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capability of conventional imaging modalities (7). The
magnetization transfer ratio (MTR), an index of MT
imaging, reflects the efficiency of the magnetization
exchange between the protons of water inside tissue and
the protons bound to the macromolecules. These
macromolecules decrease when brain tissue disorganiza-
tion occurs owing to demyelination or axonal loss (8).

Over the past a few years, researchers have attempted to
increase the use of MTR in cognitive disorders, and they
have found that MTR of brain tissue correlated well with
cognitive function and it had less overlap between controls
and patients (9 —11). They postulated that brain degenera-
tion in neurodegenerative disorders would be more
accurately reflected by MTR measures than morphologic
changes, since the former could reveal microscopic tissue
changes in the early stages. However, these studies were
not performed in healthy elderly subjects for the assess-
ment of superior methods by which age-related changes
could be depicted more accurately for brain volume
decreases, T2 lesion volumes and MTR, in terms of their
correlation with cognitive performance. Our study was
designed to compare three different measures [the peak
height of the MTR histogram (PHMTR), the percentage of
brain parenchymal volume (PBV), and normalized T2
lesion volume (T2LV)] with each other and between
cognitive groups, and to correlate different measurements
with cognitive performance in the healthy elderly human
brain.

MATERIALS AND METHODS

Subjects
Thirty-five healthy community-dwelling elderly

A

volunteers (20 women, 15 men; age range, 60 —82 years;
mean age, 69.8 years = 5.8) were examined according to a
rigid imaging protocol. The mean age of the female
subjects (69.5 years & 5.6) was not significantly different (p
= 0.71) from the mean age of the male subjects (70.2 years
+5.9). Participants who were enrolled in this study were
screened by means of medical and neurological histories
and physical examinations by an experienced neurologist.
Exclusion criteria included a history of concussive head
injury, long-term steroid use, brain mass, stroke, seizure,
active psychiatric disorder, and active alcohol or substance
abuse. All the participants were clinically stable and
without any acute illness at the time of their entry to the
study. Our institutional review board approved the study,
and written informed consents were obtained from all
participants.

MR Imaging

MR imaging was performed with a 1.5 Tesla Siemens
scanner. Contiguous transverse dual fast spin-echo (FSE)
proton density (PD)-weighted and T2-weighted images
were obtained with 3400/18/90 (TR/TE,/TE,), 3 mm
section thickness (contiguous, interleaved), 22 cm field of
view, 256 X192 matrix, > 50 sections, and an echo train
length of eight. The MT images were acquired using a 3D
gradient-echo sequence (TR/TE, 36/10; flip angle 12°) that
was modified by an additional MT pulse with a 5 mm
section thickness, 22 cm field of view, and 256 x192
matrix. MT contrast was achieved by the application of a
19-ms sync-shaped RF pulse during each TR. Pairs of
consecutive transverse images, one with and one without
the MT saturation pulse, were obtained and interpolated to
a 3 mm section thickness. More than 50 sections were

Fig 1. Segmented volume image of the intracranium (A), cerebrospinal fluid (B), and brain parenchyma (C) from proton density-weighted

and T2-weighted images.
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obtained in each subject to cover the whole brain. To
minimize variations in the volume calculations for the
whole brain parenchyma among subjects, we included only
certain sections from the MR image sets: those images
starting from the section just before the image that showed
the cerebellum at the bottom and ending with the last
section that showed brain at the top. MR imaging of the
brain was performed within 2 days of the neuropsychologi-
cal examinations.

Image Processing

The first (PD-weighted) and second (T2-weighted)
echoes of the FSE sequence and MT image pairs in each
study were transferred electronically to our workstation
for image processing. An automated segmentation
algorithm was applied for brain MR images, and it was
incorporated in a software system called IDL (Version 5.4
Win 32, Research Systems, Inc.).

T2 lesion volume calculations were performed with a
validated semiautomatic computerized method based on
the concept of fuzzy connectedness (12) by using PD- and
T2-weighted image sets. This method has been described
previously and validated in several studies (12 —14).
Parenchyma and CSF volumes also were determined with
the same system (Fig. 1). To summarize, PD- and T2-
weighted images were used for segmentation as follows:
the skull was stripped from the images, and the whole
brain was segmented into CSF and parenchyma using a k-
means cluster analysis (15). Manual editing to exclude any
residual extracranial components followed this automated
process. To normalize for baseline differences in the
intracranial volumes among subjects, an additional
parameter, the PBV (%), was calculated by dividing the
brain parenchymal volume by the sum of the brain
parenchymal volume and CSF volume. Another parame-
ter, the T2LV (%), also was achieved by dividing the T2
lesion volume by the brain parenchymal volume for
interpersonal normalization.

MTR histographic analysis was performed using the
method previously described by van Buchem et al. (16).
Magnetization transfer images were segmented to remove
the extracranial contents. Then, for each voxel, the MTR
was calculated by using the following expression: MTR =
(Mo-Ms)/Mo x100%, where Mo and Ms represent the
signal intensity of the voxel with the saturation pulse off
and on, respectively. The CSF was separated from other
intracranial voxels using a threshold of MTR = 5%. The
MTR histograms for brain parenchyma were then
generated, and the peak height was normalized by using
the number of voxels with a certain MTR value divided by
the total number of voxels for the entire tissue to account
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for variations in head size among the subjects. Thus, the
PHMTR of the histogram represents the largest normalized
frequency (i.e., the largest normalized pixel value among
the spectrum of individual MTRs). An experienced
neuroradiologist performed the image processing and the
calculations. In repeated studies, the coefficients of intra-
and inter-observer variation were shown to be less than
1.5% for the PBV, the T2LV, and the PHMTR.

Neuropsychological Evaluation

Neuropsychological assessments were performed by
using the Korean-Mini Mental State Examination (K-
MMSE) and additional tests of attention, visual memory,
verbal memory, language, visuospatial function and
executive function. The K-MMSE test used in this study
was the revised one derived from the MMSE developed by
Folstein et al. (17), with adjustment for the Korean
language and cultural features (18). Z scores of the K-
MMSE were obtained according to the age and educational
level from the reference values for the Korean population
(19). Subjects (n=12) with a Z score lower than —2 were
considered as cognitively impaired. All of these patients
also met the criteria for “mild cognitive impairment” - a
definition combining the DSM-3 criteria (decreases in
short- or long-term memory, preserved intellect and no
impairment in living function on a day-to-day basis) with
the criteria for age-associated cognitive decline. These are
essentially the same criteria used in several other studies
(9, 10). To develop a better discriminating neuropsycho-
logical subtest, in addition to the K-MMSE test, we used
the following tests to develop composite scores in areas of
attention, visual memory, verbal memory, language,
visuospatial function and executive function: 1) digit span,
2) visual span, 3) Korean Boston Naming Test (K-BNT)

180— - = < K-MMSE > -2
160— . —— K-MMSE < -2

Normalized Voxel Count(10™®)
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Fig. 2. Magnetization transfer ratio (MTR) histograms from
normal subjects (dotted line) and cognitive impaired subjects
(solid line). Normalized peak height of the MTR Histogram is
lower for the cognitive impairment group compared with that of
the normal groups.
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(19), 4) Rey-Osterrieth Complex Figure Test-copy (RCFT-
copy), 5) Korean-California Verbal Learning Test (K-
CVLT) (20), 6) Delayed Rey-Osterrieth Complex Figure
Test (RCFT-delayed recall), and 7) Controlled Oral Word
Association Test (COWAT) (21). These composite scores
were defined as follows: attention score = sum of the raw
scores from two subtests (digit span scores + visual span
scores); language score = raw scores from the short form of
the K-BNT; visuospatial score = raw scores from the the
RCFT-copy; verbal memory score = raw scores from the
K-CVLT; visual memory = raw scores from the RCFT-
delayed recall; and executive function score = sum of the
raw scores from two COWAT subtests (phonetic scores +
category scores).

A clinical neuropsychologist conducted all neuropsycho-
logical testing. The testing was conducted in a quiet room
with minimal visual and auditory distractions. Periods of
rest were provided between testing to minimize the effects
of fatigue.

Statistical Analysis

Statistics were calculated and compared for the different
sex of subjects and between neurocognitive groups using t-
tests. Relationships between age and the three MR
measures were analyzed using Pearson product-moment
correlations. Correlation between the PBV, the T2LV, the
PHMTR and the scores of neurocognitive tests were
analyzed using Spearman correlations. Two-tailed p-values
of less than .05 were considered statistically significant.

RESULTS

Age was significantly correlated with all three measure-
ments (PBV r= —0.44, p = 0.016; T2LV 0.46, p = 0.012;
PHMTR (r = —0.45, p = 0.013). Differences in age and
years of education between the genders were not signifi-
cant. No significant gender difference was observed for the
PBV, the T2LV, and the PHMTR histogram (Table 1).

The K-MMSE scores of the subjects ranged from 15 to
30. The 12 subjects with low K-MMSE scores (< —2) did
not differ significantly from the 23 subjects with normal K-
MMSE scores (= —2), with respect to age or education.
Subjects with low K-MMSE scores, however, had a signifi-
cantly lower PBV (p = 0.02) and PHMTR (p = 0.005), and
a significantly higher T2LV (p = 0.01) (Fig. 2) (Table 2).
An inverse correlation was found between the PHMTR
and T2LV (r = —0.74, p < 0.001), and also between the
PBV and T2LV (r = —0.62, p < 0.001). A positive correla-
tion was observed between the PHMTR and the PBV (r =
0.74, p < 0.001). Scores of the various neurocognitive tests
correlated positively with the PHMTR and the PBV, and
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these scores were negatively correlated with the T2LV, in
which we controlled for age (Table 3).

DISCUSSION

In the past few years, there has been growing interest for
using a MTR histogram to investigate the in vivo dynamics
of brain aging. To our knowledge, however, there have
been only a few studies for the effect of normal brain aging
on MTR histogram measurements in which MTR measure-

Table 1. Characteristics of the Study Subjects

Male Female
(n=15) (n=20) P-value
Age 70.2+59 69.5 +5.6 0.71

Total Education (Years) 8.6+5.3 7.1+52 0.40
PBV (%) 81.5+4.6 82.7£3.7 0.41
T2LV (%) 8.4+4.2 10.7 5.4 0.19
PHMTR ( x10%) 143.4+23.3 146.2+20.0 0.71

Note.—PBV: percentage of brain parenchymal volume, T2LV: normalized
T2 lesion volume, PHMTR: normalized peak height of the MTR histogram

Table 2. Comparison of the MTR Histogram in Different
Neurocognitive Groups

K-MMSE < -2 K-MMSE = -2

(=12) (n=23) P-Value
Age 70.2+6.3 69.0+45  0.57
Total Education (Years) 6.8+5.3 8.4+7.2 0.37
PBV (%) 79.8+3.6 83.3+3.8 0.02
T2LV (%) 12.8+5.0 83+43 0.01
Peak HT ( x<107%) 131.6+22.2 151.9+17.2 0.005

Note. — Neurocognitive groups were generated by their Z score of the K-
MMSE.

PBV: percentage of brain parenchymal volume, T2LV: normalized T2
lesion volume, PHMTR: normalized peak height of the MTR histogram

Table 3. Correlation between the Measurements of Lesion
Burden and Neurocognitive Tests

Measurements of Lesion Burden

Behavioral Measure . .
Correlation Coefficient (p-value)

PBV T2LV PHMTR
K-MMSE 0.39 (<.05) —0.47 (<.001) 0.68 (<.001)
Attention 0.32 (NS) —0.28 (NS) 0.30 (NS)
Language 0.45(<.05) -0.35(NS) 0.43(<.05)
Visuospatial 0.50 (<.05) —0.64 (<.001) 0.66 (<.001)
Verbal Memory 0.48 (<.05) —0.44(<.05) 0.66 (<.001)
Visual Memory 0.32 (NS) —0.44 (<.05) 0.49 (<.05)
Executive Function 0.51 (<.05) -0.48 (<.05) 0.68 (<.001)

Note. — NS indicates not significant at the p = 0.05 level.
PBV: percentage of brain parenchymal volume, T2LV: normalized T2
lesion volume, PHMTR: normalized peak height of the MTR histogram
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ments were found to be sensitive for the detection of age-
related brain tissue changes (22 —24). These previously
performed studies did not address some important issues,
such as the correlation among measurements derived from
conventional MR and MTR histograms or the correlation
between cognitive performances and various MR measure-
ments.

For various neurodegenerative diseases, the superiority
of the MTR histogram has been mentioned to evaluate the
patients’ disease burden (14, 25 —-29). Since the MTR can
reflect microscopic tissue changes as well as macroscopic
changes, calculation of the MTR gives us additional
information that is unavailable with conventional MR.

In the early stages of the aging process, brain changes are
too subtle to be detected on conventional MR, as they start
at a cellular level (loss of macromolecules; i.e., myelin).
Therefore, the MTR values are decreased when the brain
tissues undergo degeneration by the aging process, even
though there is no change recorded on a conventional
MRI. In our study, all three measurements were found to
have correlation with age and with each other, which was
similar to previous reports (23, 24). As shown in Table 2,
all three measurements presented significant differences
between groups divided by the K-MMSE scores, in spite of
a lack of age difference between the two groups. However,
the PHMTR showed a smaller p-value than the PBV and
T2LV. In addition, all three measurements were also
correlated significantly with the K-MMSE and various
other neurocognitive performance scores when there were
no age effects. Among the three methods, the PHMTR has
shown a larger value of the correlation coefficient for the
neurocognitive tests scores than those of the PBV and
T2LV. One possible implication of this interesting result is
that subjects with low neurocognitive performance scores
may have a more accelerated brain aging process than
normal elderly subjects, and those results were reflected
with more sensitivity on the MTR histogram. It is generally
accepted that the PHMTR is one of the most sensitive
values of MTR histograms, and so it can simply and clearly
depict the characteristics of the MTR histogram (14, 23,
25). For this reason, among the several possible values, we
have adopted the PHMTR as the most useful parameter for
MTR histograms. Van der Flier et al. (30) have reported
similar results in their study with normal aging, mild
cognitive impairment, and Alzheimer’s disease. They have
suggested the relative peak height (RPH) for the whole
brain as one of the potent MTR values that were found to
be lower than those of controls subjects with mild
cognitive impairment and Alzheimer’s disease. The RPH is
really about the same value as the PHMTR except for the
normalization reference (the total number of segmented
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parenchymal voxels rather than the total number of voxels
in the entire tissue).

Some inconsistencies, however, exist between the
measurements and individual neurocognitive tests. The
PBV and T2LV, respectively, had two neurocognitive
performance items that did not correlate with statistical
significance, and the PHMTR had one. The attention test
did not correlate with any of the measurements, and the
reason for this inconsistency is uncertain. A major explana-
tion for the differences observed across these studies could
be due to the use of different tests and norms to evaluate
neurocognitive performances.

The methodological problems in our study are mostly
related to the small sample size. Although this study
included subjects randomly selected from a community-
dwelling population, the time-consuming and complicated
tests could have discouraged some subjects to enroll in our
study. Another possible limitation may be related to the
instrument used to evaluate a cognitive domain. The K-
MMSE is a quick and easy measure of cognitive function
that has been widely used in clinical evaluation and
research involving patients with dementia. It assesses
orientation, attention, immediate and short-term recall,
language, visuospatial function, and the ability to follow
simple verbal and written commands. The K-MMSE
provides a total score that places the individual on a scale
of cognitive function. The K-MMSE, however, is unable to
characterize the specific nature of cognitive decline in the
whole brain. Unfortunately, the other neurocognitive tests
used in this study are also not free from this limitation. So,
the need for an adequately powered neuropsychological
assessment method to reflect and validly delineate
cognitive decline with age is apparent.

In conclusion, our findings of a correlation among the
PBV, the T2LV, and the PHMTR suggest that MTR
histograms and the PBV and T2LV can be used as a
reliable method and valid statistical tools, respectively, for
quantifying the total lesion burden in an aging brain.
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