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Quantitative Magnetization Transfer Mapping of Bound

Protons in Multiple Sclerosis

D. Tozer,” A. Ramani, G.J. Barker, G.R. Davies, D.H. Miller, and P.S. Tofts

Quantitative analysis of magnetization transfer images has the
potential to allow a more thorough characterization of the pro-
tons, both bound and free, in a tissue by extracting a number of
parameters relating to the NMR properties of the protons and
their local environment. This work develops previously pre-
sented techniques to produce estimates of parameters such as
the bound proton fraction, f, and the transverse relaxation time
of the bound pool, T,g, for the whole brain in a clinically accept-
able imaging time. This is achieved by limiting the number of
data collected (typically to 10); to collect 28 5-mm slices with a
reconstructed resolution of 0.94 x 0.94 mm. The protocol takes
82 sec per data point. The fitting technique is assessed against
previous work and for fitting failures. Maps and analysis are
presented from a group of seven controls and 20 multiple scle-
rosis patients. The maps show that the parameters are sensitive
to tissue-specific differences and can detect pathological
change within lesions. Statistically significant differences in
parameters such as T,z and f are seen between normal-appear-
ing white matter, multiple sclerosis lesions, and control white
matter. Whole-brain histograms of these parameters are also
presented, showing differences between patients and controls.
Magn Reson Med 50:83-91, 2003. © 2003 Wiley-Liss, Inc.

Key words: magnetization transfer; multiple sclerosis; quanti-
tative analysis; bound proton; histogram

Magnetization transfer (MT) imaging is possible due to the
exchange of magnetization between two or more groups of
spins by either chemical exchange or cross-relaxation
(1,2). In most tissues the relaxation time of the group of
spins associated with macromolecules makes them invis-
ible using conventional MR imaging; however, they can be
indirectly imaged using MT. Most commonly a two-pool
model of living tissue is used, as described in (3), although
some investigators have proposed a more complex three-
pool model (4).

The phenomenon of MT is described in detail in Refs.
(5—8), but simply involves the application of off-resonance
RF radiation to saturate the protons in the bound pool,
which are then exchanged to the free pool. This was first
demonstrated on animal models by Wolff and Balaban (9).
The effect is mostly used to produce an MT ratio (MTR)
(10), which can be compared and is reproducible among
subjects; however, the MTR is heavily scanner- and se-
quence-dependent (11,12).

MT is potentially a very useful tool for the study of
multiple sclerosis (MS) because of the changes seen in the
white matter: as a lesion is formed, demyelination and
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axonal loss both occur which will alter the structure of the
brain tissue. This changes the relative sizes of the bound
and free pools which affects the MTR. These changes have
been widely studied using conventional region of interest
(ROI) (13,14) and more complex whole-brain histogram
studies (15,16). However, the MTR is a combination of
physiological factors, such as the relaxation times of the
pools and sequence-dependent parameters such as the fre-
quency of the saturation pulse. Useful as it may be, there
are more fundamental properties of the tissue that underlie
the MTR.

Quantitative analysis of MT has been developed over the
last 10 years or so and a number of imaging methods have
been developed. Henkelman et al. (17) were among the
first to incorporate non-Bloch behavior into the mathemat-
ical description of the MT phenomenon by the application
of non-Lorentzian lineshapes for the bound pool. Similar
techniques have yielded one or more quantitative param-
eters with various saturation techniques (18,19). Although
the application of quantitative MT (gMT) in vivo is a
relatively novel area, there has been some work done in
the general area. The initial work by Henkelman et al. (17)
and Morrison and Henkelman (20) was carried out on
various samples such as agar jelly and fresh samples of
bovine muscle and bovine white matter.

Similar techniques have been applied by a number of
groups to produce a full set of parameters for the MT
phenomenon (21-23).

Of particular interest are the results produced in this
group by Ramani et al. (24) and by Sled and Pike (25),
who both presented preliminary data from MS patients.
This work has suggested that a reduction in the bound
proton fraction and the T, of the bound pool is seen in
MS lesions compared to normal-appearing white matter
(NAWM).

The purpose of this work is to show that the production
of both maps and histograms of the various parameters
detailed in the model can be achieved by the application of
a robust, reproducible fitting routine, which can lead to
detailed analysis of the whole brain in a clinically accept-
able time.

THEORY

The theory of gMT has been covered in detail elsewhere
and a complete derivation will not be given here. The
refinements made by Ramani et al. (24) to the model pro-
posed by Henkelman et al. (17), shown in Eq. [1], will be
described, but the initial modification of the Bloch equa-
tions to take account of the saturating radiation used in MT
will not be detailed.
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In this equation, S is the signal intensity obtained from a
volume of interest, g is a scaling factor based on the elec-
tronic settings of the scanner, M5 and M? are the native
magnetizations of the free and bound pools, respectively,
R, and Ry are the longitudinal relaxation rates of the two
pools, R is a measure of the coupling of the two pools, Ty
is the transverse relaxation time of the free pool, Rgpy is a
factor which represents the lineshape of the bound pool,
which introduces the transverse relaxation time of the
bound pool to the model, the form of this will be discussed
later, w, is the amplitude of the continuous saturation
pulse, and Af is the offset frequency of the pulse. Equation
[1] differs from Henkelman’s only in that the data are not
normalized, so M5 is still explicitly included.

To take account of the MT pulsed experiment used here,
a continuous wave power equivalent amplitude of the MT
pulse (wcwpg) can be calculated using the effective satura-
tion power, assumed to be equivalent to the mean saturat-
ing power of a pulse and the technique presented by Ra-
mani and Tofts (26). Information about the pulse shape,
duration, its peak magnetic field and the interpulse inter-
val (TR') is combined to produce a value for the amplitude
of a continuous wave with the same mean power; this is
shown in Eq. [2]:
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where p, and p, are geometric factors dependent on the
pulse shape; more specifically, p, is the ratio of the area of
the pulse to a rectangular pulse of the same duration and
peak amplitude and p, is the ratio of the square of the
pulse area to the square of the area of the same rectangular
pulse, 6 is the effective tip angle of the pulse if applied on
resonance (in rads), 7, is the length of the MT pulse, and
P, is the mean square saturating field. The values of TR’
routinely used here are within the range of times validated
by Ramani and Tofts (26) from comparison of theoretical
and observed MTR values justifying the use of the CWPE
correction here.

Although the Bloch equations give rise to a Lorentzian
lineshape for both the free and bound pools, it has been
shown that this does not adequately fit the data in a num-
ber of samples (17,20) such as agar gel and fresh bovine
white matter; instead, Gaussian and super-Lorentzian line-
shapes, respectively, were found to give better fits. The
general form of the lineshape, G, and the specifics of the
two in question are shown in Egs. [3]-[5]:
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The T, of a solid depends on the orientation of the spins
with respect to B, so as regards the bound pool, which is
semisolid in nature, it is wrong to talk about the T, of this
pool as a single and invariant value. This can affect the
estimates of all the parameters in the model, but in partic-
ular T,y, as the signal seen in a voxel will depend on the
orientation of the semisolid spins in that voxel, which is
not modeled for, rather than simply the value of T,5. The
super-Lorentzian lineshape is used in an attempt to over-
come this, as the T, quoted is an average over all orienta-
tions of the relaxation time of the semisolid protons, sug-
gesting that it might be the most appropriate lineshape to
use.

The model shown in Eq. [1] was also modified slightly to
produce a physically meaningful parameter, the bound
proton fraction, f. This was achieved by using the defini-
tion of f given by Ramani et al. (24):

f= ME/(MA + MB). [6]

By substituting for M§ into Eq. [1], which can then be
rewritten as shown in Eq. [7]:
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a set of six parameters can be obtained from the data; these
are, gM5, Ry, RME, f/R,(1—1), 1/R,T%, and through the
lineshape, Rgyg, Top-

From the estimates of f/R,(1—f) and RM% and the cor-
responding value of R, ., the inverse of the value taken
from the calculated T, map Eq. [8], also from Henkelman’s
work (17), can be used to obtain an estimate of R, from
which a value for f can be calculated:
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SUBJECTS AND METHODS
Imaging Methods and Subjects

A 2D spoiled gradient echo sequence previously described
in Ref. 24 with the following parameters: TR/TE = 1140/
12 ms, excitation flip angle = 25°, acquisition matrix =
256 X 128, reconstructed matrix size = 256 X 256, number
of excitations = 0.75, i.e., partial filling of k-space, FOV =
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Table 1
Amplitudes and Offset Frequencies of the MT Pulse
Used in These Experiments

Flip Angle® wcwpe (rad s™7) Af (Hz)
212 185 1000
212 185 2500
212 185 7500
434 378 1000
434 378 3500
434 378 15000
843 735 1000
843 735 2500
843 735 5000
843 735 7500

24 X 24 cm with 2 FOV in the phase direction was imple-
mented with 28 5-mm contiguous slices giving whole-
brain coverage. All 28 slices were acquired in a single TR
so the MT pulse repetition time, or TR’, was 41 ms. A
small excitation flip angle was chosen to minimize the T,
weighting of the images while retaining an acceptable
signal-to-noise ratio (SNR). The sequence was sensitized to
MT by the application of a Gaussian MT pulse, with a
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duration of 14.6 ms and of a given amplitude and fre-
quency offset, before the 25° pulse. Each set of 28 images
takes 1 min, 22 sec to acquire and the sequence is repeated
a number of times dependent on the number of data points
chosen by the operator.

Although any number of data points can be obtained,
time considerations limit the practicality of taking many
points; for the examples described here it was decided to
have 10 combinations of power and offset frequency. This
keeps the total imaging time, including all localizers and
the T, measurement described below, to around 45—
50 min, which is clinically acceptable, while allowing
enough degrees of freedom to calculate parameter esti-
mates. It has been shown (17) that choosing n offset fre-
quencies and 1 amplitude does not provide enough infor-
mation to adequately fit the model, so it was decided to use
3 amplitudes with 3, 3, and 4 offset frequencies; the values
of these are shown in Table 1. The MT pulse parameters
were chosen with regard to SAR limitations and a desire to
cover as wide a range of offset frequencies as possible,
while ensuring that the region in which the signal inten-
sity is expected to change the most is well covered.

The values for wqwpr Were calculated using the CWPE
calculation described above. Figure 1 shows example sig-
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nal intensity curves calculated from the model from a
region drawn in white matter in a control; the symbols
here indicate the offset frequencies chosen for each power
and shows that these values give good coverage of the
pulse amplitude curves in the region in which they are
changing the most when a Gaussian lineshape is used.
Although for a super-Lorentzian lineshape the coverage is
not so good, there is still a reasonable change of signal in
this range. Images were not acquired at low offset frequen-
cies, as the closer the frequency of the offset frequency to
the resonant frequency of the sample the greater the signal
lost due to direct saturation of the free pool, resulting in
low SNR images.

A dataset which allows the calculation of T, maps using
the method described by Parker et al. (27) was acquired at
the same locations.

All subjects were imaged using a T,-weighted dataset
used to calculate T, lesion load and exclude lesions in
controls, and were also imaged using a conventional T,
weighted sequence to obtain a T, lesion load.

Imaging was performed on a group of seven control
subjects (average age = SD 31 * 6 years) with no history of
neurological conditions and a group of 20 MS patients
(average age 45 * 9 years, average expanded disability
status scale 3 (range 1-6.5), average duration of disease
11 years (range 1-32)). Fourteen of the patients had relaps-
ing remitting MS and two of the other six each had primary
progressive, secondary progressive, and benign MS. One of
the controls was scanned on two separate occasions to test
the reproducibility of the technique. The study was ap-
proved by the ethics committee of the National Hospital
for Neurology and Neurosurgery and informed consent of
all subjects was obtained.

Data Analysis

A 280 image dataset was produced for each patient, con-
sisting of 28 slices for each of the 10 MT pulse combina-
tions shown in Table 1. The work presented by Ramani et
al. (24) and Henkelman et al. (17) suggested that the pa-
rameter Ry be fixed, as the residual sum of squares (SSQ)
is insensitive to Rz and an accurate value cannot be deter-
mined. The parameter was also fixed in this work, as in the
other work mentioned, equal to 1 s™", to save the time of
fitting for an extra, unhelpful parameter. When this vari-
able was fitted for the parameters, gMs and T, were
independent of it, but f/R,(1—f) and 1/R,T,, did vary.
Although it is unlikely that this value is a good estimate of
the longitudinal relaxation of the bound pool, by fixing it
a source of variation in the latter two parameters is re-
moved, allowing for their consistent estimation. Although
this may introduce bias and mean that the values obtained
are not physically accurate, they are more reliable, which
is important for diagnostic purposes. This modified model
was then fitted to the data to produce estimates of the five
parameters, gM{, RM§, 1/R, Ty, f/(R,(1-1), and T3
(through the lineshape Rypg). In addition, for comparison,
the MTR was also estimated using the most heavily
weighted set of MT images (w = 735 rad s~ *, Af = 1000 Hz)
and the least heavily weighted set (w = 185 rad s™*, Af =
7500 Hz).

Before fitting registration of the 10 sets of
28 MT-weighted images and the images used for T, calcu-
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lation was carried out using the normalized Mutual Infor-
mation algorithm developed by Studholme et al. (28). A
simple threshold was used to exclude pixels containing
only background noise, reducing the number of pixels to
be fitted by 75%.

The fitting was carried out using a least squares minimi-
zation method algorithm from the Numerical Algorithms
Group (NAG) (29,30). The parameters were all constrained
to be positive, as a negative value for any parameter would
be physically unrealistic. Estimates of the various param-
eters were obtained using both an ROI approach, based on
signal intensities obtained from the raw data within re-
gions placed in the brain tissues with reference to the T,-
and T,-weighted images, and on a mapping basis, where
values were calculated for each individual pixel. From
these estimates comparisons of the parameters from tis-
sues in the patients and controls were made using, where
appropriate, Student’s paired and independent samples
I-tests.

The issue of which lineshape to use for the bound pro-
tons was resolved by fitting a subset of the subjects with
Gaussian, Lorentzian, and super-Lorentzian lineshapes
and comparing the goodness of fit for three major tissue
types, white matter, gray matter, and MS lesions.

Whole-brain histograms were calculated from the pa-
rameter maps produced, including the MTR. The T, maps
were used to create a mask of the cerebro-spinal fluid
(CSF), which was then applied to the various parameter
maps which were calculated from the registered images.
Normalized histograms were then calculated and a simple
analysis of the major features was performed.

RESULTS

Performance of Fitting

For both the ROI and pixel-by-pixel analysis, the Gaussian
lineshape was found to give the best fit, with the super-
Lorentzian giving the next best, and the Lorentzian the
worst for all datasets in the subset tested in all three major
brain tissues. An average reduction in the SSQ of ~20%
was seen using the Gaussian lineshape compared with the
super-Lorentzian. Typical examples of the fitted curves are
shown in Fig. 1, where it can be seen that the super-
Lorentzian lineshape does not result in as good a fit as the
Gaussian.

The time taken to fit each dataset varied on the number
of iterations required to reach convergence, and although
some ROIs took 2—3 sec to converge, many took substan-
tially less than a second. This was also the case for each
pixel in the pixel-by-pixel analysis, so a dataset with
28 slices took between 4 and 48 hr to run on an ULTRA
10 workstation (Sun Microsystems, Santa Clara, CA, USA).

Analysis of the data with both an ROI and pixel-by-pixel
approach yielded good quality fits and physically sensible
values for the parameters; however, all values quoted here
are those obtained using the ROI approach. Using the
following definition of the residual deviation per point
(o = V/(sum of squares)/(number of data points—number of
parameters)) and noting that the SSQ must be normalized
to gM{ to make it comparable to the figures found in Ref.
20, typical values for o were found that ranged between
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FIG. 2. A series of parameter maps obtained from an MS patient. As can be seen, the lesions visible on gM5 in the left centrum semiovale
and posterior right of the brain are visible particularly well on 1/R,T,, and f, and also to a lesser extent on f/R,(1—f) and T,g. The T, and
MTR maps also show these lesions, but the shape of the left centrum semiovale lesion in particular seems to vary—it appears bigger on
the f and 1/R R,T,, maps than on the T, map, indicating an abnormality surrounding the conventional lesion. Also, note the small lesions
visible on gM4 and f, which are not as clear on the T, and MTR maps.

0.02—-0.03 for all of the brain tissues in both patients and
controls. The estimates of the parameters produced also fit
in generally with those presented previously (20), except
where differences in technique and theory, such as the
normalization of the experiment to produce an estimate of
R, dictated otherwise.

Limited information about reproducibility was obtained
from the single control subject imaged twice. The datasets
were registered and 10 regions drawn in the white and
gray matter. Analysis of the values obtained for each pa-
rameter in the two datasets showed changes in the param-
eters of 2.8% for T,, 1.7% for {, and 2.2% for T,5.

Analysis of Output

The different maps produced by this procedure are of
varying value; for example, we found a value for RM%
greater than 10° s™' in all tissues in the brain. At these
levels the SSQ and predicted signal intensity become in-
dependent of this parameter and the resulting parameter

Table 2

map is featureless. However, as can be seen in Fig. 2, other
maps such as the bound proton fraction, f, 1/R, T, , and to
a lesser extent T5 show brain structure and particularly
lesions.

It can be seen from these maps that lesions show a
reduction in both fand T5 compared with the surrounding
NAWM; this, and the parameter estimates themselves, are
in agreement with the preliminary data from this group
(24,31) from an ROI analysis on a smaller cohort. Table 2
shows a comparison of the parameters produced by the
fitting and the MTR in NAWM and MS lesions in the
patient group along with the P-values produced from anal-
ysis using Student’s paired t-test. The values compared are
averages in each patient from a number of regions drawn
in the lesions and NAWM. Table 3 shows a similar com-
parison, but this time between NAWM and white matter
from the control group in a specific location. The values of
f and MTR in these tables are given in percentage units
(pu) as defined previously for MTR measurements (32).

Values for the Parameters and Comparison Obtained From NAWM and MS Lesions

Parameter NAWM (+=SD) MS lesions (+SD) P value
1/RaTS 44 + 3 28+8 <0.001
f/RA(1—1) (s) 0.104 = 0.002 0.101 = 0.009 0.195
TS (us) 18.3 £ 0.4 159 1.0 <0.001
f (pu) 14.0 = 0.9 8x2 <0.001
MTR (pu) 59 + 1 55 +3 0.009
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Table 3

Tozer et al.

Parameters Obtained From Patients and Volunteers Compared, Showing Significant Differences Between

NAWM and White Matter in Controls for the Bound Proton Fraction, f

Parameter NAWM Control white matter P value
1/R,TH 44 =5 43+ 6 0.619
f/RA(1—1) (s) 0.105 *= 0.007 0.106 = 0.007 0.814
TS (us) 18.0 = 0.9 18.4 £ 0.5 0.259
f (pu) 14.0 = 0.9 155 = 0.7 0.018
MTR (pu) 59 + 1 60 =3 0.399

These results come from comparison of regions drawn in
right occipital white matter, but the pattern is repeated
elsewhere in the white matter.

For comparison, analysis was also performed in the
cortex to obtain data for this gray matter. From this anal-
ysis, gray matter has an f value, similar to lesions, of
around 8 pu, with no difference seen between gray matter
in controls and patients. Gray matter values of T, and
1/RA T, are also reduced from NAGM values, although in
the case of the former the reduction is only slight. Signif-
icant differences were seen between the 1/R,T,, values
obtained from the controls and MS patients in gray matter,
which is interesting, given that the same result is not seen
in white matter.

Group-normalized whole-brain histograms of f for the
patients and controls are shown in Fig. 3. The shape of the
histograms seem to show subtle, yet clear, differences: the
values at low f are higher in the patient group, as may be
expected as lesions fall into this range. There is a corre-
sponding decrease in the height of the patient histogram at
higher values of f, suggesting the loss of the “extra” white
matter seen in controls. This region also appears to contain
a “kink” in the control histogram that is missing in the
patients group, indicating that a more detailed analysis of
this and the other parameter histograms may provide use-
ful information. Comparisons of the peak height, peak
location, and the 25th and 75th centile points between the
MS subjects and controls were carried out using the inde-
pendent samples t-test. Peak height did not differ between
the two groups for any of the parameters tested (P > 0.073).

f(pu)

FIG. 3. Group histograms for the bound proton fraction, f. The
thicker line represents the patient group (n = 20) and the thinner line
the control group (n = 7). Note the increased height of the patient
histogram at smaller values of f, due to the reduced value of f in
NAWM and possibly the presence of lesions.

Peak location appears to be a slightly better discriminator,
using this statistic there is a significant difference between
the two groups in the f/R,(1—f) (P = 0.015) and MTR
histograms (P = 0.005). However, it is the 25th centile
point that gives the most impressive results, with P = 0.01,
P = 0.026, P = 0.041, and P = 0.002 for the f/R,(1—1), f,
1/RAT,,, and MTR histograms, respectively. Finally, the
75th centile point produced significant differences for f
(P = 0.028) only. It should be noted that the histogram
metrics described here are often correlated; however, four
common measures were used to avoid the bias involved in
the selection of a single metric. Also, unlike the differ-
ences seen between the parameter values from NAWM and
MS lesions, none of these significances survive after ap-
plication of the Bonferroni correction for multiple compar-
isons.

DISCUSSION

One area of interest in these results is the apparent im-
provement in the fit when using the Gaussian lineshape
compared with the super-Lorentzian for the bound proton
pool. This is contrary both to the work looking at postmor-
tem samples by Henkelman and Morrison (17,20) and the
in vivo studies presented by Sled and Pike (25). Although
this is slightly surprising, there are a number of possible
explanations. The most likely is that, as the super-Lorent-
zian demonstrated in Ref. 20 does not fit the data perfectly,
a Gaussian form for the lineshape is a better approximation
for the small range of data presented here. This would
apply when comparing this work to any of that described
above, as far fewer data points were collected for this
work. This suggests that better estimates of the parameters
may be made with an increase in the number of data
points, although whether this would lead to significant
differences in the parameters produced is not clear. It is
accepted that choosing the Gaussian lineshape from a sub-
set of the data used in the study proper may bias the
results. However, as the Gaussian lineshape consistently
fitted the data better than the other lineshapes, and given
that there is limited data in this preliminary study, this
was considered acceptable. Study of the choice of line-
shape as a function of the number of data points acquired
and the optimization of their location, however, is an
important subject that is not addressed in this work.
Improvements in the implementation of the fitting rou-
tine and fixing the parameter RM5 would help reduce the
long time required to produce the maps; this parameter
appears to have very little variation between tissues and
appears to give no useful information beyond the fact that
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the two pools are well coupled. It should be noted that
while this value is not comparable to values of R from
other groups, as it has not been normalized to the native
magnetization in a voxel to remove M} from the model,
the behavior of the parameter differs from that presented
elsewhere (25). In that case, the parameter took much
lower values and varied usefully throughout the brain.
Interestingly, when RMY is set to a value similar to that of
Sled and Pike, the SSQ does vary with this parameter,
although it is significantly higher than when the parameter
takes a value >10°. This suggests that there is a method-
ological difference causing a discrepancy in the fitted
value of this parameter. One possibility is that the relative
length of the MT pulse to TR is the cause of this problem;
however, to cover all 28 slices in 1 TR, the length of the
MT pulse cannot be increased without altering the receive
bandwidth, which would reduce the SNR of the sequence.
This lack of usefulness in the parameter RM{ is disap-
pointing, but should be viewed in the context of obtaining
whole-brain coverage.

The collection of whole-brain parameter maps for MS
patients in a clinically acceptable time is a big step for-
ward in the clinical development of gMT. The maps do not
have the same quality as those published previously (25),
in that there appears to be greater noise in the values of the
parameters obtained from the fits. This is unsurprising,
given that the resolution of the images is approximately
doubled from 2 X 2 mm in Sled and Pike’s (25) work to 1 X
1 mm here, with a reduction in the slice thickness from
7 to 5 mm. This results in a reduction of voxel volume
from 28 mm?® to 5 mm?®, which will reduce the SNR in the
images. This and the reduced number of data points used
in this work will introduce a greater uncertainty into the
fitting procedure. However, to achieve full brain coverage
at the chosen resolution in a similar time to the single slice
imaged in (25), the number of data points acquired must be
compromised. Despite this, the f map still shows the brain
structure in good detail and in patients the lesions are
clearly visible as having a reduced bound proton fraction.
This is supported by the ROI analysis, which shows a
significant reduction in f in lesions compared with the
surrounding NAWM.

The quality of the fitting seems to be adequate to have
faith in the parameters produced; this may be improved
with refinements to the scanning procedure such as
changes to the selection of data points, or to the fitting
procedure such as refinements in the starting estimates of
the parameters. The goodness of fit measures seem to be
comparable to those presented in other work (20) and
although the fitting of the maps is a little noisy, as men-
tioned above, the overall quality is still good enough to
obtain meaningful comparisons about the behavior of the
tissues. This is further backed up by the map of gM5; this
should simply be a measure of the PD in a tissue, so the
fact that it shows clearly brain structure and is very similar
to the PD-weighted images for producing the T, suggests
that the fitting is working well.

Although reproducibility data was collected on only one
subject, it is encouraging to see that the results are repro-
ducible between scans. Although this experiment cannot
give any information about the effects of movement or
artifact on the fitting procedure, it does indicate that ran-
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dom effects such as noise do not seem to influence the
fitted parameters greatly.

The pilot clinical results obtained are encouraging in
that some of the parameters produced can be used to
separate MS lesions from NAWM. Although, as can be
seen, the same is true of the MTR, so it would be very
surprising if this were not the case. If the significant dif-
ferences between NAWM and white matter in controls are
preserved in a larger group this would also be an interest-
ing result, as it further indicates the involvement of all
white matter in MS. This finding should not be too sur-
prising, as differences are seen in other MR parameters
such as fractional anisotropy and T, (33,34), but does
further indicate that MS affects all white matter in the
brain, not just that in which a lesion appears. It is true,
however, that this result only shows significance at a less
stringent threshold (P = 0.018) and may be an artifact of
the differences in age between the groups, particularly as
the control group is so small. That f appears to be a better
discriminant than the MTR for these two tissues, however,
is encouraging, although given that previous studies have
found the MTR to separate NAWM and control white
matter (35) the small group size may be responsible for a
misleading result.

Similar arguments about the small group size are also
applicable to the histogram analysis, which, combined
with the fact that the Bonferroni correction suggests that
there are no clear significant differences between the his-
tograms from patients and volunteers, means that no firm
conclusions can be draw from this analysis. However, it is
encouraging that histograms of the various qMT parame-
ters could be produced and that from analysis of the indi-
vidual histograms, which is not shown here, that their
shape is reproducible across subjects. It is interesting that
f/RA(1—1) gives the most encouraging results from this
basic analysis, as the map of this parameter does not seem
as useful as its related parameter, {, as evidenced by a lack
of as clear a brain structure. Whether histograms of the
gMT parameters give more information than the conven-
tional MTR histograms is certainly open to debate, as the
results show as good, if not better, separation of control
and patients using this measure. However, despite the
limitations of the analysis performed here, the results in-
dicate that there may be benefits to a larger, more complex
study of histograms of the various parameters.

Figure 2 shows a number of interesting features. Several
of the parameter maps show a number of white matter
lesions, bilaterally in the centrum semiovale. These are
best seen on the map of gM{, or PD, but are also clear on
the map of f. The brain structures are also clearly visible on
these maps and to a lesser extent on the maps of 1/R,T?,,
f/IR,(1—1) and T,5. The lesions are also visible on these
maps, although the map of T,; does not show several
smaller lesions within the centrum semiovale, indicating
that gMT is sensitive to lesion heterogeneity. Lesion age or
structural differences may account for these variations,
which may be investigated using the extra parameters
imaged using this technique. It is also interesting to note
that the MTR map shows the two larger lesions relatively
clearly, but the smaller lesions are missing. In addition,
there appears to be a discrepancy between the size and
shape of the lesions in the left centrum semiovale; the PD
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map seems to show two distinct lesions with different
intensities, an effect mirrored in the T, map. However, the
T, and 1/R,T?, maps show only the more posterior of
these two lesions; the f and f/R,(1—f) maps seem to show
one larger lesion; while the MTR map falls somewhere in
between. Quantitative analysis of the parameter maps in
regions of NAWM, the large lesion visible on all maps and
the small lesion occurring below it (which is only visible
on some maps), confirm that there are large differences in
the level of signal change in some of the parameters in
these regions. In particular, it appears that there is an
abnormality in f surrounding the larger lesion and that this
information cannot be obtained by the conventional imag-
ing techniques shown here. Also, the signal change in the
smaller lesion varies between 9 and 31% for all gMT
parameters except T,5, where no change is seen, while the
MTR only shows a change of 6% in intensity. A larger
study is needed, however, to assess the sensitivity and
specificity of these differences. More work is also needed
to compare the overall utility of gMT to that of an opti-
mized conventional MTR, taking into account any differ-
ences in attainable scan time, slice thickness, coverage,
in-plane resolution, etc.

It is also interesting to look in detail at the parameter
1/RAT, . This parameter shows significant differences be-
tween NAWM and MS lesions and between gray matter in
patients and controls. Although this finding is seen in a
small group, it does indicate possible changes in the gray
matter as well as the white matter of patients. However, if
a typical T, , time of 0.6 sec is assumed, then T,, can be
calculated to be around 14 ms for both NAWM and white
matter in controls. Even allowing for the fact that T, ., will
be shorter than T, 4, this is much shorter than the typically
accepted T, value of white matter, around 80—-100 ms (36),
which will be, if anything, slightly shorter than T, ,. To get
a T, , of this magnitude the value of T, , would have to be
around 4 sec. A similar result was noted by Morrison and
Henkelman (20), who suggested that multicompartment
relaxation made analysis of the component parts of this
parameter unwise. It has been suggested that “partially
bound” water broadens the lineshape of the free water,
causing this discrepancy, and it may well be that the
two-pool model used here and in the majority of similar
work does not completely describe the interactions occur-
ring; indeed, multicompartmental analysis of transverse
relaxation times (37) has suggested that there are at least
three water pools in brain tissues.

CONCLUSION

We have demonstrated a reliable method for estimating
gMT parameters in the whole brain in a clinically accept-
able time. Three of these parameters, f, 1/R,T,,, and Ty,
appear to be physiologically specific and altered in MS
lesions; in addition, f is also altered in NAWM. These
parameters give additional information to MTR, as seen by
the variable appearance of lesions on the parameter maps,
and may be used to give improved tissue discrimination,
as evidenced by the statistical tests described previously.
We have also shown that histograms of some of these
parameters may also show differences for some parameters
between patients and controls.
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