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Age-Related, Regional, Hemispheric, and
Medial-Lateral Differences in Myelin Integrity

in Vivo in the Normal Adult Brain

Carol L. Armstrong, Elfrides Traipe, Jill V. Hunter, John C. Haselgrove, George E. Ledakis,
Emily M. Tallent, David Shera, and Mark A. van Buchem

BACKGROUND AND PURPOSE: Clinical validation of magnetization transfer (MT) imaging
is important for investigating clinical disease and organization of normal brain function. We
determined whether an in vivo quantitative measure sensitive to white matter is distributed in
functionally important ways.

METHODS: Axial 1.5-T MR images with and those without MT were obtained. MT ratios
(MTRs) were computed for 33 regions of interest (ROIs) in 27 healthy adults (aged 18–69
years) without evidence of cognitive or radiographic abnormalities. Three tests of reliability
yielded coefficients above 0.97. MTRs for the whole brain, groups of structures, and individual
ROIs were calculated. Low standard errors confirmed the consistency of the technique.

RESULTS: Age, education, sex, and hand dominance were not correlated with whole-brain
MTR (mean � 37.35, SD � 1.25), but age was associated with the cerebellum and some lobes
at a trend level. MTRs were as follows, in descending order: corpus callosum, cingulate, white
matter, brain stem, subcortical nuclei, and cerebellum. MTRs were selectively higher in the
prefrontal lobe versus the posterior frontal lobe and in the lateral temporal lobe versus medial
temporal lobe. MTR was higher in the left hemisphere than in the right hemisphere for the
whole brain, frontal and temporal lobes, and lenticular nuclei.

CONCLUSION: MT imaging showed selective age, medial-lateral, and hemispheric differ-
ences, giving evidence of normal aging effects on the white matter in the absence of T2- weighted
hyperintensities. These differences support neurocognitive theories of the organization of brain
function. MT imaging appears to be a robust technique for use in cognitive neuroscience.

There is burgeoning interest in understanding the
white matter (WM) of the brain, how to measure it
quantitatively, and its functional importance (1–6).
Studies have shown that WM is primarily responsible
for aging-related brain loss based on the greater vol-
ume reduction of myelinated nerve fibers than of

nerve cells (7–10). In this study, we sought to examine
the functional implications of regional differences in
the distribution of myelin in the brain by using mag-
netization transfer (MT) imaging. Previous studies of
healthy cohorts analyzed the MT ratio (MTR) histo-
grams of the WM for the whole brain by using semi-
automated segmentation methods (11–14) or hand-
placed, small, circular, or regular regions of interest
(ROIs) (15–18). We sought to measure in greater
detail the regions of the brain most vulnerable to
ischemic and demyelinating damage, for the original
purpose of comparing the findings with those of pa-
tients who received brain radiation therapy. We in-
cluded a greater number of ROIs than previous stud-
ies did and sampled structures more completely to
examine the clinical validity of MTR for its sensitivity
to WM and cognition.

MT imaging is a technique that is sensitive to the
exchange of magnetization between a pool of free
protons and a pool of protons that are bound to
macromolecules. The amount of this exchange can be
quantified by calculation of the MTR (19), defined as
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a value of percentage. Exogenous cellular compo-
nents are the major contributors to the MT effect in
brain tissue, and therefore the concentration and in-
tegrity of myelin is reflected in MTR values (16, 20,
21). The MTR is the quantitative measure of the
amount of MT that occurs between the bound and the
mobile water molecules in a given ROI. Normal WM,
because of its dense structure of primarily lipids, has
a higher MTR than GM, which is about 10% of WM
structures (12) and not different from unmyelinated
WM in the pediatric brain (17).

Several studies of regional variations in MTR in
healthy subjects have been done. Higher MTR is
hierarchically distributed with highest values in the
corpus callosum; the central and subcortical U fibers
of the frontal, temporal, parietal, and occipital lobes;
the pons; and the subcortical structures that contain
myelinated WM fibers (15, 18). The subcortical nuclei
(ie, basal ganglia and thalami) have reliably lower
MTR. In the study by Mehta et al (15), the thalamus
had the highest value of the gray matter (GM) struc-
tures (cortical and subcortical) because of the pres-
ence of myelinated WM fibers related to its cortical
connectivity. To our knowledge, lateralization of
MTR has been examined only once previously (18),
and although not significant, values were consistently
higher in left than in right WM regions. No hemi-
spheric lateralization of MTR was found in relation to
hand preference.

Although the greatest regional differences in WM
reflect lesion burden, normal aging effects in MTR
are greater in children than in adults, and they have
been related to myelination and, more specifically, to
the concentration of galactocerebrocides (17). MT
can measure the increasing heterogeneity of the ma-
turing brain (22), and greatest regional differences
are found in the tracts projecting to the primary
cortical areas (16). Age-related differences in adults
are more controversial. Mehta et al (15) reported no
age-related differences in the MTR of any brain
structure among adult age-defined groups, although
the data show increasing values in their group of
adults aged 21–78 years whose MR images did not
show hyperintensities. In contrast, other studies have
reported a decrease in MTR with age in older adults
(11–13, 18).

In studies that examined MTR in relation to cog-
nitive function (13, 14, 23), the MTR was sensitive to
cognitive burden (14) or more sensitive than cognitive
measures to normal aging effects (13). MTR was sen-
sitive to early neurodegenerative changes in the tempo-
ral lobe, as it was indistinguishable in older adults with
mild cognitive impairment and in patients with Alzhei-
mer disease, and values for the whole brain and frontal
lobe were generally between those of the Alzheimer and
healthy control groups (14). If MTR is sensitive to rel-
atively small differences in cognition, differences in my-
elin integrity might be discernable in brain structures
that are instrumental for rapid sequential processing,
such as language and movement.

In this study, we reexamined demographic variables,
hemispheric differences if any, and possible differences

between the mesial and lateral regions of the WM of the
cerebral lobes. We expected any differences found to be
consistent with the known neurocognitive functions of
the implicated brain regions. We hypothesized that re-
gions of the left cerebral hemisphere that are domi-
nantly involved in language processing would have a
higher MTR because of their reliance on the rapid
temporal variations of language sensory signals (24) and
also because of the sequencing demands of processing
language at other levels (morphologic, sentence level).
Histologic evidence of this notion (1, 25) is that the
increased length of the left posterior superior temporal
gyrus, associated with dominant linguistic functions, is
due to thicker myelin rather than to increased glial
proliferation, neural density, or axonal diameter. Fi-
nally, we compared central areas of subcortical WM
with lateral areas and hypothesized that MTR is higher
in lateral areas because of relatively greater volume of
WM from cortical-cortical fiber associations than the
lesser cortical-subcortical connectivity of the limbic ar-
eas of the central or mesial portions of the lobes.

Methods
Subjects.—Adults were screened by using a neurodiagnostic

interview with health history, neuropsychological, and neuro-
radiologic examinations to serve as healthy control subjects in
studies of patients with brain tumors. Relatives of patients and
known members of the community were recruited. To prospec-
tively examine the dependence of the MTR on demographic
variables and its validity for studying WM based on regional
variations, we used highly selective inclusion criteria to identify
healthy subjects. Exclusion criteria included the following: 1)
structural abnormalities on T2-weighted or other MR images,
2) history of neurologic comorbidity, 3) psychiatric comorbid-
ity, 4) learning disability, 5) history of head injury, 6) cardio-
vascular disease, 7) pulmonary disease, 8) use of medications 9)
diabetes, 10) history of cancer, 11) history of substance abuse,
12) autoimmune disorder, and 13) renal failure or any other
disorder that could cause cerebral ischemia. One subject was
excluded because of poor memory performance on examina-
tion and a history of mild head injury in his youth, although his
MR images were normal. Another subject had a benign pineal
cyst but was not excluded. This process resulted in a group of
27 healthy subjects aged 18–69 years (mean, 41.07 years; SD,
15.80; median, 41 years). The age distribution by decade was as
follows 18–19 years, n � 2; 22–29 years, n � 7; 31–38 years n �
4; 41–49 years, n � 6; 52–57 years, n � 3; and 61–69 years, n �
5. Education ranged from 10 to 20 years (mean, 16.33 years;
SD, 2.96), 44% were male and 56% were female, and 89% were
right-hand mixed dominant versus 11% left-hand mixed dom-
inant (as determined by interview).

Image Acquisition—All MR studies were performed by using
a 1.5-T whole-body system (Vision; Siemens Islin, NJ) with a
standard quadrature head coil. For the magnetization studies,
two image sets were acquired. These were identical except for
the the standard magnetization pulse. The first set of images
was completed with the magnetization pulse on, and the second
set was acquired with the pulse turned off. Parameters were as
follows: gradient-echo sequence (fast low-angle shot
[FLASH]), TR/TE � 1200/10; flip angle � 30°; 31 sections
3-mm thick; section gap, 1.5 mm; and matrix, 128 � 256). The
field of view was adjusted to give the best resolution for the
particular patient and was in the range of 220–230 mm.
The MT pulse was the standard MT pulse, which consisted of
a 1.5-m/s pulse applied 1.5 kHz off-resonance.

Regions of Interest.—ROIs were chosen on the basis of vul-
nerability to ischemic injury and demyelination, as related to

978 ARMSTRONG AJNR: 25, May 2004



the parent study of the damaging effects of radiation therapy
on the brain (26, 27). The boundaries for cerebral structures
were defined by Brodmann areas (BAs) by using Damasio and
Damasio’s templates (28) with cytoarchitectonic markings cor-
responding to the horizontal plane (parallel to the inferior
orbitomeatal line). This was useful to differentiate the limbic
areas of the temporal and parietal lobes that defined the mesial
and lateral portions of these lobes and also the motor and
prefrontal areas of the frontal lobe that defined the posterior
and prefrontal lobes, respectively. The selected ROIs were the
WM of the left and right hemispheres and subcortical struc-
tures, as follows: 1) Prefrontal, anterior to frontal horns of
lateral ventricles (BAs 8–12, 25, 32, 46, 47); 2) posterior fron-
tal, the remainder of frontal lobes and centrum semiovale (BAs
4, 6, 44, 45); 3) anterior cingulate cortex (BAs 24, 33); 4)
posterior cingulate cortex (BAs 23, 31); 5) medial temporal
lobe, mesial to the temporal horn of the lateral ventricle,
including hippocampus (BAs 27, 28, 34, 38); 6), lateral tempo-
ral lobe, lateral to the temporal horn of the lateral ventricle
(BAs 20–22, 35–37, 41, 42); 7) medial parietal lobe, medial to
lateral ventricles (mesial areas of BA in lateral parietal lobe
and 26, 29, 30); 8) lateral parietal lobe, lateral to the lateral
ventricles (BAs 1–3, 5, 7, 39, 40); 9) occipital lobe (BAs 17–19);
10) lentiform nucleus (globus pallidus and putamen); 11) head
of the caudate; 12) thalamus; 13) internal capsule; 14) genus of
the corpus callosum (not hemispheric); 15) body of the corpus
callosum (not hemispheric); 16) splenium of the corpus callo-
sum (not hemispheric); 17) cerebellum; and 18) brain stem.
CSF was also measured.

A whole-brain MTR was computed by using the means of all
ROIs. The ROIs were weighted by region size. For analyses,
ROIs were grouped into WM structures (frontal, temporal,
parietal, and occipital regions); anterior and posterior portions
of the cingulate; segments of the corpus callosum; subcortical
nuclei and related structures (basal ganglia, thalamus, and
internal capsule); cerebellum; and brain stem. Bonferroni cor-
rections were made for all multiple comparisons. Results were
significant when P � .05 was divided by the number of regions
in a comparison.

Image Postprocessing.—Images were transferred to a work-
station (Sparc 1300; Sun Microsystem Santa Clara, CA), where
processing was performed by using programs written with pro-
gramming language IDL (Research Systems Inc, Boulder CO).
Both a neuroradiologist (E.T.) and a research fellow (G.L.)
trained by a licensed neuroradiologist (J.H.) observed and
outlined the images. Outlining the ROIs was done on the
non-MT, T2-weighted images. The T2-weighted (spin-echo)
images were used to position the ROIs on the data matrix, and
the ROIs were then automatically translated to the MT images
for computation of MTR by using an in-house software routine.
We included only the WM, avoiding sulci and leaving a sur-
rounding rim of WM/GM gradation to minimize the partial
volume effect from GM or CSF (Fig 1). While prior groups
used regular ROI shapes, we outlined the form by keeping to
WM boundaries or the boundary of the subcortical GM
nucleus.

Inter-rater reliability was calculated as an intraclass correla-
tion coefficient of 0.999, revealing no significant difference
between the observers in this study. Because the outlining was
dependent on subjective observation, we also examined the
potential differences in the observer’s perception of the bound-
ary of WM. We examined inter-rater reliability by postprocess-
ing the data twice, by one observer using a more liberal ap-
proach to defining an ROI (including smaller margins around
ROIs and therefore a greater amount of WM area sampled
from the ROI), and another observer using a more conserva-
tive approach (including a larger rim around WM at the ex-
pense of total area sampled) to avoid partial-volume effects.
This comparison was made for 132 ROIs; that is, all ROIs for
two cases. Results again did not differ (intraclass correlation
coefficient � 0.999). A third reliability study was conducted to

determine if equivalent values could be calculated by using the
MT sequence in the same individual on two dates. One subject
was re-imaged a few weeks after an initial session, and the
intraclass correlation coefficient of 0.977 was considered ac-
ceptable.

MTRs were calculated as percentages on a pixel-by-pixel
basis from the intensities of the images with (Im) and those
without (Io) the MT pulse by using this equation: MTR � 100
(Io – Im)/Io. Although any of the three images (Io, Im, MTR)
could have been used to define ROIs from which the program
calculates the mean, SD, and area of the MTR, both technical
processors consistently used the Io image.

Mean MTR and its SD were calculated for an ROI on each
imaged section where the ROI was visible, for up to 28 sections
of 3-mm thickness. Ultimately, the MTR means and SDs used
for analyses represented all calculated pixel values for an ROI
or those weighted by area for individual and combined ROIs.

Analysis.—We computed association of mean signal inten-
sity and area of each ROI with age, stratified age, education,
hand dominance, and sex by means of either correlation coef-
ficients or t tests, as appropriate. The ROIs were grouped into
six sets of related regions and a multivariate analysis of vari-
ance (MANCOVA) was run to compare the sets. Lastly, we
checked for medial-lateral, anterior-posterior, and hemispheric
effects between ROIs by use of paired t tests. Bonferroni
adjustment of the test level was incorporated to avoid excessive
false-positive results.

Results
Associations of Demographic Variables with MTR for

Brain Regions.—The whole-brain MTR was normally
distributed, with a mean of 37.35 (SD � 1.25) and a
range of 35.3–40.23. Age was not significantly corre-
lated with the MTR mean for the whole brain (r �
0.06, P � .78). To further examine age effects, sub-
jects were stratified into a younger group (age 18–38

FIG 1. ROI outlining method.
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years; n � 13; five male, eight female) and an older
group (age 41–69 years; n � 14; six male, eight fe-
male). Student t tests demonstrated no differences in
either the mean MTR for all ROIs (younger mean �
39.31, SD � 4.67; older mean � 40.90, SD � 5.12; not
significant) or the mean for the WM ROIs (younger
mean � 39.98, SD � 3.71; older mean � 40.90, SD �
3.16; not significant). However, the two groups were
different in the mean WM ROI area, as observed by
a single neuroradiologist (E.T.) who was blinded to
the subject’s age (younger mean � 57.99 mm2, SD �
20.94; older mean � 39.19 mm2, SD � 14.02; P �
.005). In addition, age was not significantly associated
with the major groupings of WM and subcortical
ROIs, with the exception that older age was signifi-
cantly associated with lower MTR in the cerebellum
(r � �0.48, P � .01). However, trends for positive
correlation of age and MTR were found in the cin-
gulate (r � 0.42, P � .03) and cerebral WM (r � 0.37,
P � .06). Among the cerebral WM regions, trends for
positive correlations with age were found for the left
(r � 0.41, P � .04) and right (r � 0.40, P � .04)
occipital lobes and for the right temporal lobe (r �
0.36, P � .06).

Education was unrelated to whole-brain and other
regional groups of ROIs, except for a moderate cor-
relation of higher education with higher MTR in the
cerebellum (r � 0.49, P � .01). Hand dominance
showed no association with whole brain, cortical, cor-
pus callosal, subcortical, cerebellar, or brain stem
MTR values, although there were only three of 27
lefthand- or mixed-dominant individuals. We also ex-
amined whether hand dominance was related to
higher contralateral MTRs. No effect of hand domi-
nance was found: The right-hand–dominant group
had nonsignificantly higher left than right whole -pain
and cortical MTRs, as did the small non–right-hand–
dominant group. No significant sex differences were
found in MTR for whole brain or for groupings of
ROIs.

Hierarchy of MTR among Anatomic Structures.—
The brain was segmented as described earlier and
grouped into six sets of related structures: 1) seg-
ments of the WM of the cerebral lobes combined
(frontal, temporal, parietal, occipital), 2) segments of
the corpus callosum combined (genus, body, splenium),
3) WM of the anterior and posterior cingulate gyrus
combined, 4) subcortical nuclei and structures com-
bined (lentiform nuclei, heads of the caudates, thalami,
and internal capsules), 5) cerebellum, and 6) brain stem.
MANOVA confirmed that these groups varied signifi-
cantly in MTR value, with F (4, 104) � 181.02 and P �
.0001. Mean MTRs � SDs were as follows, from highest
to lowest: corpus callosum, 39.99 � 1.51; cingulate gyri,
39.87 � 1.89; WM, 38.61 � 1.47; brain stem, 37.62
�1.36; subcortical nuclei and GM, 36.58 � 1.26; and
cerebellum, 31.93 � 1.66 . MTRs for the WM of the
cerebral lobes were also hierarchically distributed, with
F (3, 78) � 8.08 and P � .0001. Values were as follows:
frontal, 38.93 � 1.51; parietal, 38.87 � 2.09; occipital
38.67 � 1.65; and temporal, 38.06 � 1.47. The subcor-
tical structures varied significantly, with F (3, 78) �

334.75 and P � .0001. Values from highest to lowest
were in the internal capsules, thalami, and caudate, to
the lentiform nuclei (Table 1).

Medial-Lateral and Anterior-Posterior Differences in
MTR.—Medial or central versus lateral areas of three
of the cerebral hemispheric WM regions were com-
pared (Table 1). MTRs were significantly higher in
the prefrontal versus posterior part of the frontal
lobes, with F (1, 26) � 30.37 and P � .0001, and in the
lateral versus medial part of the temporal lobes, with
F (1, 26) � 35.08 and P � .0001. However, no differ-
ence was found in the lateral versus medial part of the
parietal lobes; F (1, 26) � 0.271 and P � .61. No
significant difference in MTR was found in the ante-
rior versus posterior cingulate; F (1, 26) � 2.74 and
P � .11. In the corpus callosum, values were signifi-
cantly higher in the genu, with F (2, 52) � 13.99 and
P � .0001, than in the body and splenium which did
not differ from each other (Table 1).

Hemispheric Differences.—The entire left hemi-
sphere mean MTR was significantly greater than that
of the right hemisphere, with paired t (26) � 5.41 and
P � .0001, although the left hemispheric augmenta-
tion of MTR was significant only for the cerebral
WM, with paired t (26) � 5.60 and P � .0001 (Table
2). Left-hemispheric MTR augmentation was found
in the frontal and temporal lobes primarily, a trend
was found for the parietal lobes, and the occipital
lobes showed no hemispheric effect (Table 2). Higher
MTR for the posterior frontal and lateral temporal
areas accounted for most of this left-hemispheric ef-
fect: posterior frontal paired t (26) � 4.52 and P �
.0001, prefrontal, lateral temporal paired t (26) �
8.24 and P � .0001, and mesial temporal not signifi-
cant (Table 2). The intraindividual left-hemispheric
superiority in MTR for the posterior frontal region
was found in 78% of cases, for the prefrontal region
in 48% of cases, for the lateral temporal region in

TABLE 1: Mean magnetization transfer ratios and analysis of vari-
ance for substructures of cortical and subcortical regions

Region Mean SE Significance (F)

Mesial temporal 37.35 0.10 P � .0005
Lateral temporal 38.21 0.10

Prefrontal 39.63 0.16 P � .0005
Medial frontal 38.36 0.16

Mesial parietal 38.97 0.14 P � .61
Lateral parietal 38.87 0.14

Genu 40.98 0.22 P � .0005
Body 39.52 0.22
Splenium 39.62 0.22

Anterior cingulate 39.46 0.26 P � .11
Posterior cingulate 40.09 0.27

Lentiform nucleus 35.11 0.13 P � .0005
Head of caudate 35.22 0.13
Thalamus 38.07 0.13
Internal capsule 39.80 0.13
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96% of cases, and for the mesial temporal region in
56% of cases. Subcortical structures together showed
a similar trend, with paired t (26) � 2.3 and P � .03.
In the subcortical ROIs (internal capsules, thalami,
heads of the caudate, lenticular nuclei), the lentiform
nucleus showed a significant left-hemispheric effect
(Table 2), which was found in 78% of the cases:
paired t (26) � 2.86 and P � .008.

Discussion
We found selective differences in MTR of the WM

of the brain and subcortical nuclei. This observation
suggests organization of regions by WM density con-
sistent with inherent adaptive brain functions, most
notably those of motor functions, language, and ex-
ecutive functions. This study reproduced the hierar-
chical organization of myelin density found in prior
studies that used MT imaging to examine normal
brains and expanded on these prior findings with
evidence of hemispheric effects and mesial versus
lateral differences. We also revisited the question of
how demographic variables might account for differ-
ences in myelination.

Demographic variables had no effect on the mean
MTR of all regions, but specific ROIs showed bor-
derline significant correlations with age. The lack of
association of handedness and sex with MTR of the
WM is consistent with prior imaging results (18),
which are further supported by those of a diffusion
tensor imaging study reporting a lack of sex effect in
healthy aging men and women (29). Prior pathologic
studies that directly examined myelin in adults re-
ported no sex differences in the myelination of the
hippocampal formation or WM beyond early adult-
hood (30) until late adulthood (8). Education was
positively correlated only with cerebellar results (P �
.01), although this finding is brought into question

with Bonferroni correction. Without other studies for
comparison, this finding remains in isolation.

The finding of nearly significant positive correla-
tion of age with MTR in the occipital and right tem-
poral lobes (with trends for other WM structures) and
the equivalent MTRs for our younger and older sub-
jects deviates from reports of negative correlations of
age with WM (11–13, 18). To our knowledge, only
one study besides ours reported a positive (though
nonsignificant) correlation of age and MTR (15), but
the presence of WM hyperintensities appears to ac-
count for these differences in the age effect. In all of
the studies showing a negative correlation of age and
MTR, WM hyperintensities were not screened out.
Age was strongly and negatively correlated with these
hyperintensities in one study (13). In the studies find-
ing some positive correlation, subjects with WM hy-
perintensities were prospectively excluded. We also
found that the total gross volume of WM (multiple
sections � area) of the older age group was 68% that
of the younger group. While multiple mechanisms
have been examined for age-related shrinkage of the
WM such as loss of smaller diameter axons, structural
age-related changes in both primates and humans
evidence no loss of glial cells, relative reduction of the
number of small diameter nerve fibers, and ubiqui-
tous increases in myelin though myelin integrity de-
generates (6).

Pathologic findings of aging effects on myelin sug-
gest that a slow progression of MTR, which indicates
increasing density of myelin, is expected in adulthood
before old age, followed by a precipitate decline (8,
9). The positive correlations of age with MTR we
found in some cerebral structures is consistent with
the increases in WM reported in pathologic until the
seventh or eighth decade. At that point, myelin
breaks down rapidly (8), resulting in a change in
conduction rates, loss of synchrony in cortical neuro-

TABLE 2: Hemispheric differences in magnetization transfer ratio of regions as measured by paired t tests

Region Left Mean SD Right Mean SD Paired t P Significance*

Hemisphere mean 37.55 1.25 37.25 1.31 5.41 .0005 *
Cortical regions 38.77 1.44 38.45 1.52 5.57 .0005 *
Cingulate 39.79 2.04 39.92 1.79 1.08 .287
Subcortical 36.65 1.29 36.52 1.25 2.30 .030
Brain stem 37.64 1.42 37.61 1.34 0.44 .666
Cerebellum 31.85 1.61 32.01 1.76 1.25 .222
Frontal 39.06 1.50 38.81 1.54 3.42 .002 *

Prefrontal 39.90 1.60 40.05 1.67 1.35 .188
Posterior frontal 38.86 1.59 38.54 1.63 4.52 .0005 *

Parietal 38.97 1.96 38.76 2.23 2.32 .029
Lateral parietal 38.98 2.00 38.76 2.29 2.25 .033
Mesial parietal 39.03 1.99 38.90 2.14 1.29 .207

Occipital 38.69 1.61 38.65 1.75 0.34 .733
Temporal 38.35 1.41 37.77 1.55 7.52 .0005 *

Lateral temporal 38.54 1.42 37.87 1.59 8.24 .0005 *
Mesial temporal 37.48 1.74 37.25 1.63 1.14 .267

Internal Capsule 39.95 1.50 39.67 1.58 1.94 .063
Thalamus 38.02 1.33 38.11 1.30 1.40 .174
Head of the caudate 35.32 1.30 35.11 1.33 1.25 .221
Lentiform nucleus 35.21 1.43 35.01 1.27 2.86 .008

* Significance indicates those results that reach an accepted � of P � .0036 after applying a Bonferroni correction.
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nal circuits, and cognitive impairment. Cognitive im-
pairment in old age may be more related to a break-
down of myelin integrity or thinning of myelin in the
normal aging brain (including more accelerated loss
of WM chemistry) than to loss of cortical neurons or
synapses (7–9, 31). Some morphographic studies
show regional WM increases until the fifth decade
and decreases thereafter (32). However, pathologic
studies show increases in myelin until age 60 or 70
years as a result of accumulated myelin without ax-
onal loss; this partly reflects damage to and repair of
myelin causing increasing numbers of myelin laminae,
ballooning of sheaths, redundancy of myelin, and
splitting of myelin (9, 33). Furthermore, larger-diam-
eter axons have thicker myelin sheaths (33), and
small-diameter nerve fibers have a greater reduction
with age (6). Thus, the stability of MTR across age
groups and the positive association with age that we
found in some cortical WM areas (occipital and right
temporal lobes) may represent the accumulation of
myelination described in studies of normal aging be-
fore the onset of the morphographic abnormalities or
cognitive impairment (which were eliminated in our
screening process). The adults selected for this study
permitted an examination of aging effects that was
not dominated by the rapid changes that occur after
age 70 in both neuronal structure and chemistry or by
the heightened risk of latent brain abnormalities in
late aging.

Findings in the cerebellum demonstrated a nega-
tive association with age; this is consistent with results
demonstrating early age-related sensitivity of the cer-
ebellum beginning at age 50 years (34, 35). Although
this age-related loss was associated with the GM in
one study (35), our findings suggest that the cerebel-
lar WM is also sensitive to age-related loss. The cer-
ebellum, comprising micromodules that process in a
parallel array, results in a network capable of execu-
tion and learning at exceptionally high speed (36).
Our results may suggest that the cerebellum—with its
different cytoarchitecture that is less reliant on serial
neural transmission than on parallel processing—may
tolerate more thinning of myelin before cognitive
impairment results. The parallel network of neural
transmission in the cerebellum may be sufficiently
efficient to compensate for a reduction in the speed
of short transmissions when myelin is lost. This could
account for a negative aging effect on MTR without
corresponding cognitive impairment. Alternately,
whether the cerebellum is less prone to WM chemical
disintegration than the cerebral areas is untested, as is
the idea of whether the cerebellum is more depen-
dent on neuronal loss in aging than is the cerebrum.

Hemispheric effects were found for the cortex, spe-
cifically the frontal and temporal lobes, and a trend
was found for the lentiform nucleus. The frontal find-
ings were predicted on the basis of the dominance of
motor processing in the frontal lobe and were sup-
ported by the left hemispheric superiority only in the
posterior, or motor, portion of the frontal lobe. The
prediction was that the temporal lobe would also
show left-hemispheric superiority in MTR due to the

language specialization of the left temporal lobe, es-
pecially of the superior (and transverse superior),
inferior temporal, and supramarginal temporal gyri
(37). As expected, the hemispheric effect was due to
the greater MTR in the left lateral rather than mesial
and limbic portion of the temporal lobe.

The basal ganglia—lentiform nucleus (putamen
and globus pallidus) and caudate—have been associ-
ated with fluent speech and, possibly, with language,
although whether extensive disruption of cortical
tracts are necessary for a language disturbance re-
mains controversial (38). Speech problems due to
defects in motivation have been excluded (38). How-
ever, the head of the caudate and the globus pallidus
are closely related elements in Crosson’s proposed
mechanism for release of preformulated language
(39), and both have been frequently implicated in
subcortical aphasia. Therefore, a left hemispheric
specialization for the lentiform nucleus and not the
head of the caudate is difficult to explain. One pos-
sible explanation is that the caudate appears to be
bihemispherically involved in several functions of lan-
guage and memory (40–43), whereas the language-
dominant left globus pallidus and putamen may be
more specifically involved in subcortical aphasic dis-
orders involving speech production (38). The puta-
men is involved in motor production circuits, and it
may also contribute to the hemispheric effect in MTR
for the lentiform nucleus due to left-hemisphere mo-
tor dominance. A left-hemispheric effect for the len-
tiform nucleus is also consistent with the robust left-
hemispheric effect found in the left posterior frontal
region, as speech production is dependent on the
connectivity of the left basal ganglial–posterior fron-
tal loop.

An aphasic syndrome sometimes occurs after le-
sions of the dominant thalamus, and thus, we might
question why the thalamic MTR did not demonstrate
a language-based hemispheric laterality effect. Both
right and left thalamic aphasias are characterized by
failure of semantic, attention, or visuoperceptual (rather
than phonemic) contributions to reading and speech
(44–46). Therefore, the thalamus may not be as depen-
dent on speeded sequential processing dominantly pro-
cessed in the left hemisphere, and it may be more
dependent on bihemispheric cortical processing. In-
deed, intrathalamic organization shows multiple corti-
cothalamic and thalamocortical connections associated
with aphasias because of widespread connections with
the frontal, temporal, and parietal lobes (45).

Our sample differed from that of prior regional
studies of MTR in healthy adults because our subjects
were screened by means of neurodiagnostic interview,
MR imaging, and neurocognitive testing. In their
study of regional differences, Mehta et al (15) relied
on a sample with “single, isolated complaints” of
cognitive function for whom MR imaging was re-
quested to rule out correlative structural abnormali-
ties and in whom no abnormalities were found. Our
adult group did not extend to old age; thus, we elim-
inated the unequivocal “normal” aging abnormalities
of that period and some degree of noise, but this
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limitation also precluded an examination of an ex-
pected decline in MTR after age 70 years. Further-
more, our small sample prevented a closer examina-
tion of age effects.

The lack of change in MTR with age in this group
up to age 69 years with a corresponding loss of WM
area is a paradoxical effect that could not be resolved
in this study. To examine this paradox, a systematic
study of age throughout the adult age span in super-
healthy individuals is needed of MT and volumetric
studies of WM.

Conclusion
In this study, a quantitative measure of the WM of

the brain was distributed in functionally important
ways. The relevance of myelin density to brain func-
tion may be an ontologic or an adaptive function or
both, as suggested by published work (47). MT is a
structural imaging technique with which we can un-
derstand the role of myelin. There was a lack of MTR
change with age, yet smaller WM volume was associ-
ated with older age in our study sample as screened
for WM hyperintensities on MR images. This sug-
gests that the WM atrophy is salient even in very
healthy individuals without cognitive impairment be-
fore old age and is therefore not due to thinning of
myelin.

MT imaging may also be a technique to evaluate
the role of myelin in studies of cognition. It is sensi-
tive to cognitive impairment or clinical symptoms in
disease models, including multiple sclerosis (23, 48,
49), schizophrenia (50), and dementia (14). Although
not yet tested, MT imaging may also be relevant to
studies of normal cognitive function because of its
capacity to measure the small variations in myelin and
axonal integrity in studies of healthy individuals prior
to major changes from myelin loss due to old age.
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7. Meier-Ruge W, Ulrich J, Brühlmann M, Meier E. Age-related
white matter atrophy of the human membrane. In: Annals of New

York Academy of Sciences: Physiopathological Processes of Aging—
Towards a Multicausal Interpretation. Vol. 673. New York: New
York Academy of Sciences; 1992:260–269

8. Svennerholm L, Bostrom K, Junghjer B. Changes in weight and
compositions of major membrain components of human brain
during the span of adult human life of Swedes. Acta Neuropathol
1997;94:345–352

9. Peters A, Rosene DL, Moss MB, et al. Neurobiological bases of
age-related cognitive decline in the rhesus monkey. J Neuropathol
Exp Neurol 1996;55:861–874

10. Anderson JM, Hubbard BM, Coghill GR, Slidders W. The effect of
advanced old age on the neurone content of the cerebral cortex.
J Neurol Sci 1983;58:233–244

11. Hofman PAM, 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

12. Ge Y, Grossman RI, Babb JS, Ragin ML, Mannon LJ, Kolson DL.
Age-related total gray matter and white matter changes in normal
adult brain, II: quantitative magnetization transfer ratio histo-
gram analysis. AJNR Am J Neuroradiol 2002;23:1334–1341

13. Tanabe J, Ezekiel F, Jagust W, Schuff N, Fein G. Volumetric
method for evaluating magnetic transfer ratio of tissue categories:
application to areas of white matter signal hyperintensity in the
elderly. Radiology 1997;204:570–575

14. van der Flier WJ, van den Heuvel DMJ, Weverling-Rijnsburger
AWE, et al. Magnetization transfer imaging in normal aging, mild
cognitive impairment, and Alzheimer’s disease. Ann Neurol 2002;
52:62–67

15. Mehta RC, Pike GB, Enzmann DR. Magnetization transfer MR of
the normal adult brain. AJNR Am J Neuroradiol 1995;16:2085–2091

16. Rademacher J, Engelbrecht V, Burgel U, Freund JJ, Zilles K. Mea-
suring in vivo myelinization of human white matter fiber tracts with
magnetization transfer MR. NeuroImage 1999;9:393–406

17. Engelbrecht V, Rassek M, Preiss S, Wald C, Modder U. Age-
dependent changes in magnetization transfer contrast of white
matter in the pediatric brain. AJNR Am J Neuroradiol 1998;19:
1923–1929

18. Silver NC, Barker GJ, MacManus DG, Tofts PS, Miller DH. Mag-
netization transfer ratio of normal brain white matter: a normative
database spanning four decades of life. J Neurol Neurosurg Psychi-
atry 1997;62:223–228

19. Wolff SD, Balaban RS. Magnetization transfer contrast (MTC)
and tissue water proton relaxation in vivo. Magn Reson Med 1989;
10:135–144

20. Dousset V, Grossman R, Ramer K, et al. Experimental allergic
encephalomyelitis and multiple sclerosis: lesion characterization
with magnetization transfer imaging. Radiology 1992;182:483–491

21. Rocca MA, Falini A, Colombo B, Scotti G, Comi G, Filippi M.
Adaptive functional changes in the cerebral cortex of patients with
nondisabling multiple sclerosis correlate with the extent of brain
structural damage. Ann Neurol 2002;51:330–339

22. van Buchem MA, Steens SCA, Vrooman HA, et al. Global estima-
tion of myelination in the developing brain on the basis of magne-
tization transfer imaging: a preliminary study. AJNR Am J Neuro-
radiol 2001;22:762–766

23. van Buchem MA, Grossman RI, Armstrong C, et al. Correlation of
volumetric magnetization transfer imaging with clinical data in
MS. Neurology 1998;50:1609–1617

24. Tallal P, Miller S, Fitch RH. Neurobiological basis of speech: a case
for the pre-eminence of temporal processing. In: Annals of New York
Academy of Sciences: Temporal Information Pressing in the Central
Nervous System—Special Reference to Dyslexia and Dysphasia. Vol. 682.
New York: New York Academy of Sciences; 1993:27–47

25. Southern BD, Anderson B. Planum temporale asymmetry in
women is determined by white matter volume. Neurology 1999;52:
A489

26. Armstrong CL, Hunter JV, Ledakis GE, et al. Late cognitive and
radiographic changes related to radiotherapy: initial prospective
findings. Neurology 2002;59:40–48

27. Armstrong CL, Ledakis GE. The significance of magnetization
transfer imaging in measuring cognition and white matter damage.
J Intl Neuropsychol Soc 2002;8:244

28. Damasio H, Damasio AR. Lesion Analysis in Neuropsychology. New
York: Oxford University Press; 1989

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

30. Benes FM, Turtle M, Khan Y, Farol P. Myelination of a key relay
zone in the hippocampal formation occurs in the human brain

AJNR: 25, May 2004 MYELIN INTEGRITY 983



during childhood, adolescence, and adulthood. Arch Gen Psychiatry
1994;51:477–484

31. Fazekas F, Schmidt R, Kleinert R, Kapeller P, Roob G, Flooh E.
The spectrum of age-associated brain abnormalities: their mea-
surement and histopathological correlates. J Neural Transm Suppl
1998;53:31–39

32. Bartzokis G, Beckson M, Lu PH, Nuechterlein KH, Edwards N,
Mintz J. Age-related changes in frontal and temporal lobe volumes
in men: a magnetic resonance imaging study. Arch Gen Psychiatry
2001;58:461–465

33. Peters A, Sethares C, Killiany RJ. Effects of age on the thickness of
myelin sheaths in monkey primary visual cortex. J Comp Neurol
2001;435:241–248

34. Luft A, Skalej M, Schultz J, et al. Patterns of age-related shrinkage
in cerebellum and brainstem observed in vivo using three-dimen-
sional MRI volumetry. Cereb Cortex 1999;9:712–721

35. Sullivan EV, Deshmukh A, Desmond J, Pfefferbaum A. Cerebellar
volume decline in normal aging, alcoholism, and Korsakoff’s syn-
drome: relation to ataxia. Neuropsychology 2000;14:341–352

36. Riva D, Giorgi D. The cerebellum contributes to higher functions
during development: evidence from a series of children surgically
treated for posterior fossa tumours. Brain 2000;123:1051–1061

37. Cytowic RE. The neurological side of neuropsychology. Cambridge,
MA: MIT Press; 1996

38. Crosson B. The basal ganglia and subcortical white matter in
language. Subcortical Structures in Language. New York: Guilford
Press; 1992:42–79

39. Crosson B. Theories of subcortical functions in language. In: Sub-
cortical Structures in Language. New York: Guilford Press; 1992:
111–146

40. Watkins KE, Vargha-Khadem F, Ashburner J, et al. MRI analysis

of an inherited speech and language disorder: structural brain
abnormalities. Brain 2002;125:465–478

41. Watkins KE, Paus T, Lerch JP, et al. Structural asymmetries in the
human brain: a voxel-based statistical analysis of 142 MRI scans.
Cereb Cortex 2001;11:868–877

42. Moro A, Tettamanti M, Perani D, Donati C, Cappa SF, Fazio F.
Syntax and the brain: disentangling grammar by selective anoma-
lies. NeuroImage 2001;13:110–118

43. Abdullaev YG, Bechtereva NP, Melnichuk KV. Neuronal activity
of human caudate nucleus and prefrontal cortex in cognitive tasks.
Behav Brain Res 1998:97:159–177

44. Saffran EM, Coslett HB. Pure alexia: the case of JG. In: Funnell E,
ed. Case Studies in the Neuropsychology of Reading. East Sussex:
Psychology Press; 2000:13–26

45. Crosson B. The thalamus in language. In: Subcortical Structures in
Language. New York: Guilford Press; 1992:80–110

46. Henderson VS, Alexander MP, Naeser MA. Right thalamic injury,
impaired visuospatial perception, and alexia. Neurology 1982;32:
235–240

47. Gaser C, Schlaug G. Brain structures differ between musicians and
non-musicians. J Neurosci 2003;23:9240–9245

48. Rovaris M, Filippi M, Minicucci L, et al. Cortical/subcortical dis-
ease burden and cognitive impairment in patients with multiple
sclerosis. AJNR Am J Neuroradiol 2000;21:402–408

49. Rovaris M, Filippi M, Falautano J, et al. Relation between MR
abnormalities and patterns of cognitive impairment in multiple
sclerosis. Neurology 1998;50:1601–1608

50. Foong J, Symms M, Barker G, et al. Neuropathological abnormal-
ities in schizophrenia: evidence from magnetization transfer imag-
ing. Brain 2001;124:182–192

984 ARMSTRONG AJNR: 25, May 2004


