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Abstract
Objectives-To establish a normative
database for magnetisation transfer ratio
(MTR) measurements in the white matter
of healthy adult brains. Such MTR values
were evaluated for regional variation and
evidence of differences associated with
aging, sex, and handedness.
Methods-Forty one healthy volunteers,
ranging in age from 16 to 55 years, under-
went axial brain magnetisation transfer
(MT) imaging on a 1*5 Tesla magnetic
resonance scanner. Calculated MT
images allowed evaluation of MTR from
specific regions within the corpus callo-
sum, cerebral hemispheres, and pons.
Results-Highest values were noted in the
corpus callosum. No significant sex dif-
ferences were seen for any region studied.
Small but significant age related reduc-
tions in MTR were noted in the corpus
callosum and other cerebral white matter
regions studied. Comparing MTR values
between young (16-35 years) and older
(36-55 years) age groups, this was most
apparent in the corpus callosum (40.82%
units in the young group v 40-28% units in
the older group, P < 0.05) and frontal
white matter (39-65% units in the young
group v 39-18% units in the older group, P
< 0.005). In addition, values for MTR
were analysed for evidence of hemi-
spheric asymmetry. MTR values were
higher in the left hemisphere for all
regions studied, reaching significance in
the centrum semiovale (37-75% units v
37-57% units, P < 0.05) and parieto-
occipital white matter (37-67% units v
37.43% units, P < 0-05). No relation
between such interhemispheric MTR dif-
ferences and handedness was noted.
Conclusions-Magnetisation transfer
imaging shows significant age related
changes in normal brain white matter. In
addition to regional variations in MTR in
the normal brain, there seem to be small
but significant variations in MTR between
the cerebral hemispheres. It is important
to consider such normal variations when
evaluating MTR in pathological states.

(7 Neurol Neurosurg Psychiatry 1997;62:223-228)
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Magnetic resonance imaging (MRI) provides a
sensitive, non-invasive, and safe tool for eluci-
dating pathological change, and as such has
been used to evaluate a considerable number
of disorders of the CNS. Contrast in conven-
tional MRI sequences mainly results from dif-
ferences in relaxation properties and proton
density of mobile (free) water protons.
Conventional MRI thus has a high sensitivity
in detecting pathological tissue but pathologi-
cal specificity is poor: a similar signal change
(due to altered water content) may result from
disease processes such as loss of normal tissue
(demyelination and neuronal damage),
oedema, inflammation, infection, infiltration
by tumour cells, and gliosis. There also exists a
separate pool of water protons tightly bound
to macromolecular structures such as proteins
and lipid membranes, which, by virtue of their
very short T2 relaxation times are essentially
invisible to conventional MRI sequences.
Magnetisation transfer (MT) imaging is a rela-
tively new technique which probes the bound
proton pool and thus may have potential for in
vivo differentiation between such pathological
entities.
By exploiting differences in the resonant

properties of free and bound protons, a satura-
tion prepulse can be utilised to selectively satu-
rate the bound proton pool. The saturation is
transferred by chemical exchange and other
processes such as spin diffusion resulting in a
decrease in the measurable free proton signal
with consequent reduction in tissue signal
intensity. The magnitude of this effect, the
magnetisation transfer ratio (MTR), therefore
reflects the amount and nature of macromolec-
ular structure present in a given volume. ' There
is currently intense research effort being
directed towards the development of models to
provide a detailed quantitative understanding
of magnetisation transfer effects.
Measurement of MTR is increasingly being

used in the evaluation of disorders of the
CNS.'-" There is also a potential role in multiple
sclerosis for assessing the efficacy of new exper-
imental therapies." It is therefore important in
interpreting such studies to understand how
MTR may vary with normal aging and whether
a significant effect of sex exists. In addition, for
those studies investigating unilateral pathology
(using the normnal side as a control), it is impor-
tant to know whether there is any relevant inter-
hemispheric variation in the normal brain. The
aim of this study was to evaluate such variations
in normal brain white matter.
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CalculatedMTR images
showing regions of interest
for mean MTR
measurement.

Subjects and methods
SUBJECTS
Forty one healthy volunteers (aged between
16 and 55 years) were recruited as follows with
the sexes matched for age: 16-25 years (five
men, five women), 26-35 years (five men, six
women), 36-45 years (five men, five women),
and 46-55 years (five men, five women). The
mean age of the male group (n = 20) studied
was 36-7 years and that of the female group (n
= 21) was 34-4 years. All subjects were
entered into the study on the basis of a normal
neurological history.

Handedness was assessed in all subjects
using a questionnaire devised and validated by
Annett.'2 This assesses hand preference for 12
manual tasks. For the purposes of this study,
we assigned a value of +2 points for each task
performed preferentially with the right hand
and -2 points for the left hand. Handedness
was assigned according to an arbitrary total
score (left handed between -24 and -9,
ambidextrous between - 9 and +9, right
handed between +9 and +24).

All subjects gave written, informed consent
to participate in the study, which had been
approved by the ethics committee of the
Institute of Neurology and the National
Hospital for Neurology and Neurosurgery.

MRI PROTOCOL
All subjects were imaged using a 1-5 Tesla
MRI scanner with standard quadrature head-
coil (Signa, GE Medical Systems, Milwaukee,
Wisconsin). A dual spin echo sequence (TR
1730, TE31/80, 28 contiguous 5 mm axial
slices, 3/4Nex, 256 x 128 matrix, 240 x 240
mm field of view) was performed both with
and without presaturation pulses to saturate
the broad resonance of immobile macromolec-
ular protons. This was adapted from a previ-
ous sequence developed by Barker et al.'3 The
applied presaturation pulse was a Hamming
apodised three lobe sinc pulse, with a duration
of 16 ms and a peak amplitude of 23-2 pT
(giving a nominal bandwidth of 250 Hz),
applied 1 kHz off water resonance. The energy
deposited by this pulse provided measurable
differences between saturated and unsaturated
images and ensured a good signal to noise
ratio in the calculated MT image. To ensure
exact coregistration of the pixels on saturated
and non-saturated images, scans with and
without presaturation were interleaved for
each TR period.'3 The total time of acquisition
was 17 7 minutes.

In all subjects, MTR was calculated on a
pixel by pixel basis from the formula:

[MO-Ms] / [MO] x 100%units (pu)
where Ms and MO represent signal intensi-

ties with and without the saturation pulse
respectively. Calculated MT images were dis-
played on a Sun workstation using image dis-
play software.'4 All MTR analysis was carried
out by one of us (NCS) blinded to subject
identity.

Regions of interest were outlined on the
non-MT, T2 weighted (TE 80) images. Care
was taken to include only white matter, leaving
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Table 1 Regional variation ofMTR measurement in
normal brain white matter (mean (SEM) % units)

MTR

Corpus callosum (genu) 40-56 (0-13)
Pons 38-93 (019)
Left frontal 39-50 (0O11)
Right frontal 39 35 (0-12)
Left centrum semiovale 37-75 (0-09)
Right centrum semiovale 37-57 (0 11)
Left parieto-occipital 37 79 (0-15)
Right parieto-occipital 37-55 (0-12)

a surrounding rim of white matter (to min-
imise partial volume effect from grey matter or
CSF). The adjacent slices were checked to
ensure that all regions of interest were fully
surrounded by white matter. No regions of
interest included minor areas of T2 hyperin-
tensity, a "normal" finding in healthy adults.
For all subjects, regions of interest were identi-
cal in size and shape for each anatomical area
studied. Mean MTR measurements were then
taken from the corresponding regions on cal-
culated MTR images (figure). In both cerebral
hemispheres regions were chosen in the cen-
trum semiovale (216 mM%2) frontal white
matter (70 mm2), and parieto-occipital white
matter (70 mm2). In addition, midline regions
were also evaluated in the genu of the corpus
callosum (23 mm2) and pons (70 mm2).

STATISTICAL ANALYSIS
Statistical analysis was carried out using
Levene's test for equality of variances,
Student's t test, paired t test, and Spearman
rank correlation coefficient as appropriate.

Results
Significant regional variations in MTR values
were noted throughout the white matter in the

Table 2 Effect ofsex on regionalMTR measurements (mean (SEM) % units)

Male (n = 20) Female (n = 21)

Corpus callosum (genu) 40-41 (0 20) 40 70 (0-17)
Pons 39-15 (0 29) 38-72 (0-24)
Left frontal 39-45 (0-18) 39 55 (0-14)
Right frontal 39-43 (0-15) 39-28 (0 20)
Left centrum semiovale 37-87 (0-12) 37-63 (0-12)
Right centrum semiovale 37-65 (0-16) 37 50 (0-17)
Left parieto-occipital 37-56 (0-26) 38-01 (0-14)
Right parieto-occipital 37-45 (0-17) 37-64 (0-17)

Table 3 Interhemispheric variation of white matterMTR values (mean (SEM) % units)
in aUl 41 subjects

Left Right P value
hemisphere hemisphere (paired t test)

Frontal 39-50 (0-11) 39-35 (0-12) -

Centrum semiovale 37-75 (0 09) 37-57 (0 11) < 0.05
Parieto-occipital 37-79 (0-15) 37-55 (0-12) < 0.05

Table 4 Effect of age on white matter MTR measurements (mean (SEM) % units)

P value
16-35y 36-S55y (student's t test)

Frontal* 39-65 (0 10) 39-18 (0-11) < 0-005
Centrum semiovale* 37-83 (0-09) 37-49 (0-10) < 0-02
Parieto-occipital* 37-88 (0-13) 37-44 (0-14) < 0-05
Corpus callosum (genu) 40-82 (0-16) 40-28 (0 20) < 0.05
Pons 38-97 (0-24) 38-89 (0 30)

*For the hemispheric regions, both right and left hemisphere values for MTR are included in the
analysis.

normal brain (table 1). In the 41 subjects stud-
ied, highest values were found in the corpus
callosum (40- 1 pu). This was significantly
higher than any other region studied (P <
0-001, paired t test). For the three hemisphere
regions studied, significantly higher MTR val-
ues were seen in frontal white matter (P <
0-001, paired t test).
MTR values for each region were evaluated

between the male and female subjects
(Levene's test for equality of variances and
Student's t test) and no significant male/
female difference was noted for any region
(table 2).
White matter regions (frontal, centrum

semiovale, and parieto-occipital) in the right
and left sides of the brain were compared in all
normal volunteers (table 3). In all these
regions, MTR values were higher in the left
hemisphere. In frontal white matter, this dif-
ference was not significant (paired t test).
Differences between the hemispheres were sig-
nificant in the centrum semiovale (P < 005,
paired t test) and parieto-occipital white mat-
ter (P < 0 05, paired t test). Assessment of
handedness using the Annett handedness
questionnaire'2 showed 35 normal volunteers
to be right handed, one ambidextrous, and five
left handed. For the 35 right handed subjects,
higher MTR values were consistently seen in
the left hemispheric regions (frontal white
matter: 39 47 v 39 30; centrum semiovale:
37-69 v 37-51; parieto-occipital white matter:
37-67 v 37.43). Such differences were signifi-
cant in the centrum semiovale (P = 0 05,
paired t test). Although left hemispheric MTR
values were also consistently higher than on
the right side in the five left handed subjects
(frontal white matter: 39-64 v 39 54; centrum
semiovale: 38-24 v 37-92; parieto-occipital
white matter: 38-46 v 38-36), none of these
differences was significant on paired t test
analysis.

Initially, to assess the effects of age on white
matter MTR measurements, the normal vol-
unteers were divided into four groups (16-25,
26-35, 36-45, 46-55 years). All individual
regions were evaluated for these groups and no
significant association with age was immedi-
ately apparent (Student's t test). Because the
number of subjects in each group was small,
these results were further evaluated dividing
the population into two larger age groups
(16-35 years, n = 21 and 36-55 years, n =
20). Five white matter regions (frontal, cen-
trum semiovale, parieto-occipital, pons, and
the genu of the corpus callosum) were evalu-
ated. For the hemispheric regions, both right
and left hemispheric MTR values for each
subject were considered in the analysis. The
two age groups were compared for each region
by Student's t test. Significantly lower MTR
values were noted in all regions except for the
pons in the older age group compared with the
16 to 35 year group (table 4). The relation
between age and MTR was further evaluated
by Spearman's rank correlation coefficient
analysis. A significant inverse correlation was
noted between age and MTR for all regions
studied with the exception of the pons (frontal
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white matter: r = -0'34, P < 0-005; centrum
semiovale: r = -O035, P < 0-005; parieto-
occipital white matter: r = -0O25, P < 0-05,
genu of the corpus callosum: r = -0O32, P <
0-05). For this analysis, both right and left
hemispheric MTR measurements were
included.

Discussion
Tissue contrast mechanisms in conventional
MRI rely on three major characteristics of free
water protons-namely, their density, spin-lat-
tice (Ti), and spin-spin (T2) relaxation prop-
erties. As such, conventional MRI techniques
lack specificity in distinguishing different
pathological processes affecting the CNS. MT
imaging provides a different mechanism of
contrast which exploits the properties of those
protons bound to macromolecules that are not
visualised with conventional techniques.'
Measurement of MTR may be more specific
in detecting structural damage in white matter
of the brain, especially myelin loss.2 3 7 15-17 This
is particularly relevant to the assessment of
pathological processes occurring in demyeli-
nating disorders such as multiple sclerosis, in
which the amount of magnetisation transfer is
affected by frank destruction of the myelin
sheaths.2 To assess such a new technique in
pathological states, it is important to under-
stand how values for MTR may vary in the
white matter of normal brain. In this study we
have looked at the normal regional variations
for MTR in brain white matter and assessed
the effects of sex and early normal aging. The
possible mechanisms of such variations and
their implications are discussed.
To obtain MTR measurements in this study

we chose a spin echo based sequence with
interleaved MT pulses. This was based on a
sequence originally developed by Barker et al."I
By decreasing the effect of motion (which may
affect image subtraction and therefore accu-
rate calculation of MTR) this technique has
theoretical advantages over the more conven-
tional gradient echo based sequences used in
many centres. Because the MT pulse is inter-
leaved this is also helpful in designating the
region of interest using the T2 weighted
image. This has, in our opinion, two advan-
tages. Firstly, the T2 weighted image provides
good differentiation between grey and white
matter and allows accurate placement of the
region of interest in white matter, reducing
partial volume effects from grey matter or
CSF. Secondly, because contrast mechanisms
differ between T2 weighted and calculated
MTR images, the assessor is blinded to the
appearance of the calculated MTR image
when placing the region of interest (while
accurate coregistration is ensured).

In this study, the highest value for MTR
was seen in the genu of the corpus callosum,
as compared with white matter regions in the
cerebral hemispheres and pons (P < 0-001,
Student's t test; table 1). In addition, frontal
white matter showed significantly higher MTR
values than those found in the centrum semio-
vale and parieto-occipital white matter (P <

0-001, Student's t test). These regional varia-
tions are in agreement with previous studies
evaluating MTR in the normal brain.3318
Possible explanations for such MTR variation
in the different regions include possible differ-
ences in fibre packing density, degree of myeli-
nation, tissue hydration, and vascularity. The
finding of high MTR values in the corpus cal-
losum would seem to correlate with the histo-
logical appearance of a large number of
myelinated fibres (about 300 million) in this
structure.'9 Our results have also shown no
effect of sex on measurements ofMTR for any
region studied (table 2). This is in agreement
with a previous study.'8

In addition to regional intrahemispheric
MTR variations, we have found significant
interhemispheric differences (table 3). Higher
MTR values were seen in the left hemisphere
for all three regions studied (centrum semio-
vale, parieto-occipital, and frontal white
matter), although this difference was not sig-
nificant in frontal regions. In a previous report,
Mehta et all8 did not show white matter asym-
metry. Several factors may account for this
discrepancy. Firstly, our study has relied on an
interleaved spin echo sequence with predomi-
nant proton density weighting as opposed to
the separate acquisition of MT and non-MT
prepared Ti weighted (TR 800 ms) data per-
formed by Mehta et al. 18 The interleaved
sequence has potential advantages of image
coregistration between MT and non-MT
images, theoretically allowing more accurate
subtraction and consequent MTR calcula-
tion."3 Secondly, it is less likely that Tl relax-
ation properties of tissue will affect MTR
values obtained when a longer TR of 1730 ms
is used. Thirdly, the advantages of a coregis-
tered T2 weighted image for placing regions of
interest have already been discussed. Fourthly,
our study has relied on using controls with no
neurological symptoms or history of neurolog-
ical disease, as opposed to retrospective assess-
ment of patients in whom imaging was normal
and a neurological disease was considered
unlikely.'8 All these factors may account for
the wider ranges of MTR found by Mehta et
al, and which in turn may have obscured small
interhemispheric differences. Using a similar
technique to that of our study, Barker et al 3

showed occipital asymmetry in 10 normal sub-
jects, although with higher MTR values in the
right hemisphere.

Although artefactual causes for such inter-
hemispheric MTR differences may exist and
are difficult to exclude (for example, coil
asymmetry with consequent inhomogeneities
in the MT presaturation pulse), a natural
asymmetry in the brain is well recognised. It is
widely accepted that the two hemispheres of
the brain are functionally specialised for differ-
ent cognitive tasks. On a cellular and morpho-
logical level, various asymmetries exist in
human cortical structures such as the planum
temporaleI02' and parietal structures.22 Further
evidence from in vivo imaging studies includes
planum temporale and parietal operculum
asymmetry noted with MRI23 and hemispheric
width, lateral ventricle, sylvian fissure, and

226
 on M

ay 22, 2023 by guest. P
rotected by copyright.

http://jnnp.bm
j.com

/
J N

eurol N
eurosurg P

sychiatry: first published as 10.1136/jnnp.62.3.223 on 1 M
arch 1997. D

ow
nloaded from

 

http://jnnp.bmj.com/


Magnetisation transfer ratio ofnormal brain white matter: a normative database spanningfour decades of life

occipital petalia asymmetry all noted with
CT.2425 Possible explanations for interhemi-
spheric MTR asymmetry could be differences
in fibre packing density, degree of myelination,
or phospholipid metabolism between the two
hemispheres. Interestingly, in rats, total phos-
pholipid content and sphingomyelin concen-
trations have been shown to be higher in the
left hemisphere with significant asymmetries in
cortical phospholipid metabolism.26
Many necropsy and in vivo studies have

noted a relation between handedness and
hemispheric asymmetry, with reduced asym-
metry in left handers.27 In the present study we
found that, for right handed subjects, MTR
values in parieto-occipital white matter were
significantly higher in the left hemisphere,
whereas no significant asymmetry was found
in left handed subjects; no firm conclusions
can be drawn, however, because of the very
small number of left handed subjects studied.
Our results have shown that there is a rela-

tion between MTR and age, increasing age
being associated with reduced MTR values in
the corpus callosum and all three hemispheric
white matter regions studied. We are not
aware of other reports of MTR reductions
with age. Mehta et al found no discernible
MTR variations between 21 and 80 years of
age,'8 but as already stated, there are several
reasons why the small differences we found
might not have been detected using their pro-
tocol. This cross sectional finding should be
interpreted with caution; it is possible that
unknown environmental factors may play a
part in the differences between younger and
older subjects and that it is not solely an effect
of aging itself. To be more certain, a longitudi-
nal study is required to show intraindividual
changes with time. However, cross sectional
MRI studies have shown significant relations
between brain atrophy and age in similar age
groups to those studied here,28 29 and one longi-
tudinal MRI study in 11 controls (mean age
55 years) has shown a small but significant
reduction in brain volume over a single year.30
It is probable that such age related variation in
MTR is real and we postulate that this may
reflect either structural changes in brain white
matter (for example, neuronal loss, conse-
quent myelin loss, changes in glial tissue, or
altered water content) or changes in phospho-
lipid metabolism with increasing age.
The absolute MTR measurements found

depend on the exact imaging sequence vari-
ables used3' 32 which accounts for differences
in MTR measurement in normal white matter
noted between our study and previous stud-
ies.2 3 13 18 Differences in performance between
scanners might also influence MTR measure-
ments even when the sequence is identical.
The "normal values" we report are therefore
only applicable to one particular scanner using
one particular technique. Further work is
needed to develop MT imaging protocols that
lead to comparable MTR values being
obtained on different scanners.32 Such
progress will be of value for multicentre treat-
ment trials or natural history studies.

In conclusion, MTR measurement seems a

robust in vivo technique with potential appli-
cations for evaluating structural changes in
brain white matter occurring both in health
and disease states and may play an important
part in assessing response to therapies in
demyelinating illnesses. We have shown
regional and age related variations in MTR of
white matter in the normal brain. It is impor-
tant to consider such findings when interpreting
-MTR changes in pathological states.
We thank Professor WI McDonald for helpful discussions.The
NMR Research Unit is supported by a generous grant from the
Multiple Sclerosis Society of Great Britain and Northern
Ireland.
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HISTORICAL NOTES

Marshall Hall and the concepts
of reflex action
In Tractatus Homine (1662) Descartes introduced the
concept of mind-body dualism, and contrary to all cur-

rent thought, asserted that automatic actions occurred
independently of the soul. In the early 19th century the
cord, like the brain, was thought to have a psychic
function of soul. Reflex action was considered a mani-
festation of an informing spirit resident in the organ-

ism (Sherrington').
The physiological groundwork for neural function

evolved slowly. Jan Swammerdam (1637-80) had dis-
covered that isolated nerves were irritable if still
attached to a muscle. Bell2 and Magendie distin-
guished sensory from motor nerves. Albrecht von

Haller showed that muscle itself also was irritable.
And, Robert Whytt's experiments showed that the
spinal cord was needed for the "sympathy" between
different parts of the body; and he clearly described the
stretch reflex in 1763. Prochaska had realised that
motor and sensory nerves were connected, but related
this to some latent, intrinsic force: "the vis nervosa is
latent, nor excites action of the nervous system until
excited by an applied stimulus . . . ".

But it was the controversial work of Marshall Hall in
1833 that plainly showed the reflex function-an
"excito-motory system"'-of the spinal cord and
nerves in animals after removal of the brain. This
ended the misconceptions that the soul and psychic
functions resided in the cord as well as in the brain.
Since Hall failed to obtain a hospital appointment, his
studies were based on experiments in his own home on

frogs, lizards, eels, snakes, and turtles. His discoveries
began whilst examining the capillary circulation:

"I incidentally observed a remarkable phenome-
non; the separated tail of the eft [newt] moved on

being irritated by the point of the scalpel ... I
conceived it impossible that any such phenome-
non should exist in nature without such connec-

tion, and I resolved to pursue the subject."4

The demonstration by Golgi and Cajal of a network
of neurons ("retia nervosa diffusa") that mediated
complex movements, formed a foundation for observa-
tions of spasticity, clonus, and tendon reflexes by
Charcot and Vulpian, Erb and Westphal, which were

delayed until 1860-1880.
Marshall Hall recognised and described5 that the

cerebrum was the source of voluntary motion, the
medulla oblongata was the source of respiratory
motion, and the spinal cord was the middle arc of
reflex function. He then described reflex activity:

"There is a fourth which subsists, in part, after
voluntary and respiratory motions have ceased by
removal of the cerebrum and medulla oblongata,
and which is attached to the medulla spinalis,
ceasing itselfwhen this is removed and leaving the

irritability undiminished. In this kind of muscular
motion, the motive influence does not originate in
any part of the central nervous system, but at a
distance from that centre: it is neither sponta-
neous in its action, nor direct in its course; it is, on
the contrary, excited by the application of appro-
priate stimuli, which are not, however, applied
immediately to the muscular or nervo-muscular
fibre, but to certain membranous parts, whence
the impression is carried to the medulla, reflected,
and reconducted to the part impressed, or con-
ducted to a part remote from it, in which muscular
contraction is effected."

His 1837 memoir3 was critical of the deductions of
Prochaska and many other physiologists, but he
allowed that Sir Gilbert Blane (1749-1834), physician
to St Thomas's hospital came nearest the truth in his
statement: . . "instinctive or automatic motions, can
be exerted without the intervention of the sensorium
commune, without sensation or consciousness". Blane
had observed an acephalic monster, and noted that a
decapitated bee could still sting.

In his Coonian lecture6 he introduced the term
diastaltic, referring to the reflex action through the
cord. Diastaltic was "congeric with peristaltic". He
added:

"I observed that [for a spinal reflex] the following
anatomical relations are essential:
1. A nerve leading from the point or part irri-
tated, to and into the spinal marrow;
2. The spinal marrow itself; and
3. A nerve, or nerves, passiong out or from the
spinal marrow,-all in essential relation or con-
nection with each other."

Despite many objections to his argumentative and
captious presentations and to the novelty of his conclu-
sions, his work was eventually accepted by the neuro-
logical hierarchy. It is not without interest that he was
made FRS in 1832, but Fellowship of the Royal
College of Physicians was not granted until 1841.
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