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A Comparison of Magnetization Transfer Ratio,
Magnetization Transfer Rate, and the Native Relaxation
Time of Water Protons Related to Relapsing-remitting

Multiple Sclerosis

Stefan Ropele, Siegried Strasser-Fuchs, Michael Augustin, Rudolf Stollberger, Christian Enzinger, Hans-Peter

Hartung, and Franz Fazekas

BACKGROUND AND PURPOSE: Magnetization transfer (MT) imaging and measurements
of the magnetization transfer ratio (MTR) have extended our capability to depict and char-
acterize pathologic changes associated with multiple sclerosis (MS). We wanted to investigate
whether the analysis of other MT parameters, such as magnetization transfer rate (ks ) and
relative measure of water content (T1s,.), adds insight into M S-related tissue changes.

METHODS: Quantitative MT imaging by use of phase acquisition of composite echoes was
performed in nine patients with clinically definite relapsing-remitting MS and eight healthy
control subjects on a 1.5-T MR system. We analyzed a total of 360 regions of interest and
compared control white matter with various types of lesions and normal-appearing white mat-
ter in MS.

RESULTS: We found a strong correlation between the MTR and ki, but this relation was
non-linear. A dight but significant reduction of the MTR in normal-appearing white matter of
patients with M'S was attributable to a reduced transfer rate only, whereas a lower MTR was
associated with both a reduction of k¢, and an increase of Tl in regions of dirty white
matter. Moreover, areas such as edema and T 1-isointense lesions had a similar MTR but could

be differentiated on the basis of Tl e

CONCLUSION: Estimates of ki, and Tl appear to complement MTR measurements for
the understanding of MT changes that occur with different types of MS abnormalities in the

brain.

MR imaging has become an important tool to aid
in diagnosing multiple sclerosis (MS) and to obtain
objective outcome measures regarding activity and
progression of this disease in clinical trias (1, 2).
The ability of conventional MR sequences to show
the histopathologic heterogeneity of MS lesions is,
however, insufficient. This prohibits a closer ook
at the evolution of MS-related tissue changes and
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is considered a main reason for limited correlations
between clinical disability and lesion extent as
shown by routine MR (2, 3). Magnetization transfer
(MT) imaging holds great promise for improving
this situation, because it alows some distinction
between protons associated with macromolecules
and those contained in free water (4). In MS, shifts
between these proton pools can be caused both by
edema and a variety of structural changes (5). Im-
portantly, MT imaging is especially sensitive for
damage to myelinated fibers, because myelin is
considered a main source for the pool of protons
bound to macromulecules (6, 7). Hence, numerous
contributions have recently explored the potential
of MT imaging for better lesion characterization (8,
9) and for improving clinicoradiologic correlations
in MS (10, 11).

Quantitation of MT in these studies usually has
been based on calculations of the magnetization
transfer ratio (MTR). This is a relative measure of
the reduction in signal intensity due to the MT ef-
fect and a complex function of many processes in-
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volved in spin-lattice relaxation and cross relaxa
tion (12). Therefore, further insight into the
mechanisms of MTR reduction described with MS-
related tissue changes should be expected from the
analysis of individual variables contributing to the
MTR. Under the condition of fully selective satu-
ration of macromolecular protons, the MTR could
be viewed as a function of the magnetization trans-
fer rate (K¢o;) and the native relaxation time of the
water protons (T 1se) (13). Although this condition
may not be achievable in vivo, an estimation of
these variables would appear to be a first step to-
ward multiparametric analysis. Such estimation of
MTR, Ksor, and T1e Can now be achieved with a
new sequence called fast phase acquisition of com-
posite echoes (FastPACE) (14-16).

M ethods

Quantitative MT Technique

Immobile water protons, which are bound to macromole-
cules such as the myelin lipids or proteins, cannot be detected
by conventional MR imaging owing to their extremely short
T2 relaxation time (<1 ms) (17). However, through dipole-
dipole coupling and chemical exchange, these protons ex-
change magnetization with ‘““MR-visible”” protons associated
to the “free” mobile bulk water. When the protons of the
bound pool are selectively saturated by using spectral selective
RF pulses, saturated magnetization is subsequently transferred
to the free pool. This results in a decrease of steady-state mag-
netization (18). Currently this effect has been measured by
caculating the MTR by the equation MTR = 1—Mg/My,
where Mg, is the steady-state magnetization in the absence of
saturation and Mg is the magnetization in the presence of sat-
uration; ie, MTR images reflect the difference of two scans
obtained with and without prior energy saturation of macro-
molecular protons.

Generaly, the MTR is a function of several fundamental
parameters of each pool. In the ideal case where the myelin
pool is aimost completely saturated, MTR becomes a function
of just a few fundamental parameters (13). One possible view
then is to consder the MTR ass MTR = Ko - T e/ (1+ Kior -
Tliee)- In this equation, ki, is a constant that gives the first-
order magnetization transfer rate. Tl IS the native longitu-
dinal relaxation time of the free mobile water pool in the ab-
sence of MT. Tl iS a function of the macromolecular
concentration and independent of the amount of MT (19).
Therefore, it can serve as a relative measure for the water
content.

The equation cited in the previous paragraph was initialy
derived by Forsen and Hoffman to study chemical exchange
(20), and, in the strict sense, can be applied only if one pool
of protonsisfully saturated while the other remains unaffected.
In vivo experiments may not completely fulfill this prerequisite
because of RF pulse power limitations due to tissue heating
and overlapping resonance frequencies of both spin species
(21). Therefore, in vivo measures of MTR, Ko, and Tlg.e have
to be considered as estimates depending on experimental set-
tings rather than absolute quantities. However, recent results
from numerical simulations performed for white matter (22)
indicate that a very high saturation level can be achieved also
on a clinical scanner with acceptable RF pulse power.

We recently have developed a method that allows for si-
multaneous acquisition of MTR, Kior, and Tlge(14, 15). This
FastPACE sequence is a two-point T1 mapping method, which
encodes T1 in the phase of an MR image. The corresponding
pulse diagram is depicted in Figure 1. An essentia feature of
this sequence is the symmetrical application of the RF pulses,

AINR: 21, November/December 2000

which alows for multisice T1 mapping during efficient,
pulsed MT saturation. Therefore, FastPACE provides areliable
multislice parameter estimation within a clinically reasonable
acquisition time of about 10 minutes.

Subjects

This study was conducted in nine patients with clinically
definite MS who were selected consecutively from the outpa-
tient department of our clinic because of recent clinical dete-
rioration. They were six women and three men ranging in age
from 25 to 50 years (mean age, 38 years). All patients suffered
from a relapsing-remitting course and had an Expanded Dis-
ability Status Scale (EDSS) score (23) ranging from 1.0 to 5.0.
Five of these patients were on long-term immunomodulatory
treatment. Eight healthy volunteers (four women and four men,
18 to 45 years old) with no previous history of neurologic
disease served as control subjects. The protocol was approved
by our institutional review board, and written consent was ob-
tained from all patients and volunteers.

MR Imaging

Conventional MR imaging and quantitative MT imaging
were performed on a 1.5-T unit (Gyroscan ACS-NT; Philips,
The Netherlands) using the standard head coil. Head motion
was minimized with foam pads. The scanning protocol was
consistently as follows:

1. Localizing scan in axial, sagittal, and coronal planes.

2. FastPACE sequence, as shown in Figure 1, (580/20 [TR/
TE], ay = 45°, phase cycling = 90°/0°, number of averages
= 2) with and without an MT saturation pulse (1-2—1 bi-
nomial, on-resonant pulse with a duration of 1 ms and a
peak amplitude of 23.6 uT)

3. Precontrast T1-weighted conventional spin echo (CSE)
(510/14 [TR/TE], number of averages = 2)

4. Dual-echo CSE (2060/20-80 TR/TE)

5. Postcontrast T1-weighted CSE (510/14 [TR/TE], number of
averages = 2) obtained 5 minutes after 1V application of
0.1 mmol/kg Gadolinium-DTPA in MS patients only.

All scans, except for the FastPACE sequence, had identical
geometric parameters (field of view = 230 mm, matrix = 256
X 256, dlices thickness = 5 mm, slice gap = 0.5 mm, number
of slices = 20). The FastPACE sequence used a matrix of 128
X 128 and generated 16 slices, which were positioned to match
exactly the centra 16 slices of the conventional imaging
experiments.

Generation of Quantitative Images

Images showing M TR, K., and T, Were calculated pixel-
by-pixel from the FastPACE data set as described previously
(14, 15). In short, T1lg was calculated from two phase images
that were acquired with two phase alternated measurements
under MT saturation. MTR images were derived from two
magnitude images acquired with and without the MT satura-
tion pulse according to the following equation: MTR = (1-
Mg/Mg) X 100%, where Mg is the signal intensity in the mag-
nitude image acquired with MT saturation and Mg the signal
intensity without MT saturation. Images showing the transfer
rate k¢, Were obtained from the T1lgy, and MTR images with
the formula: ki, = MTR/T1lg. Finaly, Tlie images were
calculated according to the equation: Tl ee = L(UT1lgy-Ksor)-

All images were calculated on an UltraSPARC 1 worksta-
tion (Sun Microsystems, Palo Alto, CA), which was connected
by ethernet to the scanner host computer, using home devel-
oped software. For further image analysis, only the MTR, ki,
and Tl images were used.
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SE ... spin echo, STE ... stimulated echo

Fic 1. The FastPACE sequence, as used for quantitative magnetization transfer imaging. Two phase-alternated acquisitions for a single
phase-encoding step are shown. These two acquisitions are necessary to remove the background phase, because T1 is obtained from
the phase of the composite echo. Each TR interval can be exploited for excitation of additional slices. MT saturation is achieved by
performing a short binomial pulse before «,. Owing to multislice acquisition, a high saturation level can be achieved.

Image Analysis

In MS patients, we investigated the following tissue cate-
gories as shown by conventiona MR imaging: normal-ap-
pearing white matter (NAWM), diffuse white matter changes,
and focal non-acute and acute lesions. Diffuse white matter
changes comprised areas with a subtle, diffuse increase of
white matter signal intensity on proton density—weighted im-
ages, which may be seen remote from focal lesions and have
aso been termed ‘‘dirty” white matter (1). Focal non-acute
lesions were subdivided according to their hypointensity on
T1-weighted images as isointense and mildly and markedly
hypointense. Marked T1 hypointensity corresponded to a sig-
nal intensity that was equal to or lower than the gray matter
on T1l-weighted scans. Acute lesions were subdivided into
densely enhancing lesions and ring-enhancing lesions. Areas
of marked hyperintensity around enhancing lesions, which dis-
appeared on follow-up scans, were considered to reflect edema.

All lesions visible on the proton density—weighted images
were first marked on hardcopy (F F). Using these hardcopies
as areference, irregular regions were drawn on the proton den-
sity—weighted images and copied to the MTR, Kso,, and Tl¢ e
maps by using ANALYZE (Mayo Clinic, Rochester, MN)
(S.R.). Only regions larger than 10 mm?2 were selected for fur-
ther analysis.

The reference values for normal white matter (NWM) from
healthy control subjects were obtained by measurements in
eight different locations (bilaterally in the frontal and occipital
white matter, in the centrum semiovale, and periventricular
white matter). The same regions were selected for examination
of the NAWM in MS patients, with great care taken to avoid
regions that showed diffuse signal changes or were located in
the vicinity of focal lesions.

Satistical Analysis
For statistical analysis, we used Statistica software (StatSoft,
Tulsa, OK). Comparison of quantitative measures between dif-
ferent groups of white matter and lesion types was performed
using the Mann-Whitney U test.

Results

Control White Matter

The volunteers' brains were free from signal ab-
normalities on proton density-weighted and T1-
weighted images; therefore, the white matter was
considered NWM. In a total of 64 regions of in-
terest, the mean MTR of NWM was 48.7 (+1.2)
%, the mean transfer rate k¢, Wwas 1.43 (=0.10) s 1
and the mean T1;,e Was 670 (+51) ms.

Lesion Appearance in MS

All lesions visible on the proton density—weight-
ed images were aso visible on the MTR, k;q,, and
Tl iMmages. Although some lesions were hard to
differentiate from NAWM on the Tl images, al
lesions could be well differentiated from NAWM
on the MTR and k¢, images. Some lesion types
such as edema and dirty white matter were sepa-
rated best from NAWM on ki, images. A respec-
tive example comparing the appearance of subtle
white matter changes on proton density—weighted,
T1-weighted, and k¢, images is given in Figure 2.

Quantitative MT Values in MS

We analyzed a total of 296 white matter aress.
They comprised 72 regions of NAWM, six regions
of dirty white matter, and 218 focal MS lesions. The
majority of focal lesions was non-acute, with 75
isointense and 79 mildly and 43 markedly hypoin-
tense on T1-weighted scans. Among the acute le-
sions, 10 were densely enhancing, eight showed
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Fic 2. NAWM (circle) and “dirty white matter” (square) in MS on spin-echo proton density—weighted (2060/20/1) image (A). No cor-
responding changes are seen on the postcontrast T1-weighted (510/14/2) image (B). In the calculated image showing the transfer rate
ki the area of dirty white matter is clearly visible (C).

Mean values and SD of MTR, Ko, and T for NWM, NAWM, and different lesion types

MTR [%] Tlfree [mS] kfor [sec l]
Type N Mean (SD) Mean (SD) Mean (SD)
Control subjects NWM 64 487 (1.2) 670 (51) 1.43 (0.10)
MS patients NAWM 72 46.6 (1.8) 664 (49) 1.32 (0.10)
Diffuse changes dirty WM 6 462 (2.2) 721 (29) 1.19 (0.09)
Focal lesions
Non-active T1 isointensity 75 37.5 (3.6) 803 (68) 0.76 (0.12)
Mild T1 hypointensity 79 331 (4.3) 910 (71) 0.55 (0.11)
Marked T1 hypointensity 43 25.9 (6.8) 1,159 (168) 0.32 (0.12)
Active Dense enhancement 10 35.2 (3.5 822 (30) 0.66 (0.11)
Ring enhancement 8 252 (4.1) 1,048 (237) 0.34 (0.11)
Edema 3 39.2 (2.6) 1,250 (20) 0.51 (0.06)
K., [s1] MTR [%]
e 5 % 55 8 2 8§ 8 5 R E b5 houwsaBBYES SIS
NWM i - § [
NAWM —CT | ||
Dirty WM [ 1 , | H1d
T1-isointensity T D b T
Mild T1-hypointensity T ; I i P
Marked T1-hypointensity —L T i 71— :
Dense enhancement T3 ! o AN
Ring enhancement T H I—TEI:l
Edema = b o |

Fic 3. MTR, k,, and T1,., of different lesion types. The whiskers represent the range, the box represents the SD, and the line indicates
the mean value. The mean value for NWM is marked by the solid line across the graph.

ringlike enhancement, and three were surrounded by The MTR of both NAWM and dirty white matter
edema. Quantitative results obtained in these differ- of MS patients was significantly reduced when
ent white matter conditions of M S patients are sum- compared with the MTR of control NWM (P <

marized in the Table and illustrated in Figure 3. .001). However, there was no difference in the
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Fic 4. Ring-enhancing lesion surrounded by edema (arrows)
and multiple non-active lesions. Proton density—weighted (2060/
20/1) (A), postcontrast T1-weighted (510/14/2) (B), ki, (C), and
T1l... (D) images. The quantitative analysis in the acute lesions
yielded the following results: ring-enhancing lesion: MTR = 16.4

%, ki, = 0.13 s7%, T, = 1.5 s; edema: MTR = 41.1 %, k,, =

0.56 s71, Tl,. = 1.2 s. Proton density—weighted (E) and po-
stcontrast T1-weighted (F) images acquired 6 weeks later. Dis-
appearance of perifocal signal abnormality supports the assump-
tion of edema.

MTR between NAWM and dirty white matter. Al-
though the transfer rate was aso significantly lower
in NAWM (P < .001) and in dirty white matter (P
= .022) compared with NWM, there was no dif-
ference between Tl Of NAWM and NWM.
However, Tl Of dirty white matter was found to
be significantly increased (P = .012).

MULTIPLE SCLEROSIS 1889

55

MTR [%]

0.0 0.4 0.8 1.2 1.6

kfor [3_1 ]

Fic 5. MTR versus k,, for different lesion types. The open
squares show NWM. The filled circles show areas with diffuse
changes. Non- active lesions are represented by the open cir-
cles, and active lesions are represented by the filled squares.
The clustered groups show a good correlation between MTR and
ki, however, the overall relationship is non-linear.

Focal non-active lesions showed a gradual de-
cline of MTR and ks, values with greater T1 hy-
pointensity. Inversely, Tl Was noted to increase
with T, hypointensity. Different and more complex
patterns were seen within active lesions. The MTR
was lowest in ring-enhancing lesions and highest
in edema. K;,, was lowest in ring-enhancing lesions
but highest in densely enhancing lesions. T1,e Was
lowest in densely enhancing lesions and highest in
edema. A representative set of proton density—
weighted, T1-weighted, and quantitative images of
aring-enhancing lesion with edemais given in Fig-
ure 4.

Overadll, the pattern of k¢, value distribution cor-
related very well with changes in MTR when ex-
cluding edema and dirty white matter from such
consideration. However, this correlation was non-
linear, as shown in Figure 5, which suggests a dif-
ferent range of information that is provided by ki,
and MTR on non-active lesions of MS.

Discussion

MT imaging is a powerful method for tissue
analysis by characterizing the interaction of free
water protons with the pool of protons bound to
macromol ecules. Previous work in MS has used the
MTR as a semiquantitative measure of the MT ef-
fect to describe focal and diffuse white matter dam-
age (24). Using the FastPACE sequence, we at-
tempted to provide complementary information by
obtaining estimates on two variables, ki, and
T1ee Which contribute to the MTR.
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Part of the interest in MTR measurements for
investigating M S pathologic abnormalities is based
on speculations that the MTR of white matter is
largely determined by myelin content (25). Thisis
supported by a reduction of the MTR that paralels
the severity of white matter destruction seen his-
topathologically (26). The magnetization transfer
rate ks, describes the intensity of interaction be-
tween the free water protons and myelin to ex-
change magnetization. This process is thought to
take place primarily at the site of macromolecules
containing polar groups such as cholesterol (7, 27)
and would also be expected to diminish with loss
of myelin. Consequently, our finding of a close cor-
relation between ki, and the MTR across different
types of MS lesions lends further support to the
validity of using MTR as a measure of white matter
integrity. The non-linearity of this relation may
suggest a different sensitivity of these variables for
MT-related changes at different stages or types of
tissue destruction, but could at least partially also
be a consequence of differences in the scaling of
MTR and K-

Our findings suggest that further variables af-
fecting the MTR such as the relative contribution
of free water expressed by Tl Should also be
considered in MT analyses. It is still debated, for
example, what pathologic abnormalities cause the
reduction of MTR in the NAWM of MS patients,
which we also observed in our study group (28,
29). It has been speculated that a slight decrease of
the MTR could stem from a somewhat higher water
content of the NAWM, such as that caused by sub-
tle disruption of the blood-brain barrier (29). On
the other hand, demyelination and even axonal loss
have been described in histopathologic examina-
tions of NAWM (30, 31), and still others have in-
criminated the presence of minute inflammatory
foci (32). Our finding of normal Tl in NAWM
clearly argues against the presence of diffuse ede-
ma. However, in regions of mildly increased white
matter signal intensity, ie, so-called dirty white
matter, T 1. Measurements suggested a significant
increase in water content in addition to damaged
myelin. Interestingly, such regions also appear to
have a higher probability for newly developing fo-
cal lesions (33), which could be the consequence
of a more permeable blood-brain barrier.

Quantitation of K¢, and Tl Showed quite pro-
found differences among acute lesions. Densely en-
hancing lesions had a rather low water content
compared with ring-enhancing lesions. This con-
firms the variability of MS lesion formation (5).
How these differences relate to lesion severity, in-
cluding the grade of involvement of different tissue
elements, and transglate into subsequent permanent
tissue damage will have to be resolved by follow-
up studies.

Analyzing different MT variables also appears
useful for determining the contribution of edema.
It has been repeatedly suggested that edema with-
out demyelination leads to only moderate MTR re-
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duction (8, 9, 34, 35). Thisisin line with our ob-
servations. However, a moderate reduction of the
MTR may be also found with both demyelination
and increased water content, as was evident in T1-
isointense non-acute lesions from the combination
of a dlightly reduced magnetization transfer rate in
paralel with a high Tl Considering different
types of focal non-acute lesions, we found a de-
crease of the MTR and of the transfer rate ks, and
an increase in water content, which paralleled the
extent of hypointensity as seen on T1-weighted
scans. Thisis highly consistent with correlative MR
imaging—histopathol ogic studies that substantiated
a close association between the severity of tissue
destruction and T1 hypointensity (36-38).

In the interpretations of our results, several meth-
odologic issues should be considered. These are
primarily centered on the validity of the two-pool
model for describing MT mechanisms in vivo and
on the presumed dependence of derived parameters
on the experimental condition. The magnetization
rate, Ksor, and the relative contribution of free water,
T Should therefore be considered as estimates
despite reassuring methodologic data for our ap-
proach (14). Nevertheless, these first results already
demonstrate their potential for a further discrimi-
nation of MT mechanisms to improve the analysis
and understanding of MS-related tissue changes.
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