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Abnormal Magnetization Transfer Ratios in Normal-
appearing White Matter on Conventional MR Images of

Patients with Occlusive Cerebrovascular Disease

Hirotsugu Kado, Hirohiko Kimura, Tatsuro Tsuchida, Yoshiharu Yonekura, Tomoo Tokime, Yasuhiko Tokuriki, and
Harumi Itoh

BACKGROUND AND PURPOSE: Chronic hypoperfusion may cause ischemic insult in the
deep white matter. The magnetization transfer phenomenon is associated with the amount and
constitution of myelin. The purpose of this study was to assess the usefulness of the magneti-
zation transfer ratio (MTR) for detecting vasculometabolic abnormalities on positron emission
tomography (PET) studies in patients with unilateral severe stenosis of the internal carotid
artery (ICA).

METHODS: MTR maps and PET data—including regional cerebral blood flow (rCBF), re-
gional cerebral metabolic rate of oxygen (rCMRO2), and regional oxygen extraction fraction
(rOEF)—were investigated in 13 patients with unilateral severe stenosis of the ICA. The same
regions of interest were selected in the white matter both on MTR maps and PET scans. The
areas were classified into three groups based on MTR values (group 0, MTR .47.22%; group
1, MTR 5 45.77% to 47.22%; group 2, MTR ,45.77%), and the relationship between MTR
and PET data was analyzed by means of both absolute values and asymmetric index (AI).

RESULTS: Abnormal values could not be detected in the areas classified as group 0. The
areas classified as group 1 were characterized by absolutely normal values of rCMRO2 and
increased rOEF with AI, which was assessed as viable and reversible on the PET study. The
areas classified as group 2 showed decreased rCMRO2 with absolute values, which was con-
sidered irreversible in PET. A significant overall linear correlation was found between MTR
and rCMRO2 values.

CONCLUSION: Using the MTR technique to classify ischemic damage into three groups
(normal, reversible, and irreversible), we found a significant correlation between the reduction
of MTR and that of rCMRO2 in white matter with ICA stenosis. We believe that the MTR
technique may partly replace PET data in the assessment of ischemic injury.

The magnetization transfer (MT) technique has
been used as a means of changing image contrast.
MT is related to relaxation properties associated
with immobile protons of neighboring macromol-
ecules in tissue membranes and bulk free water. An
off-resonance radio-frequency pulse is applied to
saturate immobile protons. Any exchange of this
saturated pool of protons with the protons in the
surrounding bulk free water will change the signal
intensity seen on subsequent MR images (1–5). In
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brain tissue, the cholesterol-containing lipid bilayer
of myelin is regarded as the major macromolecule
responsible for the MT phenomenon (6). Once the
constitutional changes of the macromolecule in my-
elin occur, the exchanges between bound and bulk
free water protons might occur less frequently than
in normal brain tissue, thus causing the reduction
of magnetization transfer ratios (MTRs). Therefore,
the MTRs are thought to reflect changes in the
amount and constitution of myelin present in white
matter. The measurement of MTRs has proved to
be useful for characterizing some types of brain
disease, such as multiple sclerosis (7, 8), wallerian
degeneration (9), and diffuse axonal injury (10).

In chronic internal carotid artery (ICA) occlu-
sion, long-standing hypoperfusion may cause is-
chemic insult in the deep white matter, often re-
sulting in infarction (11, 12). Even in noninfarcted
white matter regions, metabolic changes have been
detected and assessed both by positron emission to-
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TABLE 1: Demographic and clinical data for 13 patient with uni-
lateral severe stenosis of the internal carotid artery (ICA)

Patient
No. Age (y)/Sex

ICA Stenosis
(Right/Left)

Percentage of
Stenosis (%)

1
2
3
4
5

56/M
60/F
65/F
68/M
66/M

R
R
R
R
R

99
75
75
90
80

6
7
8
9

10

64/M
74/F
84/M
75/M
72/F

R
L
L
R
R

95
90
90
90
80

11
12
13

54/M
63/M
55/M

L
L
R

99
90
80

mography (PET) and proton MR spectroscopy (13,
14). The sensitivity of MTR measurement is su-
perior to that of conventional MR images in de-
tecting abnormalities in white matter in some dis-
eases (7, 8). Therefore, we hypothesized that
abnormal MTRs would be closely related to the
compromised metabolic state in noninfarcted white
matter with severe stenosis of the ICA.

In the current study, we measured MTRs and
correlated them with vasculometabolic parameters
obtained by PET in patients with chronic occlusive
cerebrovascular disease. Our goal was to evaluate
the usefulness of the MTR technique for detecting
vasculometabolic abnormalities in PET data in pa-
tients with unilateral severe stenosis of the ICA.

Methods

Subjects

Thirteen patients with unilateral severe stenosis of the ICA
participated in this study. Ages ranged from 54 to 84 years
old, with a mean age of 65.8 6 8.8 years. The patients were
selected on the basis of the following criteria: 1) no cortical
infarction other than minimal subcortical abnormality as re-
vealed by MR images, and angiographic evidence of more than
75% stenosis in caliber or occlusion of the common carotid
artery; and 2) collateral vessel circulation through the anterior
portion of the circle of Willis (cross-flow) in the presence of
unilateral severe stenosis of the ICA. The demographic and
clinical data for all subjects are summarized in Table 1. All
subjects gave written informed consent to a protocol approved
by the committee for clinical research of this institute.

MR Measurement

Conventional MR images were obtained in all subjects on a
1.5-T scanner. Anatomic MR images were obtained with a T1-
weighted sagittal spin-echo sequence using parameters of 350/
14 (TR/TE). Fast spin-echo (FSE) T2-weighted images were
acquired before calculation of the MTR maps. Parameters for
the T2-weighted images were 3500/84, a section thickness of
5 mm with a 2-mm gap, a field of view (FOV) of 22 cm, and
an acquisition matrix of 256 3 192.

Using the gradient-recalled acquisition in the steady state
(GRASS) technique with (Ms) and without (M0) an MT satu-

ration pulse, MTR maps were calculated on a pixel-by-pixel
basis using the following equation:

MTR 5 (M 2 M ) / M 3 100 (%).0 s 0

Parameters for the GRASS sequence were 600/4, a flip angle
of 20 8, a section thickness of 5 mm with a 2-mm gap, an
FOV of 22 cm, and an acquisition matrix of 256 3 128. Mag-
netization transfer (Ms) was performed with a single sinc-
shaped pulse irradiating 1.5 kHz off-resonance from water. The
duration and peak were 17 milliseconds and 1.4 times higher
than that of the 908 pulse, respectively. Although the pulses
were used in every 50 milliseconds under 12 multislice TR 5
600 acquisition, the power deposition was well within the lim-
itation of the signal absorption rate. The patient’s head was
carefully positioned for the comparison with PET scans. The
acquired tomographic slices were parallel to the orbitomeatal
line on the MR images.

PET Measurement

Within 3 hours after the MR study, cerebral blood flow
(CBF), cerebral metabolic rate of oxygen (CMRO2), and ox-
ygen extraction fraction (OEF) were measured using a PET
scanner equipped with an 18-ring detector arrangement. The
physical characteristics of this PET scanner have been de-
scribed in detail by DeGrado et al (15). With axial continuous
gantry motion, this scanner provides 35 transaxial images si-
multaneously with an interval space of 4.25 mm. Axial and
transaxial resolutions were 4.2 mm, allowing multidirectional
reconstruction of the images without loss of resolution. The
spatial resolution of the reconstructed PET scans was 6 mm in
full width at half-maximum intensity (FWHM) at the center of
the FOV. The FOV and pixel size of the reconstructed images
were 256 and 2 mm, respectively. The patient’s head was care-
fully positioned such that the midsagittal plane of the head was
parallel to the camera’s sagittal plane using a laser-beam point-
er for comparison with the MR images. A 10-minute trans-
mission scan was acquired with a 68-Ge/68-Ga source for at-
tenuation correction.

The steady-state method and [15O]-labeled CO2 were used
for regional CBF (rCBF) measurements. After patients contin-
uously inhaled [15O]-labeled CO2, their PET data continued to
be recorded under the steady-state condition for 10 minutes.
Three arterial blood samples were obtained from the radial
artery, and their radioactivity concentrations were counted us-
ing a well counter cross-calibrated to the PET scanner. After
the rCBF study, regional OEF (rOEF) was measured by means
of the continuous inhalation of [15O]-labeled O2 and by the
method described by Lammertsma and coworkers (16, 17). Us-
ing the rCBF and rOEF values, regional cerebral metabolic rate
of oxygen (rCMRO2) was calculated pixel by pixel. The ac-
quired tomographic slices were parallel to the orbitomeatal line
on PET studies.

Data Analyses

Region of Interest (ROI) Selection.—CBF, CMRO2, and
OEF images obtained by PET were registered with the MR
images of each subject by means of statistical parametric map-
ping using software (from the Welcome Department of Cog-
nitive Neurology, London, UK) implemented in Matlab (Math-
works, Inc, Sherborn, MA).

After registration, we selected seven ROIs on the lesional
side in each subject and the same ROIs at the level of the
ventricular body both on the MTR maps and the PET scans
(CBF, CMRO2, and OEF). The circular, 21-mm-diameter ROIs
were the same for both the PET and MR images. To obtain
exact values from the PET data, the ROI diameter needed to
be more than three times the FWHM of the PET scans (6 mm).
The same examinations were performed on MTR maps and
PET scans on the contralateral side in each subject (Fig 1).
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FIG 1. The location of selected ROIs.
Four ROIs were selected in the lesional
deep white matter and three in the lesional
centrum semiovale. Although this figure
shows that ROIs were placed only on MTR
maps and CBF images, actually the same
ROIs were selected on T2-weighted im-
ages and other PET scans (CMRO2 and
OEF images). PET scans were registered
to the MR images of each subject. Circular
ROIs were placed in right and left sym-
metrical locations, so that the AI could be
calculated.

TABLE 2: Mean values of absolute regional cerebral blood flow (rCBF), absolute regional cerebral metabolic rate of oxygen (rCMRO2),
absolute regional oxygen extraction fraction (rOEF), normalized T2-weighted images, and rOEF asymmetric index (AI) from the lesional
side in 13 patients with unilateral severe stenosis of the internal carotid artery by group*

Absolute rCBF
(mL/100 g per min)

Absolute rCMRO2

(mg/100 g per min) Absolute rOEF
Normalized
T2 intensity rOEF-AI

Group 0
Group 1
Group 2
Infarction

24.43 6 4.21
21.06 6 4.75
17.72 6 5.93
10.13 6 4.37

2.18 6 0.12
2.00 6 0.23
1.51 6 0.29
0.58 6 0.37

0.50 6 0.08
0.57 6 0.11
0.56 6 0.09
0.25 6 0.06

0.45 6 0.03
0.47 6 0.02
0.58 6 0.11
0.85 6 0.13

1.25 6 3.22
13.23 6 6.06
12.35 6 5.17

268.48 6 18.18

* Group 0, MTR . 47.22%; group 1, MTR 5 45.77% to 47.22%; group 2, MTR , 45.77%.
Note.—Absolute values of rCBF gradually decreased from group 0 to group 2. Absolute values of rCMRO2 were maintained within the normal

range in groups 0 and 1, but those in group 2 decreased significantly (P 5 .0003). Although no definite difference in rOEF between group 0 and
1 were recognized quantitatively, increased rOEF-AI was seen in group 1 (P 5 .0003). The normalized T2-weighted value in group 2 were
significantly higher than those in group 1 (P 5 .0002).

Asymmetric Index (AI).—To compare the values of rCMRO2,
rOEF, and MTR on the ipsilateral side of severe ICA stenosis,
we also measured the values with the same parameters used in
the contralateral position and calculated the AI to find latent
abnormalities that could not be detected with absolute values.

The AI was calculated in each ROI using the following
equation (18):

AI 5 (R 2 R ) / (R 1 R ) 3 2 3 100 (%)i c i c

where Ri and Rc are the ROI values in the ipsilateral and con-
tralateral white matter, respectively.

Normalized Values on T2-Weighted Images.—All values ob-
tained on T2-weighted images were normalized by CSF inten-
sity to compare the same ROIs in all subjects. We located the
ROI in the lateral ventricle to obtain the CSF intensity on T2-
weighted images.

Group Classification.—To analyze the relationship between
MTRs and vasculometabolic rates obtained from PET, we clas-
sified ROIs into three groups on the basis of MTR values.
Since the average value of MTR obtained from normal white
matter on the contralateral side was 50.12 6 1.45%, we clas-
sified the areas with MTR values of more than 47.22% as
group 0, those with MTR values from 45.77% to 47.22% as
group 1, and those with MTR values of less than 45.77% as

group 2. A value of 47.22% was defined as less than 22 SD
of normal MTR ranges, and a value of 45.77% was defined as
less than 23 SD. Student’s t-test was performed among the
three groups in regard to each parameter obtained from PET.
A P value of less than .05 was considered significant.

Results
Demographic and clinical information for the 13

subjects are summarized in Table 1, and the loca-
tions of selected ROIs are shown in Figure 1.

A total of 91 ROIs were classified into three
groups: group 0, 34 areas from nine patients; group
1, 28 areas from seven patients; and group 2, 29
areas from eight patients. The patients were over-
lapped among the three groups.

Table 2 shows the mean values of quantitative
rCBF, quantitative rCMRO2, quantitative rOEF,
normalized T2-weighted values, and rOEF obtained
by using the AI technique (rOEF-AI) in each group
(groups 0, 1, and 2). Absolute values of rCBF grad-
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FIG 2. 2D plot of MTR and rCMRO2 values with an AI from
groups 0, 1, and 2. The correlation coefficient was .85 (P 5 .001).

ually decreased from group 0 to group 2. Absolute
values of rCMRO2 were maintained within the nor-
mal range in groups 0 and 1, but those in group 2
decreased significantly (P 5 .0003). Although no
significant differences were found in regard to the
absolute values of rOEF between groups 0 and 1,
the rOEF-AI in group 1 was statistically higher
than that in group 0 (P 5 .0003). The normalized
T2-weighted values in group 2 were significantly
higher than those in group 1 (P 5 .0002).

Figure 2 is a 2D plot of MTR with AI (MTR-
AI) and rCMRO2 values with AI (rCMRO2-AI) for
all groups. The overall linear correlation between
MTR-AI and rCMRO2-AI (r 5 .85; P 5 .001) was
significant.

Discussion
The MT effect is induced by applying an off-

resonance radio-frequency pulse, as has been dem-
onstrated previously (1–5). The radiation generated
by the pulse causes protons bound to macromole-
cules to become selectively saturated and to ex-
change spins with free water protons. The exchange
of partially saturated spins into the water proton
pool decreases the observed magnetization of water
protons, leading to hypointensity on the MT image
as compared with an equivalent image obtained
without radio-frequency saturation pulses. The re-
duction of intensity on the image with radiation is
expressed as decreased MTRs.

In cerebral white matter, the cholesterol-contain-
ing lipid bilayer of myelin is postulated to be the
major macromolecule responsible for the MT phe-
nomenon (6). The amount of the lipid bilayer is
controlled by membrane synthesis and degenera-
tion (19). The balance between membrane synthe-
sis and degeneration is often affected by the con-
dition of the brain tissue; for example, in tissue
associated with multiple sclerosis or metabolic dis-
ease, or that in an ischemic state (20–24).

According to previous studies using PET (25–
31), changes of rCBF, rCMRO2, and rOEF in the
brain tissue have been analyzed in relation to ce-
rebral perfusion pressure (CPP). Although autoreg-

ulation maintains the constancy of rCBF over a
wide range of CPP (25, 26), the rCBF is decreased
when CPP has been lowered about 50 mm Hg by
decreasing the arterial pressure. Despite the de-
crease in rCBF when the CPP is reduced by ap-
proximately 30 mm Hg, the rCMRO2 is still main-
tained or slightly decreased (25), because the
oxygen demand of the brain tissue is compensated
by the increased rOEF. In areas of increased rOEF,
autoregulation and CO2 responsiveness are poor
(30), but brain tissue has viability and reversibility.
If rCBF is decreased further by the reduction of
CPP, the rCMRO2 decreases significantly, because
the oxygen demand of the brain tissue cannot be
compensated by rOEF. This brain tissue state is
considered irreversible (25).

It is important to understand the differences be-
tween deep white matter and the cortical region in
regard to the nature of blood supply. The deep
white matter is supplied mainly by many final mi-
croarteriole of lenticulostriate arteries, which are
variable and independent of one another and that
play separate autoregulatory roles; on the other
hand, the cortex is supplied directly by large pri-
mary vessels and cortical collaterals. An infarction
in deep white matter tends to be spotty, multiple,
and heterogeneous, whereas an infarction in the
cortex is a large lesion. Therefore, ischemic deep
white matter is also considered to be heterogeneous
tissue. In the present analysis, we considered each
ROI from each patient as a separate piece of data,
since each ROI in deep white matter could have a
different blood supply and different ischemic
damage.

Since the FWHM of PET data acquisition is
known to be 6 mm (15), analysis of nominally
smaller ROIs of less than 3 FWHM is meaningless.
We could have selected smaller ROIs on the MTR
maps, but these would have been less useful for
correlation with the PET and MTR data. Thus, in
this study, we used ROIs with a 21-mm diameter,
based on the requirement of PET data analysis. A
small region of CSF contamination might have
been included in some cases, but we believe this
effect was limited and that selected ROIs were lo-
cated primarily in white matter.

The areas classified as group 0 (MTR . 47.22%)
showed normal signal intensity on T2-weighted im-
ages. Regional CBF values ranged from normal to
slightly decreased, and rCMRO2 values were nor-
mal. Therefore, the metabolic profile described by
PET data was normal in this group.

The areas classified as group 1 (MTR values be-
tween 45.77% and 47.22%) were characterized by
decreased rCBF, normal rCMRO2, and increased
rOEF-AI. In this group, the oxygen demand of
brain tissue was partly compensated; and the brain
tissue was thought to be viable and reversible, since
the rCMRO2 measured by PET was maintained
within the normal range (25, 30, 32). We think that
this result has important implications, because the
areas showing a slightly decreased MTR may be
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considered to be in a compromised vasculometa-
bolic state and to remain reversible. Perfusion ther-
apy, such as extra- or intracranial bypass surgery,
is apparently indicated for patients who have le-
sions falling within this group.

Although the exact mechanism of the slight re-
duction of MTR in group 1 was not fully explained,
a subtle constitutional change might occur in cell
membranes, and thus the interaction between free
water protons and macromolecules may be low-
ered. The major source of the MT phenomenon in
white matter is thought to be myelin sheets of ol-
igodendroglia with embedded protein (33). We
could postulate that MTR values from white matter
primarily reflect glial viability, since the major cel-
lular component of white matter is glial cells. On
the other hand, rCMRO2 mostly reflects the meta-
bolic activity of both neurons and glia. However,
the activity of neurons is known to be greater than
that of glia (34), and therefore we could consider
rCMRO2 as the neuronal viability. Hence, the
slightly decreased MTRs and normal rCMRO2 in
group 1 might correspond to the subtle glial dam-
age and intact neuronal tissue due to the mild is-
chemic insult. If the damage means a constitutional
change of myelin, in which the interactions be-
tween free water and macromolecules are less fre-
quent than those in normal tissue, this state may be
potentially reversible. Although we cannot deny the
possibility that the change involves subtle but ir-
reversible microscopic changes, the former state is
more reasonable for group 1, since the oligoden-
drocyte supports oxygen and metabolic supply to
the neuronal cells (34) and this glial function was
still retained in this group according to the result
of rCMRO2. Some studies have suggested the oc-
currence of a constitutional change in myelin and
of the intactness of neuronal tissue in a chronic
ischemic state (11–13, 24, 35).

The areas classified as group 2 (MTR , 45.77%)
were characterized by quantitatively decreased
rCBF and rCMRO2. The state of the brain tissue in
this area was considered irreversible, because the
decreased values of rCMRO2 were demonstrated
absolutely by PET (25, 30, 32). The signal intensity
on normalized T2-weighted images in this area was
increased, which meant that a normal constitution
had not already existed. An irreversible loss of neu-
rons and oligodendrocytes, demyelination, and re-
active gliosis were postulated in this area (36–38).
Finally, by using the MTR technique, we were able
to classify ischemic areas into three groups: nor-
mal, reversible, and irreversible.

The increased rOEF on the lesional side was not
detected with absolute values in a portion of group
1, but we were able to demonstrate this using the
AI technique. Powers et al (18) reported that the
wide range of normal values for absolute measure-
ments with PET makes detection of abnormalities
difficult. Variations of rOEF with absolute values
were found to be greater than those of other param-
eters (39). The use of the AI technique has the ad-

vantage of improving sensitivity in identifying lo-
calized disease (18). Therefore, we think it is
possible to isolate localized abnormalities with the
AI technique. The AI technique, however, allows
the ROI value to be classified only as abnormal and
permits no conclusion about the opposite ROI val-
ue. So, it is worth analyzing not only absolute val-
ues but also those of AI. These combined tech-
niques allow the possibility of demonstrating latent
abnormalities.

A comparison between MTR and rCMRO2 val-
ues is noteworthy. We found that the correlation
between the reduction of MTR-AI and that of r-
CMRO2-AI was statistically significant in long-
standing ischemic brain tissue. Powers and co-
workers (40, 41) found that the rCMRO2 value is
a good indicator of brain tissue viability, indicating
that the MT phenomenon has a close relation to the
viability of ischemic brain tissue and that the re-
duction of MTR could serve as a substitute marker
of brain tissue viability measured by PET.

Conclusion
Compared with MTR values on the contralateral

side, those on the lesional side revealed only a
slight reduction in ischemic brain tissue. The areas
classified as group 1 (MTR between 45.77% and
47.22%) were characterized by a maintained r-
CMRO2 and increased rOEF-AI, which may be
considered as viable tissue in a PET study. On the
other hand, the areas in group 2 (MTR , 45.77%)
had absolutely decreased values of rCMRO2, which
may be considered irreversibly damaged. The cor-
relation between the reduction of MTR and that of
rCMRO2 was statistically significant. MTR mea-
surements in chronic cerebrovascular disease are
useful for detecting hemodynamic abnormalities in
PET.
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