found only in the right caudate by whole brain analyses. In ROI analysis, significant results were found in the bilateral caudate.
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Table3. Associations of MDDS (or ADC in the dopaminergic system) with psychiatric and neurological disorders.
Study, (MD or ADC) | Groups of Interest Control Subjects Putamen | Caudate Globus Thalamus Other Areas
Nucleus Pallidus
Péran, Cherubini, As- 30 PD patients 22 control subjects R#) R#) n.s. B,C(+) Left substantia nigra
sogna, Piras, Quattroc- (61.9 £ 11.1 years) (57.4 £9.7 years) (WB) (WB) (WB,ROI) (WB, (+)(WB)
chi, Peppe, Celsis, ROI)
Rascol, Démonet and
Stefani [80], MD
Razek, Elmongy, 25 PD patients 25 PD patients C(+) n.s. n.a n.s. n.s.
Hazem, Zakareyia and (66.33 £6.22 (65.44 +5.22 years) with- (ROI) (ROI) (ROI) (ROI)
Gabr [81], ADC years) receiving out treatment
levodopa
Baudrexel, Seifried, 11 MSA-P patients 13 PD patients cH)! n.a n.a n.a n.a.
Penndorf, Klein, Mid- (66.1 £ 11.7 years) (66.8 £ 8.0 years) (ROI)
dendorp, Steinmetz, 8 PSP patients
Griinwald and Hilker (73.9 £ 3.6 years)
[21], MD 6 control subjects
(65.3 £10.8 years)
Seppi, Schocke, Don- 15 MSA-P patients 17 PD patients cH! cH! n.a n.a n.a.
nemiller, Esterhammer, (63.9 £ 5.6 years) (60.1 £ 10.6 years) (ROI) (ROI)
Kremser, Scherfler, 8 control subjects
Diem, Jaschke, Wen- (59.3 £5.7 years)
ning and Poewe [85],
ADC
Spoletini, Cherubini, 45 patients with 45 control subjects n.s. n.s. n.s. B(+) Bilateral hippocam-
Banfi, Rubino, Peran, schizophrenia (39.47 £ 17.10 years) (ROI) (ROI) (ROI) (ROI) pus, left nucleus
Caltagirone and Spal- (39.8+£11.02 accumbens (+)(ROI)
letta [87], MD years)
Rose, Chalk, Janke, 12 patients with 12 control subjects n.s. B(+) n.s. B(+) Right parahippo-
Strudwick, Windus, schizophrenia (32.2 £ 11.7 years years) (WB) (WB) (WB) (WB) campal gyrus, ante-
Hannah, McGrath, (31.4£10.7 years) rior cingulate gyrus,
Pantelis, Wood and bilateral temporal,
Mowry [88], MD prefrontal, right
precentral (+)(WB)
Makki, Behen, Bhatt, 23 children with 35 control children B(+) n.s. n.s. n.s. n.a.
Wilson and Chugani Tourette syndrome (13.10 +£3.17 years) (ROI) (ROI) (ROI) (ROI)
[90], MD (11.75+3.25
years)
Alicata, Chang, Cloak, 30 methampheta- 30 control subjects B(+) L#) n.s. n.s. n.s.
Abe and Ernst [93]%, mine users (32.7 £9.5 years) (ROI) (ROI) (ROI) (ROI) (ROI)
ADC (33.3 £8.6 years)
Lebel, Rasmussen, 24 children with 95 control children R#) n.s. B(+) R(+) Corpus callosum,
Wyper, Walker, An- FASD (9.8 +£2.2 years) (ROI) (ROI) (ROI) (ROI) cingulum, cortico-

drew, Yager and Beau-
lieu [16], MD

(9.1 £2.2 years)

spinal tracts, inferior
fronto-occipital
fasciculus and
inferior and
superior longitudinal
fasciculi together
(+)(ROI)

(Table 3) contd....
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Study, (MD or ADC) | Groups of Interest Control Subjects Putamen | Caudate Globus Thalamus Other Areas
Nucleus Pallidus
Sanchez-Castafieda, 29 HD middle-aged 29 control middle-aged CH) CH) n.s. CH) Combined accum-
Cherubini, Elifani, patients (age:-) subjects (age:-) (ROI) (ROI) (ROI) (ROI) bens, combined
Peran, Orobello, hippocampus
Capelli, Sabatini and (+H)(ROI)
Squitieri [96], MD
Douaud, Behrens, 14 HD patients (42 10 control subjects B(+) B(+) B(+) B(+) Bilateral ventral
Poupon, Cointepas, + 8 years) (37 £ 12 years) (WB, (WB, (WB, (WB, striatum (+)(WB,
Jbabdi, Gaura, Gole- ROI) ROI) ROI) ROIY) ROI)
stani, Krystkowiak,
Verny and Damier
[97], MD

“R,” “L,” “B,” indicate findings in the right hemisphere, left hemisphere, and bilateral hemispheres, respectively. “C” indicates that bilateral regions of interest were combined and
used in the analysis. (+) indicates the increase of MD and (-) indicates decrease of MD. (WB) indicates results of whole brain analyses. (ROI) indicates the results of ROI analyses.
PD = Parkinson’s disease. MSA-P = Parkinson variant of multiple system atrophy. PSP = Progressive supranuclear palsy. FASD = fetal alcohol spectrum disorder.

HD = Huntington’s disease
'Patients of MSA-P > other groups. Striatal ADC was investigated in this study.

’Lin et al. [94] investigated MD of methamphetamine users (ROI analyses of right caudate and right putamen) with smaller sample size and could not find significant associations.
*Whole brain analysis showed significant results in the bilateral thalamus, while ROI analyses showed a significant result only in the right thalamus.

over a short time period [64]. The capacity of working mem-
ory is thought to be important for higher-order cognitive
functions [64]. Cortical dopamine release, particularly in the
prefrontal cortex, is thought to be critical for working mem-
ory [65] while dopamine release in the striatum is critical for
executive processing (updating) of working memory [66]. It
was also shown that a working memory training regimen
involving updating leads to increased dopamine release dur-
ing the task [66].

In our previous study [67], a 4-week working memory
training protocol enhanced working memory capacity for
new material as well as executive function and non-verbal
reasoning. Subjects who completed the training (N = 34)
showed increased MDDS compared to the passive control
group (N = 17). Affected regions included bilateral caudate
nucleus, right putamen, left dorsolateral prefrontal cortex,
anterior cingulate cortex, substantia nigra, and ventral teg-
mental area, all areas belonging to major dopaminergic sys-
tems (Fig. 5). The underlying mechanisms by which working
memory training increases MD are not clear, but our study
using an overlapping subject sample found increased cere-
bral blood flow and regional gray matter volume [68]. One
possibility, therefore, is that increased water content
(MDDS) in these areas resulted from increased cerebral
blood flow.

7.2. Videogame Habits

Videogame play triggers substantial dopamine release in
the dopaminergic system [69], which in turn may lead to
videogame addiction [70]. Videogame play has been shown
to have a number of beneficial effects such as facilitation of
certain types of visual cognition [71] as well as a number of
non-preferred effects such as reduced verbal memory and
certain types of attention, learning, and knowledge deficits
[71-73].

We investigated the effects of videogame play habits in a
two-part experiment consisting of a cross-sectional study

with 240 children and a longitudinal study including 189 of
these same children conducted at an average interval of 3
years. In the cross-sectional analysis, the duration of daily
videogame play showed a significant positive correlation
with MD over a widespread area, particularly in the anterior
part of the brain, including the bilateral globus pallidus, cau-
date nucleus, putamen, and thalamus (Fig. 5). In the longitu-
dinal analysis as well, the duration of videogame play in the
first experiment showed a positive correlation with MD
changes from baseline (pre-experiment level) in several ar-
eas, such as the left basal ganglia, right putamen, thalamus,
ventral parts of the prefrontal cortex, and left medial temporal
lobe (Fig. 5). Further, the duration of videogame play showed
a significant positive correlation with verbal intelligence in
the cross-sectional analysis, and with the change in verbal
intelligence from pre-experiment level in the longitudinal
analysis. The areas in which the effects of videogame play
duration were commonly observed included the left middle and
inferior prefrontal cortex (involved in attention and working
memory) [64], left hippocampus (associated with memory)
[74], and orbital frontal cortex, left globus pallidus, left pu-
tamen, left caudate nucleus, right putamen, and right insula
(involved in reward, motivation, and emotion) [75]. The neural
plasticity in these regions may underlie the above-mentioned
effects of videogame play on cognition and addiction.

Dopamine is known to exhibit neurotoxic properties,
even without induction of excessive release by psychostimu-
lants [76]. Thus, some of the deleterious effects of
videogame play on neural systems may be attributable at
least in part to excessive dopamine release [69]. For a sum-
mary of these findings, see Table 2.

8. GENETIC STUDIES

We have also investigated the association of MD with
dopamine-related genetic polymorphisms, and the results are
also at least partially consistent with the aforementioned as-
sociation between MDDS and dopaminergic system function.
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a, Length of
videogame
play

Cross sectional
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b, Length of
videogame
play
longitudinal

Fig. (5). Plasticity of MDDS. Red color indicates increased MDDS associated with daily habits and interventions. Upper Left: Areas of posi-
tive associations between MDDS and length of videogame play based on a cross-sectional study in children [adapted from Takeuchi et al.
[62]]. The color bar indicates the value of threshold-free cluster enhancement. Upper right: Areas of positive association between length of
videogame play in the pre-experiment and changes of MD over 3 years [adapted from Takeuchi ez al. [62]. The color bar indicates the ¢
scores for the respective associations. Lower panels: Increased MDDS in response to working memory training for 1 month [adapted from
Takeuchi et al., [67]. The color bar indicates the ¢ value. (The color version of the figure is available in the electronic copy of the article).

In one such study, we investigated the potential associa-
tion between a dopamine receptor D4 (DRD4) polymor-
phism and MD in a cohort of 756 healthy young adults [14].
This 5-repeat allele of the DRD4 gene was previously shown
to be a risk allele for attention deficit hyperactivity disorder
[77] and our study showed increased MD in DRD 5-repeat
allele carriers over widespread areas of the entire brain not
limited to the dopaminergic system. Nonetheless, affected
areas included the right putamen, right caudate nucleus, and
right globus pallidus. These MD changes may reflect neu-
rodegeneration in widespread areas, including degeneration
of dopaminergic neurons, in DRD 5-repeat allele carriers.
The mechanism for this association is not clear. It appears
that carriers of DRD4 risk alleles may be less sensitive to
dopamine stimulation [78]. Further, deficient dopaminergic
transmission in these carriers may lead to increased MD
from brain atrophy concomitant with chronically reduced
neural activity.

These findings are consistent with an association between
MDDS and dopaminergic function. However, because the
effects were widespread, this association may not be limited
to impaired dopaminergic activity. For a summary of these
findings, see Table 2.

9. MDDS IN NEUROLOGICAL DISEASES AND
PSYCHIATRIC DISORDERS

Here we introduce findings of MD or ADC changes in
various diseases. As there are voluminous studies in this

field, only representative findings for each disease are pre-
sented.

9.1.PD

A number of studies have investigated associations be-
tween MD (ADC) or MDDS (ADCDS) and PD, which is
characterized by degeneration of dopamine-producing neu-
rons in the substantia nigra and resultant striatal dopamine
depletion [79]. Péran et al. [80] reported increased regional
MDDS in PD patients (N = 30) compared to the control
group (N = 22), including in the thalamus, right putamen,
right caudate nucleus, and left substantia nigra. In contrast,
these changes were not detected by analyses of gray matter
volume. Therefore, this result constitutes evidence for an
association between altered dopaminergic system function
and MDDS changes prior to detectable brain atrophy. In a
study by Scherfler ef al. [20], 16 PD patients showed signifi-
cantly greater MD in the substantia nigra and olfactory bulb
compared to 14 healthy controls. A prospective study [81]
revealed increased ADC of the putamen in PD patients (N =
25) receiving levodopa, a dopamine-agonist used for treat-
ment [22], compared to untreated patients (N = 25). The
mechanisms underlying this association are not clear. One
possibility is simply that patients with advanced pathology
(reflected by increased ADC in the dopaminergic system) are
more likely to receive levodopa treatment.

Other studies investigated MD in patients with the Park-
inson variant multiple system atrophy (MSA-P), a progres-
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sive neurodegenerative disorder characterized by parkin-
sonism with poor response to levodopa [82]. MAS-P and PD
are both characterized by degeneration of neurons that pro-
ject from the substantia nigra; however, unlike Parkinson’s
disease, MAS-P is also characterized by prominent degen-
eration of neurons that project from the striatum [83, 84].
Baudrexel et al. [21] compared MD among 11 MSA-P pa-
tients, 13 PD patients, eight patients with progressive su-
pranuclear palsy (another neurodegenerative disease), and
six control subjects and found higher putaminal MD in
MSA-P compared to all other groups. On the other hand,
Seppi et al. [85] compared ADC in 15 patients with MSA-P
to 17 PD patients and 10 control subjects and found signifi-
cantly greater ADC in the striatum of MSA-P patients com-
pared to both groups. In addition, patients with MSA-P
showed a significantly lower ratio of striatal to frontal cortex
dopamine D2 receptor binding by single photon emission
computed tomography (SPECT) with ['*I] iodobenzamide
(a semi-quantitative measure of the relative density of basal
ganglia dopamine receptors). However, ADC in the striatum
showed a significantly higher overall predictive accuracy for
distinguishing patients from controls than dopamine D2 re-
ceptor binding with [1231]iodobenzamide. MDDS changes
in MSA-P patients are not surprising given the additional
degeneration of neurons that project from the striatum. In
both of these MSA-P studies, however, no clear difference in
striatal ADC was found between PD patients and the control
group (in contrast to many of the aforementioned studies),
possibly due to lower sample size, effect size, or publication
bias. Based on these findings, Seppi et al. (2004) suggested
the advantage of ADCDS (or MDDS) over SPECT using
dopamine receptor binding agents for investigation of dis-
eases involving the dopaminergic system.

Overall, studies that including both PD and MSA-P pa-
tients showed higher MD in MSA-P compared to controls
and PD patients, while studies including only PD patients
showed increased MD (or ADC) in the putamen compared to
healthy controls. These studies including PD and MSA-P
also failed to show a clear difference between PD and con-
trols. This could reflect smaller sample and effect sizes, but
could also reflect publication bias for studies with significant
results for MSA-P.

9.2. Schizophrenia

Excessive presynaptic dopaminergic activity is a cardinal
feature of schizophrenia [86]. Spolentini et al. [87] reported
increased MD in the bilateral thalamus and hippocampus as
well as in the left nucleus accumbens of middle-aged schizo-
phrenia patients (N = 45) compared to the control group (N =
45). No significant between-group difference was observed
with respect to volume of these structures, which suggests a
greater sensitivity of MD for detection of pathological
changes compared to morphometrics [87]. In a study by
Rose et al. [88], patients with schizophrenia (N = 12)
showed elevated MD of the thalamus and bilateral caudate
nucleus as well as of areas in the medial frontal gyrus and
anterior cingulate, other prefrontal areas, and temporal and
parietal areas compared to the control group (N =12). The
inconsistency in the affected areas between these two studies
may be due to small sample size or widespread but weak
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effects. In addition, the possibility of publication bias with-
out true effects cannot be eliminated for this and the other
diseases discussed below.

9.3. Tourette Syndrome

Tourette syndrome is a childhood-onset neuropsychiatric
disorder characterized by motor and vocal tics [89]. Evi-
dence suggests that this disorder is associated with overactiv-
ity or hypersensitivity of the dopaminergic system [89].
Makki et al. [90] reported a significantly higher MD in the
bilateral putamen of children with Tourette syndrome (N =
23) compared to a control group (N = 35), consistent with
increased dopamine release in the putamen [91]. Therefore,
this finding provides additional evidence linking individual
differences in dopaminergic function with variation in
MDDS.

9.4. Methamphetamine Users

Methamphetamine is a psychostimulant that induces ex-
cessive release of dopamine in the brain [92]. Alicata et al.
[93] reported significantly higher MD in the bilateral pu-
tamen and left caudate nucleus of methamphetamine users
(N = 30) than in healthy controls (N = 30). Methampheta-
mine induces hyperthermia, aberrant dopamine or glutamate
transmission, and/or mitochondrial dysfunction, resulting in
generation of reactive species and consequent toxic damage
of dopaminergic neurons [92]. Damage to cellular structures
may lead to increased MDDS. However, a subsequent study
including a slightly smaller sample of methamphetamine
users (N = 18) and healthy controls (N = 22) failed to cor-
roborate the associations between MD and amphetamine
abuse [94].

9.5. Subjects with other Brain Atrophies

It should be noted, however, that patients with other
forms of neural atrophy not limited to the dopaminergic sys-
tem may also show increased MD in regions of the dopa-
minergic systems. For instance, Lebel et al. [16] reported
increased MD of the corpus callosum, cingulum, corticospi-
nal tracts, inferior fronto-occipital fasciculus, and inferior
and superior longitudinal fasciculi as well as subcortical
structures (globus pallidus, putamen, and thalamus) in chil-
dren with fetal alcohol spectrum disorder (N = 24) compared
to healthy children (control group, N = 95). In addition, atro-
phy of non-dopaminergic neurons in brain regions contain-
ing dopaminergic neurons or inputs also increases MD, as
expected given that MD does not distinguish among factors
that impede water diffusion. For example, Huntington’s dis-
ease (HD) is characterized by progressive degeneration of
cholinergic neurons and GABAergic neurons in the striatum,
while dopaminergic neurons are relatively unaffected. While
symptoms of HD reflect the consequences of relatively fa-
cilitated dopaminergic transmission [95], multiple studies
have showed increased MDDS in HD patients. For example,
Sanchez-Castafieda et al. [96] reported higher MD in the
caudate nucleus, putamen, thalamus, and hippocampus of
HD patients (N = 29) than the control group (N = 29). Dou-
aud et al. [97] also reported increased MD in the putamen,
globus pallidus, ventral striatum, caudate nucleus, and
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thalamus as well as in the corona radiata of HD patients
(N = 14) compared to the control group (N = 10).

10. COMPREHENSIVE VIEW OF NEUROIMAGING
FINDINGS AND POSSIBLE PHYSIOLOGICAL
MECHANISMS

As described in this review, decreased MDDS appears to
be associated with facilitated dopaminergic function in
healthy subjects. However, studies of neural plasticity and
other environmental factors that lead to increased dopamine
release appear to be associated with increased MDDS. In
clinical samples, on the other hand, elevated MDDS is asso-
ciated with pathology regardless of whether the pathological
condition results from increased or decreased dopaminergic
activity. In many instances, the dopamine dose-response
relationship exhibits an inverted U pattern [98]. One interest-
ing speculation is that the relationships between various do-
paminergic functions and MDDS also show such a pattern,
although empirical evidence is yet to be obtained.

It is also tempting to associate findings of MDDS with
“Reward Deficiency Syndrome” [99]. This condition in-
volves deficits in mesocorticolimbic function. Genetic, mo-
lecular, and neuronal alterations in key components of this
circuitry contribute to a reward deficit state [100]. Function-
ally, this state appears to be associated with altered corticos-
triatal functional connectivity, which in turn is associated
with a number of cognitive/behavioral functions such as
computing reward, decision making, motivation, and habit
learning [100-104]. This results in lack of pleasure and re-
ward from activities that would provide others with pleasure
(ahedonia) and displaces the sense of well-being with nega-
tive feelings. The need to mask these feelings may lead to
the use of substances of abuse, as well as impulsive, compul-
sive, and addictive behaviors [99]. This state and accompa-
nying increased MDDS appears to be associated with a
number of conditions summarized in this review, namely the
state and trait personalities, lower creativity, low motivation,
a more severe gaming habit, and substance abuse. Thus,
greater MDDS appears to be associated with these intrinsic
hypodopaminergic states. However, still the increased
MDDS exist in some of the hyperdopaminergic conditions
(such as Tourette syndrome).

It is still unknown why MDDS appears so strongly asso-
ciated with such a wide range of conditions involve altera-
tions of dopaminergic function. Given the assumed associa-
tion between higher tissue density and lower MD, it is logi-
cal that facilitated functions are associated with lower MD in
healthy subjects. This relationship should then be generally
applicable to all parts of the brain. However, the associations
between MDDS and altered dopaminergic states appear out-
standing in many instances and we can only speculate on the
underlying reasons. One possibility is that unlike cortex, the
putamen, globus pallidus, and caudate nucleus are free from
the partial-volume effects of CSF. In addition, it is easy to
effectively eliminate the effects of CSF because these areas
do not have the convoluted morphology that typifies areas
with greater exposure to CSF such as the cortex and medial
temporal structures. Another distinct possibility is that the
observed association of excessive dopamine release with
increased MD (e.g., in patients with schizophrenia, metham-
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phetamine users, and habitual videogame players) reflects
reduced tissue component density due to dopamine-induced
neurotoxicity. Our final speculation is related to metals.
MDDS may also be related to the functioning of the dopa-
minergic system owing to the strong association between
metals and a number of dopaminergic functions [105]. MD
values in gray matter are known to be lowered by metals that
have paramagnetic properties [106]; moreover, accumulated
iron without toxicity appears to lower MD, while neurode-
generation from excessively elevated iron elevates MD
[107]. Furthermore, some metals such as iron and copper are
believed to play an essential role in the dopaminergic system
[108, 109]. Indeed, iron was shown to accumulate in dopa-
mine neurovesicles [108]. In addition, inhibition of dopa-
mine synthesis results in decreased vesicular storage of iron
[108]. Thus, more dopamine in tissues may well lower MD
signals. However, these are pure speculations, and any com-
bination of these factors may affect MD.

10.1. Other Measures

In this review, we focused on MDDS. However, there
may be other diffusion measures for detection of altered do-
paminergic states. At least in the case of PD, fractional ani-
sotropy (degree of directionality) of the substantia nigra was
shown to have a robust association with disease severity in a
meta-analysis [110]. Also, one study investigated the mean
kurtosis measure from diffusion kurtosis imaging, together
with MD and FA in patients with PD [111]. Water in bio-
logical structures often displays non-Gaussian diffusion be-
havior because of hindrance by interactions with other mole-
cules and cell membranes. Diffusion kurtosis imaging is a
means to quantify non-Gaussian diffusion [112]. In this
study, mean kurtosis of the dopaminergic system was shown
to clearly distinguish patients with PD from healthy controls.
In addition, free water diffusion MRI analysis using a bi-
tensor model explicitly estimates the fractional volume of
freely diffusing water molecules. Fractional volume of free
water increases mean diffusivity (MD) and decreases FA.
Using this method, Ofori ef al. [113] reported elevated free
water content in the substantia nigra of PD patients [113].
Further, there were no significant differences in free water
corrected fractional anisotropy and free water corrected MD
in the substantia nigra between PD patients and healthy con-
trols.

SUMMARY AND CONCLUSION

MDDS is associated with a wide range of conditions
marked by altered dopaminergic activity. In healthy indi-
viduals, MDDS is associated with dopamine synthesis capac-
ity. Lower MDDS is associated with certain traits or states
with facilitated dopaminergic function, such as motivation,
lower fatigue, and specific personality types (e.g., extrover-
sion, novelty seeking, and harm avoidance), as well as with
genotypes that show greater sensitivity to dopamine. Lower
MDDS is associated with greater creativity (as measured by
divergent thinking) and psychometric intelligence in chil-
dren, consistent with reported associations of these cognitive
functions with dopaminergic function and motivation.

On the other hand, videogame habit and working mem-
ory training, both of which are associated with release of
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dopamine, are associated with elevated MDDS. Furthermore,
both diseases associated with dopaminergic overdrive and
diseases associated with degeneration of dopaminergic sys-
tems show elevated MDDS. Similarly, disorders associated
with global deficits as well as diseases associated with neu-
rodegeneration in basal ganglia, but not with dopaminergic
functions, also exhibit elevated MDDS.

Results accrued to date suggest that MDDS is a valuable
metric to evaluate dopaminergic function and dysfunction
during induced plasticity and disease progression.
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