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TABLE 4 (Continued)

English Japanese English Japanese

4 16 1.83 4 110 4 38 4.34 19 5.21

999 6 0.68 2 0.55 999 2 0.23 3 0.82

Total 876 100 365 100.00 Total 876 100 365 100.00
Rigidity, RUE* Frequency % Frequency % Postural stability” Frequency % Frequency %

0 176 20.09 93 25.48 0 422 4817 150 4110

1 282 32.19 142 38.90 1 157 17.92 66 18.08

2 342 39.04 M 30.41 2 60 6.85 44 12.05

3 69 7.88 14 3.84 3 149 17.01 84 23.01

4 6 0.68 2 0.55 4 86 9.82 20 5.48

999 1 on 3 0.82 999 2 0.23 1 0.27

Total 876 100 365 100.00 Total 876 100 365 100.00
Rigidity, LUE* Frequency % Frequency % Posture Frequency % Frequency %

0 205 23.4 99 2712 0 173 19.75 78 21.37

1 268 30.59 135 36.99 1 337 3847 129 35.34

2 317 36.19 121 33.15 2 206 2352 84 23.01

3 7 8.79 9 2.47 3 125 14.27 52 14.25

4 7 0.8 1 0.27 4 33 3.77 21 5.75

999 2 0.23 0 0.00 999 2 0.23 1 0.27

Total 876 100 365 100.00 Total 876 100 365 100.00
Rigidity, RLE Frequency % Frequency % Global spontaneity Frequency % Frequency %

of movement

0 272 31.056 109 29.86 0 108 12.33 49 13.42

1 248 28.31 125 34.25 1 278 3174 155 42.47

2 275 31.39 106 29.04 2 279 31.85 97 26.58

3 67 7.65 23 6.30 3 184 21 51 13.97

4 10 114 1 0.27 4 27 3.08 12 3.29

999 4 0.46 1 0.27 999 0 0 1 0.27

Total 876 100 365 100.00 Total 876 100 365 100.00
Rigidity, LLE Frequency % Frequency % Postural tremor, Frequency % Frequency %

right hand

0 286 3265 116 31.78 0 544 62.1 223 6110

1 227 25.91 120 32.88 1 262 29.91 19 32.60

2 275 31.39 100 27.40 2 43 4.91 19 5.21

3 75 8.56 26 712 3 23 2.63 2 0.55

4 1 1.26 1 0.27 4 1 o.n 2 0.55

999 2 0.23 2 0.55 999 3 0.34 0 0.00

Total 876 100 365 100.00 Total 876 100 365 100.00
Finger tapping, right Frequency % Frequency % Postural tremor, left Frequency % Frequency %

hand* hand*

0 122 13.93 95 26.03 0 518 59.13 234 64.1

1 342 39.04 167 45.75 1 276 31.51 98 26.85

2 252 2877 64 17.53 2 49 5.59 27 7.40

3 144 16.44 35 9.59 3 29 3.31 2 0.55

4 15 171 3 0.82 4 1 o1 1 0.27

999 1 on 1 0.27 999 3 0.34 3 0.82

Total 876 100 365 100.00 Total 876 100 365 100.00
Finger tapping, left Frequency % Frequency % Kinetic tremor, right Frequency % Frequency %

hand* hand*

0 108 12.33 91 24.93 0 546 6233 258 70.68

1 298 34.02 135 36.99 1 265 3025 89 24.38

2 265 30.25 96 26.30 2 46 5.25 15 41

3 181 2066 37 10.14 3 13 1.48 1 0.27

4 22 2.51 5 1.37 4 2 0.23 1 0.27

999 2 0.23 1 0.27 999 4 0.46 1 0.27

Total 876 100 365 100.00 Total 876 100 365 100.00
Hand movements, Frequency % Frequency % Kinetic tremor, left Frequency % Frequency %

right hand* hand*

0 187 21.35 129 35.34 0 493 56.28 236 64.66

1 346 395 160 43.84 1 293 3345 105 28.77

2 231 2637 57 15.62 2 72 8.22 22 6.03

3 98 1.19 17 4.66 3 14 1.6 1 0.27

4 12 1.37 2 0.55 4 0 0 1 0.27

999 2 0.23 0 0.00 999 4 0.46 0 0.00

Total 876 100 365 100.00 Total 876 100 365 100.00
Hand movements, Frequency % Frequency % Rest tremor Frequency % Frequency %

left hand* amplitude, RUE*

0 164 18.72 18 32.33 0 586 66.89 281 76.99

1 3n 355 147 40.27 1 12 12.79 51 13.97

2 250 2854 78 21.37 2 121 13.81 26 712

3 125 14.27 17 4.66 3 53 6.05 6 1.64
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TABLE 4 (Continued)

English Japanese English Japanese

4 25 2.85 4 110 4 3 0.34 1 0.27

999 1 on 1 0.27 999 1 on 0 0.00

Total 876 100 365 100.00 Total 876 100 365 100.00
Pronation: Frequency % Frequency % Rest tremor Frequency % Frequency %

supination amplitude, LUE*

movements, right

hand*

0 199 2272 100 27.40 0 603 68.84 280 76.71

1 335 3824 159 43.56 1 120 13.7 56 15.34

2 216 2466 64 17.53 2 99 1.3 20 5.48

3 107 12.21 35 9.59 3 45 5.14 9 2.47

4 17 194 6 164 4 5 0.57 o] 0.00

999 2 0.23 1 0.27 999 4 0.46 o] 0.00

Total 876 100 365 100.00 Total 876 100 365 100.00
Pronation: Frequency % Frequency % Rest tremor Frequency % Frequency %

supination amplitude, RLE

movements, left

hand

0 162 1849 76 20.82 0 77 88.7 319 87.40

1 297 33.9 138 37.81 1 52 5.94 25 6.85

2 235 26.83 101 27.67 2 35 4 18 493

3 150 17.12 42 11.51 3 9 1.03 2 0.55

4 29 3.31 8 219 4 0 0 o] 0.00

999 3 0.34 o] 0.00 999 3 0.34 1 0.27

Total 876 100 365 100.00 Total 876 100 365 100.00
Toe tapping, right Frequency % Frequency % Rest tremor Frequency % Frequency %

foot* amplitude, LLE

0 168 19.18 89 24.38 o] 795 90.75 319 87.40

1 323 36.87 149 40.82 1 46 5.25 24 6.58

2 228 26.03 96 26.30 2 20 2.28 17 4.66

3 129 14.73 24 6.58 3 12 1.37 2 0.55

4 27 3.08 6 164 4 0 o] 0 0.00

999 1 on 1 0.27 999 3 0.34 3 0.82

Total 876 100 365 100.00 Total 876 100 365 100.00
Toe tapping, left Frequency % Frequency % Rest tremor Frequency % Frequency %

foot* amplitude, lip/jaw*

[¢] 154 17.58 68 18.63 o] 780 89.04 349 95.62

1 251 28,65 140 38.36 1 63 719 12 3.29

2 268 3059 30.41 2 18 2.05 3 0.82

3 154 1758 36 9.86 3 13 1.48 Q 0.00

4 46 5.25 10 274 4 1 on 1 0.27

999 3 0.34 o] 0.00 999 1 0.1 0 0.00

Total 876 100 365 100.00 Total 876 100 365 100.00
Leg agility, right leg*  Frequency % Frequency % Constancy of rest* Frequency % Frequency %

0 250 2854 19 32.60 0 409 46.69 219 60.00

1 329 3756 163 44.66 1 214 2443 79 21.64

2 190 2169 61 16.71 2 9 1039 28 7.67

3 86 9.82 18 4.93 3 85 97 21 5.75

4 18 2.05 4 110 4 67 7.65 17 4.66

999 3 0.34 0 0.00 999 10 114 1 0.27

Total 876 100 365 100.00 Total 876 100 365 100.00
Leg agility, left leg" Frequency % Frequency %

0 216 2466 99 2712

1 298 34.02 142 38.90

2 213 2432 90 24.66

3 106 12.1 30 8.22

4 38 4.34 3 0.82

999 5 0.57 1 0.27

Total 876 100 365 100.00
Part IV
Time spent with Frequency % Frequency % Functional impact of ~ Frequency % Frequency %

dyskinesias* fluctuations

0 563 6427 273 74.79 o] 433 4943 194 53.16

1 173 19.75 M 1.23 1 165 18.84 56 15.34

2 87 9.93 30 8.22 2 81 9.25 32 8.77

3 27 3.08 12 3.29 3 L] 1358 60 16.44

4 17 1.94 6 1.64 4 63 7.19- 19 5.21

999 9 1.03 3 0.82 999 15 17 4 110

Total 876 100 365 100.00 Total 876 100 365 100.00
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TABLE 4 (Continued)

English Japanese English Japanese
Functional impact of  Frequency % Frequency % Complexity of motor ~ Frequency % Frequency %
dyskinesias® fluctuations*
6] 695 79.34 308 84.38 0 404 46.12 192 52.60
1 90 1027 27 7.40 1 291 3322 125 34.25
2 29 3.31 19 5.21 2 69 7.88 21 5.75
3 46 525 7 1.92 3 50 5.71 17 4.66
4 5 0.57 2 0.55 4 46 5.25 3 0.82
999 n 126 2 0.55 999 16 1.83 7 192
Total 876 100 365 100.00 Total 876 100 365 100.00
Time spent in the Frequency % Frequency % Painful OFF state Frequency % Frequency %
OFF state” dystonia*
] 383 43.72 183 50.14 0 680 77.63 319 87.40
1 341 3893 13 30.96 1 14 13.01 28 7.67
2 106 121 50 13.70 2 45 5.14 4 110
3 22 2.51 14 3.84 3 13 1.48 6 164
4 14 1.6 2 0.55 4 15 1.7 5 137
999 10 114 3 0.82 999 9 1.03 3 0.82
Total 876 100 365 100.00 Total 876 100 365 100.00
#999 = missing.

*P < 0.05 by chi-square test (df = 4).

DDS, dopamine dysregulation syndrome; RUE, right upper extremity; LUE, left upper extremity; RLE, right lower extremity; LLE, left lower

extremity.
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Leucine-rich repeat kinase 2 (LRRK2) is a causative gene of autosomal dominant familial Parkinson's
disease (PD). We screened for LRRK2 mutations in 3 frequently reported exons (31, 41, and 48) in our
cohort of 871 Japanese patients with PD (430 with sporadic PD and 441 probands with familial PD).
Direct sequencing analysis of LRRK2 revealed 1 proband (0.11%) with a p.R1441G mutation, identified for
the first time in Asian countries, besides frequently reported substitutions including, the p.G2019S
mutation (0.11%) and p.G2385R variant (11.37%). Several studies have suggested that the LRRK2 p.R1441G

{f:)r’l‘:ilgggﬁs disease mutation, which is highly prevalent in the Basque country, is extremely rare outside of northern Spain.
LRRK2 ° Further analysis of family members of the proband with the p.R1441G mutation revealed that her mother
p.R1441G and first cousin shared the same mutation and parkinsonism. Haplotype analysis revealed a different

Asia haplotype from that of the original Spanish families. Our patients demonstrated levodopa-responsive

Intrafamilial clinical heterogeneity parkinsonism with intrafamilial clinical heterogeneity. This is the first report of familial PD because of

the LRRK2 p.R1441G mutation in Asia.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Leucine-rich repeat kinase 2 (LRRK2) is one of the causative genes of
autosomal dominant Parkinson’s disease (PD) (Paisan-Ruiz et al., 2004;
Zimprich et al, 2004). To date, 7 mutations in LRRK2 p.G2019S,
p.12020T, p.N1437H, p.R1441G/C/H, and p.Y1699C have been proven as
pathogenic mutations. Although p.G2019S and p.R1441G/C/H are
frequent mutations in LRRK2 and the prevalence of the p.G2019S
mutation, the most common LRRK2 substitution in populations of
European origin, is estimated at 5%—13% of individuals with familial
PD (Haugarvoll and Wszolek, 2009), the p.R1441C, p.R1441H, and

* Corresponding authors at: Department of Neurology, Juntendo University
School of Medicine, 2-1-1 Hongo, Bunkyo-ku, Tokyo 113-8421, Japan. Tel.: +81 3
3813 3111; fax: +81 3 5800 0547.

E-mail addresses: thatano@juntendo.ac.jp (T. Hatano), nhattori@juntendo.ac.jp
(N. Hattori).

0197-4580/$ — see front matter © 2014 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.neurobiolaging.2014.05.025

p.G2019S mutations have been found to be very rare in Asia
(Haugarvoll et al., 2008; Ross et al,, 2009). The p.R1441G mutation is
frequent in Spain, and especially in the Basque country, where it ac-
counts for 16% of familial and 4% of sporadic cases (Haugarvoll and
Wszolek, 2009). However, p.R1441G carriers are extremely rare
outside of Spain (Haugarvoll and Wszolek, 2009; Mata et al,, 2005,
2009b; Simon-Sanchez et al, 2006). To date, only 4 probands
with p.R1441G outside of northern Spain have been reported
(Cornejo-Olivas et al,, 2013; Deng et al, 2006; Mata et al, 2009a;
Yescas et al,, 2010). Interestingly, most of the reported p.R1441G PD
patients share a common founder, and this mutation is regarded as a
rare haplotype (Haugarvoll and Wszolek, 2009; Mata et al, 2005,
2009b; Simon-Sanchez et al, 2006). It remains unclear whether
there are patients carrying the p.R1441G mutation in Asia. In this
study, we performed a mutation screening of exons 31, 41, and 48 of
LRRK2 in a Japanese cohort of PD patients and found a proband with
the p.R1441G mutation. Here, we report the results of a
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clinicoradiological and haplotype analysis of the first familial PD pa-
tients linked to p.R1441G mutation in Asian countries.

2. Methods
2.1. Subjects

We studied 871 Japanese PD patients (430 patients with spo-
radic PD and 441 probands with familial PD; age, 56.4 + 14.5 years;
age at onset, 49.8 &+ 14.6 years; disease duration; 6.67 + 6.89 years).
A clinical diagnosis of PD was determined by the presence of at least
2 of 3 cardinal signs (rest tremor, bradykinesia, and rigidity) and
improvement following adequate dopaminergic therapy (when
available). In this study, families with 2 or more affected members
or 2 members with a mutation in at least 2 generations were
classified as autosomal dominant PD families, and families with at
least 2 affected siblings in only 1 generation were classified as
(potential or pseudo-) autosomal recessive PD families. Written
informed consent was obtained from all participants, and the local
ethics authorities approved the project. A 2-generation pedigree
was established for the Japanese family with the LRRK2 p.R1441G
mutation (Fig. 1A). Among the 12 subjects in the family, 4 (11:5, 11:4,
1:6, and I1:2) were willing to participate in this clinicogenetic study,
whereas the remainder, including 2 reportedly parkinsonian sub-
jects (1:2 and I:3), refused to participate. Participating individuals
were examined by neurologists specializing in movement disor-
ders. A full history was collected and a neurologic examination was
performed for each patient.

2.2. Genetic analysis

Genomic DNA from each subject was extracted from peripheral
blood using the QIAamp DNA Blood Maxi Kit (QIAGEN, Valencia,
CA, USA). Three exons of LRRK2 that have been frequently reported
to contain PD-associated mutations (exons 31, 41, and 48) were
analyzed by polymerase chain reaction-direct sequencing using
the Big Dye Terminator v.1.1 Cycle Sequencing Kit (Life Technol-
ogies, Foster City, CA, USA) as previously described (Zimprich
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et al., 2004). Haplotype analysis of LRRK2 flanking region was
performed using previously described methods (Mata et al., 2005,
2009a, 2009b).

3. Results
3.1. Genetic findings

In this cohort, we identified 1 proband (0.11%) with a p.R1441G
mutation, 1 with a p.G2019S mutation (0.11%), and 103 with a
p.G2385R variant (11.37%). We failed to detect p.R1441C, p.R1441H,
or p.12020T mutations in this cohort.

The pedigree of the family with the p.R1441G mutation is shown
in Fig. 1A. Five members of this family presented with parkinsonism
(I:2, 1:3, I:6, 1I:2, and II:5). Direct sequencing analysis of LRRK2
revealed a heterozygous p.R1441G (LRRK2 4321C>G) mutation in
1I:5 (proband), I:6, and 1I:2. A healthy brother (1:4) of the proband
did not share the mutation (Fig. 1B). Two individuals (II:2: a first
cousin of the proband with the p.R1441G mutation, 50-year-old
female; and II:4: a healthy brother of the proband without the
p.R1441G mutation, 35-year-old male) were heterozygous for the
p.G2385R (LRRK2 7153G>A) variant, which was observed on a
different haplotype to that in individuals with the p.R1441G mu-
tation. These results show co-segregation of parkinsonism and the
mutation in the family, although the remaining members were
unable to be tested.

Genotypes for 15 markers from our patients (II:2 and II:5) and
the corresponding haplotype shared among 29 p.R1441G carriers
from Spanish families are presented in Table 1. Allele sharing was
evident at only 3 of the 15 markers and was not observed at
€.4937T>C (p.M1646T), a rare polymorphism immediately flanking
€4321C>G (p.R1441G). Thus, our Japanese family members do not
share a common founder with the Spanish families.

3.2. Case reports

The clinicoradiological findings in these patients are summa-
rized in Table 2.

1:3

i1 I1:2

B
\ \

GGCTCGCGCT GGCTSGCGCT

II:4 (control)

3 4

y \j

GGCTSGCGCT GGCTS§ GCGCT

[I:5 (proband)

Fig. 1. Pedigree and direct sequencing analysis of the Japanese family with the LRRK2 p.R1441G mutation. (A) Pedigree of the Japanese family with the LRRK2 p.R1441G mutation.
The arrow indicates the proband. (B) Direct sequencing analysis of LRRK2 in this family. Arrow heads indicate sites of heterozygous substitution of LRRK2 4321C>G.
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Table 1
Comparison of R1441G-containing haplotypes across the LRRK2 region
Location Marker Spanish-Basque  Uruguay  11:2 I:5
33305760 D12S2080 188 188/192 192 192
34142287 151511547 T C C C
34142413 1555917927 € T T T
34142467 1556260627 A G G G
37708307 rs10876410 A A A A
38738007 D1252194 249 253[257 253 253
LRRK2 D1252516 252 254 252/254  252[254
R1441 G G G/C G/C G/C
M1646 T C T T T
D1252518 154 154 154 154
39116885 D1252519 138 132/140  132/140 132/140
39120098 D1252520 248 257 257 257
39128754  D1282521 323 319/359 315 315
39132380 D1252522 281 283[297 283297 283297
39176380 D1252517 184 188/198 202 202
39312730 D1251048 211 211/214 220 220

“Spanish-Basque” indicates the haplotype shared among patients with the LRRK2
p.R1441G mutation from northern Spain. In the members of Japanese family, allele
sharing was observed at only 5 markers, indicated in bold.

3.2.1. p.R1441G-Patient II:5

This 36-year-old female developed clumsiness in the right hand
and leg at the age of 34 years. Subsequently, she developed right leg
tremor and gait disturbance. She did not have any problems with
cognition, sleep, or bowel movements. Neurologic examination
revealed hemiparkinsonism including resting tremor, muscular ri-
gidity, and akinesia in her right upper and lower limbs along with
hyperreflexia in all extremities. Her motor score on the unified PD
rating scale (UPDRS part Ill) was 17 points (Supplementary Video 1).
Neurocognitive assessments, such as the Mini Mental State Exam-
ination, Frontal Assessment Battery (FAB), and the Japanese version
of the Montreal cognitive assessment (MoCA-]) were normal. The
odor stick identification test for Japanese revealed mild hyposmia.
The administration of levodopa/benserazide (200 mg/50 mg), pra-
mipexole (4 mg), and selegiline (5 mg) resulted in a marked
amelioration of her parkinsonism without psychiatric problems.
After treatment, her UPDRS part Ill score was 4 points. Although she
did not have any cerebrovascular risk factors, fluid level attenuated
inversion recovery (FLAIR) magnetic resonance imaging (MRI)
revealed bilateral scattered deep white matter lesions with no
structural abnormality (Fig. 2C—F). The results of iodine-123 met-
aiodobenzylguanidine ('*’I-MIBG) myocardial scintigraphy were
normal (Fig. 2B). lodine-123 iodoamphetamine single photon
emission computed tomography ( 1231_IMP SPECT ) revealed normal
regional cerebral blood flow (rCBF) (Fig. 2A).

3.2.2. p.R1441G-Patient I:6

This 65-year-old female is the mother of Patient II:5. Her sister
(I:2) and brother (1:3) were also diagnosed as having PD in middle
age with no detailed history obtained. She had a history of
depression, insomnia over the past 12 years, and right frontopar-
ietal traumatic injury at the age of 55 years. At the age of 60 years,
sulpiride (150 mg/d) was administrated for depression, resulting in
the development of parkinsonism. Cessation of sulpiride amelio-
rated her parkinsonism and brotizolam (0.25 mg/d), paroxetine
(10 mg/d), zolpidem (5 mg/d), flunitrazepam (2 mg/d), etizolam
(1.5 mg/d), and trazodone (50 mg/d) were given for the treatment
of her depression and insomnia. At the age of 65 years, she
impulsively attempted suicide. The administration of perospirone
(12 mg/d) induced a marked deterioration of her motor and swal-
lowing functions. After cessation of perospirone, quetiapine
(37.5 mg/d) was used to treat her psychiatric symptoms without
aggravation of motor function. Three weeks after the suicide
attempt, neurologic examinations revealed minimal left-dominant
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parkinsonism (Supplementary Video 2) and mild hyposmia (odor
stick identification test for Japanese; 6 points).

Although she did not have any problems with orientation,
memory, and calculation, the FAB and MoCA-J revealed dysfunc-
tions of verbal fluency and conceptualization (FAB and MoCA-]
scores of 14/18 and 24/30, respectively). Although she did not
have any cerebrovascular risk factors, T2-weighted, and FLAIR MRI
revealed frontotemporal atrophy and small abnormal high intensity
lesions in the bilateral frontal white matter (Fig. 21—L). The results
of *I-MIBG myocardial scintigraphy were normal (Fig. 2H). %[
IMP SPECT showed decreased rCBF in the bilateral frontal lobes,
corresponding to the cranial MRI (Fig. 2G).

3.2.3. p.R1441G-Patient II:2

This 50-year-old female is a first cousin of Patient II:5. She
carries both p.R1441G and p.G2385R mutations in LRRK2. She had
panic syndrome at the age of 18 years. She developed bradykinesia
and tremor in the left lower limb at the age of 28 years. On
neurologic examination, 2 years after disease onset, she showed left
hemiparkinsonism and hyperreflexia in all extremities without any
cognitive dysfunction. The administration of levodopa/carbidopa
(200 mg/20 mg), trihexyphenidyl (3 mg), talipexole (2.4 mg), and
pergolide (0.3 mg) resulted in a marked amelioration of her
parkinsonism. Cranial FLAIR MRI was normal and *?3I-IMP SPECT
showed decreased rCBF in the right basal ganglia (Fig. 2M—0). After
the third year of her iliness, she developed motor fluctuations with
severe ballistic dyskinesia in the left lower limb as a result of high
doses of anti-parkinsonian medications. After the 11th year of her
illness, bilateral deep brain stimulation of the subthalamic nucleus
(STN-DBS) was performed (Fig. 2P). Although STN-DBS was able to
temporarily ameliorate her motor complications, she developed
dystonic motor complications owing to right-sided STN-DBS stim-
ulation 3 months after the commencement of DBS. In addition, she
showed schizophrenic psychosis with severe delusions associated
with STN-DBS at 1 year after the operation. After the 13th year of
illness, she showed severe wearing off and dyskinesia with off-time
pain and dopamine dysregulation syndrome. The left-sided STN-
DBS partially ameliorated her off-phase painful dystonia, but
caused severe dyskinesia in the on-phase. Eventually, she was put
on levodopa/benserazide (700 mg/175 mg/d) and quetiapine
(25 mg/d) using left-side STN-DBS in the off-phase only, enabling
her to enjoy bowling and ride a bicycle in the on-phase. However, in
the off-phase, she showed severe akinesia and panic attacks with
delusional ideation.

3.2.4. Other mutations

A 58-year-old male with PD due to p.G2019S, whose father and 2
of 5 siblings had PD developed levodopa-responsive parkinsonism,
including resting tremor, rigidity, postural instability, and right
lower-limb akinesia without cognition and autonomic dysfunc-
tions. The results of 2I-MIBG myocardial scintigraphy were
normal. '23-IMP SPECT showed decreased rCBF in the frontal lobe,
basal ganglia, and bilateral thalamus (Table 2).

Approximately 80% of patients with the p.G2385R variant
showed typical parkinsonism with levodopa effectiveness. Auto-
nomic dysfunction is present in <20% of them. In 60% of them, the
results of '?)l-MIBG myocardial scintigraphy were normal
(Table 2).

4. Discussion

Here, we report for the first time an LRRK2 p.R1441G mutation
in Asia. Whereas the p.R1441G mutation is the most prevalent
mutation in the Basque country, it is extremely rare outside of
northern Spain (Haugarvoll and Wszolek, 2009; Marti-Masso et al.,
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Table 2
Clinical features of patients with LRRK2 p.R1441G mutation
p.R1441G our cohort p.G2019S our cohort p.G2385R our p.R1441G northern p.R1441G iPD
Patient I1:5 Patient 1:6 Patient I1:2 cohort Spain Uruguay
Age at onset (y) 34 55 28 54 52(21-83)  55(29-80) 50 Around 60
Disease duration (y) 2 10 16 4 7 4
Resting tremor + - + -+ 59% + + +
Bradykinesia + + + + 86.7% + + +
Rigidity + + + + 82.9% + + +
Gait disturbance + = + + 80% + N.A. +
Postural instability - - + + 62.9% + + -+
Clinical response to levodopa  + N.A. + + 69.5% -+ + +
Wearing off - — + N.A. 28.6% + N.A. -+
Levodopa-induced dyskinesia — - + N.A. 24.8% + N.A. +
Asymmetry at onset e + + + 73.3% + + +
Hyposmia (OSIT-]) Mild impairment Mild impairment (6, cutoff; 9.78%) N.A. N.A. N.A. Mild impairment N.A. Severe impairment
(9, curoff; 11.09%)
Orthostatic hypotension - - - - 12.4% - N.A. +
Incontinence - - - - 18.1% - N.A. +
Sleep benefit + - Unknown - 16.2% - N.A. -
Dystonia at onset - - - N.A. 14.3% - N.A. -
Hyperreflexia + - + N.A. 17.1% - N.A. -
Hallucination — - + - 16.2% - N.A. —
Dementia (FAB/MMSE/MoCA-]) — (18/30/29) Sit. frontal dysfunction (14/N.A./24) - - 12.4% - - -
Other psychiatric problems - Depression, executive dysfunction S-like, delusion - + + N.A. -
Brain MRI Abnormal small ~ Abnormal small spots scatter in white No abnormality N.A. N.A. No abnormality N.A. No abnormality
spots scatter in matter, bilateral frontal lobe atrophy,
white matter post traumatic hemorrhage in right
frontoparietal cortex
1231 IMP SPECT Normal record Decreased rCBF in bil. frontal lobes Decreased rCBF in the Decreased rCBF in frontal, N.A. NA. NA. Decreased rCBF in bil.
right basal ganglia basal ganglia, and right occipital lobes
thalamus
1231.MIBG myocardiac H/M ratio H/M ratio (E/L) = 3.18/3.63; Not performed Normal Decreased Less decreased N.A. Decreased H/M ratio
scintigraphy (E/L) = 2.38/2.68; cutoff, 2.0°; wash out ratio = 20.1% 40%, normal  than PD
cutoff, 1.4° wash 60%

out ratio= 4.15%

Key: Bil,, bilateral; H/M, heart/mediastinum ratio; FAB, frontal assessment battery; '2*I-MIBG, iodine-123 metaiodobenzylguanidine; iPD, idiopathic Parkinson’s disease; MMSE, mini mental state examination; MoCA-J, Japanese
version of the Montreal cognitive assessment; MR, magnetic resonance imaging; N.A., not applicable; OSIT-], odor stick identification test for Japanese; PD, Parkinson’s disease; rCBF, regional cerebral blood flow; S-like,
schizophrenic-like; Slt., slightly.

2 Cutoff points in OSIT-] vary according to age and sex.

b cutoff points in '2*I-MIBG myocardiac scintigraphy were different in every institution.
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Fig. 2. Cranial MRI, CT, '"2IIMP SPECT, and '*’I-MIBG myocardial scintigraphy of Patients 1I:5, 1:6, and II:2. In Patient 1I:5, '**[-IMP SPECT and '2’I-MIBG myocardial scintigraphy show no
abnormality (A, B). Cranial T2-WI and FLAIR MRI depict several abnormal high-intensity lesions without any atrophy (C—F). In Patient I:6, ?I-IMP SPECT shows hypoperfusion of bilateral
frontal area (G). Cranial T2-WI and FLAIR MRI show several abnormal high-intensity lesions with frontal lobe atrophy (I-L). The results of **I-MIBG myocardial scintigraphy were normal (E).
In Patient 1:2, '"’I-IMP SPECT shows hypoperfusion of the right basal ganglia (M). Cranial T2-WI MRI showing no abnormality (O, P). Cranial CT showed that electrodes for deep brain
stimulation of the subthalamic nucleus were implanted into the bilateral subthalamic nucleus (N). Abbreviations: CT, computerized tomography; FLAIR, fluid level attenuated inversion
recovery; ?*-IMP SPECT, lodine-123 iodoamphetamine single photon emission computed tomography; '>*l-MIBG, iodine-123 metaiodobenzylguanidine; MR, magnetic resonance imaging.

2009; Mata et al., 2005, 2009b; Simon-Sanchez et al., 2006). In our
family, the lack of sharing at p.M1646T (Table 1), located 9.7 kb
downstream from the mutation, is particularly informative
because the “LRRKZ ¢.4937 T>C" allele occurs at a frequency of
<2% in controls from northern Spain but has been observed in all

mutation carriers described in the literature (Mata et al., 2005).
Therefore, we concluded that our family has a different haplotype
from that of all the Spanish families reported to date. Recently, a
cohort study revealed a Uruguayan patient carrying a p.R1441G
mutation, who did not share the haplotype of the original Spanish
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families (Mata et al., 2009a). Our patients did not appear to have
an ancestor from outside Japan based on historical records. Thus,
they are only the second family with this mutation outside of
Spain, with a different haplotype, reinforcing the hypothesis that
p.R1441 is a mutational hot spot. It is therefore possible that
patients with a mutation at LRRK2 p.R1441 are distributed
worldwide.

Previous reports have described that the clinical features of the
original Basque family members (Paisan-Ruiz et al., 2005) and the
Uruguayan patient (Mata et al., 2009a) with LRRK2 p.R1441G were
similar to those of typical idiopathic PD (iPD), including good
response to levodopa therapy, rigidity, and akinesia (Table 2).
Although most of the members of the Basque families showed late-
onset PD (Gonzalez-Fernandez et al., 2007; Mata et al, 2005;
Simon-Sanchez et al., 2006), Gonzalez-Fernandez et al. (2007) re-
ported that 5 of 15 patients showed an early age at onset
(<50 years). These findings indicate that some of the Basque fam-
ilies might exhibit intrafamilial clinical heterogeneity. In our Japa-
nese family, Patients I1I:2 and II:5 also showed younger age at onset
compared with iPD patients. In contrast to Patients I:2, I:3, II:2, and
11:5, Patient [:6, albeit in old age, showed trivial hemiparkinsonism
only detected by detailed neurologic examination with no func-
tional disabilities, whereas the patient showed frontal dysfunction
with impaired verbal fluency and conceptualization. Severe psy-
chosis appeared to be unique to Patient II:2 in our family. Therefore,
our family also exhibited intrafamilial clinical heterogeneity. The
presence of such heterogeneity suggests that additional factors,
that is, genetic and/or environmental factors, contribute to the
development of the disease in association with the p.R1441G
mutation.

Based on the results of 2 studies, patients with the LRRK2
p.R1441G mutation seem to display fewer of the non-motor fea-
tures characteristic of iPD, such as hyposmia and cardiac sympa-
thetic denervation (Table 2) (Ruiz-Martinez et al., 2011; Tijero et al.,
2013). Consistent with these observations, our patients showed no
autonomic dysfunctions, including bowel and urinary dysfunctions
and orthostatic hypotension, REM-sleep behavior disorders, or
reduced cardiac '**I-MIBG uptake (Table 2). Hyposmia detected in
our patients (1I:5 and 1:6) appeared less severe than that in iPD,
requiring further studies to determine whether the p.R1441G mu-
tation is associated with hyposmia. In terms of neuroimaging, we
also observed differences between patients with the p.R1441G
mutation and iPD patients. Patient 1:6 showed frontal atrophy on
MRI and frontal hypoperfusion on 1231.IMP SPECT. Furthermore,
1231_IMP SPECT of Patient 11:2 revealed hypoperfusion in the basal
ganglia. These findings contrast with those in iPD patients, which
typically show a decrement of blood flow in the occipital lobes (Abe
et al.,, 2003). On the basis of these results, the phenotypes of our
patients seemed to be different from those of iPD patients with
Lewy pathology. Pathologic findings in PD patients with LRRK2
mutations are very variable despite them exhibiting a relatively
uniform clinical phenotype of parkinsonism (Cookson et al., 2008;
Hasegawa et al, 2009; Ross et al, 2006; Ujiie et al, 2012;
Zimplich et al,, 2004). A clinicopathological study of patients with
the p.G2019S mutation revealed no correlation between Lewy pa-
thology and clinical phenotypes, including dementia and psychi-
atric symptoms (Ross et al., 2006). These observations suggest that
additional factors besides LRRK2 mutations could play roles in the
development of dementia and/or psychiatric problems as well as
Lewy pathology. It therefore remains to be clarified whether our
cases show Lewy pathology, although a previously reported patient
with a p.R1441G mutation did not have Lewy pathology (Marti-
Masso et al., 2009).

It has been described that the phenotype of PD patients with the
p.G2019S mutation cannot be distinguished from iPD (Haugarvoll
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and Wszolek, 2009). However, the patient with the p.G2019S mu-
tation in our cohort showed no autonomic dysfunction, no psy-
chosis, no dementia, and normal cardiac 2*I-MIBG uptake,
resembling the phenotype of p.R1441G-patient II:5 without early
age of onset. The prevalence of autonomic dysfunctions of PD pa-
tients with p.G2385R was also seemed to be less than that in iPD
patients (Khoo et al., 2013). Two members (I1:2 and II:4) of our
family also had the p.G2385R variant. Although combining
p.R1441G with p.G2385R in II:2 might cause severe psychosis, it
remains unclear whether the p.G2385R variant combined with an
LRRK2 pathogenic mutation might be associated with a deteriora-
tion of clinical phenotypes. Therefore, we could not determine the
contribution of this variant to the phenotypic modifications in our
family.

In Patient I:2, STN-DBS exacerbated psychiatric problems
without any improvement of motor function. Gomez-Esteban et al.
(2008) also described a poor response to STN-DBS therapy in pa-
tients with the p.R1441G mutation. These results might be attrib-
utable to the p.R1441G mutation.

We found 1 patient with the p.G2019S mutation (0.11%) in this
cohort. Parkinsonism because of p.G2019S is common in Caucasian
populations (Haugarvoll and Wszolek, 2009), and the frequencies
in the Ashkenazi Jewish and North African Arab cohorts are 18.3%
and 39%, respectively (Lesage et al., 2006; Ozelius et al., 2006).
However, this mutation has been reported to be very rare in Asian
populations (Tan et al., 2005; Tomiyama et al., 2006; Zabetian et al.,
2006), consistent with our cohort. The finding of a relatively high
prevalence of the LRRK2 p.G2385R variant in our cohort is consis-
tent with the findings of previous reports (Funayama et al,, 2007;
Ross et al., 2011). Although Ross et al. (2011) described that the
prevalence of PD with p.G2385R in large Asian populations,
including Japanese was about 3%, the prevalence of p.G2385R in the
previously reported Japanese cohort was 11.6% (Funayama et al,,
2007), similar to that in the present cohort. On the other hand,
the association of p.G2385R with PD in the Caucasian pepulation
was not supported by the results of a previous large population
study (Ross et al., 2011).

To the best of our knowledge, this is the first report of an LRRK2
p.R1441G mutation in Asia and only the third outside of northern
Spain (Mata et al., 2009a). Further mutation screening of LRRK2
p.R1441G in Asian populations may confirm the characteristic fea-
tures of patients with this mutation.
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Abstract

Introduction Diffusional kurtosis imaging (DKI) is a more
sensitive technique than conventional diffusion tensor imag-
ing (DTI) for assessing tissue microstructure. In particular, it
quantifies the microstructural integrity of white matter, even in
the presence of crossing fibers. The aim of this preliminary
study was to compare how DKI and DTI show white matter
alterations in Parkinson disease (PD).

Methods DKI scans were obtained with a 3-T magnetic reso-
nance imager from 12 patients with PD and 10 healthy con-
trols matched by age and sex. Tract-based spatial statistics
were used to compare the mean kurtosis (MK), mean diffu-
sivity (MD), and fractional anisotropy (FA) maps of the PD
patient group and the control group. In addition, a region-of-
interest analysis was performed for the area of the posterior
corona radiata and superior longitudinal fasciculus (SLF) fiber
crossing,.

Results FA values in the frontal white matter were significant-
ly lower in PD patients than in healthy controls. Reductions in
MK occurred more extensively throughout the brain: in addi-
tion to frontal white matter, MK was lower in the parietal,
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occipital, and right temporal white matter. The MK value of
the area of the posterior corona radiata and SLF fiber crossing
was also lower in the PD group.

Conclusion DKI detects changes in the cerebral white matter
of PD patients more sensitively than conventional DTL In
addition, DKI is useful for evaluating crossing fibers. By
providing a sensitive index of brain pathology in PD, DKI
may enable improved monitoring of disease progression.

Keywords Diffusional kurtosis imaging - Diffusion tensor
imaging - Parkinson disease - Tract-based spatial statistics

Abbreviations

DTI Diffusion tensor imaging

DKI  Diffusional kurtosis imaging
FA Fractional anisotropy

MD Mean diffusivity

MK Mean kurtosis

PD Parkinson disease

ROI  Region of interest

SLF  Superior longitudinal fasciculus
TBSS Tract-based spatial statistics

Introduction

Parkinson disease (PD) is a chronic, progressive, and degen-
erative neurological disorder defined by its motor symptoms
(akinesia, resting tremor, and rigidity) and numerous
nonmotor symptoms (such as cognitive impairment, depres-
sion, and olfactory dysfunction) [1]. In PD, these motor and
nonmotor symptoms reflect the widespread progression of
underlying pathologies, which include «-synuclein-
immunoreactive inclusions in the cytoplasm of neurons
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(Lewy bodies) and within neuronal processes (Lewy neurites),
loss of dopaminergic projections from the substantia nigra to
the striatum, and progressive loss of cholinergic and mono-
aminergic cortical projections from the nucleus basalis of
Meynert [2-6].

Conventional magnetic resonance imaging (MRI) has been
unsuccessful for discerning these pathophysiologic changes in
PD; because the results are usually nonspecific, the role of
MRI is confined to excluding secondary causes of parkinson-
ism such as vascular lesions. By contrast, diffusion tensor
imaging (DTI) in PD provides quantitative measures of mi-
crostructural integrity and organization in vivo and is thus
more suitable for detecting subtle alterations not evident with
conventional MRI [7-12]. Diffusional abnormalities of frontal
white matter have been consistently observed in DTI studies
of PD patients [9, 13-16]. DTI with region-of-interest (ROI)
analyses has revealed changes in fractional anisotropy (FA) in
the frontal lobes of PD patients relative to controls [13].
Karagulle et al. used voxel-based analysis in conjunction with
DTI to compare PD patients to controls and observed de-
creased FA bilaterally in the frontal lobes, including the sup-
plementary and presupplementary motor areas [9]. Similarly,
Zhan et al. found reduced FA in the frontal lobes, including the
precentral gyrus and supplementary motor areas [14].

In traditional DTT theory, a perfect Gaussian distribution is
assumed for the movement of water molecules [17]. However,
water in biological structures often shows non-Gaussian dif-
fusion because it is restricted by diffusion barriers such as cell
membranes and organelles. Therefore, the assumption of
Gaussian water diffusion may be inappropriate in biological
structures. Diffusional kurtosis imaging (DKI) has been pro-
posed as a natural extension of DTI that enables the quantifi-
cation of non-Gaussian diffusion [18-21]. In addition to con-
ventional DTI metrics such as mean diffusivity (MD) and FA,
an additional metric related to non-Gaussian water diffusion
called mean kurtosis (MK) is obtained in DKI, whereby a
higher MK value suggests a more hindered and restricted
diffusion environment [22]. In contrast to conventional DTI
metrics, MK is not limited to anisotropic environments; hence,
it especially permits quantification of the microstructural in-
tegrity of white matter, even in the presence of crossing fibers.

These properties of MK have led to its application to the
brains of patients with PD. Wang et al. reported increased MK
in the basal ganglia and substantia nigra using ROI analysis
[23]. They found that MK in the ipsilateral substantia nigra
showed the best diagnostic performance relative to the con-
ventional diffusion tensor parameter. We also found that FA
and MK were reduced in the cingulate fiber tracts in PD
patients relative to controls and that MK in the anterior cin-
gulum showed the best diagnostic performance [24]. Howev-
er, whole-brain voxel-based DKI analyses have yet to be
performed in PD patients. Voxel-based analysis is a technique
that can identify the changes of diffusion tensor parameter in

@ Springer

any part of the whole brain without a prior hypothesis, unlike
ROI analysis.

Here, we expanded on our previous work and conducted
whole-brain DKI analyses of PD patients and controls by
using tract-based spatial statistics (TBSS) [25] implemented
in the FMRIB Sofiware Library 4.1.5 (FSL, Oxford Centre for
Functional MRI of the Brain, UK; www.fmrib.ox.ac.uk/fsl)
and we compared the data with those obtained with
conventional DTI parameters. Thus, the aims of this
preliminary study were to investigate how white matter is
altered in PD as measured with DKI and to compare the
results to those previously demonstrated with DTL

Materials and methods
Subjects

The participants were PD patients who had been diagnosed by
neurologists specializing in movement disorders. Each partic-
ipant fulfilled the UK Parkinson’s Disease Society Brain Bank
criteria and was found to be at stage 1, II, or Il on the Hoehn
and Yahr scale. All PD patients were taking levodopa and a
dopamine decarboxylase inhibitor (benserazide or carbidopa)
at the time of the MR imaging and clinical examination.
Eighteen months or more after scanning, all patients remained
free of atypical parkinsonism and continued to respond satis-
factorily to antiparkinsonian therapy. Ten age- and gender-
matched control subjects were voluntarily recruited. None of
the control subjects had any history of neurologic or psychi-
atric disorders or showed any abnormal signal in structural
MR imaging.

This study was approved by the ethical committee of
Juntendo Hospital, Juntendo University, and informed consent
was obtained from all the participants before evaluation. The
demographic characteristics of the participants are shown in
Table 1.

MR imaging

All MR images were obtained by using a 3.0-T system
(Achieva; Philips Healthcare, Best, the Netherlands) equipped
with an eight-channel head coil for sensitivity-encoding par-
allel imaging. Regular structural images such as T1-weighted
spin-echo images, T2-weighted turbo spin-echo images, and
fluid-attenuated inversion recovery images were obtained be-
fore acquiring diffusion tensor and kurtosis images.

DKI data were acquired with a spin-echo EPI sequence
along 20 isotropic diffusion gradient directions. For each
direction, DKI images were acquired with three values of b
(0, 1,000, and 2,000 s/mm® ). The sequence parameters were as
follows: image orientation, axial; repetition time (TR),
7,041 ms; echo time (TE), 70 ms; diffusion gradient pulse
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Table 1 Demographic character-

istics of subjects Normal controls PD patients P value
(n=10) (n=12)
Sex, male/female 5:5 6:6 0.42
Age in years, mean (SD) 67.6 (10.1) 65.4 (10.0) 0.82
Disease duration in years, mean (SD) NA 7.1(4.5) NA
Hoehn—Yahr stage (SD) 0 2.6(0.8) NA
PD Parkinson disease, SD stan- Levodopa dosage, mg/day, median (SD) 0 3227 (194.1) NA

dard deviation, NA not applicable

duration (§), 13.3 ms; diffusion gradient separation (A),
45.3 ms; number of excitations (NEX), 1; field of view,
240 mm; matrix, 80x80; slice thickness, 3 mm; number of
slices, 50; and imaging time, 6 min 26 s.

Diffusion tensor and kurtosis analyses were performed on
an independent Windows PC by using the free software dTV
II FZRx and Volume-One 1.81 (http:/www.volume-one.org),
developed by Masutani et al. (The University of Tokyo;
diffusion tensor visualizer available at http://www.ut-
radiology.umin.jp/people/masutani/dTV.htm) [7, 26, 27].
First, FA and MD maps based on the conventional mono-
exponential model were calculated. Because the kurtosis data
was generated using multiple values of b, the FA and MD
could be calculated by using part of the diffusion kurtosis data.
Next, mean DK maps were obtained (Fig. 1). The details of
the procedure for calculating the maps were as previously
described [19, 22, 28]. As described in previous papers [19,
22], the DK value for a single direction is determined by
acquiring data at three or more b values (including 6=0) and
fitting them to Eq. (1):

In[S(b)] = In[S(0)]—b x Dapp + 1/6 x b2 x D2app x Kapp
(1)

where Dapp is the MD for the given direction and Kapp is the
apparent kurtosis coefficient, which is dimensionless.

DTI/DKI image processing with TBSS

Voxel-based analysis of the DTI/DKI data was performed with
TBSS [21] implemented in FMRIB Software Library 4.1.5
(FSL, Oxford Centre for Functional MRI of the Brain, UK;
www.fmrib.ox.ac.uk/fsl). We corrected for distortions due to
eddy currents by affine intrasubject registration to the
respective individual »0 image by means of the
. EDDYCORRECT procedure implemented in FSL [29]. FA
and MD maps for all subjects were calculated by fitting a
tensor model to each voxel of the raw diffusion data, using the
tool DTIFIT. Nonbrain structures were eliminated by using
the brain extraction tool. FA maps of all subjects were aligned
to standard Montreal Neurological Institute (MNI152) space

by using the nonlinear registration tool FNIRT. Next, the mean
FA image was generated and thinned to create the mean FA
skeleton, which represented the centers of all tracts common
to the groups. The mean FA skeleton was thresholded to FA
>().20 to include the major white matter pathways but exclude
peripheral tracts and gray matter. The aligned FA map of each
participant was then projected onto this skeleton by assigning
to each point on the skeleton the maximum FA in a plane
perpendicular to the local skeleton structure. The resulting
skeletons were fed into voxel-wise statistics. By applying
the original nonlinear registration of the FA of each subject
to the standard space, the MD map was also projected onto the
mean FA skeleton. The MD data were used to calculate voxel-
wise statistics as well. Voxel-wise statistics of the skeletonized
FA data were analyzed with Randomise (part of FSL) to test
for group differences between the patient and control groups.
This program performed permutation-based testing with
5,000 permutations and statistical inference by using
threshold-free cluster enhancement (TFCE) [22] with a thresh-
old of P<0.05, corrected for multiple comparisons (family-
wise error). Randomise was also used to examine the relation-
ship between FA/MD/MK and disease duration, Hoehn—Yahr
stage, and levodopa dosage in the PD patient group with
multiple linear regression analysis (P<0.05, corrected for
gender and age at the time of MRI). The anatomical locations
of regions with significant group differences in FA and MD on
the white matter skeleton were identified with a white matter
atlas [23].

Analysis of crossing fibers

The superior longitudinal fasciculus (SLF) contains a relative-
ly large number of voxels with multiple fiber orientations due
to the crossing of the corona radiata, laterally projecting fibers
of the corpus callosum, or both [30]. ROI analysis was per-
formed for the area of the posterior corona radiata and SLF
fiber crossing.

On the color maps, red, green, and blue were assigned to
the left-right, antero-posterior, and cranio-caudal directions,
respectively. The corona radiata are easily identified in blue
owing to their predominantly cranio-caudal direction
(Fig. la). Fibers of the SLF are identified in green owing to
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Fig. 1 Procedure used to draw regions of interest (ROI) on the area of the
posterior corona radiata and crossing fibers of the superior longitudinal
fasciculus (SLF). Axial color-coded fractional anisotropy (FA) maps (a,
b) and an FA map (¢) and corresponding and mean kurtosis (MK) map (d)
depicting the superior longitudinal fasciculus (SLF) and posterior corona
radiata (CR) are shown. a The CR were casily identified in blue on the
color map owing to their predominantly cranio-caudal direction. The SLF
was also identified in green on the color map owing to its predominantly

their predominantly antero-posterior orientation (Fig. la). In
the area of the posterior corona radiata and SLF fiber crossing,
blue (corona radiata) and green (SLF) are intermingled and the
color becomes ambiguous (Fig. 1a).

The following method was used to draw an ROI. First, on
the color map, we identified the axial slice where the area of
the posterior corona radiata and SLF fiber crossing was the
largest (Fig. 1a). Second, in this slice, we drew the ROI
manually on the area of the posterior corona radiata and SLF
crossing fibers (Fig. 1b). We applied this ROI to FA and MK
maps of the same slice (Fig. lc, d). Both investigators agreed a
priori upon the common method described above. All ROIs
were drawn by individuals blind to the patient or control
status.

Statistical analysis

All statistical analyses were performed with the Statistical
Package for the Social Sciences for Windows, Release 20.0
(SPSS, Chicago, IL). Statistical analysis of demographic and
clinical data was conducted with Student’s ¢ test for continu-
ous variables and the ¥ test for categorical data. The criterion
of statistical significance was set to P<0.05. Student’s ¢ test
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antero-posterior orientation. In the area of the posterior corona radiata and
SLF fiber crossing, blue(corona radiata) and green (SLF) are intermingled
and the color becomes ambiguous (marked by yellow arrows). b On the
color map, we identified the axial slice where the area of the posterior
corona radiata and SLF fiber crossing became the largest. In this slice, we
drew the ROI manually on the area of the posterior corona radiata and
SLF fiber crossing (blue line). ¢, d We applied this ROI to the FA (¢) and
MK (d) maps of the same slice

was used to compare the averaged values of MD, FA, and MK
for the area of the posterior corona radiata and SLF fiber
crossing between PD patients and healthy controls. A
Bonferroni correction was applied to the number of compar-
isons (n=3: [MD, FA, MK], setting the level of significance at
P<0.05/3=0.016). Interrater reliability was assessed by using
Pearson’s correlation coefficient.

Results
Demographic and clinical features

Age (P=0.82, Student’s ¢ test) and sex distribution (P=0.42,
x°) did not differ between PD patients and healthy controls
(Table 1).

White matter alteration assessed with TBSS

FA values in the frontal white matter, part of the genu of the
corpus callosum, and part of the parietal white matter were
significantly lower in PD patients than in healthy controls. The
affected white matter tracts included the anterior part of the
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inferior fronto-occipital fasciculus (IFOF), anterior SLF, and
anterior and superior corona radiata (i.e., the frontal white
matter); in part of the posterior SLF and in part of the genu
and body of the corpus callosum, FA values were significantly
lower in controls than in PD patients (Fig. 2a).

Reductions in MK were seen more extensively throughout
the brain: in addition to the frontal white matter, reduced MK
was seen in the parietal, occipital, and right temporal white
matter. The affected white matter tracts included the SLF and
inferior longitudinal fasciculus; the IFOF; the uncinate fascic-
ulus; and the anterior, posterior, and superior corona radiata
(Fig. 2b). MD values were not significantly different in the
cerebral white matter of PD patients compared with control
subjects.

Analysis of crossing fibers

Compared with the area of parietal white matter in which FA
was reduced, the MK reduction area was wider in range and
included the area of the posterior corona radiata and SLF fiber
crossing. In contrast to FA, MK is not limited to anisotropic
environments; hence, it uniquely permits quantification of the
microstructural integrity of white matter in the presence of
crossing fibers. We hypothesized that the area of the posterior
corona radiata and SLF fiber crossing influenced our TBSS
results. We therefore compared diffusion abnormalities in the
area of the posterior corona radiata and SLF fiber crossing in
PD patients and normal controls by using an ROI analysis.
Reproducibility was expressed in terms of the interrater
correlation coefficient; the coefficient in the posterior corona
radiata crossing fibers of the SLF was 0.89 for the MD

analysis. 0.84 for the FA analysis, and 0.95 for the MK
analysis. Therefore, averaged values were used for subsequent
statistical analyses.

FA and MD values were not significantly altered in the area
of the posterior corona radiata and SLF fiber crossing in the
PD group compared with the control group (MD: P=0.36, FA:
P=0.95) (Table 2). Only MK values were reduced in the PD
group compared with the control group (MK: P=0.001)
(Table 2).

Discussion

Three findings were confirmed in this study. First, we dem-
onstrated that FA values in the frontal white matter (anterior
part of the IFOF, anterior SLF, and anterior and superior
corona radiata), part of the genu and body of the corpus
callosum, and part of the parietal white matter (in part of the
posterior SLF) were significantly lower in PD patients than in
healthy controls. Second, reductions in MK values occurred
across a more extensive area than FA reduction: in addition to
the frontal white matter, reduced MK values were seen in the
parietal, occipital, and right temporal white matter. Third, the
MK value of the area of the posterior corona radiata and SLF
fiber crossing was reduced in the PD group compared with the
control group. Although previous DKI studies of the basal
ganglia and substantia nigra by Wang et al. [23] and of the
cingulate fiber tracts by our group [24] have revealed changes
in diffusion metrics specific to PD patients, to the best of our
knowledge, the present study is the first to evaluate white
matter by using whole-brain DKI analysis in PD patients.

PD<Normal

Fig. 2 Comparison of DTI and DKI metrics between PD patients and
controls. TBSS maps of decreased FA (a) and decreased MK (b) in PD
patients compared with age-matched healthy subjects shown in

corrected P =z
0.05

corrected P

neurological convention. In the TBSS maps, the FA skeleton with FA
>(.2 is shown in green, and voxels in which the one-sided permutation-
corrected P was <0.05 are marked in blue (FA) or red (MK)
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Table 2 Comparison of DT/DK parameters in the area of the posterior
corona radiata and SLF fiber crossing

CN PD PD ~ N (%) Pvalue
Area of the posterior corona radiata and SLF fiber crossing
MK 1.15+0.06 1.04:0.06 9.5 0.001"
FA 0.32:0.03 0.32+0,08 -2.8 0.95
MD 0.71+0.02 0.73+0.04 +2.1 0.36

Values are means # SD. FA and MK are dimensionless. Mean diffusivity
values are given in 1,000 mm* /s, PD — N=(PD ~ N)/ N = 100

CN healthy controls, PD Parkinson discase, MK mean kurtosis, £4 frac-
tional anisotropy, MD mean diffusivity

“Significant difference between groups

The reduced FA values in the frontal lobe of PD patients
agree with the results of previous studies [9, 13—15]. Accord-
ing to the staging system proposed by Braak et al. [2, 4],
neuropathological stages are divided into six subgroups de-
pending on where Lewy bodies are deposited. In stages 1 and
2, Lewy-related inclusion bodies remain confined to the me-
dulla oblongata and olfactory bulb. In stages 3 and 4, the
substantia nigra and other nuclei of the midbrain and basal
forebrain are the focus of initially subtle and later severe
changes. In end stages 5 and 6, the pathological process
encroaches upon the cerebral cortex. The deposition of Lewy
bodies in the prefrontal area is classified as stage 5—a rela-
tively early stage for the neocortex. Pathological changes in
white matter in the form of Lewy neurites or pale neurites,
which accumulate in brainstem axons and later spread to the
cerebral white matter, are also found in parallel with Lewy
bodies in PD [2, 4]. These accumulated Lewy pathologies
may alter the axonal structure. The decrease in FA may reflect
neuronal loss and reduced anisotropy due to the deposition of
axonal Lewy neurites or pale neurites.

Currently, mainly the end phase of the pathologic process
of PD can be detected clinically [2, 4]. In Braak staging,
autopsy material from patients who manifest clinical findings
consistent with PD can be assigned to one of three subgroups
(stages 4-6) depending on the locations of Lewy deposits. In
stage 6, Lewy-related pathology reaches the entire cerebrum;
therefore, the extensive area across which MK was reduced
may reflect white matter alteration caused by Lewy-related
pathologies such as Lewy neurites or pale neurites.

Although traditional DTI assumes that water molecules
display Gaussian diffusion in a hindered and unrestricted
environment, in biological structures, they are restricted by
cell membranes or organelles and thus often display non-
Gaussian diffusion. Therefore, the sensitivity of DTI is limited
by the diffusional and microstructural properties of biological
structures [31]. Because kurtosis is a measure of the deviation
of the diffusion profile from a Gaussian distribution, DKI
quantifies the degree of diffusional non-Gaussianity or tissue
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complexity. Therefore, DKI would appear adequate for ana-
lyzing the structure of the human brain [31]. Our results
suggest that the assessment of diffusional non-Gaussianity
by using DKI may supply more sensitive metrics of changes
in tissue microstructure than does traditional DTL

DKl is also potentially useful for evaluating crossing fibers
[32], whereas DTI metrics such as FA and MD in white matter
are influenced by the presence of crossing fibers [33-35]. The
adverse effects of crossing fibers on the interpretation of DTI
metrics have been previously demonstrated [36, 37]. If two
fiber populations are present within a voxel (crossing fiber),
the shape of the diffusion tensor becomes more planar. There-
fore, FA and MD values are lower in areas where fibers cross
because of the lower directionality of diffusion on the voxel
scale [36, 37]. As a result, the FA value of a voxel with intact
crossing fibers can be similar to that of a voxel with a
degenerating area with noncrossing fibers [30]. In our TBSS
results, the area of MK reduction includes that of the posterior
corona radiata and SLF crossing fibers, whereas no change in
FA was observed in this area. Furthermore, a significant MK
reduction in this area was also detected by ROI analysis,
whereas no such change of MD or FA occurred in this area,
confirming the robustness of our results. That DKI can iden-
tify areas of fiber crossing may be one reason why MK is
sensitive to changes in cerebral white matter.

Our study has a number of limitations. First, because the
PD diagnoses were not histopathologically confirmed, the
possibility of misdiagnosis remains. However, the validity of
the diagnoses is strengthened by the observation that, after
being followed for 18 months, all patients continued to re-
spond satisfactorily to antiparkinsonian therapy and remained
free of atypical parkinsonisms. Second, the small size of our
samples may have limited the comparison of disease severity
and DT/DK parameters. Third, the ROIs on the area of the
posterior corona radiata and SLF fiber crossing were drawn
manually, and the reproducibility of measurements was un-
clear. However, all ROIs were drawn by two of the authors,
rater bias was prevented by blinding, and the interclass corre-
lation coefficients were 0.84-0.95.

Conclusion

DKI can detect cerebral white matter alteration in PD patients
more sensitively than can conventional DTIL. By providing a
potentially more sensitive index of brain pathology in PD,
DKI may enable improved monitoring of disease progression
and more effective treatment planning.
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