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oyamoya disease (MMD) is a steno-
-occlusive cerebrovascular disorder char-
acterized by progressive occlusion of the
supraclinoid-internal carotid artery that results in

NEUROSURGERY

the formation of an abnormal vascular network.'®
Medical therapy is not generally effective, and
surgical revascularization is the only prophylactic
therapy available to reduce the risk of subsequent
stroke. Direct bypasses exert their effects imme-
diately after surgery and improve cerebral hemo-
dynamics.* Indirect bypasses can be performed
regardless of the patient’s age because of their
technical simplicity and because the angiogenesis
is induced several months after surgery.”® Com-
bining direct and indirect bypasses has the
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advantages of both procedures, and this combined procedure can
be performed with low complication rates and favorable clinical
outcomes.>>”*? Furthermore, combined procedures may induce
better revascularization than indirect bypasses alone.'**” Never-
theless, application of an indirect bypass as an adjunct to a direct
bypass in adults remains controversial because it is believed that
a particular subset of patients cannot attain good revascularization
with indirect bypasses.'® This is also associated with cosmetic issues
if the temporal muscle is used as the donor tissue.

Recent studies that used conventional angiography have shown
that both the middle meningeal artery (MMA) and deep temporal
artery (DTA) function effectively as donor arteries and that the
indirect bypasses that used the dura mater or temporal muscle were
important for revascularization, even in adult patients.'*?
However, few reports have described how direct and indirect
bypasses interact with each other and their serial changes, as well
as which clinical factors, for example, age or hemodynamic
parameters, are associated with the degree of neovasculariza-
tion.>! Because the contribution from the indirect bypass will
change over time in relation to the development of the collateral
flow through the direct bypass, investigating the longitudinal
changes associated with direct and indirect bypasses is necessary
to assess the additional effects of indirect bypasses on combined
revascularization procedures in MMD.

The main aims of this study were to evaluate how direct and
indirect bypasses in combined procedures change during long-
term follow-up and to analyze the clinical factors involved in these
changes. We used magnetic resonance angiography (MRA) rather
than conventional angjography to gather data from a large number
of patients to serially evaluate bypass development.”

METHODS

This study was approved by the Research Ethics Committee of
Hokkaido University Hospital.

Patients

This study included 97 hemispheres from 68 consecutive adult and
pediatric patients who underwent combined surgical revascularization
procedures for MMD at our hospital between 2003 and 2013. During this
period, 1 patient who underwent only a direct bypass was excluded from
this study, and this case was associated with a period of time when the
operator changed and the surgical strategy was not cohesive. All patients
tulfilled the guideline for the diagnosis of MMD set by the Research
Committee on Moyamoya Disease established by the Ministry of Health,
Labor and Welfare of Japan.

Surgical Procedures

The surgical procedures have been described previously in detail.*®!!
The procedure comprises a double superficial temporal artery (STA)-
middle cerebral artery (MCA) anastomosis and indirect bypass. The
frontal and parietal STA branches are dissected from the scalp. After
a large frontotemporal craniotomy, the dura is opened while the MMA is
preserved. Both STA branches are anastomosed to the cortical branches
of the MCA as direct bypasses. A paramedian craniotomy is also
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performed in most patients to revascularize the area associated with the
anterior cerebral artery using a periosteal flap. The dural flap is inverted
and placed on the surface of the brain, and the temporal muscle is sutured
to the edge of the dura to create the indirect bypass, which completes the
encephalo-duro-myo-arterio-pericranial-synangiosis procedure.

Preoperative Radiological Examinations

All patients underwent preoperative magnetic resonance imaging, MRA,
and conventional cerebral angiography. The disease was classified into 6
stages with the Suzuki staging system.! We used (23[) N-isopropyl-p-
iodoamphetamine  single-photon  emission computed tomography
(SPECT) to assess the cerebral blood flow (CBF) and cerebrovascular
reactivity to acetazolamide.'®** The CBF and cerebrovascular reactivity
were considered reduced when they were <27 mL/min per 100 g and
<14%, respectively.”> We performed 3O-gas positron emission tomog-
raphy (PET) on 49 adult hemispheres and 39 pediatric hemispheres to
determine the CBF, cerebral blood volume, cerebral metabolic rate of
oxygen, and oxygen extraction fraction.**> Mean * SD values were
determined for 10 healthy subjects as follows: CBF, 44 * 4 mL/min per
100 g; cerebral blood volume, 3.7 = 0.7 mI/100 g; cerebral metabolic rate
of oxygen, 3.3 = 0.6 mL/min per 100 g; and oxygen extraction fraction,
0.43 = 0.05. The values were considered reduced when any of them was
less than the mean (2 SD), and they were regarded as increased when any
of them was more than the mean (+2 SD).

Evaluation of the Direct and Indirect Bypasses
With MRA

We used MRA to evaluate bypass development because it is more
practical for longitudinal assessments undertaken in outpatient clinics
compared with conventional angiography, which is more invasive and
requires longer examination times. MRA was petformed preoperatively,
immediately after the operation, and during follow-up. For the direct
bypasses, we compared the preoperative and postoperative diameters of
the STA on MRA (Figure 1A-1C). When the diameter increased
postoperatively, the direct bypass development was considered good
(Figure 1C). When the diameter did not change or was reduced
postoperatively, the direct bypass development was considered moderate
or poor, respectively (Figure 1B). Evaluations were conducted once
immediately (within 1 day) after surgery and once at >3 months during
follow-up when the latest images were evaluated. For the indirect
bypasses, the MMA or DTA was assessed during follow-up (Figure 1D
and 1E)." When these arteries were enlarged compared with the
preoperative arteries, the indirect bypass development was considered
good, and when the arteries had not changed or had become smaller, the
indirect bypass development was considered poor. Thus, direct and
indirect bypass development was categorized into 3 and 2 grades,
respectively. Dynamic changes associated with the STA from the acute to
the chronic phase and indirect bypass development were visualized with
Circos.”® In this study, 2 authors (H.U. and N.E.) independently
evaluated bypass development using MRA. An excellent concordance
between the observers was confirmed in advance by interobserver
analyses (k = 0.92 = 0.04; P < .001) before further analyses were
undertaken.

The validity of the method (described above) for the evaluation of
indirect bypass development was investigated with conventional angiog-
raphy performed on 50 hemispheres within the present cases during the
follow-up period. Changes in the MMA or DTA diameters observed on
MRA were compared with the revascularization areas observed on
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conventional angiography with the grading system developed by
Matsushima et al.”” The revascularization was considered good when
the revascularized area made up more than one-third of the MCA
territory.

Data Analysis

The relationships between the development of surgical revasculariza-
tion and several clinical factors, including the disease onset type, the
angiographic stage, and the hemodynamic parameters determined by
SPECT and PET, were evaluated. Continuous data are-expressed as
mean & SD. We compared the data between groups using the x? test or
the unpaired ¢ test, as appropriate. A multivariate logistic regression
analysis was conducted to determine the effects of the clinical factors on
bypass development. The multivariate analysis was performed with the
use of the parameters that achieved significance levels of P < .2 in
the univariate analysis. The level of significance was set at P < .05. The
Cohen k coefficients of concordance were calculated to determine
intermodality agreements between MRA and conventional angiography
evaluations. When k >0.6, the agreement was considered good.

NEUROSURGERY

RESULTS

Demographic Data

In the present study, 58 hemispheres in 43 adults and 39
hemispheresin 26 children (<18 years old) were revascularized.
The mean * SD ages of the adults and children were 43.2 =
11.7 and 8.7 * 4.5 years, respectively, and the patients’ ages
ranged from 1 to 71 years. The patients’ clinical diagnoses were
associated with ischemic symptoms, including transient ische-
mic attacks and infarctions in 78 hemispheres, intracranial
bleeding in 10 hemispheres, and other symptoms in 9
hemispheres. A family history of MMD was documented in
association with 33 hemispheres in 23 patients. The mean *
SD of the MRA follow-up duration was 47.0 * 32.4 months
(range, 3-150 months), and 89% of the patients were followed
up for >12 months. The demographic data and changes in the
patients’ PET and SPECT parameters are summarized in
Table 1.
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TABLE 1. Summary of Clmlcal Data in Patlents Included in Thls
Study” , , :
Pediatric Patients Adult Pat|ents
Hemispheres,n =+ = - 39 S 58 S
Age, y 6 x 4.5 (1 16) 432 =117 (2‘1-71)
Male/female E 14/44
Clinical type, n ,
Ischemia f ’ o o 35 - - . 43 e
- Hemorrhage ' ' 1 ' 9
Suzuki stage,'n h ) '
3 19 28
5and 6 0 8
PET/SPECT parameters, :
n/total e :
CBF decrease 24/39 43/57
Cerebral blood volume 018020 . 41/50°
~increase S e S
Oxygen extraction 5/20 32/50
fraction increase
Cerebrovascular 1 21/22 . 30/44
reactivity decrease
MRA follow-up, mo 374 *+ 264 (3-94) 53.4 * 34.6 (5-150)

9CBF, cerebral blood flow; MRA, magnetic resonance angiography; PET, positron
emission tomography; SPECT, single photon emission tomography.

Validity of MRA for the Evaluation of Indirect
Bypass Development

Fifty patients underwent conventional cerebral angiography
during the postoperative follow-up period (Figure 2). Of 44
hemispheres that were considered to have good indirect bypass
development on MRA, 43 hemispheres (97.7%) were considered
to have good collateral vessel formations on conventional
angiography. Of 6 hemispheres that were considered to have
poor indirect bypass development on MRA, 4 hemispheres
(66.7%) were considered to have poor collateral vessel formations
on conventional angiography. Thus, when thresholds were set for
the extent of revascularization as one-third of the MCA territory
on conventional angiography, the sensitivity and specificity of the
MRA evaluation were 95.5% and 80.0%, respectively. The
agreements between MRA and conventional cerebral angiogra-
phy were good for the evaluation of indirect bypass development
(k = 0.69 = 0.16; P < .001).

Longitudinal Changes in Direct and Indirect Bypasses

Table 2 summarizes the angiographic development of the
direct and indirect bypasses during the chronic phase after the
combined procedure. Good or moderate direct bypasses were
observed in 87% and 92% of the pediatric and adult hemi-
spheres, respectively. Good indirect bypasses were observed
in 95% and 78% of the pediatric and adult hemispheres,
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respectively. Dual development of direct and indirect bypasses
was most frequently observed (56% and 47% of the pediatric and
adult hemispheres, respectively). None of the cases showed dual
insufficiency of both the direct and indirect bypasses. In contrast
to indirect bypass development, there were no significant
differences between the adult and pediatric hemispheres with
respect to direct bypass development during the chronic period.

Figure 3 illustrates the longitudinal changes and data relating to
the STA from the acute to the chronic phases after surgery in the
pediatric and adult hemispheres. When indirect bypasses devel-
oped in the adult hemispheres, 33% of the STAs (15 of 45)
reduced in diameter reciprocally. When the indirect bypasses were
insufficient, the diameter of the STA increased reciprocally in 92%
of the hemispheres (12 of 13). When indirect bypasses developed
in the pediatric hemispheres, 22% of the STAs (8 of 37) reduced in
diameter reciprocally. The STAs were enlarged in 2 hemispheres
that had insufficient development of the indirect bypasses. There
was no significant difference between the pediattic and adult
hemispheres with respect to the ratio of STA changes.

The long-term patency of the direct bypasses in the pediatric
hemispheres was also assessed. The bypass development rates were
classified by age for the pediatric cases; they are presented in Table 3.
The direct bypasses were ultimately determined to be good or
moderate in 87% of the pediatric cases. The direct bypasses were
determined to be good, even in the 6 patients <3 years of age.

No changes in the bypass sizes were observed 12 months after
surgery in 88% of the pediatric hemispheres and in 87% of the
adult hemispheres. In most of these cases, the bypass sizes did not
change at 3 to 6 months after surgery.

Factors That Affected the Development of the Direct
and Indirect Bypasses

The disease onset type and the hemodynamic parameters
(including CBF, cerebral blood volume, oxygen extraction fraction,
and cerebrovascular reactivity) were not associated with the
development of surgical revascularization in either the pediatric or
adult patients (Table 4 and Figure 2). The MRA follow-up
duration was not associated with bypass development in this study.
Logistic regression analysis determined that the development of
indirect bypasses was significantly better in the adult hemispheres
that were at Suzuki stage 4 or greater than in those that were at
Suzuki stage 3 or below (odds ratio, 7.4; 95% confidence interval,
1.4-39.4; P = .02). Thus, good indirect bypass development
occurred in no less than 93% of the hemispheres at Suzuki stage 4
or greater. In contrast, good indirect bypass development occurred
in 62% of the hemispheres at Suzuki stage 3 or below. Statistical
analysis of indirect bypass development in the pediatric hemi-
spheres was not performed because indirect bypasses developed in
95% of the cases.

DISCUSSION

In combined revascularization, the long-term patency of
direct bypasses and the extent of neovascularization from
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FIGURE 2. Radio

indirect bypasses . believed to have a complementary or
inverse relationship.” However, contrary to expectations, dual
development of direct and indirect bypasses within-the same
hemispheres occurred most frequently in both pediatric and
adult patients. Multivariate analysis showed that indirect
bypass development in adult patients was significantly
associated with advanced stages of the disease but not with
the hemodynamic parameters. In contrast to our prior
speculation, advanced angiographic changes with compen-
sated hemodynamics, which are frequently observed in mid-
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TABLE 2. Anglographlc Development of Dlrect and Indlrect Bypass :
in the Context of Combmed Procedures :

Pediatric Patients, Adult Patients,

n (%) n (%) P
- Good (D)/good (1) (56). 27 (47) 34
ate (D)/g 10 (17) 31
814 . 93
13 (22) 02
0 - :
58

(D), direct bypass; (I), indirect bypass.

dle-aged adults, were no exception to the favorable growth of
indirect bypasses.

Using the bulk of the temporal muscle certainly causes cosmetic
concerns, particularly among female patients. Given that direct
STA-MCA bypasses can be undertaken more readily in adults than
in children, one could ask why the additional use of the temporal
muscle is necessary. We have applied encephalo-duro-myo-
arterio-synangiosis as an adjunct to direct bypasses because
sometimes the direct anastomosis can become obliterated or
regress after the surgery, and the additional indirect bypass can
provide surety in such scenarios. The development of neovascula-
rization from the indirect bypass may reduce the flow through the
direct bypass. However, the longitudinal image analyses revealed
that the dual growth of the direct and indirect bypasses was the
most frequent in the later period, which supports the rationale for
our surgical strategy.

The universal application of the direct and indirect procedures
allowed us to determine the factors that are associated with better
development of indirect bypasses. The findings showed that none
of the parameters measured with SPECT and PET predicted the
degree of bypass development. This suggests that the severity of the
hemodynamic compromise does not contribute to the degree of
bypass development, even though a more severe hemodynamic
compromise had been believed to induce more collateral vessels.?®
Instead, we found that favorable indirect bypass development
occurred in hemispheres at advanced disease stages that had pre-
existing transdural anastomoses (ethmoidal or vault moyamoya
vessels). Recently reported findings have shown that the degree of
neovascularization is more extensive when combined procedures
are undertaken as opposed to indirect bypasses undertaken
alone."*7 Hence, we can hypothesize that direct bypasses may
enhance and promote neovascularization through the indirect
bypasses in particular populations.

Few publications have described the long-term patency of direct
bypasses in MMD, and, in particular, the outcomes from direct
bypasses performed in small children have rarely been reported.
Nevertheless, the direct bypasses were rated as patent in >90% of
the patients who were <10 years old. It was also evident from this
study that pediatric patients demonstrated favorable growth of
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their indirect bypasses in the long term. The authors of
previous articles have suggested that direct bypasses in
pediatric patients may minimize the risk of immediate post-
operative ischemic complications.” Therefore, although revas-
cularization may be achieved after both direct and indirect
procedures, we performed direct bypasses because the final
outcomes can be critically influenced by immediate compli-
cations postoperatively.”’3 0

The different follow-up durations in this study should be
considered. The findings from this study showed that approxi-
mately 90% of the pediatric and adult cases did not show changes
in their bypass sizes at 12 months after surgery. In most of the cases,

-Term Patency of Dlrect and Indlr
atlents P

H 0y
D"ed Bypass, n M’) Good Indirect

Bypass, n (%)

Age, Hemisphere,
y n
6 6000
4-10 20

Good Moderate Poor

’ ‘9' (4’5)

10 (50)
1M-6 13 7G4 2015 4B) 0 12(92)
Total 39 23(59) 11028 503  37(95)
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the bypass size did not change 3 to 6 months after surgery. Because
89% of the cases were followed up for >12 months, the variations
in follow-up durations would not have affected the final results
from this study. Indeed, the MRA follow-up durations were not
associated with direct and indirect bypass development in the
present analysis. However, changes in the sizes of the bypasses
were observed 2 to 3 years after surgery in a few pediatric and
adult patients. In some cases, the direct and indirect bypass
developments were pronounced, whereas in other cases, the direct
bypasses had regressed at a later stage of follow-up. Therefore,
long-term follow-up is essential in MMD.

Limitations

The present study has several limitations. MRA may not
precisely assess the caliber changes in the donor arteries. Further-
more, the integrity of the collateral flow through an indirect bypass
may not be sufficiently represented by MMA or DTA visualiza-
tion. Nevertheless, we consider that MRA could be feasible for
longitudinal qualitative evaluations of bypass development
because a good correlation between the extent of the revascularized
areaand the donor artery enlargementwas confirmed in a subgroup
of the present cases. A quantitative analysis of the blood flows and
perfusion areas of donor arteries would provide further insight.?!
The present study did not reveal whether the extent of surgical
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TABLE 4. Correlation Between Clinical Factors and Development of Direct and Indirect Bypass®
Children Adults
Direct Indirect Direct Indirect
Good Good Good Poor Good Poor Odds Ratio (95%
(n= Poor Univariate (n= Poor (n= (n= Univariate (n= (n=  Univariate Multivariate Confidence
22) (n=5) Analysis,P 37) (n=2) 38) 10)  Analysis, P  45) 13)  Analysis, P  Analysis, P Interval)
“Maleisex o0 e gin g g S g g gl 86 e g g e e
Clinical type ‘
Ischemia® .18 250 .59 34 1 2912 37 321 60
Hemorrhage 1 0 1 0 4 4 8 1
Others S , 2 1 5 o ~ 5 1 ‘ :
Suzuki stage (=4) 10 2 78 14 0 16 6 37 27 2 010 .02 7.4 (14-39.4)
Ivy sign - 9 5 93 31 (] 15 1 A7 15 3 66 ~
PET/SPECT parameters,
n/total
CBF decrease: "~ == - 14/21 . 1/5 - .16 '23/37:1/2.028/378/10 89 34/45.° 9/12 74
Cerebral blood volume ~ 10/10  4/5 71 1719 11 25/32  9/9 30 33/40  8/10 78
increase
- ~Oxygen extraction .~ °3/10+ 1/5- .84 5119 " 0/1 18/32 = 6/9 86 26/40.- 6/10- .94
Cfmctionincrease o R s i .
Cerebrovascular 1111 4/4 19/20  2/2  23/31  5/8 83 23/34  7/10 81
reactivity decrease
“Good indirect bypass 215 4] T L 27 10 A2 ~ :
Good direct bypass 21 1 27 1 13 23
“ MRA follow-up, mo 37 375+ 515 464+ 375+ 34 . 542+ 612 36
E - ox 265 x 294 265 358 397
253 el 191 " e

9CBF, cerebral blood flow; MRA, magnetic resonance angiography; PET, positron emission tomography; SPECT, single photon emission tomography.
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revascularization correlated with the clinical outcomes. It was
difficult to evaluate this in the present study because the clinical
outcome criteria were not defined and the postoperative
complication rate was relatively low, which precluded systematic
analyses.'®'* Finally, we did not determine the correlations
between the hemodynamic parameters and indirect bypass
development, which could relate to the inconsistent use of the
modalities for preoperative hemodynamic evaluations among the
present cases. Optimal preoperative neuroimaging studies may
enable the development of tailored surgical procedures in the
future.

CONCLUSION

Indirect bypasses developed effectively in both pediatric and
adult patients, even in the presence of direct bypasses. The only
preoperative factor that predicted indirect bypass development was
advanced disease stages in adult patients. The severity of the
hemodynamic compromise did not affect the neovascularization
that occurred through the indirect bypasses. Currently, the
universal application of indirect bypasses is considered an optimal
surgical strategy to maximize revascularization in MMD.

Disclosure

The authors have no personal, financial, or institutional interest in any of the
drugs, materials, or devices described in this article.

REFERENCES

1. Suzuki J, Takaku A. Cerebrovascular “moyamoya” disease: disease showing
abnormal net-like vessels in base of brain. Arch Neurol. 1969;20(3):288-299.

2. Kuroda S, Houkin K. Moyamoya disease: current concepts and future
perspectives. Lancet Neurol. 2008;7(11):1056-1066.

3. Fukui M. Guidelines for the diagnosis and treatment of spontaneous occlusion of
the circle of Willis (“moyamoya” disease): Research Committee on Spontaneous
Occlusion of the Circle of Willis (Moyamoya Disease) of the Ministry of Health
and Welfare, Japan. Clin Neurol Neurosurg. 1997;99(suppl 2):5238-5240.

4. Arikan F, Vilalta J, Torne R, Noguer M, Lorenzo-Bosquet C, Sahuquillo J. Rapid
resolution of brain ischemic hypoxia after cerebral revascularization in moyamoya
disease. Neurosurgery. 2015;76(3):302-312; discussion 312.

5. Houkin K, Kuroda S, Ishikawa T, Abe H. Neovascularization (angiogenesis) after
revascularization in moyamoya disease: which technique is most useful for
moyamoya disease? Acta Neurochir (Wien). 2000;142(3):269-276.

6. Houkin K, Nakayama N, Kuroda S, Ishikawa T, Nonaka T. How does
angjogenesis develop in pediatric moyamoya disease after surgery? A prospective
study with MR angiography. Childs Nerv Syst. 2004;20(10):734-741.

7. Ishikawa T, Kamiyama H, Kuroda S, Yasuda H, Nakayama N, Takizawa K.
Simultaneous superficial temporal artery to middle cerebral or anterior cerebral artery
bypass with pan-synangiosis for Moyamoya disease covering both anterior and
middle cerebral artery territories. Neurol Med Chir (Tokyo). 2006;46(9):462-468.

8. Houkin K, Ishikawa T, Yoshimoto T, Abe H. Direct and indirect revascularization
for moyamoya disease surgical techniques and peri-operative complications. Clin
Neurol Neurosurg. 1997;99(suppl 2):5142-5145.

9. Czabanka M, Vajkoczy P, Schmiedek P, Horn P. Age-dependent revascularization
patterns in the treatment of moyamoya disease in a European patient population.
Neurosurg Focus. 2009;26(4):E9.

10. Kuroda S, Houkin K, Ishikawa T, Nakayama N, Iwasaki Y. Novel bypass surgery
for moyamoya disease using pericranial flap: its impacts on cerebral hemodynamics
and long-term outcome. Neurosurgery. 2010;66(6):1093-1101; discussion 1101.

8 | VOLUME O | NUMBER O | MONTH 2016

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

Houkin K, Kamiyama H, Takahashi A, Kuroda S, Abe H. Combined
revascularization surgery for childhood moyamoya disease: STA-MCA and
encephalo-duro-arterio-myo-synangiosis. Childs Nerv Syst. 1997;13(1):24-29.
Kazumata K, Ito M, Tokairin K, et al. The frequency of postoperative stroke in
moyamoya disease following combined revascularization: a single-university series
and systematic review. J Neurosurg. 2014;121(2):432-440.

Ishikawa T, Houkin K, Kamiyama H, Abe H. Effects of surgical revascularization
on outcome of patients with pediatric moyamoya disease. Stroke. 1997;28(6):
1170-1173.

Kim DS, Kang SG, Yoo DS, Huh PW, Cho KS, Park CK. Surgical results in
pediatric moyamoya disease: angiographic revascularization and the clinical results.
Clin Neurol Neurosurg. 2007;109(2):125-131.

Choi IJ, Cho SJ, Chang JC, Park SQ, Park HK. Angiographic results of indirect
and combined bypass surgery for adult moyamoya disease. J Cerebrovasc Endovasc
Neurosurg. 2012;14(3):216-222.

Bang JS, Kwon OK, Kim JE, et al. Quantitative angiographic comparison with
the OSIRIS program between the direct and indirect revascularization
modalities in adult moyamoya disease. Neurosurgery. 2012;70(3):625-632;
discussion 632-633.

Kim DS, Huh PW, Kim HS, et al. Surgical treatment of moyamoya disease in
adults: combined direct and indirect vs. indirect bypass surgery. Neurol Med Chir
(Tokyo). 2012;52(5):333-338. :
Mizoi K, Kayama T, Yoshimoto T, Nagamine Y. Indirect revascularization for
moyamoya disease: is there a beneficial effect for adult patients? Surg Neurol. 1996;
45(6):541-548; discussion 548-549.

King JA, Armstrong D, Vachhrajani S, Dirks PB. Relative contributions of the
middle meningeal artery and superficial temporal artery in revascularization surgery
for moyamoya syndrome in children: the results of superselective angiography.
J Neurosurg Pediatr. 2010;5(2):184-189.

Imai H, Miyawaki S, Ono H, Nakatomi H, Yoshimoto Y, Saito N. The
importance of encephalo-myo-synangiosis in surgical revascularization strategies
for moyamoya disease in children and adults. World Neurosurg. 2015; 83(5):
691-699.

Amin-Hanjani S, Singh A, Rifai H, et al. Combined direct and indirect bypass for
moyamoya: quantitative assessment of direct bypass flow over time. Neurosurgery.
2013;73(6):962-967; discussion 967-968.

Kuroda S, Kamiyama H, Abe H, Houkin K, Isobe M, Mitsumori K.
Acetazolamide test in detecting reduced cerebral perfusion reserve and predicting
long-term prognosis in patients with internal carotid artery occlusion. Newurosur-
gery. 1993;32(6):912-918; discussion 918-919.

Kuroda S, Shiga T, Houkin K, et al. Cerebral oxygen metabolism and neuronal
integrity in patients with impaired vasoreactivity attributable to occlusive carotid
artery disease. Stroke. 2006;37(2):393-398.

Uchino H, Kuroda S, Hirata K, Shiga T, Houkin K, Tamaki N. Predictors and
clinical features of postoperative hyperperfusion after surgjcal revascularization for
moyamoya disease: a serial single photon emission CT/positron emission
tomography study. Stroke. 2012;43(10):2610-2616.

Hokari M, Kuroda S, Shiga T, Nakayama N, Tamaki N, Iwasaki Y. Impact of
oxygen extraction fraction on long-term prognosis in patients with reduced blood
flow and vasoreactivity because of occlusive carotid artery disease. Surg Neurol.
2009;71(5):532-538; discussion 538, 538-539.

Krzywinski M, Schein J, Birol I, et al. Circos: an information aesthetic for
comparative genomics. Genome Res. 2009;19(9):1639-1645.

Matsushima T, Inoue T, Katsuta T, et al. An indirect revascularization method in the
surgical treatment of moyamoya disease: various kinds of indirect procedures and
a multiple combined indirect procedure. Neurol Med Chir (Tokyo). 1998;38(suppl):
$297-8302.

Starke RM, Komotar R], Hickman ZL, et al. Clinical features, surgical treatment,
and long-term outcome in adult patients with moyamoya disease: clinical article.
J Neurosurg. 2009;111(5):936-942.

Golby AJ, Marks MP, Thompson RC, Steinberg GK. Direct and combined
revascularization in pediatric moyamoya disease. Newrosurgery. 1999;45(1):50-58;
discussion 58-60.

Pandey P, Steinberg GK. Outcome of repeat revascularization surgery for
moyamoya disease after an unsuccessful indirect revascularization: clinical article.
J Neurosurg. 2011;115(2):328-336.

www.neurosurgery-online.com

Copyright © Congress of Neurological Surgeons. Unauthorized reproduction of this article is prohibited.



Published March 24, 2016 as 10.3174/ajnr.A4728

ORIGINAL RESEARCH
ADULT BRAIN

Characteristics of Diffusional Kurtosis in Chronic Ischemia of
Adult Moyamoya Disease: Comparing Diffusional Kurtosis
and Diffusion Tensor Imaging

DH. shichinohe, ®M. Ito, @H. Uchino, and ©T. Abumiya

o=

K Kazumata, @ H. Narita, ©Y.M. Ito,

ABSTRACT

BACKGROUND AND PURPOSE: Detecting microstructural changes due to chronic ischemia potentially enables early identification of
patients at risk of cognitive impairment. In this study, diffusional kurtosis imaging and diffusion tensor imaging were used to investigate
whether the former provides additional information regarding microstructural changes in the gray and white matter of adult patients with
Moyamoya disease.

MATERIALS AND METHODS: MR imaging (diffusional kurtosis imaging and DTI) was performed in 23 adult patients with Moyamoya
disease and 23 age-matched controls. Three parameters were extracted from diffusional kurtosis imaging (mean kurtosis, axial kurtosis, and
radial kurtosis), and 4, from DTl (fractional anisotropy, radial diffusivity, mean diffusivity, and axial diffusivity). Voxelwise analysis for these
parameters was performed in the normal-appearing brain parenchyma. The association of these parameters with neuropsychological
performance was also evaluated.

RESULTS: Voxelwise analysis revealed the greatest differences in fractional anisotropy, followed, in order, by radial diffusivity, mean
diffusivity, and mean kurtosis. In patients, diffusional kurtosis imaging parameters were decreased in the dorsal deep white matter such as
the corona radiata and superior longitudinal fasciculus (P < .01), including areas without DT abnormality. Superior longitudinal fasciculus
fiber-crossing areas showed weak correlations between diffusional kurtosis imaging and DTl parameters compared with tissues with a
single-fiber direction (eg, the corpus callosum). Diffusional kurtosis imaging parameters were associated with general intelligence and
frontal lobe performance.

CONCLUSIONS: Although DTl revealed extensive white matter changes, diffusional kurtosis imaging additionally demonstrated micro-
structural changes in ischemia-prone deep white matter with abundant fiber crossings. Thus, diffusional kurtosis imaging may be a useful
adjunct for detecting subtle chronic ischemic injuries.

ABBREVIATIONS: AD = axial diffusivity; AK = axial kurtosis; CPT = continuous performance task; DKI = diffusional kurtosis imaging; FA = fractional anisotropy;
1Q = intelligence quotient; MK = mean kurtosis; MD = mean diffusivity; MMD = Moyamoya disease; RD = radial diffusivity; RK = radial kurtosis; RST = Reading Span
Test; SLF = superior longitudinal fasciculus; TMT = Trail-Making Test

oyamoya disease (MMD) is characterized by compensatory
development of enlarged and weak basal perforating arter-
ies (Moyamoya vessels) due to bilateral occlusive changes in the
internal carotid system.” In addition to cerebral ischemia and in-
tracranial hemorrhage, patients with MMD demonstrate neuro-
cognitive issues, such as executive dysfunction, attention deficits,
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and working-memory disturbances.®” Brain atrophy may ex-
plain cognitive impairment in the absence of infarction, but
detection of these changes has been hampered by the limited
sensitivity of conventional neuroimaging methods. Diffusion
tensor imaging is useful for determining white matter integrity
and providing parameters sensitive to changes in axons, my-
elin, and organelle structures.*” Indeed, DTI analysis has re-
vealed a widespread decline in white matter integrity in the
normal-appearing brain with MMD.? Thus, DTI can detect
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Table 1: Characteristics of the study participants MATERIALS AND METHODS
Control Moyamoya Disease P Value  Participants

No. of subjects 23 23 - This prospective study was approved by

Age (mean) (range) (yr) 39.0 + 81(25-56)  40.9 + 9.5 (21-58) 48 the Research Ethics Committee of Hok-

Sex (F/M) (No. of subjects) 1310 17:6 35 kaido University Hospital, and written

Risk factor (DM, HT, HI._) (No. of subjects) 0 5 049 informed consent was obtained from all

Symptoms (No. of subjects) .. .. .
Asymptomatic _ B participants. Participants in the preser}t
TIA _ 10 study are the same as those of our previ-

Note:—DM indicates diabetes mellitus; HT, hypertension; HL, hyperlipidemia.

early-stage ischemic injury, which potentially predicts future
cognitive outcomes. However, DTT is constrained by technical
insufficiencies: It is based on the assumption that water mole-
cules diffuse freely and that diffusion can be characterized by a
Gaussian distribution.®

In addition, the tensor model is based on the observation
that in many tissues, water diffusion is anisotropic (ie, the
diffusion is more liberal in some directions and more restricted
in others). This anisotropic diffusion can be geometrically de-
picted as an ellipsoid, described by eigenvectors and eigenval-
ues. This model performs well in regions where fibers are
aligned along a single axis. However, it fails in regions with
several fiber populations aligned along intersecting axes be-
cause it cannot simultaneously map several diffusion maxima.®
Furthermore, because hypoxic-ischemic injury induces neuro-
degeneration and regression of dendrite arborization in gray
matter, the diffusion properties of gray matter may also reveal
the early stages of ischemic injury.”® Nevertheless, analyzing
isotropic or near-isotropic tissue such as gray matter by DTI
may not be valid because its major parameter, fractional an-
isotropy (FA), reflects structure only if it is spatially oriented.®
A more recent method called diffusional kurtosis imaging
(DKI) quantifies the deviation of water molecule diffusion
from the Gaussian distribution without assuming any specific
diffusion model.®® Its parameters are thought to represent the
complexity of tissue microstructure.® Previous studies have
suggested that DKIis sufficiently sensitive to detect age-related
alterations in white matter microstructure.'®!! Furthermore,
measurements of diffusion anisotropy by DKI can reveal sex-
related and pathologic changes in gray matter.'>!* Thus, using
DKI to evaluate the diffusion properties of gray matter and
white matter in patients with MMD may be useful for detecting
subtle microstructural changes due to ischemia.

Diffusional kurtosis has been investigated to explore tissue
reversibility in acute cerebral infarction.'*'® However, there
is a paucity of information regarding the microstructural
properties measured by DKI in chronic ischemia in living hu-
mans. To expand on our prior DTI study, we investigated
whether adults with MMD and no overt cerebral infarctions
have altered diffusional kurtosis in the entire cerebrum. An
exploratory voxel-based whole-brain analysis was performed
to map regional DKI parameters and to compare DKI and DTI
parameters. We also explored correlations of diffusion param-
eters with measures of neurocognitive impairment in an ROI
analysis.

2 Kazumata @ 2016 www.ajnr.org

ous study analyzing the relationship be-
tween DTI parameters and neuropsy-
chological test scores.” The selection
period was 25 months (April 2012 through April 2014). Twenty-
three patients (6 men and 17 women; 21-58 years of age; mean
age, 40.9 * 9.5 years) were enrolled. The control group also con-
sisted of 23 subjects (10 men and 13 women; 25~56 years of age;
mean age, 39.0 £ 8.1 years). A brief summary of patient charac-
teristics is provided in Table 1.

Neuropsychological Assessment

Neuropsychological examinations consisted of the Wechsler
Adult Intelligent Scale-III, Wisconsin Card Sorting Test, Trail-
Making Test (TMT; parts A and B), continuous performance task
(CPT), Stroop test, and Reading Span Test (RST). The details of
neuropsychological examinations and the results are provided in
the On-line Appendix.’®

MR Image Acquisition

MR imaging was performed with a 3T scanner (Achieva TX;
Philips Healthcare, Best, the Netherlands). 3D magnetization-
prepared rapid acquistion of gradient echo T1-weighted imaging
and axial single-shot spin-echo echo-planar DKI were acquired to
evaluate subtle gray and white matter alterations, respectively.
The scan parameters for DKI were as follows: TR = 5051 ms,
TE = 85 ms, flip angle = 90°, FOV = 224 X 224 mm?, matrix
size = 128 X 128, b-values = 0, 1000, and 2000 s/mm?, number of
diffusion gradient directions = 32, section thickness = 3 mm,
intersection gap = 0 mm, number of sections = 43, and NEX = 1.
The 3D-MPRAGE imaging was performed with TR = 6.8 ms,
TE = 3.1 ms, flip angle = 8 °, and TI = 1100 ms.

Image Processing
Registration between the echo-planar images with no diffusion
weighting (b=0 s/mm?) and the corresponding DKI data and
correction for eddy current distortion were performed at the MR
imaging operator console. The DKI data were processed by using
Matlab R2012b (MathWorks, Natick, Massachusetts) and Diffu-
sional Kurtosis Estimator (Version 2.5.1; http://nitrc.org/projects/
dke).'” Seven DKI and DTI parameters were extracted from the
Diffusional Kurtosis Estimator: mean kurtosis (MK), radial kur-
tosis (RK), axial kurtosis (AK), FA, mean diffusivity (MD), radial
diffusivity (RD), and axial diffusivity (AD). The DTI parameters
(FA,MD, RD, and AD) were calculated from a portion of the DKI
data by using a monoexponential model that assumes a Gaussian
probability diffusion function by using data from b-values of 0
and 1000 s/mm?."”

Following calculation of DKI and DTI parameters, the b=0
echo-planar images were warped to the standardized T2 template



of SPM8 (http://www.fil.ion.ucl.ac.uk/spm/software/spm12).
This transformation matrix was applied to the DKI/DTI parame-
ter map of each patient. The warped DKI/DTI maps were aver-
aged and smoothed with a 6-mm full width at half maximum
Gaussian kernel to form customized DKI/DTI templates. Native
DKI/DTI maps of all patients and control subjects were then
warped to the customized, respective DKI/DTI templates. Indi-
vidual maps were then smoothed with a 6-mm full width at half-
maximum Gaussian kernel. The warped and smoothed DKI/DTI
maps were used for group comparisons between the controls and
patients with MMD. To investigate the pathology underlying DKI
parameters and the influence of fiber crossings on DTI parame-
ters, we investigated the correlations of DKI and DTI parameters
in white matter tracts consisting of either a single fiber direction
or crossing fibers (ie, multiple directions).’® The ROIs were
placed on the genu of the corpus callosum (ie, a structure-with a
single fiber direction) and deep white matter tracts corresponding
to the bilateral superior longitudinal fasciculus (SLF) (multiple
fiber directions) by using the JHU white matter atlas available in
FSL (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/).*

Data Analysis

Whole-brain diffusion parameters were compared voxel by voxel
between the controls and patients with MMD by using SPMS,
which implemented the general linear model. We used the 2-sam-
ple ¢ test model, and age was considered a covariate. An explicit
mask generated by averaging the normalized CSF space of all par-
ticipants was applied. To explore group differences across both
gray matter and white matter, we set statistical significance at P <
.01 without correction for family-wise error and clusters of 50
voxels or more. The number of voxels demonstrating a significant
difference between the controls and patients with MMD was ex-
tracted. The Pearson product-moment correlation coefficient was
calculated to investigate the correlation between the DKI and DTI
parameters by using DKI/DTI values extracted from the ROI
analysis.

We also investigated whether the significant changes in DKI/
DTI parameters were associated with neuropsychological exami-
nation scores. A threshold T value of 2.42, corresponding to P <
.01 without correction for family-wise error, was applied to the T
contrast map of DKI/DTI parameters obtained by comparing
controls and patients, and binary mask images containing voxels
above the threshold value were generated. The DKI/DTI param-
eter values included in the masks were extracted from DKI/DTI of
the patients with MMD. The Pearson product-moment correla-
tion coefficients were used for analyses involving the Wechsler
Adult Intelligent Scale-IIT, TMT (parts A and B and the difference
in score between TMT-A and TMT-B [B-A]). Patients were fur-
ther subgrouped into 2, according to their performance scores,
error numbers, and reaction time on the Wisconsin Card Sorting
Test, Stroop test, CPT, and RST; and the DKI/DTI parameters
were compared between these 2 subgroups by using ¢ tests (On-
line Appendix). For all correlations and comparisons, a P value <
.05 was considered statistically significant to explore the possible
relationship between neuropsychological scores and diffusion
parameters.

RESULTS

Spatial Distribution of DTI/DKI Differences on Voxel-
Based Analysis

Areas with decreased MK included the right frontal white matter,
bilateral thalami, portions of the occipital white matter, corona
radiata, corpus callosum, and portions of frontal and parietal
white matter corresponding to the posterior segment of the supe-
rior Jongitudinal fasciculus (Fig 1). The decrease in FA was most
extensive within the white matter (161,625 voxels), with its de-
crease amounting to 12,833 voxels (7.9%) (Fig 2). Significant MK,
RK, and AK decreases were observed in 6180 voxels (3.8%), 3828
voxels (2.4%), and 3043 voxels (1.9%), respectively. In contrast,
9028 voxels (5.6%) showed a significant increase in MD; 10,062
(6.2%), in RD; and 548 (0.3%), in AD compared with controls.
Figure 1 shows DKI/DTI overlap maps, with MK/RK/AK/FA de-
creases and MD/RD increases. Areas with FA decrease were more
extensive than those with MK decrease; however, the posterior
segment of the SLF showed a decrease in only MK/RK. The in-
crease in MD/RD was remarkable in the corona radiata; however,
the posterior segment of the SLF showed a decrease in MK/RK
without an increase in MD/RD. Decreased AK was observed with-
out changes in AD for the bilateral thalami, corona radiata, and
portions of the temporo-occipital white matter. There was no
cortical gray matter with altered DKI/DTI parameters in patients.

Correlation of DTI and DKI Parameters

Correlations between DKI and DTI parameters were examined in
both the genu of the corpus callosum and the bilateral SLE
(Table 2). In the corpus callosum of both controls and patients
with MMD, MK correlated positively with FA (r > 0.78, P <.01),
while inverse correlations with MK were found for MD/RD/AD
(r < —0.82, P < .001). In the corpus callosum, RK correlated
inversely with RD (r < —0.84, P < .001), and AK inversely cor-
related with AD of the corpus callosum (r < ~0.64, P < .001). A
significant correlation between MK and FA was observed in the
left SLF of controls, but this was to a lesser degree compared with
that in the corpus callosum. No correlation was found between
MK and FA in the right SLF of controls. In both controls and
patients, correlations between MK and MD/RD/AD were found
in the right and left SLFs, albeit to a lesser degree than corpus
callosum correlations. The results of correlation between DKI and
DTI parameter values are summarized in Table 2.

Association of DKI/DTI Parameters with
Neuropsychological Performance Tests

The DKI parameter (AK) showed significant correlations with
motor intelligence quotient (IQ), full-scale IQ, perceptual orga-
nization, and processing speed evaluated on the Wechsler Adult
Intelligent Scale-III (Fig 3A, r > 0.42, P < .05). Both DKI (MK)
and DTI (FA, MD, and RD) parameters showed significant cor-
relations with the TMT part B (Fig 3B, r > 0.44, P < .05). The
Stroop test performance showed moderate positive correlations
with MK, RK, and FA and negative correlations with MD, RD, and
AD (P <.05). RST was associated with MK and AK (P < .05). The
correlations between diffusion parameters and neuropsychologi-
cal scores (Wisconsin Card Sorting Test, Stroop Test, CPT, and
RST) are shown in Table 3.
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FIG 1. Changes in diffusional kurtosis imaging and diffusion tensor
imaging parameters in Moyamoya disease shown in maps of 3 diffu-
sional kurtosis parameters (mean kurtosis, radial kurtosis, and axial
kurtosis) and 4 diffusion tensor parameters (fractional anisotropy,
mean diffusivity, radial diffusivity, and axial diffusivity). Areas with
significant changes in a combination of DKI/DTI parameters are as
follows: decreased MK (red-yellow)/decreased FA (blue-light blue),
decreased MK (red-yellow)/increased MD (blue-light blue), decreased
RK (red-yellow)/increased RD (blue-light blue), and decreased AK
(red-yellow)/increased and decreased AD (blue-light blue). Values
from statistical parametric mapping analysis are projected onto axial
sections of the average brain space of FA (z = 12, 28, 32, 36 mm). MK
decrease is observed in the thalamus, a portion of the genu and body
of the corpus callosum, corona radiata, frontoparietal subcortical
white matter, and superior longitudinal fasciculus. RK decrease is ob-
served in part of the frontoparietal subcortical white matter, thala-
mus, corona radiata, and occipital white matter. AK decrease is ob-
served in the thalamus, temporo-occipital white matter, part of the
SLF, and corona radiata. The radiologic convention is adopted, with
the left side of the brain on the right side of axial panels. The color
scale represents T values, with colored regions exceeding the signifi-
cance threshold of P < .01(T = 2.42) with a minimum cluster size of 50
voxels. Rt indicates right; Lt, left.

Table 2: Correlation between DKI and DTI parameters®

DISCUSSION

We explored the added benefit of diffusional kurtosis measure-
ments in the assessment of ischemic burden due to chronic isch-
emia in adult MMD. This study confirmed our prior finding that
chronic ischemia in MMD preferentially affects the microstruc-
ture of normal-appearing white matter.> Detecting microstruc-
tural changes due to chronic ischemia potentially enables early
identification of patients at risk of cognitive impairment.>?°
However, detecting microstructural changes has been hampered
by the limited sensitivity of DTI in fiber-crossing areas.” In this
study, DKI demonstrated microstructural changes, predomi-
nantly in the dorsal part of the deep white matter, where conven-
tional MR imaging frequently demonstrates ischemic lesions.?!
The significant changes in DKI parameters were associated with
neuropsychological scores reflecting general intelligence, execu-
tive function, attention, and working memory. Thus, DKI is con-
sidered a useful adjunct to conventional DTI, particularly for its
ability to detect nascent microstructural changes in areas with
abundant fiber crossings.

In this study, we demonstrated that DTI showed widespread
regions with alterations in FA, MD, and RD. The finding is con-
sistent with previous studies, in which DTI showed more exten-
sive white matter changes compared with DKI parameters. Other
studies have demonstrated superior sensitivity of DKI to detect
white matter changes compared with DTL'"**?* DKI showed
significant decreases in frontoparietal subcortical structures and
deep white matter. A decrease in DKI parameters, a shift of diffu-
sional kurtosis toward free water diffusion, has commonly been
interpreted as a reduction in tissue complexity.** Considering the
location of the DKI alterations, a reduction in complexity is
thought to reflect microstructural changes in myelin and/or ax-
onal attenuation. In the corona radiata, DTI (MD/RD) demon-
strated more significant changes compared with DKI (MK/RK).
Deep white matter tracts are vulnerable to chronic ischemia be-
cause they are located in the terminal field of the blood supply.
Myelin degeneration or increased periventricular extracellular
fluid may increase RD, while tissue complexity in a radial direc-
tion may be maintained, in some part, by glial proliferation.”” Ina
previous study, a trend toward decreased AD was found via anal-
ysis of tract-specific spatial statistics,” whereas the voxel-based
analysis of the present study did not show definitive AD changes
in white matter. AD decreases in axonal fragmentation; however,
‘axonal degeneration or reduced axonal attenuation can increase
AD. In contrast with AD, AK showed significant changes in the

Corpus Callosum Rt. SLF Lt. SLF
CNT MMD CNT MMD CNT MMD

r P r P r P r P r P r P
MK vs FA 0.78 .000 0.80 .000 0.08 715 0.60 002 042 047 047 022
MK vs MD —0.90 .000 —0.86 .000 —0.60 .002 —0.68 .000 —-04 049 —0.49 .07
MK vs RD —0.90 .000 —0.87 .000 —0.54 .008 -0.73 .000 —0.49 018 —0.55 .006
MK vs AD —0.87 .000 —0.82 .000 —0.50 014 —046 028 —0.19 386 —035 Jot
RK and RD —0.88 .000 —0.84 .000 —072 .000 —0.56 .005 —047 025 —0.38 072
AKand AD —0.75 .000 —0.64 .000 —0.44 .036 —0.61 .001 —0.47 .025 —0.68 .000

Note:—Rt. indicates right; Lt,, left; CNT, controls; r; Pearson product-moment correlation coefficient.
2 All P values, except 715, .386, 101, and ,072, indicate significant correlation between DKl and DTl parameters.
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FIG 2. The bar graph indicates the number of the voxels with significant changes relative to the
total number of white matter voxels in statistical parametric mapping comparing controls and
patients with Moyamoya disease. Bar heights indicate decreases in MK/RK/AK/FA and increases
in MD/RD/AD for 2 levels of threshold applied in group comparisons (blue, P < .0%; red, P < .05,

respectively).

coronaradiata in the voxel-based analysis. Thus, alterations in AD
would be marginal at best in patients, while tissue complexity
parallel to the principal diffusion direction could be decreased in
the corona radiata of patients. Weak correlations between FA and
MK in the SLF of controls could be attributed to the crossing/
kissing of white matter fibers. The SLF contains abundant cross-
ing fibers projecting from the corona radiata and corpus callo-
sum.® Several fiber populations aligned along intersecting axes in
1 voxel would diminish anisotropy.>®

The DKI -parameters in patients showed moderate positive
correlations with impaired general intelligence and frontal lobe
dysfunction. These results are consistent with previous reports
showing a relationship between cognitive performance and white
matter fiber tracts integrating parietofrontal cortical areas.”” - In
MMD, performance IQ is preferentially affected compared with
verbal IQ.! In the present study, AK was significantly correlated
with neuropsychological performance on tests evaluating execu-
tive function and working memory (motor IQ, perceptual orga-
nization, and processing speed), while no correlation was found
with verbal IQ. In an experimental animal model of chronic white
matter ischemia, damage to myelin preceded axonal damage, sug-
gesting that the change in myelin is the primary pathologic
event.*® Qur observation of a stronger correlation between AK,
rather than AD, and general intellectual ability measured by the
Wechsler Adult Intelligent Scale-III may imply that a reduction in
axonal density and/or axonal degeneration, a more advanced
stage of chronic ischemic injury, is better described by AK than
AD. Previous investigations by using DTI and probabilistic trac-
tography have shown correlations between neuropsychological
examinations and the FA of subcortical white matter. Consistent
with previous studies, we observed correlations between DTI pa-
rameters and the scores of neuropsychological tests evaluating

frontal lobe function in the present
study. A significant correlation of FA/
MD/RD with scores on the Trail-Mak-
ing Test suggests that demyelination
alone could affect part of the frontal lobe
functions.

Transient ischemic attack followed
by hyperventilation is a characteristic
symptom of childhood MMD, and syn-
cope attacks are occasionally observed in
both children and adults with MMD.'
The spatial characteristics of nascent
brain injury are important for under-
standing frontal-dominant neurocogni-
tive dysfunction in adult MMD. Pyrami-
dal neocortical neurons (layers 3, 5, and
6) in the prefrontal cortex are known to
be highly vulnerable to hypoxic-isch-
emic insults.’»** These hypoxic-isch-
emic insults can damage the brain and
potentially induce neuronal death or re-
gression of dendritic structure.® We
speculate that microstructural alteration
precedes gross volumetric reductions in
gray matter. Previous study has revealed
gray matter atrophy in the posterior cin-
gulate cortex, suggesting that more widespread gray matter
changes might be observed in diffusion parameters, particularly
in the frontal lobe.”> DKI could reveal early microstructural
changes less constrained by partial volume effects.>® Nevertheless,
despite discrete white matter damage, no substantial changes in
diffusion parameters were found in the cortical gray matter in
MMD. Pathologic tissue changes such as glial proliferation may
underlie the lack of significant changes in the diffusion parame-
ters of the cortices. A new diffusion MR imaging technique, in-
cluding neurite orientation dispersion and density imaging, may
detect subtle microstructural changes in the cortex and is poten-

tially sensitive to initial ischemic changes before the overt vol-
34,35

_,

RD AD

umetric reductions.

The present study revealed microstructural change in the thal-
amus, a finding that has never been emphasized with regard to
cognitive function in MMD. The mediodorsal thalamus connects
to the prefrontal cortex. This is potentially important because
innervation of the thalamoprefrontal circuit could modulate pre-
frontal neural circuits, which are associated with cognitive as well
as affective performance.”®

There are several limitations to this study. The statistical
power to detect group differences in DKI parameters is signifi-
cantly influenced by the number of subjects in a study.?” There-
fore, the spatial characteristics of the DKI/DTI alterations found
in this study may not represent the topography of ischemic bur-
den in adult MMD.?” We extracted DKI/DTI values from the
contrast T maps generated from group comparisons between
controls and patients to explore the relationship between abnor-
mal diffusion parameters in patients and neuropsychological test
performance. Although we found an association with neuropsy-
chological test scores, voxel-based correlation analysis would per-
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FIG 3. Scatterplots indicating a significant correlation between neuropsychological test performance and diffusion parameters. Pearson
moment-production correlation coefficient r and P values are demonstrated in each scatterplot. ROls (green) for each parameter (AK, MK, FA,
MD, and RD) are demonstrated with FA template images generated from 23 controls and 23 patients. A, Performance scores evaluated on the
Wechsler Adult Intelligent Scale-Ill are significantly associated with axial kurtosis. Axial kurtosis is positively correlated with full-scale IQ (r =
0.42, P = .04) and subscores such as motor IQ {r = 0.49, P = .02), perceptual organization (r = 0.47, P = .03), and processing speed {r = 0.47,P =
.03). B, Trail-Making Test, part Bis inversely correlated with DKI/DTl parameters (MK; r = —0.44, P = .04; and FA;r = —0.49, P = .02} and positively
correlated with DTl parameters (MD; r = 0.56, P = .007; and RD; r = 0.56, P = .007).
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Table 3: Correlations of diffusion parameters with
neuropsychological examinations

WCST Stroop CPT RST
MK - .004° - 0480
RK - .007° - -
AK - 045° - .036°
FA - 0240 - -
MD - onb - -
RD - 014° - -
AD - 0316 - -

Note:—WCST indicates Wisconsin Card Sorting Test, Stroop; Stroop test.

2 Data are P values. Correlations of diffusional kurtosis imaging and diffusion tensor
imaging parameters with neuropsychological examinations were evaluated in pa-
tients with MMD. Three diffusional kurtosis parameters (MK, RK, and AK) and 4 diffu-
sion tensor parameters (FA, MD, RD, and AD) were analyzed. Diffusion parameters and
locations that demonstrated significant relationships with clinical variables follow.

b Two-tailed t test.

©One-tailed t test.

mit an objective evaluation of the neural-substrates-associated
with cognitive impairment. Finally, we used a combination of
b-values of 0 and 1000 s/mm? for DTI. DTI parameters are re-
ported as dependent on b-values. For DKI, the b-values of 0, 1000,
and 2000 s/mm?® used in the present study would be feasible for
practical clinical applications. Nevertheless, a different combina-
tion of b-values and methods for parameter estimation could alter
the relationship between DKI and DTI with regard to sensitivity
and specificity, which requires further investigation.*!

CONCLUSIONS

The results of the present study suggest an additional value of DKI
as an adjunct to DTL DKI parameters can become useful neuro-
imaging markers to track ischemic burden in adult MMD.

Disclosures: Ken Kazumata—RELATED: Grant: This study was supported by a grant
from the Research Committee on Moyamoya Disease, sponsored by the Ministry of
Health, Labor, and Welfare of Japan.* Khin K. Tha—RELATED: Grant: This work was
supported (in part) by the Creation of Innovation Centers for Advanced Interdisci-
plinary Research Areas Program, Ministry of Education, Culture, Sports, Science, and
Technology, Japan* Masaki [to—RELATED: Grant: Research Committee on Moya-
moya Disease, sponsored by the Ministry of Health, Labor, and Welfare of Japan*;
UNRELATED: Grants/Grants Pending: Masaki Ito was funded by a fellowship (grant)
¥2,000,000 J (approximately US $18,000) for 1 year from SENSHIN Medical Research
Foundation donated by the Mitsubishi Corporation, Japan. Funding began April 1,
2015. Takeo Abumiya—RELATED: Grant: grant from the Research Committee on
Moyamoya Disease, sponsored by the Ministry of Health, Labor, and Welfare of
Japan.* *Money paid to the institution.

REFERENCES

1. Kuroda S, Houkin K. Moyamoya disease: current concepts and fu-
ture perspectives. Lancet Neurol 2008;7:1056—66 CrossRef Medline

2. Karzmark P, Zeifert PD, Bell-Stephens TE, et al. Neurocognitive im-
pairment in adults with Moyamoya disease without stroke. Neuro-
surgery 2012;70:634-38 CrossRef Medline

3. Kazumata K, Tha KK, Narita H, et al. Chronic ischemia alters brain
microstructural integrity and cognitive performance in adult
Moyamoya disease. Stroke 2015;46:354—60 CrossRef Medline

4. Tha KK, Terae S, Nakagawa S, et al. Impaired integrity of the brain
parenchyma in non-geriatric patients with major depressive disor-
der revealed by diffusion tensor imaging. Psychiatry Res 2013;212:
208-15 CrossRef Medline

5. Basser PJ, Mattiello J, LeBihan D. MR diffusion tensor spectroscopy
and imaging. Biophys J 1994;66:259—67 Medline

6. Jensen JH, Helpern JA, Ramani A, et al. Diffusional kurtosis
imaging: the quantification of non-gaussian water diffusion by
means of magnetic resonance imaging. Magnetic Reson Med 2005;
53:1432—40 Medline

10.

1L

12.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

. Back SA. Cerebral white and gray matter injury in newborns: new

insights into pathophysiology and management. Clin Perinatal
2014;41:1-24 CrossRef Medline

. Zhang S, Boyd J, Delaney K, et al. Rapid reversible changes in den-

dritic spine structure in vivo gated by the degree of ischemia. ] Neu-
rosci 2005;25:5333-38 Medline

. Fieremans E, Jensen JH, Helpern JA. White matter characterization

with diffusional kurtosis imaging. Neuroimage 2011;58:177—88
CrossRef Medline

Li X, Gao J, Hou X, et al. Diffusion kurtosis imaging with tract-
based spatial statistics reveals white matter alterations in preschool
children. Conf Proc IEEE Eng Med Biol Soc 2012;2012:2298-301
CrossRef Medline

Coutu JP, Chen JJ, Rosas HD, et al. Non-Gaussian water diffusion in
aging white matter. Neurobiol Aging 2014;35:1412-21 CrossRef
Medline

Gong NJ, Wong CS, Chan CC, et al. Aging in deep gray matter and
white matter revealed by diffusional kurtosis imaging. Neurobiol
Aging 2014;35:2203-16 CrossRef Medline

. Caverzasi E, Henry RG, Vitali P, et al. Application of quantitative

DTI metrics in sporadic CJD. Neuroimage Clin 2014;4:426-35
CrossRef Medline

Weber RA, Hui ES, Jensen JH, et al. Diffusional kurtosis and
diffusion tensor imaging reveal different time-sensitive stroke-
induced microstructural changes. Stroke 2015;46:545-50
CrossRef Medline

Grinberg F, Farrher E, Ciobanu L, et al. Non-Gaussian diffusion
imaging for enhanced contrast of brain tissue affected by ischemic
stroke. PLoS One 2014;9:89225 CrossRef Medline

Umesh Rudrapatna S, Wieloch T, Beirup K, et al. Can diffusion
kurtosis imaging improve the sensitivity and specificity of de-
tecting microstructural alterations in brain tissue chronically
after experimental stroke? Comparisons with diffusion tensor
imaging and histology. Neuroimage 2014;97:363-73 CrossRef
Medline

Tabesh A, Jensen JH, Ardekani BA, et al. Estimation of tensors and
tensor-derived measures in diffusional kurtosis imaging. Magn
Reson Med 2011;65:823-36 CrossRef Medline

Reijmer YD, Leemans A, Heringa SM, et al; Vascular Cognitive
Impairment Study group. Improved sensitivity to cerebral white
matter abnormalities in Alzheimer’s disease with spherical de-
convolution based tractography. PLoS One 2012;7:¢44074
CrossRef Medline

Wakana S, Jiang H, Nagae-Poetscher LM, et al. Fiber tract-based
atlas of human white matter anatomy. Radiology 2004;230:77—87
Medline

Cheng HL, Lin CJ, Soong BW, et al. Impairments in cognitive func-
tion and brain connectivity in severe asymptomatic carotid steno-
sis. Stroke 2012;43:2567—73 Medline

Schmidt R, Seiler S, Loitfelder M. Longitudinal change of small-ves-
sel disease-related brain abnormalities. J Cereb Blood Flow Metab
2015 Apr 22. [Epub ahead of print] CrossRef Medline

Kamagata K, Tomiyama H, Hatano T, et al. A preliminary diffu-
sional kurtosis imaging study of Parkinson disease: comparison
with conventional diffusion tensor imaging. Neuroradiology 2014;
56:251-58 CrossRef Medline

Fieremans E, Benitez A, Jensen JH, et al. Novel white matter tract
integrity metrics sensitive to Alzheimer disease progression. AJNR
Am ] Neuroradiol 2013;34:2105—12 CrossRef Medline

Steven AJ, Zhuo J, Melhem ER. Diffusion kurtosis imaging: an
emerging technique for evaluating the microstructural environ-
ment of the brain. AJR Am J Roentgenol 2014;202:W26—-33 CrossRef
Medline

Cechetti F, Pagnussat AS, Worm PV, et al. Chronic brain hypoper-
fusion causes early glial activation and neuronal death, and subse-
quent long-term memory impairment. Brain Res Bull 2012;87:
109-16 CrossRef Medline

AINR Am J Neuroradiol @@ @ 2016 www.ajnr.org 7



26.

27.

28.

29.

30.

31

32.

8

Jbabdi S, Behrens TE, Smith SM. Crossing fibres in tract-based spa-
tial statistics. Neuroimage 2010;49:249—-56 CrossRef Medline
Glascher J, Rudrauf D, Colom R, et al. Distributed neural system for
general intelligence revealed by lesion mapping. Proc Natl Acad Sci
U S A 2010;107:4705—-09 CrossRef Medline

Deary IJ, Weiss A, Batty GD. Intelligence and personality as predic-
tors of illness and death: how researchers in differential psychology
and chronic disease epidemiology are collaborating to understand
and address health inequalities. Psychol Sci Public Interest 2010;11:
53-79 CrossRef Medline

Barbey AK, Colom R, Solomon J, et al. An integrative architecture
for general intelligence and executive function revealed by lesion
mapping. Brain 2012;135:1154—64 CrossRef Medline

Kurumatani T, Kudo T, Ikura Y, et al. White matter changes in the
gerbil brain under chronic cerebral hypoperfusion. Stroke 1998;29:
105862 Medline

Lin CS, Polsky K, Nadler JV, et al. Selective neocortical and thalamic
cell death in the gerbil after transient ischemia. Neuroscience 1990;
35:289-99 Medline

Fukuda A, Muramatsu K, Okabe A, et al. NMDA receptor-mediated
differential laminar susceptibility to the intracellular Ca2+ accu-

Kazumata @ 2016 www.ajnr.org

33.

34.

35.

36.

37.

mulation induced by oxygen-glucose deprivation in rat neocortical
slices. ] Neurophysiol 1998;79:430~38 Medline

Yang AW, Jensen JH, Hu CC, et al. Effect of cerebral spinal fluid
suppression for diffusional kurtosis imaging. J Magn Reson Imaging
2013;37:365—71 CrossRef Medline

Jelescu 10, Veraart J, Adisetiyo V, et al. One diffusion acquisition
and different white matter models: how does microstructure
change in human early development based on WMTI and NODDI?
Neuroimage 2015;107:242~56 CrossRef Medline

Zhang H, Schneider T, Wheeler-Kingshott CA, et al. NODDI:
practical in vivo neurite orientation dispersion and density im-
aging of the human brain. Neuroimage 2012;61:1000—16 CrossRef
Medline

Ferguson BR, Gao WJ. Development of thalamocortical connec-
tions between the mediodorsal thalamus and the prefrontal cortex
and its implication in cognition. Front Hum Neurosci 2014;8:1027
Medline

Szczepankiewicz F, Litt J, Wirestam R, et al. Variability in diffusion
kurtosis imaging: impact on study design, statistical power and in-
terpretation. Neuroimage 2013;76:145-54 CrossRef Medline



Cognitive Function of Patients with Adult Moyamoya Disease

Yoshio Araki, Mp, pnD,* Yasushi Takagi, mp, pnD,* Keita Ueda, MD, PrD, T
Shiho Ubukata, MHsc, T Junko Ishida, otR,} Takeshi Funaki, MD,*
Takayuki Kikuchi, Mp, PnD,* Jun C. Takahashi, mMD, phD,* Toshiya Murai, MD, PhD, T

and Susumu Miyamoto, MD, PhD*

Background: Neurocognitive impairment is one of several unsolved social issues
faced by patients with moyamoya disease. Although efforts have been made to
investigate cognitive function using neuropsychologic tasks, generalizability has
been limited. Here, in a preliminary study, we used structured neuropsychologic
tasks to establish a standardized neuropsychologic assessment for adult moyamoya
patients with and without difficulty in social independence. Methods: Ten patients
with neuroradiologically confirmed adult moyamoya disease (3 male, 7 female)
participated. Half of all subjects did not have difficulty with social independence
(group 1) and the others had (group 2). Group differences were evaluated after basic
cognitive abilities and frontal lobe function were tested. Results: Although the mean
age of group 1 was substantially higher than that of group 2, disease duration did not
differ significantly between groups. Means scores for intelligence functions
including all subtests for basic cognitive abilities were higher in group 1 compared
with group 2. Scores from only 2 frontal lobe evaluation tasks (Trail Making Test B
and Theory of Mind) were significantly different between groups. Conclusions:
This preliminary study provides a profile of neurocognitive dysfunction in adult pa-
tients with moyamoya disease using structured neuropsychologic tasks. A broad
range of cognitive functions was disrupted particularly in the patients who had
difficulty with social independence. To obtain stronger evidence regarding neuro-
cognitive dysfunction in patients with moyamoya disease, a multicenter prospective
study is essential. Key Words: Moyamoya disease—cognitive impairment—

neuropsychologic tests—adult.
© 2014 by National Stroke Association

Moyamoya disease is an uncommon cerebrovascular
condition characterized by progressive occlusion of bilat-
eral internal carotid arteries and is known to cause strokes
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in relatively younger people."? Several efforts to identify
its pathogenesis have recently detected gene mutations
and deletions that make people susceptible to the
familial form of the disease, and further investigation
might clarify the direct mechanisms underlying
the disease.>® Extracranial-intracranial bypass surgery
has been established as an effective neurosurgical
intervention that increases cerebral blood flow (CBF)
and guards against ischemic attacks. However, difficulty
with social independence accompanied by cognitive
impairment has recently been recognized as an
important unsolved social issue faced by patients
with adult moyamoya disease.” These patients are physi-
cally independent in daily life, but economically depen-
dent because cognitive impairment leads to difficulty
obtaining vocational skills. Here, we define the status of
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these patients as “difficulty with social independence.”
Generally, cognitive impairment has been described as a
neuropsychologic sequela occurring after strokes
that manifest as disturbances in memory, attention, per-
formance, and social behavior in pediatric cases.??
However, recent reports have focused on adult cases
with neurocognitive impairment even without
radiological evidence of major stroke.”® Nakagawara
et al” indicated that even if infarction has not yet occurred,
brain dysfunction was associated with persistent hemo-
dynamic compromise in the medial frontal lobes that
can be visualized using [**Iliomazenil (IMZ)-single
photon emission computed tomography (SPECT). This
technique has the potential to become a tool for diag-
nosing cognitive impairment in adult moyamoya
patients who do not show major abnormalities on
computed tomography scans or magnetic resonance
imaging. In contrast, a common methodology for neuro-
psychologic evaluation of these patients is yet to be
determined, even to the extent that which questions to
include remains undecided. Because previous studies
have selected considerably different tasks for this evalu-
ation, results have been unsurprisingly inconsistent.'**?
Therefore, we address this concern by administering
structured tests to 2 groups of adult moyamoya patients,
1 with difficulty in social independence and the other
without.

Materials and Methods

Participants

Ten patients with neuroradiologically confirmed adult
moyamoya disease (3 men and 7 women; mean age,
34.2 years; range, 19-51 years) participated in this study.
Because this survey was formed by completely anony-
mous retrospective information, this study did not have
the ethics committee approval. All subjects were profi-
cient in Japanese. To identify specifics regarding neuro-
psychologic assessment in moyamoya patients who
have difficulty with social independence, the 10 patients
were divided into 2 groups. Group 1 comprised 5 patients
without difficulty in social independence. The subjects in
this group had a higher educational background without
need for special education programs, better socioeco-
nomic status, and did not need public support. Group 2
comprised 5 patients who had difficulty with social
independence. Two of the 5 patients required a special
education program, and all were socioeconomically
disadvantaged and needed public support. The mean
duration of the disease was 9.1 years. Only 1 patient
had a history of small intracerebral hemorrhage (periven-
tricular region) at onset. Other patients had histories of
transient ischemic attacks or minor ischemic strokes.
Magnetic resonance imaging revealed these minor strokes
in 4 patients, whereas the remaining subjects showed no
abnormalities in the radiological assessment. No subjects
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showed radiological abnormality evidenced by an
ischemic lesion affected by more than 2 cortical arteries.
[**Tliodoamphetamine-SPECT showed 1 case of resting-
state CBF impairment in group 1 and 3 cases in group 2.
Cerebrovascular reserve impairment was found in 9 of
the 10 cases. Revascularization surgery comprising super-
ficial temporal artery-middle cerebral artery bypass was
performed in 9 of the 10 patients and their preoperative
symptoms were relieved. All patients were physically in-
dependent, with modified Rankin Scale scores no greater
than 2 at the time of study inclusion. Table 1 and Table 2
summarize the clinical characteristics and radiological
features of each patient group.

Neuropsychologic Assessment

Basic cognitive ability was evaluated using the Wechsler
Adult Intelligence Scale-Third Edition (WAIS-III) to assess
intelligence, the Wechsler Memory Scale-Revised (WMS-R)
to assess memory,'>"* and supplemental subtests for
each task. Several frontal functioning tests were also
administered to detect specific neuropsychologic deficits
associated with adult moyamoya disease that co-occurs
with difficulty in social independence. The Frontal Assess-
ment Battery tested general frontal cognitive ability. The
Trail Making Test Part A assessed speed of information
processing,”>'® and the Trail Making Test Part B (TMT-B)
and the Wisconsin Card Sorting Test assessed executive
ability.'®*” The Go/No-Go and No-Go/Go tasks were
used to measure response inhibition,’® and the Apathy
Scale measured - the extent of apathy. The Reading the
Mind in the Eyes (Eyes) task is a theory-of-mind task
that was given to examine the ability to infer the mental
status of others."”

Data Analysis

To identify group differences regarding clinical profiles
and neuropsychologic tasks, a univariate analysis was
performed. P values were calculated based on the 2-tailed
t test for parametric data and the Mann-Whitney U test
for nonparametric data. Next, to determine which factors
contributed to the differentiation between groups, a
discriminate analysis was applied to the data set. A pre-
dictive model was then constructed after a stepwise var-
iable selection procedure. Finally, the contribution rate
that discriminated between the groups and the expected
classification rate were calculated along with their F and
P values. These statistical data were generated using
JMP software, Version 10.0.2 (SAS Institute Inc, Cary,
NC). A P value less than .05 was considered statistically

significant.
Results

The mean scores for clinical variables and neuropsy-
chologic assessments of each patient group are given in
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Table 1. Summary of clinical characteristics of each patient group

Employment and economic

Case no Group Age,y Sex Disease duration, y Revascularization surgery Special education independence
1 1 51 F 1 bil STA-MCA + EMS No Yes
2 1 42 F 1 It STA-MCA + EMS No Yes
3 1 51 M 0 1t STA-MCA + EMS No Yes
4 1 44 F 9 bil STA-MCA + EMS No No
5 1 28 F 3 1t STA-MCA + EMS No Yes
6 2 20 F 19 bil STA-MCA + EMS Yes No
7 2 9 M 12 bil STA-MCA + EMS Yes No
8 2 19 F 11 bil STA-MCA + EMS Yes No
9 2 25 M 0 no No No
10 2 43 F 35 bil STA-MCA + EMS No No

Abbreviations: bil, bilateral; EMS, encephalomyosynangiosis; 1t, left; M, male; F, female; STA-MCA, superficial temporal artery—middle

cerebral artery bypass.

Group 1 indicates patients without difficulty in social independence. Group 2 indicates patients with difficulty in social independence.

Table 3. The mean age of group 1 was substantially higher
than that of group 2, but the disease duration for each
group was not significantly different. Group 1 also had
significantly higher mean scores than group 2 for intelli-
gence functions including subtests for basic cognitive
abilities. In contrast, scores for memory functions showed
significant differences in 3 subtests (General Index, Atten-
tion/Concentration Index, and Delayed Index) between
groups. Although scores were equivalent between groups
on a number of tasks that assessed frontal lobe functions,
those obtained from the TMT-B test were significantly
higher in group 2, whereas those from the Eyes test
were significantly higher in group 1. After loading all

data from neuropsychologic tasks into statistical soft-
ware, a discriminate analysis was performed. The result
indicated that the Working Memory (a WAIS-III subtest)
and Eyes tasks contributed significantly to the discrimina-
tion of the groups (Table 4).

Discussion

The present study demonstrated that impairments
were mainly in intelligence and memory function. In
addition, some frontal lobe function was particularly
affected in adult moyamoya patients with difficulty in so-

cial independence.

Table 2. Summary of radiological features of each patient group

Lesions on MR imaging SPECT findings
Case no. Group Minor stroke Bleeding Rest CVR
1 1 - - Preserved Impaired in bil ACA and MCA territory
2 - 1t. paraventricular Preserved Preserved
region
3 1 It basal ganglia - Impaired in It Impaired in 1t MCA territory
MCA territory
4 1 - - Preserved Impaired in bil ACA and MCA territory
5 1 - - Preserved Impaired in bil ACA territory
6 2 1t frontal lobe Col. - Impaired in 1t Impaired in 1t ACA territory
ACA territory
7 2 - - Preserved Impaired in bil ACA and MCA territory
8 2 bil occipital and - Impaired in bil Impaired in bil ACA, MCA and PCA territory
temporal lobe Col. PCA territory
9 2 - - Impaired in 1t Impaired in rt ACA and MCA territory
ACA and MCA
territory
10 2 - - Preserved Impaired in bil ACA and MCA territory

Abbreviations: ACA, anterior cerebral artery; bil, bilateral; Col, cortical infarction; CVR, cerebrovascular reserve; lt, left; MCA, middle ce-
rebral artery; MR, magnetic resonance; PCA, posterior cerebral artery; rt, right; SPECT, single photon emission computed tomography.
Group 1 indicates patients without difficulty in social independence. Group 2 indicates patients with difficulty in social independence.
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Table 3. Summary of clinical variables and neuropsychologic assessments in each group
Group I, N =5 Group 2, N =5 Statistics
Variables Mean (SD) Mean (SD) P value
Clinical variables
Age,y 432 9.4 25.2 (10.3) .0273%*
Disease duration, y 2.8 (3.6) 15.4 (12.9) .09
Intelligence (WAIS-III)
Verbal IQ 103.6 (17.5) 67.2 (6) .009%*
Performance IQ 95.6 (10.7) 60.6 (10.5) .0086%*
Full scale IQ 100 (15.2) 61.4 (6.9) .009%*
Verbal comprehension 108.2 (19) 72.4 (15.4) .0088**
Perceptual organization 98.6 (12.5) 63.6 (7.6) .009#*
Working memory 91.8 (11.2) 61.4 (3.3) .008**
Processing speed 98 (8.6) 62.4 (12.8) .009%**
Memory (WMS-R)
Verbal Index 99.2 (26.9) 69.6 (7.2) 1161
Visual Index 111.6 (12) 76.8 (28.9) .0749
General Index 103.2 (25.4) 65 (14.3) .0283*
Attn/Conc Index 100.6 (8.9) 68.4 (14) .009%*
Delayed Index 106 (24.3) 64.4 (16) .0283%*
Frontal lobe functions
Frontal Assessment Battery 16.8 (.8) 16.6 (1.1) 8266
Trail Making Test A 35(17.4) 72.8 (30.4) .0593
Trail Making Test B 71.8 24.4) 1204 (37.4) .0465*
Wisconsin Card Sorting Test 3.8 (2.3) 32 5232
Go/No-Go task 276.2 (39) 330.8 (122.5) 6015
No-Go/Go task 99.2 (9.2) 105.2 (27) 754
Apathy Scale 13.8 (2.5) 16.6 (3.6) 2418
Theory of Mind (Eyes) 24 (3.2) 16.8 (1.6) .0086**

Abbreviations: Attn, Attention; Conc, Concentration; Eyes, Reading the Mind in the Eyes; IQ, intelligence quotient; SD, standard deviation;
WAIS-III, Wechsler Adult Intelligence Scale-Third Edition; WMS-R, Wechsler Memory Scale-Revised.
Group 1 indicates patients without difficulty in social independence. Group 2 indicates patients with difficulty with difficulty in social inde-

pendence.
*P < .05, ¥*P < .01.

Evaluation of the Results in This Study

Neuropsychologic Examination

Recent work using IMZ-SPECT has demonstrated

the association between cortical neuron loss in bilateral
frontal medial cortices and cognitive dysfunction.
Considering that evidence, we have adopted several tasks
to examine frontal lobe functions. To date, this is the
first adoption of this comparative method regarding
cognitive function of moyamoya disease.” "2
Therefore, the data presented here are novel and not
comparable with prior studies. A definition of
“neurocognitive dysfunction” using the evaluations
from all the proposed tasks was not presumed in
considering the objective of this study.

Intelligence and Memory Function

On measures of intelligence abilities using WAIS-III
and its subtests, mean scores from all patients in group
2 were found to be lower than that of group 1. Previous
research has demonstrated loss of intellectual functions

in pediatric-onset cases.>*?*?*?* Our results from group
2 were consistent with those based on the age of onset.
In conirast, the mean level of intelligence ability in
group 1 was preserved. These data are consistent with a
report suggesting cognition in adult moyamoya cases is
relatively spared.”” The proportion of gainfully used sub-
jects in that report (84%) is comparable with that in this
one (80%). Interestingly, within group 1, Working Mem-
ory scores were lower compared with scores from other
WAIS-IIT subtests. This maybe specifically related to
adult moyamoya cases that do not include difficulty
with social independence. The underlying CBF impair-
ment or neuronal loss induced by prolonged hemody-
namic compromise could lead to a mild disorder in
intellectual functioning that manifests in working mem-
ory deficits. However, memory ability assessed by the
WMS-R was not different from other abilities, including
those assessed by all WMS-R subtests. This highlights
the difficulty assessing memory status in the adult moya-
moya population, which is still controversial. Although
Festa et al'® have reported an overall memory score 1.1



