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Characterization of Differences between Multiple
Sclerosis and Normal Brain: A Global Magnetization
Transfer Application

John L. Ostuni, Nancy D. Richert, Bobbi K. Lewis, and Joseph A. Frank

BACKGROUND AND PURPOSE: Although the exact nature of the physiological differences
between normal and multiple sclerosis (MS) brains are unknown, it has been shown that their
global magnetization transfer ratio (MTR) values are significantly different. To more fully
understand these differences, we examined MTR values by using 30 distinct measures. We
provide a unique illustration of these differences through a derived normal-to-M S transform.

METHODS: Global MTR values for the group of normal subjects and for the group of MS
subjects were characterized by 30 different measures involving simple statistics, histographic
characteristics, MTR order information, and MTR range information. The measures that were
significantly different with respect to these two groups were discovered. From the mean MTR
histogram of the two groups, a transform was created to describe a conversion between the
two brain states. Normal data were passed through this transform, creating a set of pseudo-
MS data. The measures that were significantly different from the normal and pseudo-M S data

were also obtained in order to verify the accuracy of the transform.

RESULTS: Seventeen of the 30 measures were determined to be significantly different when
comparing the sets of normal and MS data. The same set of 17 measures were found to be
significantly different when comparing the normal and pseudo-M S data.

CONCLUSION: The differences in the global MTR values of normal and M S subjects are
statistically significant compared with a large number of measures (e = 0.05). A normal-to-
MS transform is a novel method for illustrating these differences.

Magnetization transfer is a technique that may be
useful in characterizing the pathophysiological
changes involved with multiple sclerosis (MS).
Typically, mean magnetization transfer ratio
(MTR) values are collected from white matter hy-
perintensities and normal-appearing white matter
by using small regions of interest (1-12). A globa
approach based on histograms has been used to
more accurately represent occult disease in normal-
appearing white matter (13, 14). Characteristics of
these histograms have been correlated with cogni-
tive and neuropsychological test results (15) and
have been used to evaluate changes in response to
treatment (16).
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In this report, the difference between MS and
normal subject groups with respect to these global
MTR vaues was explored through the use of 30
different measures. These measures included the
following: 1) simple statistics, such as MTR mean
and standard deviation (SD); 2) range measures
that were associated with properties of the set of
MTR values within a specific range, such as the
number of voxels with an MTR value between 0.45
and 0.60; 3) order measures that were associated
with properties of MTR values after they were or-
dered in terms of their magnitude, such as the mean
MTR in the quarter of the data containing the
smallest MTR values; and 4) histographic measures
that were associated with properties of the MTR
histogram, such as mode and peak height. The
mean value of each of these 30 measures was de-
termined for each normal and MS subject. Statis-
tical testing of these mean values was then per-
formed to find which measures were significantly
different between the two groups.

Finaly, to provide a single illustrative technique
for describing the differences between these two
groups, a transform relating the set of normal sub-
jects to the set of MS subjects was created through
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the matching of each group’s mean MTR histo-
gram. This normal-to-MS transform converts the
set of normal MTR valuesinto a set of MTR values
typical of the MS data set. By putting each normal
MTR volume through this transform, all normal
data were converted into pseudo-MS data. The de-
scriptive ability of this transform was examined by
performing the same analysis on the normal and
pseudo-M S groups as was performed on the normal
and M'S groups.

M ethods

Studies were performed on a 1.5-T MR unit and consisted
of axial obliqgue 3-mm interleaved sections (n = 42), with a
field of view of 24 cm and a matrix of 256 X 192. For mag-
netization transfer studies, spin-echo images were obtained
with imaging parameters of 600/16/2 (TR/TE/excitations), with
(Ms) and without (Mo) a saturation pulse (600 MHz below
water frequency B,). All other parameters were set according
to manufacturer’s specifications. The MTR was computed on
a voxel-by-voxel basis using the standard equation: 1 — (Ms/
Mo) (1). Thirteen subjects (five normal volunteers, eight MS
patients) were analyzed. The normal subjects (three men, two
women; mean age, 37 years, range, 23—44 years) had an av-
erage of 4.2 studies per subject. The MS subjects (two men,
seven women; mean age, 37 years, range, 24—44 years,; Kurtze
Expanded Disability Status Scale: range, 1-8; disease duration:
range, 1-9 years; and minimum contrast-enhancing lesion fre-
quency, 0.5/month) had an average of 9.4 studies per subject.
The M S patients were part of alongitudinal MR imaging study
of relapsing-remitting MS (17). This study was reviewed and
approved by the institutional review board at the National In-
stitutes of Health. Informed consent was obtained for each nor-
mal volunteer and MS patient.

Initially, a mapfile was created for each subject by removing
the skull and extradural tissues in the Mo volume from their
first examination. A mapfile or image mask is simply a set of
images that describe which voxel locations need to be analyzed
and which voxel locations should be ignored in the anadysis
of asubject’s brain. Thistask was performed by an experienced
radiologist through the use of hand-drawn outlines. All sub-
sequent intrasubject Mo and Ms volumes were registered (18)
to this first Mo volume, so that a single mapfile could be used
for al intrasubject MR data. After registration, each Mo-Ms
pair was used to create a new volume whose voxel values were
equa to their MTR at that location. This volume was then
masked with the created mapfile to form an MTR volume.

For each subject in both groups, the mean of each of the 30
investigated measures was calculated. Thus, this report does
not examine the monthly fluctuationsin MS and normal brains,
but instead compares the average individual brain state of each
subject in the two groups. These mean values for the normal
control subjects and MS subjects were compared by the Wil-
coxon rank sum test (19) to determine which measures were
significantly different (« = 0.05).

Notation

Let mapfilg, Mo;, and Ms; represent the value of the mapfile,
the Mo volume, and the Ms volume at voxel position j, where
j goes from 1 to the total number of voxels in a volume. For
al voxels in an Ms volume, if a a particular voxel, j, the
following conditions are true, ie,

mapfile = 1
MOJ' # 0

(1 — Ms/Mo) = 0.0 and (1 — Ms/Mo) < 0.6,
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Fic 1. Typical “normal” MTR histogram shows the parameters
H1 through H5.

then that MTR value is added to the set of MTR values to be
analyzed. We will refer to this set of values from a single Mo-
Ms pair as S and the total number of MTR values composing
this set as N. Also, each individua element in S will be re-
ferred to as 5 where j goes from 1 to N. The choice of 0.6 as
a cutoff was determined empirically from the observation that
almost no voxels contain an MTR value greater than this value.

MTR Measures | (Histographic Parameters)

To globally characterize MTR values, it is useful to store
them in a histogram (20) (Fig 1). For this analysis, a histogram,
referred to as histo[ ], contained 100 bins, with each bin rep-
resenting an MTR range of .006 (0.6/100). Initidly, all ele-
ments were set to 0. For each MTR value in the set S the
following quantity was incremented:

int(%%)

where § refers to the individual MTR values and the function
int() converts a noninteger number to an integer through trun-
cation. Once the histogram was created, the following mea-
sures were calculated:

histo

H1. mode: the parameter mode characterizes the bin number
at the maximum height of the histogram; that is, the histogram
bin containing the most MTR values,

H2. pkh: the peak height (pkh) is estimated as the number of
MTR values contained in the histogram bin representing the
mode;

H3, H4. hpkl, hpkr: these two parameters represent the bin
numbers of the two locations where the histogram makes the
transition from a height of greater than pkh/2 to a height less
than or equal to pkh/2; hpkl represents the location to the left
of the mode and hpkr represents the location to the right of
the mode;

H5. dist: this parameter represents the number of bins between
hpkl and hpkr;

H6. modep: this parameter represents the percentage of the
total number of MTR values in the bin range of 0 to mode;

H7. pkhn: this parameter represents the normalized peak height
= pkh/N;

H8, H9. hpklp, hpkrp: these two parameters represent the per-
centage of the total number of MTR values in the bin ranges
0 to hpkl and O to hpkr, respectively;
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H10. distp: this parameter represents the percentage of the total
number of MTR values in the bin range of hpkl to hpkr.

MTR Measures Il (Smple Satistical Parameters)

Initially, simple group statistics were applied to the collec-
tion of MTR values. Using the N members of each set, S, the
measures Sl to S4 were found. These measures were al com-
mon measures, such as the mean, which measures the average
value of the set of MTR values, and the SD, which character-
izes the variability of the MTR values around the mean. Also
calculated were the skew, which measures the degree of asym-
metry around the mean, and the kurtosis, which measures the
relative flatness of the MTR collective compared with anormal
distribution centered around the mean:

1 N
Sl. mean = 5 121 S
1 N 12
= [ — — 2
S2. sd (N — 1;1 (S — mean) )
S3 skew = ! EN: (S — mean)s
' " N A
. 13 .
4. kurtosis = N(sd)? 4 (§ — mean)

MTR Measures |1l (Range Parameters)

The next eight parameters (R1-R8) were based on MTR-
range quartiles that were formed by dividing the MTR range
(0.0-0.60) into four equa parts. The normalized parameters
R5 to R8 were normalized by N, the number of brain voxels
having an MTR value between 0.0 and 0.6. In general, non-
normalized parameters provide information on the absolute
quantities of MTR values, while normalized parameters pro-
vide information on the relative quantities of MTR values:

R1. c1: number of voxels with an MTR value in the range
(0.00-0.15);

R2. ¢2: number of voxels with an MTR value in the range
(0.15-0.30);

R3. ¢3: number of voxels with an MTR value in the range
(0.30-0.45);

R4. c4: number of voxels with an MTR value in the range
(0.45-0.60);

R5. cln: normalized number of voxels with an MTR value in
the range (0.00-0.15) = cl/N;

R6. c2n: normalized number of voxels with an MTR value in
the range (0.15-0.30) = c2/N;

R7. c3n: normalized number of voxels with an MTR value in
the range (0.30-0.45) = c3/N,;

R8. c4n: normalized number of voxels with an MTR value in
the range (0.45-0.60) = c4/N.

MTR Measures |V (Order Parameters)

One common data structure, which has not previously been
used for examining sets of MTR values, is the sorted data
array. The matrix sortarr[ ] contains N elements representing
the ordered MTR values from the set S This array was divided
into four equal parts to form MTR-count quartiles, in compar-
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Fic 2. Typical “normal” array of ordered MTR values, with dot-
ted lines showing the four evenly spaced quadrants used to de-
rive parameters O1 through O8. These parameters simply find
the mean and the range of each of the four count-based
quadrants.

ison with the previous discussion involving MTR-range quar-
tiles. The following parameters, O1 to O8, were estimated
through the use of these MTR-count quartiles (Fig 2) and are
concerned with the mean and the range of each of these four
quartiles:

O1. mnl: mean of the first N/4 data points;
0O2. mn2: mean of the second N/4 data points;
03. mn3: mean of the third N/4 data points,
O4. mn4: mean of the fourth N/4 data points;

O5. rgl: (highest MTR value — lowest MTR value) in first N/
4 data points;

06. rg2: (highest MTR value — lowest MTR value) in second
N/4 data points;

O7. rg3: (highest MTR value — lowest MTR value) in third
N/4 data points;

08. rg4: (highest MTR value — lowest MTR value) in fourth
N/4 data points.

Normal to MS Transform

The MTR histogram is a data structure that alows for the
examination of the number of MTR values falling within spe-
cific ranges. This data structure is basically a one-dimensional
array in which each array element represents a specific MTR
range. In the context of a histogram, these array elements are
caled bins. For every MTR value examined, the bin repre-
senting that value is incremented by 1.

A group’s mean histogram is a histogram created using all
of that group’s MTR data. Thus, it allows one to examine the
number of MTR values falling within specific ranges for all
of that group’s data. In this report, the mean MTR histogram
of the normal subject group was compared with the mean MTR
histogram of the M S patient group (Fig 3) to derive atransform
(Fig 4) representing the differences between the two groups.
This transform will be referred to as a normal-to-MS
transform.

All MTR volumes from the normal subject group (average,
4.2 MTR volumes/normal subject) were put through this nor-
mal-to-M S transform to arrive at the group of pseudo-MS data
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Fic 3. Mean MTR histograms for the normal volunteer group
and the MS subject group.

A and B, Nonnormalized MTR histograms (A) and normalized
MTR histograms (B).
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Fic 4. Aand B, Normal-to-MS transform. Loss described by the
normal-to-MS transform (A) and gain described by the normal-
to-MS transform (B). For example, in transforming a normal brain
to one representative of the MS data set, approximately 75% of
all voxels with an MTR value of 0.5 are removed; 14.4% of them
are relocated to lower MTR values in a distribution shown in B,
while 85.6% of them are lost. A similar action is performed for
voxels with MTR values at other values, although the percentage
of loss differs, as shown in A.
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Fic 5. lllustration of the three data sets that were used in this
study. The last data set (pseudo-MS) was created by putting
each of the normal subjects’ MTR data through a derived normal-
to-MS transform. Since five normal subjects had an average of
4.2 studies each, 21 MTR volumes were transformed in the cre-
ation of the five pseudo-MS subjects. The normal-to-MS trans-
form was created through the matching of the mean MTR his-
tograms of the normal data (labeled N 1-5) and the MS data
(labeled MS 1-8).

(Fig 5). Thus, the five normal subjects were converted into five
pseudo-M S subjects. The mean value of each of the examined
30 measures was found for each subject in this new pseudo-
MS group just as they were for the norma and MS groups.
Using the Wilcoxon rank sum test, these measures were com-
pared with those of the normal group to discover which of the
measures were significantly different (« = 0.05). In summary,
the analysis between the normal and pseudo-MS groups was
identical to that of the norma and MS groups.

Results

With regard to the comparison of normal and MS
subjects, 17 of 30 measures were stetistically sig-
nificant using an « value of 0.05 (Fig 6). Of these
17 measures, nine were found that could be used
to state differences between the normal subject
group and the MS patient groups using an « value
of 0.001. A complete list of these P values along
with their direction of change is presented in the
Table.

In considering the groups of M'S and normal sub-
jects from the four simple statistical parameters
(S1-$4), only the mean that describes the average
MTR value has significantly decreased. The other
three parameters (ie, SD, skew, and kurtosis) were
not changed significantly.

The range parameters ¢3 and ¢4 describe a de-
crease in the total number of voxels with MTR val-
ues in the range (0.30-0.60). To further understand
this reduction, it is informative to examine the nor-
malized quadrant counts, cln, c2n, c3n, and c4n.
These normalized parameters suggest arelative loss
of voxels with high MTR values (0.30-0.60) and
a relative gain of voxels with lower values (0.00—
0.30). Thus, while no significant increase is found
in the number of voxels representing lower MTR
values, a significant increase is found in the per-
centage of the brain made up of these voxels. This
finding is in contrast to the higher MTR values, in
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Fic 6. P values associated with the comparison of the mea-
sures shown with respect to normal and MS subjects (filled bars)
and with respect to normal subjects and pseudo-MS subjects
(open bars). All unlisted measures had P values greater than .05.

which a significant loss is found in both the number
of voxels representing these values and the per-
centage of the brain made up of these voxels, and
is consistent with the brain atrophy that has been
observed in MS patients (21).

To obtain more information on these changes,
the parameters resulting from the ordered MTR
values (01-08) can be examined. The mean values
for al four quarters of the data (mnl, mn2, mn3,
and mn4) illustrate that, in MS subjects, each of
these means is significantly lower than which oc-
curs in normal subjects. This difference suggests a
relative increase in the number of voxels repre-
sented by low MTR values. The increase in param-
eter rgl verifies that the mgjority of this increase
must be in the first N/4-ordered MTR values (typ-
ically from 0.0 to approximately 0.20). The param-
eter rg4 further shows that the maximum MTR val-
ue in MS subjects appears to decrease at a slower
rate than the average MTR vaue in the fourth
N/4-ordered MTR values, implying that not all
voxels with a high MTR value are affected equally.

The histogram parameters (mode, pkh, hpkl, and
hpkr) all significantly decrease in the MS group
compared with the normal group. Interestingly, the
change in al four of these parameters can be ex-
plained by the loss of voxels with MTR values in
the range (0.30—0.60) without regard for the gain
of voxels with lower MTR values.

With regard to the comparison of normal and
pseudo-M S subjects, the exact same measures were
found to have significantly changed as were found
in the comparison of the norma and MS data sets.
In addition, all 17 of these measures changed in the
same direction. Thus, the differences depicted by
the normal MTR data and the transformed normal

MULTIPLE SCLEROSIS 505

P values and their direction of change

Normal vs
Parameter  Normal vs MS  Pseudo-MS

Name Subjects Subjects Change
H1: mode .0120 .0159 Decrease
H2: pkh .0290 .0079 Decrease
H3: hpkl .0015 .0079 Decrease
H4: hpkr .0020 .0079 Decrease
H5: dist 2373 1667
H6: modep 4376 1.0000
H7: pkhn 7972 2222
H8: hpklp .1898 .0952
H9: hpkrp .1469 4206
H10: distp 1119 .0952
S1: mean .0010 .0040 Decrease
S2: «d .6993 4206
S3: skew .3636 .6905
S4: kurt 4101 7302
R1: cl1 4376 .0952
R2: c2 .3636 4206
R3: c3 .0040 .0079 Decrease
R4: c4 .0010 .0079 Decrease
R5: cln .0120 .0079 Increase
R6: c2n .0010 .0079 Increase
R7: c3n .0190 .0079 Decrease
R8: ¢4n .0010 .0079 Decrease
O1: mnl .0020 .0079 Decrease
02: mn2 .0010 .0079 Decrease
03: mn3 .0010 .0079 Decrease
O4: mn4 .0010 .0079 Decrease
05: rgl .0010 .0079 Increase
06: rg2 .8981 .1508
O7: rg3 .3636 .3095
08: rg4 .0010 .0079 Decrease

Note—P values associated with the comparison of the measures
shown with respect to normal subjects and M'S subjects (second col-
umn) and with respect to normal subjects and pseudo-MS subjects
(third column). The direction of change for the significantly different
measures (P < .05) is shown in column 4 (see Methods for a discus-
sion of each parameter). The direction of change for all significantly
different measures was the same for both comparisons.

MTR data (pseudo-MS data) are statistically simi-
lar to the differences exhibited by the normal MTR
data and the MS MTR data. Therefore, this normal-
to-MS transform is illustrative of the physiological
changes that exist between the set of normal brains
and the set of MS brains. This transform suggests,
in terms of global MTR values, that a decrease is
found in the number of voxels with high MTR val-
ues, with the majority of this decrease occurring
approximately at an MTR value of 0.5 (Fig 4). At
this MTR value, for every four voxels representing
an MTR of approximately 0.5 in the normal brains,
only one voxel represents this MTR value in the
MS brain. The number of voxels with other high
MTR values (>>0.3) also decrease, but to a lesser
extent.

It was also observed that a higher number of
voxels with MTR values less than 0.3 were found
in the MS brain than in the normal brain; however,
the increase in voxels with low MTR values does
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not balance out the decrease in voxels with high
MTR values. In general, in going from a normal to
an MS brain, the gain in voxels with low MTR
values was less than 15% of the loss in voxels with
high MTR values.

Discussion

These results confirm some of the previous find-
ings of van Buchem et a (13, 14); that is, that the
MTR mean and peak significantly decrease in MS
patients as compared with normal control patients.
However, unlike the results presented in this study,
their analysis did not find a decrease in the global
MTR histogram mode. This difference is most like-
ly the result of different pulse sequences and/or off-
set frequency of the saturation pulse used. It should
be realized that the model described in Figure 4 is
a function of the scanner hardware and software as
well as the underlying physiological differences be-
tween the MS and the normal groups.

It is important to consider the effects of model-
ing a transform with the same data that will even-
tually be processed with that transform. In this
study, a transform was created by matching the
mean norma MTR histogram with the mean MS
MTR histogram. Next, all normal MTR data were
put through this transform to create pseudo-MS
MTR data. A simple example can be illustrative as
regards this technique: let the following list of
numbers represent a mean parameter value from
the set of normal data (1,2,2,1,1,2) and let the next
list of numbers represent the mean value of this
same parameter for the set of M S data (2,5,8,0,5,7).
The means of the two sets are 1.5 and 4.5, respec-
tively. By multiplying the first set by 3, one can
arrive at a set of pseudo-MS data containing the
same mean as the MS data; that is, (3,6,6,3,3,6).
Using a Wilcoxon rank sum test, the normal and
MS data are not significantly different (P = .0592),
whereas the normal and the pseudo-MS sets are
significantly different (P = .0277). Thus, even if
one could assume that the matching of the mean
histogram of the two groups would force the mean
of al 30 of the examined parameters to be the
same, it does not follow that the statistical analysis
between the two groups can be predicted. Individ-
ual variations are an important factor, and it is for
this reason that the normal and MS comparison is
not identical to the normal and pseudo-MS com-
parison (Fig 6).

Finally, it would be interesting to investigate the
effects of changing the histogram bin size. While
the MTR values used to derive the simple statistics,
the range statistics, and the order statistics are ba-
sically unlimited in resolution, this is not true of
the histogram parameters, which are derived using
binned MTR values. One potential problem is that
the normal-to-M S transform was derived from the
matching of the group mean histograms of the nor-
mal and M S subjects; therefore, an increase in his-
togram bin size will cause a decrease in transform
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resolution, which then decreases the resolution of
the pseudo-MS data. Thus, the appearance of ap-
proximately smooth histograms for the normal, the
MS, and the pseudo-M S data set (data not shown)
indicated that the histogram bin size was appropri-
ate, although, in general, a range of appropriate bin
sizes can be found. As for the exact effect of dif-
ferent bin sizes on the found histogram parameters,
this has not yet been investigated.

Conclusion

From the large number (17 of 30) of significantly
different measures from the comparison of normal
and M S data, M S does affect a large enough region
as to be discernible through a global MTR analysis
of a subject’'s complete brain. How this effect is
occurring is still unknown, although an illustrative
model of these differences can be created. In gen-
eral, this normal-to-MS transform depicts a loss of
voxels at high MTR values and a gain of voxels at
low MTR values when going from a normal brain
to an MS brain. This finding is in agreement with
our previous study that showed a correlation be-
tween T2 lesion load and an increase in voxels with
low MTR values (16). However, the transform also
shows that the increase of voxels with low MTR
values only makes up approximately 15% of the
total decrease in voxels with higher MTR values,
suggesting that the other 85% of this decrease is
attributable to the loss of white matter over time,
which could be related to MS brain atrophy (22).
Thisis an interesting observation, because findings
of recent seria studies of relapsing-remitting MS
patients have shown that progressive brain atrophy
occurs early in the disease and correlates with en-
hancing lesion activity (21, 22).

While this work has been based on each subject’s
mean value of each of the 30 measures, a longi-
tudinal study of each of these measures over time
would be a promising area for future work. This
type of analysis may be more specific for evaluat-
ing treatment effects than other MR imaging mea-
sures, such as quantifying contrast-enhancing le-
sions and/or total white matter lesion load. For
example, one may find treatments that affect some
of the measures and not others. Use of the normal-
to-M S transform may be informative in such alon-
gitudinal study, since it provides a novel method of
illustrating disease progression.

One other important area of future work would
be the use of this type of transform to allow pool-
ing of MTR data. Because of the dependence of
magnetization transfer on scanner hardware and
software, different scanners may provide very dif-
ferent MTR values for the same subject. In addi-
tion, after a software or hardware upgrade, previ-
ously acquired data must be analyzed separately
from any newly acquired data, thus limiting statis-
tical analysis. One potential solution to this prob-
lem is to use the mean MTR histograms of a set of
normal subjects imaged on two different units (or
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the same scanner after an upgrade) to create a nor-
mal-to-normal transform analogous to the creation
of the normal-to-MS transform that was devel oped
in this study. Since the two sets of normal data
should not significantly differ, this normal-to-nor-
mal transform can be considered a scanner-to-scan-
ner transform. In this way, all data acquired from
one scanner can be transformed to appear asif they
were acquired on another scanner, or all data ac-
quired before an upgrade can be transformed to ap-
pear as if they were acquired after the upgrade.
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