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Changes in Integrity of Normal-Appearing White
Matter in Patients with Moyamoya Disease:

ORIGINAL ) . .
reseArcH | A Diffusion Tensor Imaging Study
H. Jeong BACKGROUND AND PURPOSE: DTl is widely used for the evaluation of white matter integrity in various
J. Kim neurologic diseases. The purpose of this study was to investigate changes in white matter integrity by
H.S. Choi using DTl in NAWM of patients with MMD and to evaluate the correlation between diffusion and
T perfusion characteristics through an interhemispheric comparison.
E.S. Kim
. MATERIALS AND METHODS: \We retrospectively reviewed 20 primary MMD patients with asymmetric
D.-S. Kim ) .
. disease stage and 20 age-matched healthy controls. FA-s and ADC.g values of bilateral centrum
K.-W. Shim semiovale were measured by using region of interest analysis. Mean FA-5 and ADC.g were compared
S.-K. Lee between patient and control groups by unpaired t test. Interhemispheric differences in FA-5 and

ADCcg were assessed and compared between the H-TTPy . 04 and the H-TTPg, .o, by using paired
t test. Als also were assessed to verify interhemispheric differences.

RESULTS: The patient group showed a significantly lower mean FA-s and a higher mean ADCq value
than the control group. In the patient group, the H-TTP,,.q had a significantly lower FAcg and higher
ADCcg value than the H-TTPg . Both Alga and Alspc were significantly higher in the patient
compared with the control group.

CONCLUSIONS: DTI can describe subtle changes in white matter integrity in NAWM of patients with
primary MMD that are not detected by conventional MR imaging. In addition, diffusion characteristics
are well correlated with perfusion characteristics. We believe that DTl is a useful ancillary tool to
evaluate patients with MMD.

ABBREVIATIONS: ADC.s = apparent diffusion coefficient in centrum semiovale; Al = asymmetric
index; FAcs = fractional anisotropy in centrum semiovale; H-TTP g 5,64 = hemisphere with more
delayed time-to-peak; H-TTPg,,e, = contralateral hemisphere of H-TTP o cq; MMD = Moyamoya
disease; NAWM = normal-appearing white matter; PWI| = perfusion-weighted MR imaging;
rCBV = relative cerebral blood volume

MD is a chronic steno-occlusive disease of the inter-

nal carotid arteries that mainly affects children. Var-
ious imaging techniques have been applied to evaluate the
hemodynamic status, tissue integrity, and prognosis of
MMD. '

The recent development of DTI has allowed visualiza-
tion of fiber orientation and microstructural integrity in
white matter and is considered to be a very useful tool for
evaluating white matter in various central nervous system
diseases.*”” DTI has been accepted as a tool with sufficient
sensitivity to detect brain pathologies hidden in
NAWM.*'! For example, DTI can reveal microstructural
damage of NAWM in patients with chronic cerebral arterial
occlusive disease.'"'?

In patients with MMD, progressive vascular stenosis
causes chronic cerebral hypoperfusion in the territory of
the internal carotid arteries, but partial adaptation occurs
through collateral blood flow from the posterior circula-
tion, the ethmoidal vessel, and other basal vessels.'> MMD
with partially adapted chronic hypoperfusion follows a dy-
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namic disease process. Patients with MMD may experience
serial ischemic attacks, and some patients eventually expe-
rience cerebral infarct. We hypothesized that NAWM in
MMD patients without cerebral infarct may be affected by
chronic hypoperfusion, and DTI could reveal cumulative
microstructural damage that is not visualized by conven-
tional MR imaging.

Perfusion MR imaging has been found to be effective in
the evaluation of cerebral hemodynamics in MMD.>!*
TTP images are simple to use for the assessment of collat-
eral status, development of neovascularization after en-
cephaloduroarteriosyangiosis, and general perfusion sta-
tus. In addition, the ischemic hemisphere usually shows an
increased rCBV due to compensatory vasodilation and de-
layed TTP due to proximal vessel stenosis.'” In MMD with-
out infarction, an interhemispheric difference in TTP may
be present due to different stages of proximal vessel steno-
sis. We hypothesized that the hemisphere with more de-
layed TTP (H-TTP 4e1oyeq) may be vulnerable to hypoperfu-
sion, so NAWM in the H-TTPy,,,.4 may demonstrate a
higher level of cumulative microstructural damage than
NAWM in the contralateral hemisphere.

Thus, the purpose of this study was to investigate changes
in white matter integrity by using DT in NAWM of patients
with MMD and to evaluate the correlation between diffusion
and perfusion characteristics by an interhemispheric
comparison.
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Materials and Methods

Patients and Control Subjects

The institutional review board approved this retrospective study and
waived the requirement for informed consent from patients or legal
guardians. We retrospectively reviewed brain MR images and clinical
data of 103 childhood MMD patients from August 2006 to August
2009 at the Severance Hospital of the Yonsei University Health Sys-
tem of Korea. Of these patients, 20 (15 girls and 5 boys; mean age, 9.55
years; range, 5-15 years) who satisfied the following criteria were
included in the patient group: 1) patients who were diagnosed with
primary childhood MMD on MR imaging and MRA according to the
diagnostic criteria and guidelines for MMD proposed by the Research
Committee on Spontaneous Occlusion of the Circle of Willis'®; 2)
patients who simultaneously underwent FLAIR imaging, MRA, PWI
imaging, and DTIL; 3) patients who had no clinical history of thera-
peutic intervention, such as pharmacotherapy (vasodilator or antico-
agulant) or surgery (bypass or indirect revascularization procedure)
before undergoing MR imaging; 4) patients who had no overt cerebral
infarct on conventional MR imaging; and 5) patients who showed
definitive asymmetric involvement upon visual analysis of MRA and
TTP maps. Thirty-seven patients satisfied criteria 1-4, and 20 among
them satisfied criteria 5 and were therefore included in the final
patient group.

Because healthy childhood volunteers were not available due to
the sedation procedure, “closest-to-normal” control diffusion data
were obtained from 20 age-matched children (7 girls and 13 boys;
mean age, 9.75 years; age range, 5-15 years) who had no vascular
pathology on either radiologic or clinical evaluation. The control sub-
jects had the following indications for MR imaging: central nervous
system symptoms (headache, 12 patients; seizure, 2 patients) or psy-
chiatric problems (schizophrenia, 2 patients; social phobia, 2 patients;
adjustment disorder, 1 patient; conversion disorder, 1 patient). Con-
ventional MR imaging and DTI were simultaneously performed on
controls during the same period as for patient subjects.

Data Acquisition
All examinations were performed by 3T MR imaging (Achieva;
Philips Medical Systems, Best, the Netherlands) by using an 8-
channel sensitivity-encoding head coil. DTI, PWI, MRA, FLAIR, T2-
weighted, and gradient-echo T2*-weighted images were obtained in
patients with MMD. T1-weighted, T2-weighted, and postcontrast
T1-weighted images and DTI were obtained in the control group.
DTI was performed by using single-shot spin-echo-EPI. The axial
images were obtained parallel to the anterior/posterior commissure
line. The parameters for DTI were as follows: TR/TE/flip angle = 6000
ms/100 ms/90°, FOV = 22 cm, acquisition matrix = 128 X 128,
section thickness/intersection gap = 5 mm/2 mm, and NEX = 4.
Diffusion sensitizing gradient encoding was applied in 6 directions (x,
¥» 2, Xy, yz, and zx) with b at 1000 seconds/mm?, and 1 image was
acquired without by using a diffusion gradient (with b at 0). Isotropic
ADGC, trace, and FA maps were immediately generated on the console
by research software (Packman Tools; Philips Medical Systems). The
6 elements of the diffusion tensor were estimated in each voxel assum-
ing a mono-exponential relationship between signal intensity and the
b-matrix. Using multivariate regression, the eigenvectors and eigen-
values of the diffusion tensor were determined. To minimize the eddy
current-related artifact, we implemented zero and first-order eddy
current compensations into the MR imaging system and monitored
and calibrated the eddy current level.
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Fig 1. ROI method for ADCgg and FAcs measurement. Round ROIs (60 mm®) were drawn
on the EPI scan of the b = 0 step at the level of the centrum semiovale, followed by
automatic overlaying onto the coregistered FA and ADC images.

PWI was carried out by using multishot gradient-echo principles
of echo shifting with a train of observations technique by using the
following  parameters: TR/TE/flip angle = 2000/60/90°,
matrix = 128 X 128, FOV = 24 cm, and section thickness/
intersection gap = 5 mm/2 mm. All 60 phase images were obtained
before, during, and after the administration of contrast agent
(0.1 mmol of gadopentetate dimeglumine [Magnevist; Schering,
Berlin, Germany] per kilogram of body weight at a rate of 2 mL/s)
through an MR imaging—compatible power injector (Spectris;
Medrad, Indianola, Pennsylvania) in those patients older than 5 years
or by manual injection in those patients 5 years and younger. This
injection was followed by a 15-mL bolus of saline administered at the
same injection rate. Perfusion maps of TTP and CBV were generated
after eliminating the effect of contrast agent recirculation by y-variate
curve fitting, '

MRA was obtained with the 3D time-of-flight technique with a 3D
spoiled gradient recalled-echo sequence by using the following pa-
rameters: TR/TE/flip angle = 24/3.45/20°, matrix = 512 X 208,
FOV = 20 cm, section thickness = 0.8 mm, and effective voxel size =
0.39 X 0.96 X 0.8 mm.

Conventional T1-weighted (TR/TE/flip angle, 2000 ms/10 ms/
90°), FLAIR (TR/TE/TIL, 11,000 ms/125 ms/2800 ms), T2-weighted
(TR/TE, 3000 ms/80 ms), and gradient-echo T2*-weighted (TR/TE/
flip angle, 576 ms/15 ms/18°) images were obtained by using the
respective parameters.

Data Analysis

In each MMD patient, the H-TTP,,,.q and the greater degree of
proximal vessel stenosis was determined by the consensus of 2 radi-
ologists (H.J. with 3 years of experience in MR imaging interpretation
and S.-K.L. with 13 years of experience) by visual analysis of the TTP
map and by using the MRA scoring system proposed by Houkin et
al.>! The rCBV patterns in the areas with more delayed TTP also were
visually evaluated.

ADC and FA values were measured in the bilateral centrum semi-
ovale of both patient and control groups. The software program
NeuRoi (Dr C. Tench, Department of Clinical Neurology, University
of Nottingham, United Kingdom), was used for semiautomatic mea-
surement. This program is available at www.nottingham.ac.uk/scs/
divisions/clinicalneurology/index.aspx. The ROIs in the centrum



Table 1: Clinical information and findings for TTP status, degree of supraclinoid ICA or MCA stenosis, and rCBV pattern

__MRA Score® rCBV in
No. Sex Age (yr) Clinical Symptom H-TTP yeayed Rt. Lt. H-TTP yeiayed
1 F 5 TIA (Lt. HP) Rt. 2 1 Increased
2 M 6 TIA (Rt. HP) Lt. 3 4 Increased
3 F 6 TIA (Rt. HP) Lt. 1 4 Increased
4 F 6 Headache Rt. 4 3 Increased
5 F 6 TIA (Rt. HP) Rt. 3 1 Increased
6 F 7 TIA (Rt. HP) Lt. 3 4 Increased
7 F 7 Seizure Lt. 1 2 Increased
8 F 8 TIA (Rt. HP) Lt. 4 5 Increased
9 F 8 Headache Lt. 2 3 Increased
10 F 8 Family history Lt. 3 4 Increased
" M 10 TIA (Lt. HP) Lt. 4 5 Increased
12 F 10 TIA (Rt. HP) Lt. 2 3 Increased
13 M 1 TIA (Rt. HP) Lt. 2 3 Increased
14 M 12 Headache Lt. 1 2 Increased
15 F 12 TIA (Lt. HP) Rt. 5 1 Increased
16 M 13 Hypogonadism Lt. 1 3 Increased
17 F 13 TIA (Lt. HP) Lt. 2 3 Increased
18 F 13 TIA (Rt. HP) Lt. 3 5 Increased
19 F 15 TIA (Rt. HP) Lt. 3 5 Increased
20 F 15 TIA (Lt. HP) Rt. 4 2 Increased

Note:—HP indicates hemisphere

3 MRA score is presented as the sum of anterior cerebral artery, MCA, posterior cerebral artery, and distal ICA using the MRA scoring system proposed by Houkin et al.?'

Table 2: Measured diffusion characteristics in patient and control groups

Patient Group

Control Group

H'TTPdeIayed H_TTPshorter H_TrPdelayed H'TTPshoner
Patient FAcs ADCcg FAcs ADCg FAcs ADCcg FAcs ADCcg
438 8375 486 8317 4207 797.6 4157 788.2

2 4454 783.8 408 814.7 4313 951.5 426 829
3 438 836.3 487 779.8 464.2 781.1 4547 807.9
4 505.6 754.4 4451 795.5 513.3 749.4 475.6 769.3
5 458.4 934.1 528.2 814.3 4545 830.9 448.2 804.5
6 388 864 399.9 862.6 486.4 738.8 478.9 743.4
7 406.4 860.8 391.3 863.4 506.4 719.2 484.3 709.1
8 463.8 767 4254 765.9 4722 754.7 476 730.2
9 464.2 759.1 425.9 792.9 468.5 773.3 488.4 765.3
10 502.6 7482 471.2 7416 501.2 728.8 505.1 7.4
" 521.9 7239 490.2 707.2 556.2 703.1 512.3 702
12 554.5 7746 517.6 801.2 522.9 785.6 543.9 765.6
13 4922 802.5 433 806.9 550.4 722.7 524.9 687.4
14 5412 7133 511.7 756.2 504.1 7371 495.1 705.3
15 439.3 801.3 496.6 7416 555 7282 526.8 716.6
16 458 759.1 425 7333 518.8 846.1 576.5 799.4
17 516.4 742.4 485.9 802.4 462.2 750.8 487.5 686.2
18 484.8 707 465.3 756.8 4527 830.1 469.1 7754
19 4274 7944 4174 782.9 584.3 685.1 583.1 666.1
20 462.4 7474 418.8 798.2 555.3 869.6 589.7 820.3

Note:—FA values (X1073); ADC values (mm?/s).

semiovale were drawn manually in a 60-mm? round shape. To avoid
contamination from adjacent CSF and gray matter, the ROIs were
drawn on the EPI scan of the b=0 step (T2-weighted, but not
diffusion-weighted) at the level of the centrum semiovale, and then
automatically overlaid onto the coregistered FA and ADC images
(Fig 1). To ensure consistency and consensus, 1 investigator (H.J.)
drew the ROIs and 1 board-certified neuroradiologist (S.-K.L.) sub-
sequently confirmed them.

Statistical Analysis
We compared the FA and ADC values between the patient and
control groups by using the independent samples ¢ test. We then

Table 3: Comparison of diffusion characteristics between patient
and control groups

Patient Group Control Group P
Mean FAgg (X107%) 463.45 + 43.14 .0008°
Mean ADCqs (mm?/s) 786.50 + 49.20 751.55 + 56.91 00432

Note:—Values are presented as the mean = SD.
@ Significant difference between groups (P <.05).

compared the diffusion characteristics of H-TTPgye,yeq and the
H-TTP,

Because diffusion characteristics in the normal brain are some-
1 22
>

in the patient group by using the paired samples ¢ test.

shorter

what asymmetrical,** Als also were used to verify the significance of
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Table 4: Interhemispheric comparison of diffusion characteristics

Patient Group

Control Group

H'TTPdeIayed

H-TTPgportor Rt. Lt.

In each group

Mean FAcs (X 1079) 44577 + 35.09

481.13 = 43.93

499.03 = 45.85 498.09 = 48.46

P <.0001? .8682
Mean ADCcg (mm?/s) 800.12 = 51.52 772.89 = 43.86 753.68 = 64.75 749.43 = 49.47
P .0022° .5709
Asymmetric index
Alea 0.075 + 0.04 0.0023 = 0.04
P <.0001°
Alpne 0.034 +0.04 0.004 + 0.04
P .0294°

Note:—Values are presented as the mean = SD.
@ Significant difference between groups (P <.05).

the difference between H-TTP y,yq and H-TTP The math-
ematic equations providing Al for FA values in the centrum semiovale

shorter*

were as follows:
Al in patient group=(FA-H-TTP ;1. — FA-H-TTP,14y00)!

0.5 X (FA-H-TTP 0y + FA-H-TTP 1.0)
Al in control group=(FAy, — FA,)/(0.5 X (FAy, + FAL))

where FA-H-TTP,,,.. is the FA value in the H-TTP ..,
(FA-H-TTP,.,), FA-H-TTP,,..s is the FA value in the
H-TTPyejayeq (FA-H-TTPyepoyeq)> FAg, is the FA value in the right
hemisphere, and FA,, is the FA value in the left hemisphere.

The same pattern of mathematic equations also was applied to the
ADC values. The independent samples ¢ test was used to compare Al
between patient and control groups.

A probability of <5% was considered statistically significant. All
statistical analyses were performed by using MedCalc 7.4.0.0 software
(MedCalc, Mariakerke, Belgium).

Results

The clinical information and findings pertaining to the hemi-
sphere with TTPy,,q and greater degree of proximal vessel
stenosis among the bilateral hemispheres, and the rCBV pat-
tern are summarized in Table 1. Fourteen of the 20 MMD
patients presented with recurrent TIA. In patients with recur-
rent TIA, H-TTP y;,yeq Was highly concordant with the symp-
tomatic hemisphere (95%). The detailed FA and ADC values
in each group are summarized in Table 2.

The patient group showed a significantly lower mean FA ¢
value and a higher mean ADC¢g value compared with the
control group (Table 3). The results of the interhemispheric
comparison are summarized in Table 4. In the patient group,
H-TTPge1ayeq Showed a significantly lower FAg value and a
higher ADCg value compared with H-TTPg, ... (Fig 2).
There were no significant differences in the mean FA and ADC
values between the right and left centrum semiovales in the
control group. Both Al, and Al were significantly higher
in the patient group compared with the control group.

Discussion

We demonstrated that DTI could detect the cumulative
microstructural damage that was not detected on conven-
tional MR imaging in the NAWM with chronic hypoperfusion
in primary childhood MMD without overt infarction. In ad-
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dition, we revealed that the NAWM of the hemisphere with
more delayed perfusion in each MMD patient had more
microstructural damage.

The 2 most commonly determined diffusion properties
are the FA, reflecting the degree to which the diffusion
tensor deviates from isotropy, and the ADC, reflecting the
orientation-averaged apparent diffusivity.” The FA value may
be low when white matter integrity is disrupted. Several stud-
ies revealed that the FA value is an indicator of tissue damage
in the white matter despite the absence of definite abnor-
malities on conventional T2 or FLAIR images.'"'*** The net
diffusion of water molecules measured in a particular tissue
is referred to as ADC.? In chronic hypoperfusion, ischemic
injury to white matter is associated with axonal destruction
and glial proliferation.®* These microstructural changes are
associated with an increase in the ADC, probably reflecting
increased water diffusivity due to axonal loss.> However,
ADC changes are not confined to ischemic lesions and may
occur in NAWM. %28 Thus, we investigated changes in in-
tegrity of NAWM with MMD, by using measurements of both
FA and ADC.

Our results showed that NAWM of MMD patients without
infarction had a significantly lower mean FA.g value and
a higher mean ADC g value compared with controls. There
have been a few previous DTI studies for MMD. Using
whole brain histogram analysis, Mori et al*’ revealed that
MMD with infarction had significantly lower FA and mean
diffusivity than controls. Moreover, they reported that MMD
without infarction showed the same tendency, though the dif-
ferences were not statistically significant. The discrepancy in
statistical significance between our study and that of Mori et
al*” can be explained by differences in data analysis. The whole
brain histogram is an accurate and robust method for overall
measurements, but it cannot reveal results in a specific site. We
therefore assume that in our study the localized regional anal-
ysis for centrum semiovale revealed significant differences in
diffusion characteristics, suggesting microstructural damage
in the NAWM of patients with MMD without infarction. Re-
cently, Conklin et al*° revealed that regions of steal phenom-
enon are spatially correlated with elevated ADC in NAWM of
patients with MMD, suggesting that even if there is no overt
infarction in MMD, microstructural damage of NAWM can
develop from low-grade ischemia. Our finding of increased
ADC in NAWM of patients with MMD without infarction is



Fig 2. Primary MMD in a 6-year-old girl. A-C, MRA images showed asymmetric MRA cores and stages between both hemispheres (Rt., stage IIl; Lt., stage Il). TTP (D) and CBV (E) maps
demonstrated asymmetric hemodynamic status, in which the Rt. hemisphere showed more delayed TTP and increased CBV. Diffusion-weighted image (b = 1000; F) and a FLAIR image
(G) did not show any abnormalities. H, ADC map, right side ADCcg (836.3 mm?/s) was higher than left side ADCcg (779.8 mm?/s). /, FA map, right side FAcg (0.438 X 1073) was lower

than left side FAcg (0.487 X 107%).

consistent with the findings of Conklin et al.*> We found a
significantly lower mean FA ¢ value and a higher mean ADC g
value in patients with MMD, probably reflecting cumulative
white matter damage from chronic hypoperfusion and recur-
rent ischemic attacks.

Next, we analyzed the interhemispheric DTI difference in
patients with MMD who showed asymmetric TTP status.
MMD was defined as bilateral disease, but MMD is known to

have a rather asymmetric perfusion appearance, especially in
children. MMD also can show a somewhat asymmetric disease
status in chronic progressive disease. This asymmetric disease
status in MMD can be detected on MRA and PWI. In MMD,
the hypoperfused hemisphere usually shows increased rCBV
due to compensatory vasodilation, and delayed TTP repre-
sents proximal occlusion or stenosis and collateral flow. Our
results showed that the hemisphere with a more delayed TTP
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and a higher MRA score had a significantly lower FA g value
and a higher ADC value than the more perfused contralat-
eral hemisphere. This result may reflect that NAWM of
H-TTP yejayeq is more vulnerable to hypoperfusion than the
more perfused contralateral hemisphere and that NAWM in
H-TTP 4jayeq may demonstrate more cumulative microstruc-
tural damage than NAWM in the contralateral hemisphere.
We note that our study has some limitations. First, the
retrospective data analysis resulted in a reduced number of
enrolled patients with a high degree of homogeneity in terms
of disease and age. Second, for ethical reasons, ideal healthy
control subjects were not recruited and structurally normal
children’s brains were used for comparison. However, we
speculate that our results would not have been too different if
this study had been performed with ideal controls. Third, DTI
in this study was performed with only 6 different diffusion
gradients. It has been reported that at least 20 diffusion gradi-
ents are necessary for a robust estimation of diffusion charac-
teristics.”’ The small number of diffusion gradients in our
study could thus be a limitation. Fourth, the lack of absolute
quantification in perfusion MR imaging is another limitation.
Thus, future investigation by using quantitative analysis of
PWI and DTI with at least 20 diffusion gradients is needed.

Conclusions

DTI can detect subtle changes in white matter integrity in
chronic hypoperfused brains of patients with primary child-
hood MMD that are not detected by conventional MR imag-
ing. In addition, diffusion and perfusion characteristics are
well correlated. Our findings suggest that DTI can be used as
an ancillary tool to evaluate disease severity of patients with
primary childhood MMD.
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