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To evaluate the clinical utility of fast whole-brain mac-
romolecular proton fraction (MPF) mapping in multiple
sclerosis (MS) and compare MPF with established quanti-
tative magnetic resonance (MR) imaging measures of tis-
sue damage including magnetization transfer (MT) ratio
and relaxation rate (R1).

In this institutional review board-approved and HIPAA-
compliant study, 14 healthy control participants, 18 re-
lapsing-remitting MS (RRMS) patients, and 12 secondary
progressive MS (SPMS) patients provided written in-
formed consent and underwent 3-T MR imaging. Three-
dimensional MPF maps were reconstructed from MT-
weighted images and R1 maps by the single-point method.
Mean MPF, R1, and MT ratio in normal-appearing white
matter (WM), gray matter (GM), and lesions were com-
pared between subject groups by using analysis of vari-
ance. Correlations (Pearson r) between imaging data and
clinical scores (Expanded Disability Status Scale [EDSS]
and MS Functional Composite [MSFC|) were compared
by using Hotelling-Williams test.

RRMS patients had lower WM and GM MPF than con-
trols, with percentage decreases of 6.5% (P < .005) and
5.4% (P < .05). MPF in SPMS was reduced relative to
RRMS in WM, GM, and lesions by 6.4% (P < .005),
13.4% (P < .005), and 11.7% (P < .05), respectively.
EDSS and MSFC demonstrated strongest correlations
with MPF in GM (r = —0.74 and 0.81; P < .001) followed
by WM (r = —0.57 and 0.72; P < .01) and lesions (r =
—0.42 and 0.50; P < .05). R1 and MT ratio in all tissues
were significantly less correlated with clinical scores than
GM MPF (P < .05).

MPF mapping enables quantitative assessment of demy-
elination in normal-appearing brain tissues and shows
primary clinical relevance of GM damage in MS. MPF
outperforms MT ratio and R1 in detection of MS-related
tissue changes.

O©RSNA, 2014
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agnetization  transfer (MT)

magnetic resonance (MR) im-

aging was widely used in mul-
tiple sclerosis (MS) research during the
past two decades (1). The majority of
studies used MT imaging in its common
and technically simplest form based on
calculation of the MT ratio that reflects
a relative reduction of signal intensity
caused by off-resonance radiofrequency
saturation of macromolecular protons.
The main limitation of this approach
is related to a complex dependence
of MT ratio on several parameters

Advances in Knowledge

B Macromolecular proton fraction
(MPF) is significantly (P < .05)
reduced in normal-appearing
brain tissues of relapsing-remit-
ting multiple sclerosis (MS)
patients compared with healthy
controls, with a relative decrease
of 6.5% in white matter (WM)
and 5.4% in gray matter (GM).

® MPF is significantly reduced in
both normal-appearing brain tis-
sues (P < .005) and lesions (P <
.05) of secondary progressive MS
patients compared with relaps-
ing-remitting MS patients, with
the largest relative decrease in
GM (13.4%), followed by lesions
(11.7%) and WM (6.4%).

® MPF in brain tissues of MS
patients significantly correlates
with clinical disability evaluated
by using Expanded Disability
Status Scale and Multiple Sclero-
sis Functional Composite scores
with the strongest associations in
GM (respectively, Pearson corre-
lations coefficients: r = —0.74
and 0.81; P < .001), followed by
WM (respectively, r = —0.57 and
0.72; P < .01), and lesions (re-
spectively, r = —0.42 and 0.50; P
< .03).

® MPF provides more clinically rel-
evant information about patho-
logic changes in brain tissues
than do magnetization transfer
ratio, longitudinal relaxation rate,
and lesion volume.

that describe the MT effect within the
two-pool model (2,3). In this model,
magnetization dynamics involves cross-
relaxation between water and macro-
molecular protons and relaxation pro-
cesses within each proton pool. Both
relaxation and cross-relaxation param-
eters contribute to MT ratio, often with
opposite effects, which limits its path-
ologic specificity and dynamic range of
disease-related changes (4,5). More
complex methods for quantitative map-
ping of the two-pool model parameters
were proposed and tested in several MS
studies (6-10). The common limitation
of these methods is time-consuming
data acquisition because of the need to
collect a large number of MT-weighted
images at variable saturation parame-
ters. Recently, a new method was de-
veloped for fast whole-brain mapping
of the macromolecular proton fraction
(MPF) (11), a key two-pool model pa-
rameter defined as the relative amount
of macromolecular protons that de-
termine the MT effect. This method
allows MPF measurements in isolation
from other two-pool model parameters
and requires only one MT-weighted im-
age, reference image, independently
acquired map of the longitudinal re-
laxation rate (R1, or 1/T1), and maps
of B, and B, fields for inhomogeneity
correction.

Practical interest in MPF as a pro-
spective biomarker in MS is driven
by a number of recent animal studies
(4,5,12-16) that demonstrated strong
relationships between MPF and myelin.
MPF has been highly positively corre-
lated with histologic measurements of
myelin density in animal models, in-
cluding both normal brain tissues and
demyelination (4,12,15,16). Based on

Implication for Patient Care

B Fast whole-brain macromolecular
proton fraction mapping can be
used to detect demyelination in
normal-appearing brain tissues
and it provides a promising ap-
proach for quantitative moni-
toring of myelin damage and
repair in clinical studies of mul-
tiple sclerosis.

quantitative estimates from the liter-
ature (5), myelin provides an at least
75% contribution into the MPF mea-
sured in white matter (WM). Because
it is a disease in which demyelination
is a key pathologic substrate of neural
tissue damage (17), MS represents a
primary area for potential clinical ap-
plications of fast MPF mapping.

The objectives of this study were to
evaluate the clinical utility of fast whole-
brain MPF mapping in MS and compare
MPF with established quantitative MR
imaging measures of tissue damage in-
cluding MT ratio and R1.

Materials and Methods

Study Design and Population

This prospective cross-sectional study
was approved by the institutional re-
view board and compliant with the
Health Portability and

Insurance
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MR Imaging Protocol Parameters

3D MT-weighted 3D Reference 3D VFA Gradient-Echo 3D Dual Gradient-Echo 2D T2-weighted

Parameter Gradient Echo Gradient Echo  R1 Mapping B, Mapping 3D AFI B, Mapping ~ FLAIR*

Repetition time(s) (msec) 43 43 20 20 30,120 10000

Echo time(s) (msec) 2.3 2.3 2.3 2.3;3.3 2.3 135

Flip angle(s) (degrees) 10 10 3;10; 20 10 60 90

Saturation pulse offset frequency (kHz)* 4 100* NA NA NA NA

Field of view (mm?) 240 X 180 240 X 180 240 X 180 240 X 180 240 X 180 240 X 180

Acquired in-plane resolution (mm?) 15X 15 15X 15 15X 15 1.5X%x 3.0 1.5 X% 3.0 1.0x 1.0

Reconstructed in-plane resolution (mm? 1.0 X 1.0 1.0x 1.0 1.0 x1.0 1.0x 1.0 1.0x 1.0 1.0x 1.0

Acquired section thickness (mm) 4 4 4 4 4 4

Reconstructed section thickness (mm) 2 2 2 2 2 4

No. of acquired sections 46 46 46 46 46 46

No. of reconstructed sections 92 92 92 92 92 46

Fractional k-space acquisition factors$ 0.75,0.9 0.75,0.9 0.75,0.9 1,1 0.6,0.8 1,NA

No. of acquired signals 1 1 1 1 1 1

Acquisition time (sec) 177 177 247 109 212 300

Note.— AFI = actual flip-angle imaging, FLAIR = fluid-attenuated inversion-recovery, NA = not applicable , 3D = three-dimensional, 2D = two-dimensional, VFA = variable flip angle.

* Inversion time, 2600 msec.

T Off-resonance saturation pulse with single-lobe sinc-Gauss shape, duration of 19 msec, and effective flip angle of 950° was used.
* Saturation pulse with the offset frequency at which the MT effect is absent was applied to enable imager’s hardware to operate at power settings identical to those for the MT-weighted sequence.
§ Numbers correspond to left-right and foot-head phase-encoding directions.

Accountability Act. Written informed
consent was obtained from all partic-
ipants. Inclusion criteria for MS pa-
tients were as follows: age range, 18-
70 years; MS diagnosis according to the
revised McDonald criteria (18); either
relapsing-remitting MS (RRMS) or sec-
ondary progressive MS (SPMS) disease
course; the absence of relapses within
2 months before study entry; and the
absence of neurologic conditions other
than MS. Inclusion criteria for control
participants were the same age range
and the absence of self-reported his-
tory of any neurologic disease, brain
injury, or substance abuse. Exclusion
criteria for all participants were any
contraindications to MR imaging, in-
ability to tolerate the MR imaging pro-
cedure, and self-withdrawal from the
study. Participants were consecutively
recruited between April 2010 and No-
vember 2012 based on their willing-
ness to take part in the study. Within 1
week before MR imaging, MS patients
underwent clinical examination to de-
termine Expanded Disability Status
Scale (EDSS) (19) and MS Functional
Composite (MSFC) (20) scores. EDSS

scoring was performed by a clinical
neurologist with at least 6 years of ex-
perience (J.D.B., P.R., A.M., P.Q., and
L.K.J.H.). Individual components of
the MSFC score, including the 25-foot
timed walk test, nine-hole peg test,
and paced auditory serial addition test
with 3-second interstimulus intervals,
were administered by a trained evalua-
tor with 4 years of experience (B.G.).
In total, 15 control participants and 32
MS patients were recruited. One con-
trol participant was excluded because
of claustrophobia and two MS patients
were excluded because they withdrew
themselves from the study. Therefore,
the study population included 14 con-
trol participants and 30 MS patients.

MR Imaging Protocol

Images were acquired by using a 3-T im-
ager (Achieva; Philips Medical Systems,
Best, the Netherlands) with manufac-
turer’s transmit-receive head coil. A
fast three-dimensional whole-brain MPF
mapping protocol was implemented as
previously described (11), and it in-
cluded the following sequences applied
in the transverse plane: MT-weighted

gradient-echo with off-resonance satu-
ration, reference gradient-echo with the
same parameters and without MT sat-
uration, three gradient-echo sequences
for variable flip-angle R1 mapping, dual
gradient-echo for B field mapping (21),
and actual flip-angle imaging (22) for B,
field mapping. All sequences were im-
plemented with optimized gradient and
radiofrequency spoiling (23). Acquisition
time for the entire MPF mapping pro-
tocol was about 16 minutes. Addition-
ally, two-dimensional T2-weighted fluid-
attenuated inversion-recovery images
were acquired with matched geometry
and contiguous sections for lesion seg-
mentation. Details of imaging sequences
are provided in Table 1.

Image Processing and Analysis

MPF maps were reconstructed by us-
ing a previously described single-point
method implemented in custom-written
C language software by one author with
14-year experience in image processing
(V.L.Y.). The reconstruction algorithm
is detailed in Figure 1. Before recon-
struction, non-brain tissues were re-
moved from source images by applying
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MT-weighted

Reference

Variable flip angle

$oF)
—d

Figure 1:

B1 map

BO map

Overview of image processing in the fast MPF mapping method (11). Source data include three

gradient-echo images for variable flip angle R1 mapping, MT-weighted gradient-echo image with off-reso-
nance saturation, reference gradient-echo image, B, map, and B, map. Reconstruction procedure consists
of two image processing steps, (A)and (B). During the first step (A), the fit of the Ernst equation to variable
flip angle data with B, correction (22) is performed to obtain an R1 map. An R1 map, an MT-weighted image
normalized to a reference image, and field maps are used as input data for the second step (B). During this
step, the pulsed MT matrix equation (11) is iteratively solved by the Gauss-Newton method with standardized
constraints for nonadjustable two-pool model parameters and corrections for B) and B, inhomogeneities to

create an MPF map.

a brain mask created from the refer-
ence image by using freely available
software (Functional Magnetic Reso-
nance Imaging of the Brain Software
Library; Oxford Centre for Functional
Magnetic Resonance Imaging of the
Brain, University of Oxford, Oxford,
England) (24). Additionally, cerebro-
spinal fluid was segmented out from R1
maps based on a threshold value of 0.33
sec™! (T1 = 3000 msec). MT ratio maps
were computed from MT-weighted and
reference images as MT ratio = 100 (S

- Sy T S, where S and S are
the signal intensities of the reference

ref

and MT-weighted images, respectively.
Resulting MPF, R1, and MT ratio maps
are shown in Figure 2.

MS lesions were segmented with
a semiautomated algorithm by using
commercially available software (Jim;
Xinapse Systems, Aldwincle, Eng-
land) from fluid-attenuated inversion-
recovery images after interpolation in
the section direction to match section
thickness of MPF maps. One operator
with 7 years of experience (A.S.) was
blinded to clinical and other imaging
data and performed placement of seed
markers to initialize lesion search.

Because of high contrast between
WM and gray matter (GM) (Fig 2),
MPF maps were used as source im-
ages for segmentation of these tis-
sues. Segmentation was performed by
an automated segmentation tool by
using FSL software (24). To take into
account partial volume effects, four
tissue classes were prescribed within
the single-channel segmentation proce-
dure. These classes correspond to pure
WM, pure GM, mixed voxels that con-
tained partial volumes from WM and
GM (PVWGM), and mixed voxels that
contained a partial volume from cere-
brospinal fluid. The latter tissue class
was used to correct for potentially in-
complete cerebrospinal fluid segmenta-
tion by R1 threshold and excluded from
subsequent analyses, while the other
tissue classes covered the entire brain
parenchyma. Because MS lesions may
fall into any of the above automatically
generated tissue classes, lesion masks
were excluded from other tissue masks.
The binary segmentation masks were
used to calculate mean MPF, R1, and
MT ratio in each tissue.

Statistical Methods

Statistical analysis was performed by
using commercially available software
(SPSS; SPSS, Chicago, 1lI). Data nor-
mality within participant groups was
assessed by using Shapiro-Wilk test
to select an appropriate parametric
or nonparametric analysis. Mean pa-
rameter values in normal-appearing
brain tissues and age were compared
between three participant groups
(control, RRMS, and SPMS) by using
one-way analysis of variance followed
by post hoc pairwise tests with Bon-
ferroni adjustments. Clinical variables
and mean MR imaging parameters in
lesions were compared between RRMS
and SPMS patients by using unpaired
t test or Mann-Whitney U test. Differ-
ences in sex distribution were assessed
by using the Pearson x? test. Distinc-
tions in imaging variables between
participant groups (RRMS vs controls
and SPMS vs RRMS) were described by
percentage differences and effect sizes
(Cohen d) calculated as the ratio of the
mean difference to the pooled standard
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deviation. Correlations between imag-
ing and clinical data were investigated
by using bivariate linear regression.
Shapiro-Wilk test was used to assess
normality of residuals, and an appro-
priate variable transformation was used
to correct for significant deviations
from normality if detected. For regres-
sions with normally distributed resid-
uals, Pearson correlation coefficients
(r) were reported. After identification
of the strongest significant correlation
for each clinical variable, the correla-
tion was compared with correlations
between the same clinical variable and
other imaging variables by using Ho-
telling-Williams test. Linear regression
was also used to assess relationships
between quantitative imaging variables
within each tissue class. P values less
than .05 were considered to indicate
significant differences. Two-tailed tests
were used in all analyses except for
comparison between correlation coeffi-
cients, where one-tailed hypothesis was
justified by the observed unidirectional
trend.

Clinical Data

Clinical and demographic characteristics
of study participants are summarized
in Table 2. Of the 30 MS patients, 18
patients had RRMS and 12 patients had
SPMS disease course. Sex distribution
was not significantly different between
the groups. There were no significant
differences in age both between controls
and RRMS patients and between RRMS
and SPMS patients, but a significant
distinction was found between SPMS
patients and controls. SPMS patients
had significantly longer disease dura-
tion, greater disability as indicated by
higher EDSS and lower MSFC scores,
and larger lesion volume than RRMS
patients.

Comparison of Quantitative MR Imaging
Parameters between Groups

Example segmentation results are pre-
sented in Figure 2. Mean MPF, R1, and
MT ratio values in segmented brain
tissues for all participant groups are

Figure 2

MPF map MT ratio map

Lesion mask

Figure 2: Images show example axial sections of, A, three-dimensional MPF, B, R1, and,
C, MT ratio parametric maps, D-H, corresponding binary tissue segmentation masks, and,
I, a fluid-attenuated inversion-recovery (FLAIR) image used for lesion segmentation, obtained
from a 63-year old woman with SPMS disease course. Gray scale windows for parametric
maps correspond to parameter ranges as follows: MPF of 0%—-20% (4), R1 of 0.3-1.5
sec™! (B), and MT ratio of 10%—60% (C). Segmentation masks correspond to the following
tissue classes: WM (D), GM (E), lesions (F), PYWGM (G ), and partial volume from cerebro-
spinal fluid (PVCSF) (H). Four-tissue MPF map segmentation results in conservative masks
for normal-appearing WM (D) and GM (E), while partial volume effects are absorbed by the
neighboring mixed tissues (PVWGM /G] and PVCSF [H)). Note that that the PVYWGM tissue
class (G) includes both WM-GM junction and subcortical nuclei with relatively high myelin
content, whereas pure GM class (E) mainly corresponds to less myelinated cortical GM.
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Table 2

Clinical and Demographic Characteristics of the Study Population

Variable Control Participants RRMS Patients SPMS Patients
No. of participants 14 18 12
No. of women 7 12 7
No. of men 7 6 5
Age (y) 43.6 = 10.6 (28-64) 48.2 +10.8 (30-62) 56.0 = 6.8 (42-67)*
Disease NA 6.7 = 3.6 (2-14) 15.5 + 7.9 (5-28)t
duration (y)
EDSS score NA 2.9 +1.8(1.0-6.5) 6.7 = 0.8 (5.5-8.0)*
MSFC score NA 0.49 + 0.34 (—0.09 —0.70 = 0.86 (—2.33
t01.08) to 0.55)f
Lesion NA 6.9 + 6.4 (0.4-24.1) 20.7 + 17.0 (4.6-65.0)*
volume (mL)

Note.—Except where indicated, data are mean = standard deviation. Data in parentheses are range. NA = not applicable.

* Significantly different from control participants.
T Significantly different from RRMS patients.
¥ Mann-Whitney U test.

Table 3

Mean Quantitative MR Imaging Variables in Segmented Brain Tissues

Variable Control Participants RRMS Patients SPMS Patients
MPF in WM (%) 13.48 = 0.37 12.61 + 0.62* 11.80 = 0.77*t
MPF in GM (%) 5.77 = 0.34 5.46 = 0.27* 4.73 + 0.39*
MPF in PVWGM (%) 8.96 + 0.34 8.41 = 0.42* 7.61 = 0.50*"
MPF in lesions (%) NA 8.48 = 0.80 7.49 + 0.98"
R1in WM (sec™") 0.997 = 0.019 0.964 = 0.031* 0.932 + 0.047*f
R1in GM (sec™") 0.630 = 0.020 0.617 = 0.023 0.597 = 0.022*
R1 in PYWGM (sec™") 0.773 = 0.018 0.752 = 0.026 0.724 =+ 0.030*"
R1 in lesions (sec™") NA 0.768 = 0.048 0.719 = 0.048t
MT ratio in WM (%) 38.28 = 1.27 38.22 +=1.23 37.38 = 2.01
MT ratio in GM (%) 25.67 = 1.49 25.57 =1.17 23.50 + 1.91*
MT ratio in PVWGM (%) 3212 +=1.31 31.95*+1.15 30.57 + 1.94*
MT ratio in lesions (%) NA 31.99 = 1.85 30.33 + 2.441

Note.—Data are mean = standard deviation. Bonferroni correction for three-group comparisons was used where applicable.

NA = not applicable.
* Significantly different from control participants.
1 Significantly different from RRMS patients.

summarized in Table 3. No significant
deviations from the normal distribution
were found in any of quantitative im-
aging variables. Effects of age and sex
and their interactions with the group
factor were tested by using the general
linear model analysis of variance and
the effects were found to be nonsignif-
icant. Both RRMS and SPMS patients
had significantly reduced MPF com-
pared with controls in WM, GM, and

mixed PVWGM tissues. SPMS patients
had significantly lower MPF than RRMS
patients in all normal-appearing tissues
and lesions. Compared with controls,
R1 in RRMS patients was significantly
decreased in WM but not in GM and
mixed PVWGM tissue. The significant
R1 distinctions between RRMS and
SPMS patients were found in WM,
PVWGM, and lesions, whereas the dif-
ference in GM was not significant. MT

ratio in all tissues failed to distinguish
between RRMS patients and controls.
SPMS patients had significantly re-
duced MT ratio compared with RRMS
in GM, PVYWGM, and lesions, but not
in WM.

Relative changes in MR imaging pa-
rameters between participant groups
and associated effect sizes (Cohen d)
are summarized in Figure 3. MPF in
WM demonstrated the largest decrease
in RRMS patients compared with
controls in terms of both percentage
change and effect size. However, MPF
in GM provided the largest percentage
decrease and corresponding effect size
for SPMS patients relative to RRMS pa-
tients. It is noticeable that a relative de-
crease of MPF in GM for SPMS patients
compared with RRMS is about two-
fold larger than that in WM, whereas
both parameters have close percent-
age changes in RRMS patients relative
to controls. The percentage decreases
and effect sizes for MPF in the mixed
PVWGM tissue exhibited intermediate
values between those in pure WM and
GM. In each tissue type, R1 and MT
ratio showed consistently smaller per-
centage differences between groups
and effect sizes than MPF.

Correlations between Clinical and
Imaging Data

Correlation coefficients that describe
bivariate associations between clinical
and imaging variables in the whole group
of MS patients are listed in Table 4.
Highly significant correlations were
identified between MPF in all normal-
appearing tissues and clinical variables
including disease duration, EDSS MSFC
score, and its components. No signifi-
cant correlations were found between
age and any of the imaging variables.
MPF in GM demonstrated the strongest
correlations with all clinical variables,
followed by MPF in mixed PVWGM
tissue and WM. Plots of regressions
of MPF in GM versus EDSS and
MSFC scores are shown in Figure 4.
Correlations between MPF in lesions
and clinical scores were consistently
weaker, and the correlation of this pa-
rameter with the disease duration was
not significant. MPF in GM showed
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Figure 3:  Graphs show percentage differences in quantitative imaging parameters between participant groups and associated effect sizes
(Cohen d). Bar diagrams and numbers above the bars correspond to (a) percentage decreases in RRMS patients relative to controls, (b)
percentage decreases in SPMS patients relative to RRMS patients, (c) effect sizes for difference between controls and RRMS patients, and

(d) effect sizes for difference between RRMS patients and SPMS patients. Error bars correspond to 95% confidence intervals. In each tissue
class (WM, GM, PYWGM, and lesions), MPF provides larger distinctions between subject groups than R1 and MT ratio. MPF in WM has the
largest percentage change and effect size between controls and RRMS patients. MPF in GM has the largest percentage change and effect size

between RRMS and SPMS patients.

significantly stronger association with
EDSS, 25-foot timed walk test, and
paced auditory serial addition test
scores than MPF in WM and lesions
according to Hotelling-Williams test.
While the similar trend was observed
for the disease duration, MSFC score,
and nine-hole peg test score, signifi-
cance of the difference between corre-
lation coefficients was achieved only for
MPF in lesions. Individual components
of the MSFC score were characterized
by generally similar to the compos-
ite score patterns of correlations with
slightly smaller correlation coefficients.
There was no clear dominance of any
individual MSFC component, although
correlations were slightly stronger for
the tests associated with motor func-
tion (25-foot timed walk test and nine-
hole peg test) than for the cognitive
paced auditory serial addition test.

R1 in normal-appearing tissues
were weakly to moderately correlated
with disease duration, MSFC score,
and its components, but significance
was not reached for the correlations
between R1 and EDSS in all tissues and
nine-hole peg test and paced auditory
serial addition test scores in GM. R1 in
lesions significantly correlated only with
MSFC score and its components. MT
ratio showed a qualitatively similar to
MPF pattern of correlations with clini-
cal variables including the strongest re-
lationship in GM followed by PVWGM,
WM, and lesions. At the same time,
correlation coefficients for MT ratio in
each tissue type with each clinical vari-
able were consistently smaller in abso-
lute value than those for MPF. Lesion
volume showed moderate correlations
with all clinical variables. Quantita-
tive comparison between correlation

coefficients (Hotelling-Williams  test)
demonstrated that R1 and MT ratio in
any tissue type and lesion volume were
significantly weaker associated with
any of the clinical variables (except for
the correlations between MT ratio and
nine-hole peg test score) than MPF in
GM (Table 4).

Correlations between Quantitative
Imaging Variables

R1 and MT ratio significantly corre-
lated with MPF within each tissue
class (P < .001). Selected correlation
plots are shown in Figure 5. R1 was
strongly correlated with MPF in WM (r
= 0.85), whereas a weaker correlation
was found in GM (r = 0.59). MT ra-
tio showed an opposite trend, and was
stronger correlated with MPF in GM (r
= 0.82) than in WM (r = 0.52). Cor-
relations with MPF in mixed PVWGM
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Table 4

Correlations between Imaging and Clinical Variables in MS Patients

Clinical Variable

Paced Auditory
25-foot Timed Walk Nine-hole Peg Test Serial Addition
Imaging Variable Age Disease Duration EDSS Score MSFC Score Test Score Score Test Score

MPF in WM —0.27 —0.54* —0.57*t 0.72* —0.57*t —0.70* 0.55*"
MPF in GM —0.34 —0.67* —0.74* 0.81* —0.75* —0.78* 0.71%
MPF in PVWGM —0.29 —0.60* —0.65*F 0.78* —0.64*t -0.77* 0.64*
MPF in lesions -0.11 —0.32f —0.42*t 0.50* —0.48*t —0.52*t 0.41*t
R1in WM -0.20 —0.43* —0.33f 0.56* —0.46*t —0.47*F 0.39*f
R1in GM —0.02 —0.39* —-0.27t 0.41*t —0.44*t —0.341 0.22f
R1 in PVWGM -0.12 —0.42*t —0.33f 0.56* —0.47*t —0.48*F 0.40*t
R1 in lesions -0.18 —0.32f —0.28" 0.46* —0.41*t —0.42*t 0.42*t
MT ratio in WM —-0.21 —0.34" —0.42*t 0.54* —0.37* —0.63* 0.39*
MT ratio in GM —0.36 —0.51* —0.62*t 0.68*t —0.58* —0.72* 0.59*
MT ratio in PVWGM —0.29 —0.41*f —0.51*f 0.62*t —0.47*t —0.69* 0.50*t
MT ratio in lesions —-0.03 —0.22t —0.38*t 0.42*f —0.39*f —0.51* 0.311
Lesion volume 0.20 0.46*t 0.49*t —0.57*F 0.53*f 0.47*f —0.48*t

Note.—Data are Pearson correlation coefficients. To correct for deviations from normal distribution, Box-Cox transformation was applied to the 25-foot timed walk test score, nine-hole peg test score,
and lesion volume with the power of —0.5, —0.5, and 0.5, respectively.

* Significant correlations.

T Correlation coefficient is significantly different from the correlation coefficient with the largest significant absolute value for the same clinical variable based on Hotelling-Williams test.
* Correlation coefficient with the largest significant absolute value for a particular clinical variable.

tissue were intermediate between those
in WM and GM for both R1 (r = 0.79)
and MT ratio (r = 0.69). In lesions, both
R1 (r = 0.87) and MT ratio (r = 0.89)
strongly correlated with MPF (Fig 5).
Correlations between R1 and MT ratio
were weak in normal-appearing tissues
(WM: r=0.36, P=.02; GM: r = 0.32,
P = .03; and PVWGM: r = 043, P =
.004) and stronger in lesions (r = 0.67,
P < .001).

The key finding of this study is the high
clinical relevance of MPF in GM, which
showed the strongest correlations with
clinical scores and the largest distinc-
tion related to disease course. Notably,
MPF in SPMS patients was dispropor-
tionally reduced in GM compared with
WM. Our observations are in line with
the pathologic evidence of strikingly in-
creased cortical demyelination in pro-
gressive MS compared with RRMS (25),
and they emphasize the critical role of
GM damage for disease progression
(17,26). While MPF in WM showed a
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Figure 4:  Scatterplots show MPF in GM versus (a) EDSS and (b) MSFC clinical scores. The lines depict

linear regression plots, and the numbers are Pearson correlation coefficients (r) and P values. MPF in GM
demonstrated the strongest correlations with both clinical scores across all imaging variables.

weaker relationship to disability than
MPF in GM, it provided a better capa-
bility to discriminate between RRMS
patients and controls. This finding sug-
gests that demyelination in WM may
be more pronounced at earlier stages

of the disease compared with GM, and
MPF in WM could be a more appro-
priate target to monitor therapeutic
effects in early MS. Unlike normal-
appearing brain tissues, MPF in lesions
demonstrated substantially weaker
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Figure 5:  Scatterplots show (a) R1 and (b) MT ratio versus MPF. The lines depict linear regression plots and the numbers are Pearson
correlation coefficients (r). All correlations are significant (P < .001). WM and GM data are plotted for all participants, including MS
patients and healthy participants. R1 correlates more strongly with MPF in WM than in GM, whereas MT ratio correlates more strongly

with MPF in GM than in WM.

associations with clinical scores, simi-
lar to the lesion volume, despite a large
percentage decrease in SPMS compared
with RRMS. Lesion volume is known to
poorly correlate with disability in MS
(27). Correlations between lesion vol-
ume and clinical scales in this study
were on the high end of the range re-
ported in the literature (27), probably
because of a wide spectrum of disability
in our patient population. A limited ca-
pability of both lesion volume and MPF
in lesions to explain clinical status sup-
ports the current understanding of MS
as a whole-brain disease in which wide-
spread microscopic demyelination in
normal-appearing tissues mainly deter-
mines progression of disability (17,28).

A decrease of MPF in all brain tis-
sues is generally consistent with pro-
gressive demyelination as the primary
pathologic substrate of neural tissue
damage in MS (17) and strong associa-
tions between MPF and myelin content
established in animal models (4,5,12-
16). While microscopic myelin damage
is probably the dominant cause of MPF
reduction in normal-appearing WM,
pathologic changes of MPF in MS le-
sions may also be driven by edema
associated with inflammation because
an increase in water content causes
dilution of the total macromolecular

concentration. Notably, contributions
of edema and demyelination can be
separated by using a combination of
MPF and quantitative proton density
mapping (8,10). This approach showed
that the loss of myelin is the main rea-
son for MPF changes, even in acute MS
lesions (10). Another important issue
consequent to our findings is whether
demyelination is a sole mechanism of
MPF reduction in GM. While the mye-
lin content in GM is much lower com-
pared with WM, a relative change of
MPF in GM is close (for RRMS) or
higher (for SPMS) than that in WM.
This translates to a larger degree of
myelin loss in GM compared with
WM in both RRMS and SPMS, if MPF
changes are assumed to be entirely
because of demyelination. Such a dif-
ference may have several explanations.
First, global GM MPF measurements in
our study contained contributions from
both GM lesions and normal-appearing
tissue because of low sensitivity of the
fluid-attenuated inversion-recovery
sequence to GM lesions (29). Although
GM lesions are known to be less in-
flammatory than WM lesions (30),
some effect of inflammation still can
be present (31). Pathologic evidence
suggests that GM lesion volume can be
rather extensive and approach 70% of

the cortex in extreme cases (25,32).
Second, GM in MS indeed may be
more demyelinated than WM accord-
ing to pathologic data (32). Finally,
MPF changes in GM may be caused by
a combined effect of demyelination and
neurodegeneration. Specifically, GM is
characterized by high density of neu-
ronal plasma membranes because of
dendritic arborization. Plasma mem-
branes represent complex lipoprotein
structures with a large concentration
of the semisolid proton pool involved
in the MT effect (33), and therefore
they may provide a major nonmyelin
contribution into MPF. Accordingly, in
the absence of myelin, GM has a larger
MPF than WM, as it was reported
for the canine mutant demyelination
model (4.6% in GM vs 3.1% in WM
[5]). Neurodegeneration
elimination of a portion of membrane
material because of the neuronal, syn-
aptic, and glial loss (34), which may
additionally contribute to a decrease
of MPF. Within this interpretation, our
observations are in agreement with
the current view of MS as a two-phase
disease, where the inflammatory demy-
elination phase precedes the neurode-
generative phase, which is associated
with the progressive clinical course
(17). While a detailed elucidation of

results In
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possible mechanisms of an MPF reduc-
tion in GM can be the subject of future
research, our results suggest useful-
ness of this parameter as an imaging
biomarker closely associated with the
disease phenotype and severity.
Compared with other quantitative
imaging indexes potentially associated
with myelin (ie, MT ratio and R1),
MPF demonstrated consistently supe-
rior performance in both discrimina-
tion between participant groups and
correlations with clinical scales. Our
observations are in overall agreement
with sensitivity of MT ratio and R1 to
pathologic changes in normal-appear-
ing brain tissues found in earlier stud-
ies (1,28,35), and relatively weak (if
significant) correlations with disability
(36-38) and limited distinctions be-
tween patients and controls (38,39).
Notably, correlations between these
variables and MPF show different pat-
terns within specific brain tissues. Rel-
ative strengths of these correlations in
conjunction with associations between
clinical and imaging data corroborate
observed differences in clinical rel-
evance of R1 and MT ratio. A closer
association with clinical status of R1
in WM compared with GM can be
explained by the fact that R1 in WM
is dominated by myelination (40),
and therefore varies in a way that is
similar to MPF. However, sensitivity
of R1 to demyelination in GM is re-
duced because of low background my-
elin content and a potential effect of
iron accumulation (26). The opposite
behavior of MT ratio is in agreement
with its theoretical dependence on the
two-pool MT model parameters (3).
Specifically, simultaneous decreases in
MPF and R1 caused by demyelination
partially offset each other in WM,
which therefore reduces pathologic
variability of MT ratio. Conversely, MT
ratio provides a better probe of MPF
in GM because of smaller R1 variabil-
ity. Different than in normal-appearing
tissues, more collinear variation of
MPF, R1, and MT ratio in lesions may
be because of several factors, including
a wide range of myelin loss, confound-
ing effect of edema, or partial volume
averaging with surrounding WM.

This study has several limitations.
First, MPF mapping in its current im-
plementation has relatively low spatial
resolution. This limitation has been
mitigated by the specially designed
segmentation procedure, which mini-
mizes partial volume effects and allows
conservative parameter estimation for
the two tissues of main interest (WM
and GM). However, interpretation of
pathologic changes in subcortical GM
structures, which typically fall within
the mixed PVWGM tissue, is difficult
because of partial volume averaging.
While the reported GM data are rep-
resentative for cortex, detailed inves-
tigations of subcortical GM demyelin-
ation is a topic for future studies. It is
important to note that MPF mapping
has a potential for improvement in
resolution without significant imaging
time penalties by using parallel imag-
ing. Second, we did not study the role
of cortical lesions for MPF reduction in
GM. However, it is unlikely that adjust-
ments for cortical lesions could change
conclusions of this study because only
a small portion of histologic-confirmed
GM lesions, which typically corre-
spond to 1%-2% of the cortex volume
(41), are detected with MR imaging
(29). Third, we did not use a contrast
agent to minimize risks to the partic-
ipants. Further studies that combine
higher resolution MPF mapping and
contrast enhancement are needed for
more comprehensive characterization
of demyelination and inflammation in
lesions.

In conclusion, this study showed
that whole-brain macromolecular pro-
ton fraction mapping enables quanti-
tative assessment of demyelination in
normal-appearing WM and GM and
better correlates with clinical status
in multiple sclerosis than traditional
magnetization transfer and R1 map-
ping. Our results demonstrate util-
ity of MPF as a myelin biomarker in
MS, reveal primary clinical relevance
of GM demyelination, and provide
methodologic background for future
applications of fast MPF mapping as
a clinically targeted tool for quantita-
tive monitoring of myelin damage and
repair.
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