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BACKGROUND AND PURPOSE: Cerebral white matter (WM) hyperintensities are a fre-
quent finding in elderly people, and lowering of cerebral magnetization transfer ratio (MTR)
has been observed. The aim of this study was to assess the relationship between age-related WM
hyperintensities and MTR changes in the brain.

METHODS: We performed MR imaging in a group of young subjects, a group of elderly
individuals with minimal WM hyperintensities, and a group of elderly individuals with abun-
dant WM hyperintensities. In addition, we performed volumetric MTR analysis of the whole
brain and of the normal-appearing WM (NAWM) in these groups.

RESULTS: Volumetric MTR parameters differed between elderly and young patients. Mean
MTR � standard error of the mean (SEM) was 34.0% � 0.12% in the young, 33.0% � 0.08% in
the elderly with minimal WM hyperintensities, 32.8% � 0.09%) in the group with abundant WM
hyperintensities. Peak height (number of voxels � SEM) was 122 � 1.2 in the young, 99 � 1.5
in the elderly with minimal WM hyperintensities, and 98 � 1.6 in the group with abundant WM
hyperintensities. Mean MTR of NAWM was lower in the elderly compared with the young
(36.7% � 0.12%) but did not differ between subjects with minimal (36.0% � 0.11%) and those
with abundant WM hyperintensities (35.9% � 0.13%).

CONCLUSION: Our results show that aging gives rise to changes in normal-appearing brain
tissue. These changes, which can be detected on magnetization transfer imaging, seem to have
no relationship with age-related WM hyperintensities and might have a different etiology.

White matter (WM) hyperintensities are often ob-
served on T2-weighted images of the brain in elderly
subjects. WM hyperintensities occur in about 30% of
healthy subjects older than 60 years, and the preva-
lence of these lesions rises steadily with increasing age
(1). Apart from age, other established risk factors are
female sex (2), aortic atherosclerosis (3), and elevated
systolic blood pressure (4). Furthermore, subjects
with vascular dementia have more WM hyperintensi-
ties than age-matched subjects with good cognitive
function (1).

Magnetization transfer imaging (MTI) is a MR

technique that exploits the transfer of magnetization
between a pool of protons bound to macromolecules
and a pool of free protons (5). The amount of transfer
of magnetization between these pools can be mea-
sured and quantified by calculating the magnetization
transfer ratio (MTR) (6). Demyelinating disorders
have been associated with low MTR values (5).
Hence, the myelin components in the brain are the
macromolecules thought to be responsible for the
MTR abnormalities (7).

Low MTR values have been found in age-related
WM hyperintensities (8–10). Moreover, in brain ar-
eas with a normal appearance on conventional MR
images, MTR values are lower in the elderly com-
pared with younger subjects (11). However, whether
age-related WM hyperintensities and changes in nor-
mal-appearing brain tissue are different manifesta-
tions of the same underlying pathology or whether
they reflect different neurodegenerative processes is
unknown.

The aim of this study was to assess the relationship
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between age-related WM hyperintensities and
changes in normal-appearing brain tissue. We exam-
ined a group of young subjects, a group of elderly
subjects with minimal WM hyperintensities, and a
group elderly subjects with abundant WM hyperin-
tensities to determine 1) whether young subjects have
whole-brain MTR values different from those of el-
derly subjects, 2) whether elderly subjects with mini-
mal WM hyperintensities have whole-brain MTR val-
ues different from those of elderly subjects with a
large load WM hyperintensities, and 3) whether nor-
mal-appearing WM (NAWM) in elderly subjects with
minimal WM hyperintensities has MTR values differ-
ent from those of NAWM in elderly subjects with a
large load WM hyperintensities.

Methods

Subjects
We recruited 11 young, healthy volunteers without a history

of physical or mental disease. Elderly subjects were selected
from the first 225 participants of a randomized clinical trial, the
Prospective Study of Pravastatin in the Elderly at Risk (PROS-
PER) study (12). Inclusion criteria for this study were age
between 70 and 82 years, increased cholesterol level, cardio-
vascular event more than 6 months before inclusion, and risk
factors for vascular disease (smoking, hypertension, or known
diabetes). This study was approved by our institutional review
board, and written consent was obtained from all participants.

In all subjects, we performed MTI and T2-weighted MR
imaging. In the young subjects, no WM hyperintensities were
observed. In all elderly subjects, an experienced rater
(M.A.v.B.) assessed the Scheltens score (13) of the periven-
tricular and deep WM by using a T2-weighted sequence. The
rating for the periventricular region was extended so that le-
sions larger than 10 mm were given a score of 3 points. The
scores for all subdivisions were summed, resulting in a possible
maximum score of 33 points. From the 225 elderly subjects, we
selected a group with minimal WM hyperintensities (Scheltens
score, 5 or less) and a group with a large load WM hyperin-
tensities (Scheltens score, 13 or higher). Figure 1 shows an
example of minimal WM hyperintensities and an example of
more profound WM hyperintensities. Subjects with unusual
age-related changes (eg, excessive atrophy) or subjects with
lacunar infarctions with a diameter larger than 5 mm were
excluded. Fifty-one subjects with minimal WM hyperintensities
and 41 subjects with a large load WM hyperintensities were
identified and included in this study.

MR Imaging
To assess the extent of WM hyperintensities, a dual fast

spin-echo sequence was performed (TR/TE1/TE2 �3000/27
and 120, echo train length � 10, 3-mm section thickness, no
intersection gap, 256 matrix, 220-mm FOV, 80% scanning
percentage). MTI was performed by using a three-dimensional
(3D) gradient-echo pulse sequence (TR/TE � 106/6, 12° flip
angle, 5-mm section thickness, 256 matrix, 220-mm FOV, 50%
scanning percentage) (14). Two consecutive sets of axial images
were acquired: The first was obtained without a radio-fre-
quency saturation pulse, and the second was obtained in com-

FIG 1. T2-weighted images in two subjects. Segmentation was done on a section above the ventricles (B and E). In C and F,
segmentation of NAWM is shown.

A–C, Subject with few WM hyperintensities.
D–F, Subject with more extensive WM hyperintensities.
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bination with a radio-frequency saturation pulse (sinc-shaped,
1100 Hz downfield of H2O resonance).

Postprocessing
For postprocessing of MT images, 3DVIEWNIX semiauto-

mated software (Department of Radiology, Hospital of the
University of Pennsylvania, Philadelphia) was used. A detailed
description of this procedure has been published (6). In short,
the following steps were performed: semiautomated segmen-
tation of the intracranial volume from the 3D MTI study,
automated calculation of MTR values for each intracranial
voxel, and automated display of all voxels representing the
brain as an MTR histogram. MTR was defined as the percent-
age of change in signal intensity between the images with (Ms)
and those without (M0) the saturation pulse by using the fol-
lowing equation: MTR � [(M0 � MS)/M0] � 100%.

Pixels with an MTR value lower than 20% were defined as
belonging to the CSF (15). From the MTR histogram the peak
height was derived. In addition to lesion load, this parameter
depends on physiologic differences in brain size; therefore, it
was normalized for brain volume by dividing the individual
MTR histogram bins by the total number of brain voxels (16).
The normalized MTR histogram peak height (number of vox-
els) was presumed to represent the integrity of the brain,
irrespective of physiologic and pathologic differences in brain
size (17).

Besides the volumetric MTR analysis of the whole brain, we
also performed a regional analysis of the NAWM. We analyzed
the centrum semiovale in the second section above the lateral
ventricles to prevent the inclusion of CSF in the ventricles and
sulci due to partial volume effects. We selected NAWM by
manually segmenting out WM hyperintensities. Figure 1 shows
two examples of this segmentation. In the NAWM, we assessed
the mean MTR because the relative low number of voxels
incorporated in this regional analysis peak height could not be
assessed reliably. The reproducibility of mean MTR measure-
ments in NAWM by using the manual outlining method was
assessed by calculating the intraclass correlation coefficient by
performing the outlining in 10 subjects three times. The intra-
class correlation coefficient for this method of selecting the
NAWM was 0.95.

Statistical Analysis
To assess differences of volumetric and regional MTR pa-

rameters between study groups, unpaired t tests were used.
SPSS (SPSS, Inc., Chicago, IL) statistical software was used for
all tests. P values � .05 were considered to indicate a significant
difference.

Results

Table 1 shows the baseline characteristics of the
three study groups. Among the elderly, 51 subjects
had a Scheltens score of 5 or less, and 41 subjects had
a Scheltens score of 13 or more. As expected, we
found a small difference in age between the group of
elderly with minimal WM hyperintensities and the
group of elderly with a large load of WM
hyperintensities.

In young subjects, the normalized peak height of
the MTR histogram was 122. In elderly subjects with
minimal WM hyperintensities, the peak height was
99, and in elderly subjects with extensive WM hyper-
intensities, it was 98 (Table 2). Differences in peak
height between the young subjects and both groups of
elderly subjects were significant (both P � .005).
However, no difference in peak height was observed
between the elderly group with minimal WM hyper-
intensities and the elderly group with extensive WM
hyperintensities (99 vs 98, P � .37). We observed
similar differences between the groups with respect to
the mean MTR value of the whole brain (Table 2).

In young subjects, the mean (� standard error of
the mean)MTR value of the NAWM was 36.7% �
0.12%. In elderly subjects with minimal WM hyper-
intensities, the mean value was 36.0% � 0.11%, and
in elderly subjects with extensive WM hyperintensi-
ties, it was 35.9% � 0.13% (Table 2). Differences
between the young subjects and the two groups of

TABLE 1: Descriptive details of the study population

Detail
Young Subjects

(n � 11)

Elderly Subjects

Minimal WM Hyperintensities
(n � 51)

High WM Hyperintensities
(n � 41)

Mean age � SD (y) 25.9 � 4.0 73.8 � 3.4 75.6 � 2.9
Sex

Men 2 (18) 18 (35) 24 (59)
Women 9 (82) 33 (65) 17 (41)

Median Scheltens score 0 3 (0–5) 20 (13–33)

Note.—Data in parentheses are the percentage or range. SD � standard deviation.

TABLE 2: MTR details of the study population

MTR

Elderly Subjects

Young Subjects
(n � 11)

Minimal WM Hyperintensities
(n � 51)

High WM Hyperintensities
(n � 41)

Whole brain
Peak height (voxels � SEM) 122 (1.2) 99 (1.5)* 98 (1.6)*
Mean MTR (% � SEM) 34.0 (0.12) 33.0 (0.08)* 32.8 (0.09)*

NAWM mean (% � SEM) 36.7 (0.12) 36.0 (0.11)* 35.9 (0.13)*

* Significant difference between group and young subjects (P � .05).
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elderly subjects were significant (both P � .005).
However, the difference between the two elderly
groups was not significant (P � .93). In an additional
analysis, we assigned each of the elderly subjects in
one of three subgroups according to Scheltens score.
We found no differences in the mean MTR of the
NAWM among any of the subgroups (Fig 2).

Discussion
To our knowledge this is the first report of an

association between WM hyperintensities and MTR
abnormalities in normal-appearing brain tissue in the
elderly. We made three observations. First, volumet-
ric MTR values of the whole brain differed between
young subjects and elderly subjects. Second, using this
volumetric approach, we found no differences be-
tween elderly subjects with minimal WM hyperinten-
sities and elderly subjects with a high load of WM
hyperintensities. Third, performing regional MTR
analysis of NAWM, we observed no differences be-
tween the two groups of elderly subjects with different
loads of WM hyperintensities. If WM hyperintensities
were responsible for the age-related volumetric MTR
changes that we observed in the brain, differences in
MTR values would have been expected between the
elderly subjects with extensive and those with minimal
WM hyperintensities. Because we did not observe
such a difference, the presence of WM hyperintensi-
ties cannot explain these volumetric MTR changes.
Also, because MTR measurements in NAWM repro-
duced the difference between young individuals and
elderly individuals, it is clear that changes outside the
WM hyperintensities—and thus located in normal-
appearing brain tissue—must be responsible for age-
related changes in MTR. Furthermore, the lack of
association between the load of WM hyperintensities
and the amount of abnormalities in NAWM suggests
that WM hyperintensities and abnormalities in
NAWM have different etiologies.

Young versus Old Subjects
Several other authors have described the difference

in MTR values of the NAWM between young sub-
jects and elderly subjects (11, 18–20). In a group of
healthy volunteers aged 16–55 years, Silver et al (11)

found a small but significant age-related decline in
MTR in the corpus callosum and the hemispheric
WM. Their study was carefully conducted to ensure
that WM hyperintensities or gray matter were not
included in the MTR measurement. Three other
studies (28–30) revealed a decline in volumetric
MTR with increasing age in. However, whether WM
hyperintensities were incorporated in the analysis or
not was unclear.

WM Hyperintensities
The etiology of age-related WM hyperintensities is

incompletely understood. Apart from age, other es-
tablished risk factors include aortic atherosclerosis
(3) and elevated systolic blood pressure (4). These
risk factors corroborate the view that vascular factors
lead to hypoperfusion and ischemia, which eventually
cause WM hyperintensities (1). Interestingly, pathol-
ogy studies have shown that WM hyperintensities that
look homogeneously on MR imaging have different
histologic features. Braffman et al (10) found that
WM hyperintensities consist of WM infarctions, WM
gliosis, and plaques of demyelination. Fazekas et al
(9) found a spectrum of perivascular tissue damage,
including perivascular demyelination, fibrosis, and
edema. In patients with Alzheimer disease, Scheltens
et al (8) found loss of myelinated axons in the WM
hyperintensities. Moreover, the observation that the
MTR of WM hyperintensities is lower than the MTR
of NAWM (21–25), indicates a lower concentration
of macromolecules in the WM hyperintensities, which
is consistent with the various histologic findings.

Normal-Appearing WM
Our finding of a lower MTR in the NAWM is in

agreement with the findings of Bronge et al (26).
They compared histologic sections with MR sections
and observed that abnormal areas on histologic sec-
tions were 54% larger than the area with increased
signal intensity on T2-weighted MR images. The his-
tologic changes in the area with a normal signal in-
tensity on T2-weighted images were less severe than
those observed in the area with increased signal in-
tensity. Still, a lower intensity of myelin staining was
observed in the area that appeared normal on MR
imaging. Because MTI is more sensitive to demyeli-
nating lesions than conventional MR imaging tech-
niques, it comes as no surprise that MTI seems capa-
ble of depicting such demyelinating lesions in the
NAWM in the elderly.

Etiology
Why do our findings suggest that WM hyperinten-

sities and the changes on MTR in the NAWM have a
different etiology? If one etiology causes WM hyper-
intensities and MTR changes in the aging brain, the
presence of WM hyperintensities and MTR changes
should be correlated. Because we did not find such a
correlation, we believe that each of these changes
must have a different etiology. Firbank et al (28)

FIG 2. Mean MTR values in elderly study subjects, stratified by
Scheltens score. Error bars � SEM.
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found an association between the burden of WM
hyperintensities and the diffusivity of the NAWM,
which suggests a common etiology of WM hyperin-
tensities and changes in NAWM. This observation is
not in line with our findings. A couple possible expla-
nations might be responsible for this apparent dis-
crepancy. First, the technique of their segmentation
differed from ours. They mentioned a possible inclu-
sion of WM hyperintensities in the segmented
NAWM, whereas we did not include any WM hyper-
intensities in the NAWM. Second, their population
differed from ours in that our cohort included more
people with a high burden of WM hyperintensities.
Therefore, we were able to compare two extreme
groups, which made our data more robust.

The group of elderly with minimal WM hyperin-
tensities was 1.8 years younger than the group of
elderly with extensive WM hyperintensities. We be-
lieve that this difference did not influence our find-
ings. If the difference in age between these two
groups influenced our findings, the older age in the
elderly group with extensive WM hyperintensities
would have caused the mean MTR of the NAWM to
be lower than that of a younger group of elderly
people with minimal WM hyperintensities. Because
such a difference was not observed, the small age
difference between these two groups seemed irrele-
vant to our findings and conclusions.

Conclusion
Age-related WM hyperintensities and age-related

MTR changes in NAWM are likely to have different
etiologies. Histologic bases, risk factors, and func-
tional correlates of the MTR changes in the NAWM
remain to be determined. Our findings may lead to a
better understanding of changes in the brain associ-
ated with aging.
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