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Age-Related Total Gray Matter and White
Matter Changes in Normal Adult Brain.
Part II: Quantitative Magnetization Transfer
Ratio Histogram Analysis

Yulin Ge, Robert I. Grossman, James S. Babb, Marcie L. Rabin,
Lois J. Mannon, and Dennis L. Kolson

BACKGROUND AND PURPOSE: The magnetization transfer ratio (MTR) is a sensitive and

quantitative identifier of underlying structural changes in the brain. We quantitatively evalu-
ated age- and sex-related MTR changes in global gray matter (GM) and global white matter
(WM) in healthy adults.

METHODS: Fifty-two healthy volunteers (21 men, 31 women) aged 20-86 years underwent
dual-echo fast spin-echo and magnetization transfer imaging performed with and then without
a saturation pulse. GM and WM were distinguished by using a computer-assisted semiauto-
mated segmentation technique. MTR histograms were generated for each segmented tissue in
each subject and compared among age and sex groups.

RESULTS: The mean, median, first quartile, and peak height of the MTR histogram were
significantly lower in the older group (=50 years) than those in the younger group (<50 years)
for both GM and WM. The age dependency of these values can be expressed in a quadratic
fashion over the entire span of adulthood. The MTRs started to decline only after the age of
approximately 40 years in both tissues. No statistically significant differences in MTR histo-
gram measurements between the sexes were observed.

CONCLUSION: The different MTR values for both GM and WM in the two age groups
suggest that notable microscopic changes occur in GM and WM with advancing age, yet no
significant sex-related variations in MTR measurements were found in these neurologically
healthy adults. Such normative data based on the inherent contrast in MTRs are essential in
studies of specific disorders of aging, and they may have implications for our understanding of

the gross structural changes in both GM and WM in the aging brain.

MR imaging has been increasingly used to study nor-
mal brain development in children (1, 2) and age-
related degeneration in adults (3-7) to expand upon
postmortem findings related to the aging process of
the human brain. Relative to the neuropathologic
postmortem measures, MR imaging provides a non-
invasive in vivo approach that avoids the issues of
selection difficulty and bias, artifacts due to brain
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fixation, and potential influences of premorbid brain
disorders or other causes of death inherent with post-
mortem techniques. MR imaging investigations of
aging effects have typically involved the use of T2-
weighted signal-intensity abnormalities (7) and mor-
phologic measures (3-6), and investigators have
observed a range of normal variation in neurologi-
cally healthy men and women. These macroscopic
measures provide a window for monitoring changes in
the intact brain in healthy adults, and they have been
proved useful for assessing abnormal aging in neuro-
logic illnesses (8, 9).

Although conventional MR imaging provides ex-
cellent tissue contrast, it is not sensitive enough to
provide clues to the underlying microscopic mechan-
ics of tissue changes in the aging brain. Recently,
investigators have established the utility of magneti-
zation transfer (MT) imaging in detecting subtle
pathologic changes caused by various brain diseases
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(10-13), including neurodegenerative diseases (14).
MT imaging contrast is generated on the basis of the
exchange of proton magnetization between water
molecules and macromolecules in tissues. More re-
cently, the MT ratio (MTR) histogram (15, 16) has
been increasingly implemented to define a normal-
ized and quantitative measure by using two identical
sequences: one with a saturation pulse and one with-
out a saturation pulse. Although MTR values change
as numerous neurologic diseases progress (10-16),
few reports on the changes of normative MTR values
in underlying separate brain tissues caused by normal
aging have been published.

In a previous article (17), we reported on the mor-
phologic changes that occur in global gray matter
(GM) and white matter (WM) with normal aging. On
the basis of most of the same adult subjects, in this
study we attempted to detect the microscopic changes
in GM and WM due to aging by using MTR histo-
grams. Quantitative MT imaging may offer the clini-
cian another information window to characterize the
time course of underlying tissue changes in the adult
brain.

Methods

Fifty-two of the 54 healthy adult volunteers included in the
previous study (17) underwent MT imaging for this study. Two
subjects (45-year-old man and 80-year-old woman) were ex-
cluded from the previous population because of unqualified
MT images with motion artifacts. We therefore examined 21
men and 31 women aged 20-86 years (mean * SD, 46.1
years = 19.2). The distribution of subjects in each decade was
as follows: 13 in the 3rd decade, 10 in the 4th decade, eight in
the 5th decade, six in the 6th decade, seven in the 7th decade,
five in the 8th decade, and three in the 9th decade. The
enrollment criteria, age, and demographic data were previously
described in part I of this study (17). In general, each subject
underwent a structured clinical interview and physical exami-
nation to exclude any present or past neuropsychiatric illness or
substances abuse disorders. The volunteers had no evidence of
a chronic medical condition, central nervous system impair-
ment, or psychiatric disease in first-degree relatives. All sub-
jects provided written informed consent before their enroll-
ment in the study. Whole-brain GM and WM were segmented
on the basis of axial dual-echo fast spin-echo (FSE) images.
The proton density— and T2-weighted FSE imaging parameters
and the image segmenting process were also described in the
previous article (17).

MT images were acquired by using a 3D gradient-echo
sequence modified by an additional MT pulse (TR/TE, 106/5;
flip angle, 12°) with a 22-cm field of view, 5-mm section thick-
ness, and 128 X 256-mm matrix. MT contrast was achieved by
the application of a 19-ms sinc-shaped radio-frequency satura-
tion pulse during the TR period, with an equivalent flip angle
of 700° applied at a frequency of 1.2 kHz below the water
resonance. Two identical sets of axial images with different
contrasts (one acquired with and one acquired without MT
saturation pulses) were then obtained. The total acquisition
time for MT imaging was 15 minutes 4 seconds (ie, 7 minutes
32 seconds for each). The computation of MTR required both
volume images (segmented GM and WM) and MT images (Fig
1). Because FSE images have higher spatial resolution than
that of MT images, we registered the proton density-weighted
images with the MT images rather than vice versa. Once reg-
istered, the MTR was calculated in each voxel in the GM and
WM by using the following expression: MTR = (Mo — Ms)/
Mo X 100%, where Mo and Ms represent the signal intensity
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of the voxel with the saturation pulse off and on, respectively
(Fig 2).

The MTR histograms for GM and WM were then gener-
ated, and the peak height was normalized by using the number
of voxels with a certain MTR value divided by the total number
of voxels in the entire tissue. Thus, the peak height of the
histogram represents the largest normalized frequency in terms
of one MTR value. More than 50 sections were obtained in
each subject to cover the whole brain. To minimize variation in
the whole-brain parenchyma volume calculations among sub-
jects, we included only those sections from the MR image sets
that started from the section just before that on which the
cerebellum appeared at the bottom and ended with the last
section on which brain was depicted at the top.

An independent-sample ¢ test with a Satterthwaite correc-
tion for unequal variances was used to test differences in the
MTR histogram measurements across age groups (younger
than 50 years versus 60 years or older) and sexes. A Bonferroni
correction was applied so that the family-wise type I error rate
for the age-group or sex comparisons was less than or equal to
5%. Thus, a comparison of any one MTR histogram measure-
ment between either age or sex was statistically significant at a
family-wise significance level of 5% only if the P value of the
relevant ¢ test was less than .05/7, or .0071, where 7 is the
number of histogram measures considered for GM or WM.
The linear association between each MTR histogram measure
and age was assessed by using Pearson product moment cor-
relation coefficients. An association was significant only if the
P value for the correlation was less than the Bonferroni cor-
rected level of .0071. The relationship between age and each
MTR histogram measure was further evaluated by using poly-
nomial least-squares regression. The regression models under
consideration were either linear or quadratic for age. The
quadratic model was fit to permit an assessment of whether the
rate of change in a given MTR histogram measure increases or
decreases with age.

Results

Tables 1 and 2 show the mean and SD for each
MTR histogram measurement and volume of each
age and sex group’s GM and WM, respectively.

Age Effects on MTA Histogram Parameters

To assess age-related MTR histogram changes, we
assigned the subjects to one of two age groups: 20-49
years (n = 31; mean * SD, 32.4 years * 8.6) and
50-86 years (n = 21; mean = SD, 66.3 * 10.3 years).
These two age groups were significantly different with
respect to the GM MTR histogram (Table 1, Fig 3A)
mean (P < .0001), median (P = .006), first quartile
(P < .0001), and peak height (P = .0003). The WM
MTR histogram (Table 2, Fig 3B) mean (P = .0003),
median (P = .0058), first quartile (P = .0002), and
peak height (P = .001) were also significantly differ-
ent between the two age groups. This finding indi-
cated that age-related microscopic tissue structural
changes were present in both GM and WM. Also,
differences in absolute GM and WM volumes be-
tween these two groups were significantly different
(P = .002).

The Pearson product-moment correlation was used
to identify age-predictive effects on the MTR histo-
gram measurements in GM and WM, as shown in
Table 3. Regardless of sex, age was significantly and
negatively associated with the MTR histogram mean,
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Fic 1. Image data sets for calculating GM and WM MTRs by using the image-processing program.
A and B, Dual-echo FSE proton density-weighted (A) and T2-weighted (B) images.
C and D, Images obtained with the MT saturation sequence off (C) and on (D).
E and F, Segmented volume image of GM (E) and WM (F) were generated from original proton density— and T2-weighted images.

median, first quartile, and peak height in both GM
and WM (P = .0004). The results of the regression
analyses summarized in Table 4 show the least-
squares regression to predict the MTR measures,
mean, median, first quartile, and peak height as a
function of age and the R’ value associated with the
prediction model. R? represents the percentage of the
total variance of the MTR measure that is explained
by its association (either linear or quadratic) with age.
The pattern of changes in the MTR histogram mean,
median, and first quartile were similar for the two
tissues; each demonstrated a quadratic pattern with
age (Fig 4) that was statistically significant (P < .012)
and negative. This finding implies that the MTR
mean, median, and first quartile for both global GM
and global WM exhibited a significant change toward
accelerated decline over time among subjects, but
only beyond a certain age (approximately age 40
years). However, the MTR histogram peak height for
both GM and WM did not demonstrate a significant
quadratic pattern with age (P > .21). Instead, the
peak height exhibited a significant linear decline (P <
.002) with no difference in the rates of change with
time.
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Fic 2. Simplified image analysis schematic for the MTR histo-
gram construction.
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TABLE 1: Comparisons of Gray Matter Magnetization Transfer Ratio and Volume Measurements in Different Age and Sex Groups
Mean = SD Mean = SD
Measurements Age <50y Age =50y P Values Female Subjects Male Subjects P Value
Mean (%) 30205 29.3 0.9 <.0001 29.9 = 0.7 29.8 = 0.9 672
Median (%) 31.8 £ 0.6 31.2+0.9 .006 31.6 £ 0.7 314+ 0.9 221
First Quartile (%) 28.3 £ 0.7 269 * 14 <.0001 278 £1.2 276 1.3 579
Third Quartile (%) 343 £ 0.7 343 *+0.7 988 344 0.7 342 *0.7 444
Peak Loc (%) 325 +0.7 329 +0.9 .07 329 +0.8 350+ 0.8 31
Peak HT (X1073) 98.5 = 10.3 86.3 = 12.4 .0003 94.6 = 13.6 92.1 £ 11.2 487
Volume (mL) 708.5 = 96.7 627.0 £ 85.5 .002 642.4 + 89.0 724.5 = 97.0 .004
Note.—Peak Loc indicates location and Peak HT, normalized peak height of magnetization transfer ratio histogram.
TABLE 2: Comparisons of White Matter Magnetization Transfer Ratio and Volume Measurements in Different Age and Sex Groups
Mean = SD Mean = SD
Measurements Age <50y Age =50y P Values Female Subjects Male Subjects P Value
Mean (%) 335 +0.7 326 = 1.0 .0003 33.1+09 331+ 1.1 964
Median (%) 34.7x0.8 34.0 £ 0.9 .0058 345 *0.8 342 *1.0 153
First Quartile (%) 325 *0.8 31412 .0002 32.1 £ 1.1 319 +1.2 .638
Third Quartile (%) 36.4 = 0.7 36.1 = 1.0 .209 36.3 = 0.8 36.2 = 0.8 .803
Peak Loc (%) 35.0 £ 0.7 348 0.9 .35 35.0 0.8 34.8 £ 0.6 31
Peak HT (x107?) 146.6 = 17.3 129.8 = 16.8 .001 141.8 £ 18.7 136.9 = 19.3 .356
Volume (mL) 5042 =723 4474 + 523 .002 4759 =725 489.3 + 67.8 .50
Note.—Peak Loc indicates peak location and Peak HT, normalized peak height of magnetization transfer ratio histogram.
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Fia 3. MTR histograms in younger (< 50 years) and older (= 50 years) groups in healthy adults. The normalized peak height was
significantly lower in the older group in both tissues. Compared with WM, GM has smaller MTR values.

A, Global GM.
B, Global WM.

Sex Effects on MTR Histogram Parameters

Tables 1 and 2 also show sex-related differences in
MTR histogram measurements in GM and WM, re-
spectively. No significant differences between the
sexes were observed in any GM or WM MTR histo-
gram measure at each age. Also, no significant differ-
ences were observed between sexes in terms of the
rates of change in the measures as a function of their
age. However, total absolute GM volumes in male
subjects were significantly larger than those in female
subjects (P = .004).

Discussion

MT theory is based on the interactions between
protons in a free spin environment and protons in an

immobile spin environment. By saturating the immo-
bile spin population (18, 19) (ie, protons bonded to
macromolecular structures such as proteins and
membranes) and then decreasing and transferring the
magnetization to the free spin population (ie, water
pool), a unique MT image contrast is obtained. This
process results in signal intensity loss due to transfer
phenomenon, with a greater loss in regions where
higher concentration of macromolecules (ie, myelin)
occurs. Recently, this loss became quantifiable by
calculating the MTR of saturated and nonsaturated
images and by overlaying the MT images with seg-
mented tissue images. Our results demonstrated sig-
nificant correlations of the MTR histogram measures
for both segmented GM and WM with advancing age
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TABLE 3: Pearson’s Product-Moment Correlations Between Age and Magnetization Transfer Ratio Measurements for Gray Matter and

White Matter

Gray Matter White Matter

Measurements Correlation P Value Correlation P Value
Mean (%) —0.61 <.0001 —0.58 <.0001
Median (%) —0.47 .0004 —0.47 .0004
First Quartile (%) —0.68 <.0001 —0.63 <.0001
Third Quartile (%) 0.02 .90 -0.25 .07
Peak Loc (%) 0.20 .16 —0.24 .08
Peak HT (X107?) —0.59 <.0001 —0.57 <.0001
Note.—Peak Loc indicates peak location and Peak HT, normalized peak height of magnetization transfer ratio histogram.
Table 4: Predictive Value of Age in MTR Measurements of GM and WM
Measurements Rediction Equation R?
GM Mean Mean = 29.1 + 0.067 X Age — 0.001 X Age? 49.10%
GM Median (%) Median = 29.9 + 0.097 X Age — 0.001 X Age? 44.60%
GM First Quartile (%) First Quartile = 27.3 + 0.072 X Age — 0.001 X Age? 55.30%
GM Peak HT (X1073) HT = 111.5 — 0.389 X Age 34.90%
WM Mean Mean = 32.4 + 0.066 X Age — 0.001 X Age? 42.80%
WM Median (%) Median = 33.5 + 0.069 X Age — 0.001 X Age? 32.20%
WM First Quartile (%) First Quartile = 31.4 + 0.071 X Age — 0.001 X Age? 48.80%
WM Peak HT (X10?) HT = 166.5 — 0.561 X Age 32.50%

Note.—Peak HT represents normalized peak height of magnetization transfer ratio histogram. R? is associated with the prediction model and
represents the percentage of the total variance of the magnetization transfer ratio measure that is explained by its association (either linear or

quadratic) with age.
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Fic 4. Regression analysis of MTR means in all subjects with age. Note that both GM and WM MTR means show a quadratic pattern

with age during human adult life.
A, GM.
B, WM.

but not with sex. These correlations included both the
quadratic (mean, median, first quartile) and linear
(peak height) patterns of change. They add to our
prior volumetric data of global GM and WM (17) to
suggest that, in addition to morphologic change, a
microscopic alteration occurs in the neurologically
healthy adult brain with advancing age. These results
also build on information from a previous MT study
of brain development (20) by measuring the MTR in
the adult brain. Moreover, the technological advance-
ments in computer-assisted techniques have permit-
ted achievable tissue segmentation, thereby greatly
improving the utility of the MTR histogram of under-
lying tissues in the brain in clinical settings.

Past studies have revealed that brain undergoes
many structural and biochemical WM changes early
in life. Engelbrecht et al (20) showed a significant
increase in MT contrast from a range of 13-19% to a
range of 34-37% in WM in children aged 1-80
months. This finding is thought to reflect the progress
of myelination, as the total water content of brain
decreases (21) and the amount of cholesterol and
phospholipids increases (22). Although some MT
studies resulted in the generation of global MTR
values in healthy adults, these individuals were used
only as control subjects in studies of WM diseases (10,
12, 15, 16). Few studies have been performed to
carefully examine the MTR values in healthy adults,
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and few groups have detected the microscopic
changes in WM due to normal aging (23). We found
significantly different WM MTR histogram measure-
ments in younger (<50 years) and older (=50 years)
adults, on the basis of the total segmented tissue. The
data presented indicate that clear age-related WM
chemical and structural changes are present in adult
brains; these changes seem to be invisible on conven-
tional MR images. This observation is consistent with
the findings of Hofman et al (23) in which a decreased
mean WM MTR was found with increasing age, and
it is consistent with findings of lower MTR parame-
ters in periventricular hyperintensities in the elderly
(14, 24). This finding also agrees with the results from
a diffusion-weighted imaging study in which frac-
tional anisotropy (a measure for integrity of micro-
structure) in WM significantly decreased with age
(25). These changes are thought to reflect the process
of neurodegeneration (ie, cell death, axon loss, and
myelin pallor with gliosis) (17). However, Mehta et al
(26) found no age dependency of the MTR parame-
ters in deep WM of healthy adults. Two reasons for
this discrepancy are possible. First, Mehta et al mea-
sured MTRs in discrete areas of deep WM rather
than global WM, as in our study, and the areas chosen
can heavily influence the MTR results. For example,
in the study by Mehta et al, the mean MTR ranged
from 31% to 38%. Because MTR histograms are
generated on the basis of each pixel, the statistical
power may be decreased if the subcortical and other
areas of WM are not included. Furthermore, because
most neurodegenerative diseases generally affect the
entire brain, the global measure is thought to be a
better quantitative marker for estimating the net ef-
fects of all kinds of pathologic conditions. Second, the
imaging sequence with which the MT pulses combine
can influence the MT effect (27). Mehta et al (26)
used the T1-weighted sequence, which showed a 50%
relative reduction in the measured MT effect of WM,
compared with proton density-weighted sequence
(28). The addition of an MT pulse to a 3D gradient-
echo protocol in our study could have improved en-
dogenous contrast (29) and resulted in higher MT
effects. However, in the current study, the lower
global WM MTR measurements in healthy older
adults may correspond to long-term tissue loss, which
was suggested in our previous study (17). These
global MTR measures may have potential as tool for
monitoring the disease burden to assess the effects of
drugs and therapy in the state of disease processes, as
shown in some multiple sclerosis studies (30, 31).
The results based on the global GM also indicate
that significant age-related changes affect the MTR
histogram mean, median, first quartile, and peak
height. The MTR measures are sensitive enough to
help detect even subtle differences in GM between
younger and older adults. The decreases in MTR
measures in GM with age may have resulted from the
degenerative changes in myelin and axons in the gyral
cores and subarcuate fibers in the GM (32). The
demyelination and axonal degeneration that appears
in GM may be explained by a neuronal cell body
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disorder (ie, reduced size), which could result from a
decrease in the global cortical metabolic rate in aging
people (33). At the same time, more free-water con-
tent in the enlarged extracellular space would result
in decreased MTR values. However, MT effects for
GM were small compared with those for WM (Fig 3),
perhaps because of the smaller amount of myelin and
axons in the GM; these results are in agreement with
findings from other studies (26, 34).

However, in the current study, we did not find a
significant difference in the MTR histogram peak
location and third quartile for either GM or WM in
the younger and older groups. The MTR histogram in
this study was based on the results of volumetric
analysis. As shown in Figure 3, the mean MTR rep-
resents the average value of all voxels from the total
segmented GM or WM. The peak height (y axis)
represents the largest number of voxels that have the
same MT ratio (peak location) on the x axis. The
lowering of the normalized peak height in older group
compared with that of the younger group in this study
suggests that a greater variation may be present in
tissues of older persons so that the voxels are less
likely to have the modal value in older people. Fur-
thermore, in this and previous studies (15, 16) the
decrease in the peak height was coincident with an
increase in the first quartile, as indicated in Figure 3.
Therefore, the peak height was frequently used as a
marker to reflect the amount of remaining normal
brain tissue in patients compared with healthy control
subjects (12-15), and normalized to adjust for head
size or volume loss. However, significant changes in
the peak location and the 75th percentile of the his-
togram may suggest that the MTRs in a larger num-
ber of voxels in certain segmented tissue have
changed, as shown in the study of normal-appearing
brain tissue in multiple sclerosis (35). This was not the
case in the current study.

As shown in Figure 4, the means of both GM and
WM MTR histograms demonstrated a quadratic re-
lationship with age. The MTR mean, median, and
first quartile of these two tissue types each showed a
slight increase with age until middle adulthood. One
possible implication of this interesting pattern is that
WM maturation or myelination may slowly continue
until around age 40 years, when the MTR measures
(mean, median, first quartile) first begin to decrease.
This finding further confirmed the suggestions of our
volumetric study (17) and other studies (36, 37) in
which the WM volume slowly increases until middle
adulthood, suggesting continued myelination, and de-
generative changes of WM begin only from the mid-
dle of adulthood. However, some inconsistencies ex-
isted regarding the GM change with age between the
volumetric data (17) and the current MTR data. GM
volume was found to decrease linearly with age, be-
ginning in early adulthood (17), whereas GM MTR
changes in a quadratic way and starts decreasing only
after midlife. We found that both GM and WM MTR
had a similar pattern of change with age, which indi-
cated that GM MTR changes are primarily due to the
changes in the small amount of WM within the GM.
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The myelinated process of extended fibers of subar-
cuate and gyral cores might be involved in the aging
process. This finding can also be explained by the
much lower MTR values in GM relative to those in
the WM, because the MTR was considered to be a
sensitive marker for myelin structure changes. How-
ever, in this study, the pattern of change in the MTR
histogram peak height that linearly decreased in both
tissues may suggest constant changes occur with in-
creased variation of MTRs in the brain, either be-
cause of maturation (MTR increase) and an aging
(MTR decrease) process.

However, the MTR measured in the current study
is based on the whole-brain GM and WM. Thus, the
results indicate changes in each brain tissue type as a
whole. In the current study, we did not find significant
sex-related MTR differences for either GM or WM.
The results of our study differ slightly from those
reported by Hofman et al (23) in which the mean
MTR of WM in men was higher than that in women.
The reason for the difference in sex-related effects
between their study and ours is uncertain, but it may
be related to the differences in the WM segmentation
technique. While we used global WM and segmented
it on the basis of 3-mm dual-echo FSE axial images
without gap, Hofman et al (23) used only the part of
brain anterior to the splenium of the corpus callosum
and segmented the WM on the basis of coronal 6-mm
MT images with a 0.6-mm gap. Furthermore, the
mean age of subjects in their study was 10 years older
than the mean age of our subjects. These findings
must be clarified or replicated in further studies, be-
cause previous studies did not reveal significant sex
differences in either T1 and T2 relaxation times (36)
or in diffusion tensor measurements (39) in WM.

Conclusion

Quantitative MT imaging may offer the clinician
sufficient sensitivity and accuracy to characterize the
time course of subtle changes in the adult brain due to
age. The MTR histogram data shown in this study
compare favorably with the data of volumetric mea-
surements from the previous study and further imply
the mechanism of delayed WM volume growing until
the middle of adult life (17). We found significant
decreases in MTR in both GM and WM with advanc-
ing age, but only starting at middle age. The identifi-
cation of such differences would have implications in
understanding and interpreting MTR data in the dis-
eased states.

References

1. Reiss AL, Abrams MT, Singer HS, Ross JL, Denckla MB. Brain
development, gender and IQ in children: a volumetric imaging
study. Brain 1996;119:1763-1774

2. Giedd JN, Snell JW, Lange N, et al. Quantitative magnetic reso-
nance imaging of human brain development: ages 4-18. Cereb
Cortex 1996;6:551-560

3. Coffey CE, Wilkinson WE, Parashos IA, et al. Quantitative cere-
bral anatomy of the aging human brain: a cross-sectional study
using magnetic resonance imaging. Neurology 1992;42:527-536

4. Murphy DGM, DeCarli C, Schapiro MB, Rapoport SI, Horwitz B.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

AJNR: 23, September 2002

Age-related differences in volumes of subcortical nuclei, brain
matter, and cerebrospinal fluid in healthy men as measured with
magnetic resonance imaging. Arch Neurol 1992;49:839-845

. Kikinis R, Shenton ME, Gerig G, et al. Routine quantitative anal-

ysis of brain and cerebrospinal fluid spaces with MR imaging. J
Magn Reson Imaging 1992;2:619-629

. Filipek PA, Richelme C, Kenndy DN, Caviness VS Jr. The young

adult human brain: an MRI-based morphometric analysis. Cereb
Cortex 1994;4:344-360

. Salonen O, Autti T, Raininko R, Ylikoski A, Erkinjuntti T. MRI of

the brain in neurologically healthy middle-aged and elderly indi-
viduals. Neuroradiology 1997;39:537-545

. Jack CR Jr., Petersen RC, Xu Y, et al. Rate of medial temporal lobe

atrophy in typical aging and Alzheimer’s disease. Neurology 1998;
51:993-999

. Barber R, Scheltens P, Gholkar A, et al. White matter lesions on

magnetic resonance imaging in dementia with Lewy bodies, Alzhei-
mer’s disease, vascular dementia, and normal aging. J Neurol
Neurosurg Psychiatry 1999;67:66-72

Loevner LA, Grossman RI, Cohen JA, Lexa FJ, Kessler D, Kolson
DL. Microscopic disease in normal-appearing white matter on
conventional MR images in patients with multiple sclerosis: as-
sessment with magnetization-transfer measurements. Radiology
1995;196:511-515

Prager JM, Rosenblum JD, Huddle DC, Diamond CK, Metz CE.
The magnetization transfer effect in cerebral infarction. A/NR
Am J Neuroradiol 1994;15:1497-1500

Kasner SE, Galetta SL, McGowan JC, Grossman RI. Magnetiza-
tion transfer imaging in progressive multifocal leukoencephalopa-
thy. Neurology 1997;48:534-536

Boorstein JM, Wong KT, Grossman RI, Bolinger L, McGowan JC.
Metastatic lesions of the brain: imaging with magnetization trans-
fer. Radiology 1994;191:799-803

Wong KT, Grossman RI, Boorstein JM, Lexa FJ, McGowan JC.
Magnetization transfer imaging of periventricular hyperintense
white matter in the elderly. AJNR Am J Neuroradiol 1995;16:253—
258

van Buchem MA, McGowan JC, Kolson DL, Polsansky M, Gross-
man RI. Quantitative volumetric magnetization transfer analysis
in multiple sclerosis: estimation of macroscopic and microscopic
disease burden. Magn Reson Med 1996;36:632—-636

Phillips MD, Grossman RI, Miki Y, et al. Comparison of T2 lesion
volume on magnetization transfer ratio histogram analysis and of
lesion burden in patients with multiple sclerosis. AJNR Am J
Neuroradiol 1998;19:1055-1060

Ge Y, Grossman RI, Babb JS, Rabin ML, Mannon LJ, Kolson DL.
Age-related gray matter and white matter changes with aging in
healthy adults, I: Quantitative volumetric MR imaging analysis.
AJINR. eoe.

Forsen S, Hoffman RA. Study of moderately rapid chemical ex-
change reactions by means of nuclear magnetic double resonance.
J Chem Phys 1964;39:2892-2901

Wolff SD, Balaban RS. Magnetization transfer imaging: practical
aspects and clinical applications. Radiology 1994;192:593-599
Engelbrecht V, Rassek M, Presis S, Wald C, Modder U. Age-
dependent changes in magnetization transfer contrast of white
matter in the pediatric brain. A/JNR Am J Neuroradiol 1998;19:
1923-1929

Dobbing J, Sands J. Quantitative growth and development of hu-
man brain. Arch Dis Child 1973;48:757-767

Kinney HC, Karthigasan J, Borenshteyn NI, Flax JD, Kirschner
DA. Myelination in the developing human brain: biochemical cor-
relates. Neurochem Res 1994;19:983-996

Hofman PA, Kemerink GJ, Jolles J, Wilmink JT. Quantitative
analysis of magnetization transfer images of the brain: effect of
closed head injury, age and sex on white matter. Magn Reson Med
1999;42:803-806

Tanabe JL, Ezekiel F, Jagust WJ, et al. Magnetization transfer
ratio of white matter hyperintensities in subcortical ischemic vas-
cular dementia. AJNR Am J Neuroradiol 1999;20:839—-844
Pfefferbaum A, Sullivan EV, Heduhus M, Lim KO, Adalsteinsson
EA, Moseley M. Age-related decline in brain white matter anisot-
ropy measured with spatially corrected echo-planar diffusion ten-
sor imaging. Magn Reson Med 2000;44:259-268

Mehta RC, Pike GB, Enzman DR. Magnetization transfer MR of
the normal adult brain. AJNR Am J Neuroradiol 1995;16:2085-2091
Finelli DA. Magnetization transfer in neuroimaging. Magn Reson
Imaging Clin North Am 1998;6:31-52

Finelli DA. Reed DR. Flip angle dependence of experimentally
determined T1sat and apparent magnetization transfer rate con-



AJNR: 23, September 2002

29.

30.

31.

32.

33.

stants. J Magn Reson Imaging 1998;8:548-553

Melhem ER, Benson ML, Beauchamp NJ, Lee RR. Cervical spon-
dylosis: three-dimensional gradient-echo MR with magnetization
transfer. AJINR Am J Neuroradiol 1996;17:705-711

Rovaris M, Viti B, Ciboddo G, et al. Brain involvement in systemic
immune mediated diseases: magnetic resonance and magnetisation
transfer imaging study. J Neurol Neurosurg Psychiatry 2000;68:170—
177

Filippi M. Magnetization transfer imaging to monitor the evolution
of individual multiple sclerosis lesions. Neurology 1999;53:S18-S22
Ge Y, Grossman RI, Udupa JK, Babb JS, Kolson DL, McGowan
JC. Magnetization transfer ratio histogram analysis of gray matter
in relapsing-remitting multiple sclerosis. A/JNR Am J Neuroradiol
2001;22:470-475

Alavi A, Newberg AB, Souder E, Berlin JA. Quantitative analysis
of PET and MRI data in normal aging and Alzheimer’s disease:
atrophy weighted total brain metabolism and absolute whole brain
metabolism as reliable discriminators. J Nucl Med 1993;34:1681—
1687

34.

35.

36.

37.

38.

39.

AGE-RELATED BRAIN CHANGES 1341

Lundbom N. Determination of magnetization transfer contrast in
tissue: an MR imaging study of brain tumors. A/JR Am J Roentge-
nol1992;159:1279-1285

Ge Y, Grossman RI, Udupa JK, Babb JS, Mannon LJ, McGowan
JC. Magnetization transfer ratio histogram analysis of normal-
appearing gray matter and normal-appearing white matter in mul-
tiple sclerosis. J Comput Assist Tomogr 2002;26:62-68

Yakovlev PI, Lecours AR. The myelogenetic cycles of regional matu-
ration of the brain. In: Minkrowski A, ed. Regional Development of the
Brain in Early Life. Oxford, England: Blackwell; 1967:3-70
Courchesne E, Chisum HJ, Townsend J, et al. Normal brain devel-
opment and aging: quantitative analysis at in vivo MR imaging in
healthy volunteers. Radiology 2000;216:672—-682

Breger RK, Yetkin FZ, Fischer ME, Papke RA, Haughton VM,
Rimm AA. T1 and T2 in the cerebrum: correlation with age, gender
and demographic factors. Radiology 1991;181:545-547

Sullivan EV, Adalsteinsson E, Hedehus M, et al. Equivalent dis-
ruption of regional white matter microstructure in ageing healthy
men and women. Neuroreport 2001;12:99-104



