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Abstract

Objective: Multiple sclerosis (MS) is a common demyelinating central nervous

system disease. MRI methods that can quantify myelin loss are needed for trials

of putative remyelinating agents. Quantitative magnetization transfer MRI

introduced the macromolecule proton fraction (MPF), which correlates with

myelin concentration. We developed an alternative approach, Simultaneous-

Multi-Angular-Relaxometry-of-Tissue (SMART) MRI, to generate MPF. Our

objective was to test SMART-derived MPF metric as a potential imaging bio-

marker of demyelination. Methods: Twenty healthy control (HC), 11 relapsing–
remitting MS (RRMS), 22 progressive MS (PMS), and one subject with a biop-

sied tumefactive demyelinating lesion were scanned at 3T using SMART MRI.

SMART-derived MPF metric was determined in normal-appearing cortical gray

matter (NAGM), normal-appearing subcortical white matter (NAWM), and

demyelinating lesions. MPF metric was evaluated for correlations with physical

and cognitive test scores. Comparisons were made between HC and MS and

between MS subtypes. Furthermore, correlations were determined between MPF

and neuropathology in the biopsied person. Results: SMART-derived MPF in

NAGM and NAWM were lower in MS than HC (p < 0.001). MPF in NAGM,

NAWM and lesions differentiated RRMS from PMS (p < 0.01, p < 0.001,

p < 0.001, respectively), whereas lesion volumes did not. MPF in NAGM,

NAWM and lesions correlated with the Expanded Disability Status Scale

(p < 0.01, p < 0.001, p < 0.001, respectively) and nine-hole peg test (p < 0.001,

p < 0.001, p < 0.01, respectively). MPF was lower in the histopathologically

confirmed inflammatory demyelinating lesion than the contralateral NAWM

and increased in the biopsied lesion over time, mirroring improved clinical per-

formance. Interpretation: SMART-derived MPF metric holds potential as a

quantitative imaging biomarker of demyelination and remyelination.

Introduction

Multiple Sclerosis (MS) is a common demyelinating dis-

ease of the central nervous system (CNS), affecting

approximately 1 in 900 people in the United States.1 MRI

plays a critical role in MS diagnosis and disease monitor-

ing2–4 by detecting focal white matter lesions. However,

standard clinical MRI correlates only modestly with dis-

ability and lacks specificity to MS pathology.3,5,6

Moreover, the normal-appearing white matter (NAWM)

of MS brain is typically not truly normal. Gray matter

demyelinating lesions are often widespread as well, but

gray matter lesions are almost undetectable by conven-

tional MR imaging.7 Numerous studies have been devoted

to the development and experimental validation of quan-

titative methods sensitive to myelin damage (the hallmark

of MS neuropathology), primarily, by means of multi-

exponential T2 imaging of water trapped between myelin
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layers, magnetization transfer (MT) and diffusion tensor

imaging.8

One of these approaches, MT imaging, has been fre-

quently used to estimate myelin damage.9–11 MT studies

use the concept of two cross-exchanging pools with a

“free” (or liquid) pool consisting of highly mobile pro-

tons associated with intracellular and extracellular water

with long T2 (in the range 10–100 ms), and a “bound”

pool consisting of less mobile protons with an ultrashort

T2 (less than 1 ms) associated with macromolecules and

membranes in tissues. Loss of myelin leads to decreased

concentration of macromolecules and a consequent

decrease of the “bound” pool. Given its ultrashort T2,

measuring signals directly from the “bound” pool has

been challenging. However, using MT effects, the

exchange between the pools allows indirect measurement

of the “bound” pool’s parameters.

Many MT studies use the magnetization transfer ratio

(MTR) as a surrogate for myelin content.11 However, tra-

ditional MTR depends on MRI pulse sequence parameters

and does not provide the true macromolecule content.

Quantitative magnetization transfer (qMT) can measure

the fraction of bound protons versus total protons, the so

called Macromolecule Proton Fraction (MPF)12–20 which

reflects myelin content.21,22 While initially qMT has been

limited by low resolution, high radio frequency energy

deposition (especially, at magnetic fields 3 T and higher),

and long acquisition times, new approaches have been

proposed to overcome some of these constraints.23,24

Recently, we developed a technique for quantitative

measurement of parameters characterizing MT effects

without applying off-resonance radiofrequency pulses,

which we call “Simultaneous Multi-Angular Relaxometry

of Tissue” (SMART) MRI.25 Similar to qMT, the SMART

MRI metrics are sensitive to tissue macromolecule con-

tent and can measure MPF. To do this, the SMART

method uses a gradient recalled echo (GRE) MRI and a

model of GRE signal that derives cross-relaxation effects

between “free” and “bound” proton pools. Because no

MT pulses are used, the high radio frequency energy

deposition associated with existing qMT approaches is

eliminated. From a single protocol, this technique can

generate quantitative MPF images, and additionally gener-

ates naturally co-registered quantitative images of longitu-

dinal relaxation rate parameter (R1 = 1/T1) and spin

density. Thus, SMART MRI has the potential to provide

high resolution quantitative multi-parametric information

regarding myelin content without high radio frequency

energy deposition.

Here we report for the first time the application of

SMART MRI in people with MS. We studied the correla-

tion between SMART MPF metric and clinical test results

in 33 MS patients. Furthermore, we investigate the ability

of SMART MRI metrics to differentiate relapsing-

remitting MS (RRMS) from progressive non-relapsing MS

(PMS), as well as its correlation with biopsy-proven

inflammatory demyelination.

Materials and Methods

Subjects

All studies were approved by the Washington University

Institutional Review Board. Twenty healthy controls and

33 people with MS with relapsing-remitting MS (RRMS,

n = 11), and progressive (n = 22) MS (PMS) clinical

courses were enrolled after providing informed consent.

Of the 22PMS subjects, four were primary-progressive MS

(mean EDSS = 5.6) and 18 were secondary-progressive

MS (mean EDSS = 5.8). PMS subjects were progressing

in absence of inflammatory disease activity (that is, no

clinical relapses or Gd + lesions) within 24 months prior

to enrollment.26 For comparisons between relapsing and

progressive, non-active MS, the PMS subjects were

selected to be progressive without superimposed relapses

or gadolinium-enhancing lesions within 24 months of

entry. Demographic and clinical test information on the

study subjects is shown in Table 1.

An additional study subject, a 35-year-old right-handed

man who presented with right homonymous hemianopia

and aphasia and who underwent CNS biopsy, provided

imaging correlations of inflammatory demyelination with

neuropathology. Clinical MRI demonstrated a large

contrast-enhancing left parieto-occipital lesion with mass

effect on the posterior horn of the left lateral ventricle.

Because of continued enlargement of the lesion and wors-

ening clinical course despite empiric high dose corticos-

teroids, a brain biopsy was performed. The biopsy

showed inflammatory demyelination with axon sparing;

the man was eventually diagnosed as having MS. Detailed

information regarding this patient is provided in a previ-

ous publication.30

Clinical testing

For the 33 people with MS, Expanded Disability Status

Scale (EDSS) and the Multiple Sclerosis Functional Com-

posite (MSFC) along with its three components of 25-

foot timed walk (25FTW) assessment of gait, nine-hole

peg test (9HPT) assessment of upper extremity function,

and paced auditory serial addition test (PASAT) assess-

ment of cognitive function, as well as the symbol digit

modalities test (SDMT) were all performed on the day of

the MRI, by examiners blinded to imaging results. For

analyses, the 25FTW and 9HPT were converted to Z-

scores according to the MSFC Manual.31
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MRI

MRI data were collected using a 3T Trio scanner (Sie-

mens, Erlangen, Germany) equipped with a 32-channel

phased-array head coil. SMART data of voxel size

1mm3 were acquired using three-dimensional multi-

gradient-echo sequences with five flip angles a (5°, 10°,
20°, 40°, 60°) and three gradient echoes (echo times

2.3, 6.2, 10.1 ms) for each a. Generalized autocalibrat-

ing partially parallel acquisitions algorithm (GRAPPA)32

with an acceleration factor of two and 24 auto-

calibrating lines in each phase encoding direction

was used. The scan time for SMART MRI was

13 min 40 s (2 min 44 s per flip angle). The SMART

data for healthy control and the patient who underwent

biopsy were collected in approximately 9 min with

voxel size 1.3 9 1.3 9 1.3 mm3 (other parameters were

kept the same), and subsequently reconstructed to

1 mm3.

A phase-based B1 mapping technique accounting for

effects of imperfect radio frequency spoiling and magneti-

zation relaxation were implemented,33 which required

2 min scan time. Standard clinical magnetization-

prepared rapid gradient-echo (MPRAGE) images with

voxel size 1 mm3 were collected for segmentation pur-

poses. Fluid-attenuated inversion recovery (FLAIR)

images with voxel size of 1 9 1 9 3 mm3 was used for

outlining white matter lesions.

Image processing and segmentation

The multi-channel MRI data were combined using a pub-

lished algorithm.34 The combined data were then analyzed

using the SMART model by accounting for the cross-

relaxation effects between “free” and “bound” pools.25

The derivation of the relationship between MPF and

SMART metrics is presented in the Supplementary Mate-

rial.

Brain gray and white matter segmentation was per-

formed on MPRAGE images using FreeSurfer 5.3.0

(Martinos Center for Biomedical Imaging, MGH/HST,

US) with visual inspection of each segmented region of

interest (ROI) for accuracy. 68 cortical gray matter and

68 corresponding subcortical white matter ROIs (34 each

per hemisphere) were generated. Global gray matter and

white matter masks in each hemisphere were generated by

combining 34 ROIs in gray matter and white matter in

each hemisphere. Using FSL 5.0.0 software (Analysis

Group, FMRIB, Oxford, UK), MPRAGE images were then

co-registered with SMART images corresponding to flip

angle 20° and TE = 2.3 ms (that was also used as the ref-

erence for co-registration of SMART data with other flip

angles). This procedure also co-registered ROIs generated

by FreeSurfer to all SMART metrics maps. To minimize

partial volume effects, CSF masks were generated using

FSL based on the SMART images with flip angle 20° and

TE = 2.3 ms. Applying regional and CSF masks, SMART

Table 1. Demographic and clinical information of healthy controls and MS subjects.

Healthy Control RRMS PMS Normative data (Reference)

Number 20 11 22

Mean Age � SD (years)

(range)

40.1 � 24

(22–86)

58.1 � 6.9

(42–70)

55.3 � 7.7

(33–70)

Female/Male 12/8 11/0 14/8

EDSS mean � SD

(range)

N/A 2.4 � 1.1

(1–4.5)

5.8 � 1.5

(2.5–8)

0

25FTW mean � SD (second) (range) N/A 4.5 � 0.6

(3.3–5.3)

48.5.0 � 67.6

(3.6–165.8)

<527

9HPT mean � SD (second)

(range)

Dominant N/A 22.9 � 7.7

(18.0–45.0)

101.2 � 219.2

(19.3–777)

<2228

Non-dominant N/A 22.18 � 3.7

(16.6–31.8)

135.8 � 261.1

(22.8–777)

SDMT mean � SD

(range)

N/A 56.5 � 9.1

(49–80)

44.3 � 13.3

(12–60)

62.1 � 10.729

3 sec PASAT mean � SD

(range)

N/A 46.8 � 10.9

(28–58)

43.6 � 12.6

(15–59)

49.7 � 9.829

2 sec PASAT mean � SD

(range)

N/A 35.2 � 11

(25–55)

32.7 � 12.6

(7–51)

37.6 � 9.529

Lesion volume/mm3 N/A 3835 � 3939

(229–14057)

6518 � 5403

(356–15825)

N/A

One RRMS and two PMS subjects were left-handed. The rest were right-handed.
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metrics for each ROI in normal-appearing cortical gray

matter (NAGM), normal-appearing subcortical white

matter (NAWM), defined as tissues outside of focal white

matter lesions, were calculated using the median values to

reduce outlier effects. White matter lesion masks were

obtained using “lesion-TOADS” tool35 in Medical Image

Processing, Analysis and Visualization software36 using

both MPRAGE and FLAIR images co-registered with FSL.

White matter lesion masks were visually inspected to

ensure accuracy. For each MS subject, median values of

SMART metrics in their lesions were computed.

Statistical analysis

For 33 MS patients, SMART metrics in cortical NAGM,

subcortical NAWM, and lesions were examined for corre-

lations with EDSS, MSFC (also individually for 25FTW,

9HPT, and PASAT components of the MSFC), and

SDMT. One PMS subject was excluded from analysis due

to image artifacts precluding accurate measurements.

Thus, 21 out of 22 PMS subjects were used for subse-

quent imaging analysis. Statistical program R was used

for data analysis. Spearman rank test was used to com-

pute rho values, with age and gender as covariates. As a

non-parametric test, Spearman rank correlation mini-

mizes bias from outliers in clinical measurements. Two-

sample t-test was used to compare group differences

based on SMART measurements. False discovery rate was

used to adjust for multiple comparisons.

Results

Examples of axial SMART images corresponding to MPF

and other SMART metrics, as well as an axial FLAIR

image and an axial MPRAGE image for a subject with

PMS are shown in Figure 1. In panel (a), red arrows indi-

cate regions of reduced MPF. Reduced signal on R1, R1f,

and MPRAGE images (seen as hypointense signals of a

focal lesion on R1, R1f, and MPRAGE images), and the

hyperintense signals on proton density (S0) and FLAIR

images indicated tissue abnormalities. Although these

changes are not pathologically specific, the abnormalities

were consistent with reduced myelin content (Fig. 1). In

addition, our data showed that SMART-derived MPF was

repeatable between two scans in a subgroup of five

patients in the MS cohort (Fig. S1).

Group differences in MPF

MPF was significant higher in the healthy group than in

subjects with MS. In both left and right hemispheres of

NAGM and NAWM, MPF differentiated RRMS from

non-relapsing PMS cohorts at the group level, although

considerable overlap of individual subjects between the

two MS subgroups was seen (Fig. 2). In particular, MPF

of left hemisphere subcortical NAWM was best able to

distinguish among the controls and two MS subtypes at

the group level (Fig. 2C). The median value of MPF in

MS lesions also distinguished the RRMS cohort from the

PMS cohort, with RRMS having higher median lesion

MPF than PMS (Fig. 2E). In contrast, lesion volume mea-

surements did not distinguish the two MS groups

(Fig. 2F). No significant or trends for differences in MPF

measurements between male and female PMS subjects

were found (Fig. S2).

Region-wise analysis showed that SMART MPF mea-

surements in subcortical NAWM of were universally

higher than in cortical NAGM, supporting the contention

that MPF reflects myelination (Fig. 3; Fig. S3). The HC

group had higher MPF than the two MS cohorts. In addi-

tion, the RRMS cohort had higher MPF measurements

than the PMS cohort, in both NAGM and NAWM. The

right hemisphere showed similar results to the left hemi-

sphere (Fig. S3).

Clinical correlations

NAWM and NAGM are often not truly normal in MS

brain tissues.7 SMART MPF measurements of NAWM

and NAGM of both hemispheres correlated with motor-

related clinical test scores (Table 2). MPF measurements

in subcortical NAWM demonstrated stronger correlations

with clinical test scores than MPF in cortical NAGM.

Median values of MPF in the MS lesions showed signifi-

cant correlations with EDSS (p < 0.001), 25FTW

(p < 0.001), 9HPT (Dominant) (p = 0.002), 9HPT (Non-

dominant) (p = 0.002), and MSFC (p = 0.013), whereas

lesion volume did not show significant correlations with

any clinical scores (Table 3). Quantitative R1 metric

showed significant correlations only with the PASAT for

NAGM (r = 0.46, p = 0.004) and for NAWM (r = 0.38,

p = 0.025) (Table S1). In both NAWM and NAGM, MPF

metrics of the left hemisphere showed stronger correla-

tions with clinical assessments than MPF metrics of the

right hemisphere. This was true even for left hemisphere

correlations of 9HPT with the ipsilateral left hand in

right-hand dominant subjects (Table 2, Fig. 4).

Since global MPF measurements correlated with clinical

tests, MPF was next investigated in region-wise analysis.

Regional MPF in the left hemisphere of right-handed sub-

jects showed consistently stronger correlations with MSFC

and its component 9HPT than MPF in the right hemi-

sphere (Figs. 4, 5). Additionally, in most of the ROIs,

MPF in NAWM demonstrated stronger correlations with

clinical test scores than did MPF in NAGM. Cortical

myelin distribution of healthy controls measured by MPF
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showed the primary sensory and motor regions to be

more myelinated than other regions (Fig. S4), in agree-

ment with previous studies.37

Longitudinal analysis in a biopsied patient
who was eventually diagnosed as MS

The SMART MRI was applied to a patient who under-

went biopsy, with histopathological confirmation of

inflammatory demyelination.30 Two weeks following

biopsy, the patient underwent imaging with SMART tech-

nique. This revealed significantly lower MPF in lesion

versus contralateral normal white matter area of similar

size (p < 10�10, Fig. 6D,F). After 6 months, qualitative

FLAIR images showed the reduced size of the left parieto-

occipital hyperintensity (Fig. 6A,B). MPF images of each

visit show the parieto-occipital lesion and abnormal left

optic radiation (blue arrows in Fig. 6D,E). At Visit 2,

MPF of the lesion was significantly lower than in the con-

tralateral normal-appearing region of white matter

(Fig. 6F, p < 10�10), but the MPF in the lesion was sig-

nificantly higher at Visit 2 than at visit 1(p < 10�10).

Though still abnormal, MPF values in the lesion at Visit

2 had partially normalized, suggesting partial recovery of

Figure 1. Examples of axial SMART metrics images alongside axial FLAIR and MPRAGE images. Macromolecule proton fraction (MPF) [units range

from 0 (no bound protons) to 1 (no free protons)] (A), R1 (1/s) (B), R1f (the longitudinal relaxation rate of the free pool), (C), FLAIR (a.u.) (D),

MPRAGE (a.u.) (1/s) (E) and S0 (a.u.) (F) images were obtained from a 34 year-old man with MS since age 16, now with non-relapsing secondary

progressive MS (EDSS 7.5). One focal lesion is indicated by a red arrow. MPF images, as well as R1, R1f, and MPRAGE images, showed hypoin-

tense (reduced) signals at sites of lesions. Proton density (S0) and FLAIR showed hyperintense signals at sites of lesions. SMART images do not

exactly match FLAIR due to different slice thicknesses (1 mm for SMART and 3 mm for FLAIR). a.u. = arbitrary units. Note that the major advan-

tage of SMART is not in detecting lesions but in quantitative assessment of tissue damage in normal-appearing tissue as presented in Table 2 and

Figure 2.
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tissue damage in agreement with the patient’s improving

clinical performance at Visit 2.

Discussion

Improved and quantitative imaging biomarkers that read-

ily assess MS tissue damage and repair, including in areas

that appear normal on conventional MRI, are needed for

disease monitoring and putative reparative treatments

development.38 The recently developed SMART MRI

technique can generate the MPF which reflects the level

of myelination. Here, for the first time, we applied

SMART MRI in patients with RRMS and PMS to investi-

gate associations of quantitative SMART MPF metric with

the different MS subtypes and physical and cognitive dis-

ease severity.

In this study, SMART MPF showed significant correla-

tions with motor-related clinical test scores at both global

and regional levels. We found lower MPF derived via

SMART MRI in MS lesions than in normal-appearing tis-

sues, in agreement with previous reports of hypointense

MPF derived via qMT signals in demyelinated and dys-

myelinated CNS tissue.16,39 Values of MPF observed in

this study were in general agreement with published stud-

ies.18,40 The left and the right hemispheres were analyzed

separately in our patient cohorts to explore hemispheric

differences. We observed stronger associations between

clinical measures and the MPF values in the left hemi-

sphere. This was not unexpected as the left cerebral hemi-

sphere is reported to have a strong involvement in

complex motor control for both right- and left-handed

people, an effect that is due to hemispheric specialization

rather than handedness.41,42 In addition, disrupting the

left premotor cortex by transcranial magnetic stimulation

was reported to result in longer reaction times than right

premotor cortex in response selection, regardless of hand-

edness.43–45 Published studies and our data support the

idea that tissue damage in the left hemisphere plays a key

role in bilateral motor function.

We found that MPF readily differentiated healthy

brains from those with MS, but importantly also sepa-

rated the RRMS from the non-relapsing PMS groups.

Patients in the two MS subgroups were specifically chosen

to be of very similar ages, to remove the confound of age.

Separation between PMS and RRMS was noted in almost

all ROIs. Lower SMART MPF was observed for both glo-

bal (entire cerebral cortical NAGM and subcortical

NAWM) and region-wise measurements in PMS versus

RRMS. This result is in agreement with published studies

showing worse pathology, including greater myelin loss,

in progressive than RRMS patients.7,46 Although lesion

volumes are sometimes used to differentiate subtypes of

MS, it is notable that lesion volumes failed to differentiate

RRMS from non-relapsing PMS patients. Non-active PMS

is a subgroup for whom highly effective treatments are

lacking. The quantitative delineation of PMS from

similar-aged RRMS patients by SMART MPF is an

important finding because it suggests that SMART MPF

can potentially measure the pathology associated with

progressive disease which is thought to involve wide-

spread diffuse damage of the NAWM and NAGM in the

brains of those with progressive MS.47

Our longitudinal assessment of a patient with a

demyelinating lesion showed an initial significant MPF

reduction in the left optic radiation affected by the

histopathologically confirmed demyelinating lesion (with

relative axonal sparing).30 Six months later, increasing

MPF was found in the lesion in concert with clinical

improvement in the patient. These longitudinal data indi-

cate the potential ability of SMART MPF to be a quanti-

tative outcome measure in trials of remyelinating/

reparative agents.

The MPF metric derived from qMT is a quantitative

proxy reflecting myelin content.21,22 Using multi-

gradient-echo sequence, we developed SMART MRI to

generate a qMT-like measure (SMART MPF). Like qMT,

SMART MRI measures MPF by assessing the exchange

between “free” and “bound” pools. A major advantage of

the SMART technique is that it does not require high

energy deposition, especially important for high field MRI

scanners. Data in this study were derived from a high res-

olution (1 mm3) SMART protocol and were acquired

within a clinically feasible scan time (16 min, including

B1 mapping).

This study has a few limitations. The RRMS group was

smaller than the progressive MS group. This is because

the RRMS subjects in the study were specifically chosen

to be of similar age to the progressive MS patients, and

Figure 2. Group comparisons based on macromolecule proton fraction (MPF) measurements in cortical NAGM (A, B), subcortical NAWM (C, D)

and lesion (E), and lesion volume(F). Healthy control subjects displayed higher MPF than subjects with MS, with the RRMS group higher than the

non-relapsing PMS group. In both gray and white matter, MPF of the left hemisphere differentiated the two MS subtypes better than MPF of the

right hemisphere. Median value of MPF in the lesion revealed higher MPF in the RRMS group than the progressive MS group. Lesion volume mea-

surement did not distinguish the two MS groups. Boxes represent the interquartile ranges; the horizontal lines within the boxes are median values.

In graph (A–D), points are median values of normal-appearing tissue in individual subjects. In graph (E), points are median values of MPF in the

lesions of each individual subject. In graph (F), points are lesion volume measurements of each MS subject. *** p < 0.001, ** p < 0.01, *

p < 0.05. p values were determined after adjusting for multiple comparisons using false discovery rate.
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fewer RRMS subjects of older age were identified for

recruitment. The RRMS group was also all female. In the

biopsied patient, reduced MPF was in agreement with the

demyelination and axonal sparing seen by histology, but

could also be due to other types of damage and to edema.

However, edema would not likely be a major factor after

6 months of recovery when MPF was still reduced in the

lesion. Although the patient who underwent biopsy was

eventually diagnosed as MS, the demyelinating lesion ana-

lyzed in this case was different from typical MS lesions in

that it was larger with more surrounding edema, concern-

ing for a tumor. Additional histo-pathological validation

of the SMART technique is still needed. In addition, the

current SMART technique did not consider the distribu-

tion of T2 within the bound pool, which will be

addressed in future studies. Comparison of SMART MRI

to other imaging techniques that are sensitive to myelin

content will be investigated in upcoming studies.

In summary, SMART MPF provides information simi-

lar to that provided by qMT, without radio frequency

Table 2. Macromolecule proton fraction (MPF) in the cortical NAGM and subcortical NAWM correlated with clinical assessments.

MPF in NAGM MPF in NAWM

Left hemisphere Right hemisphere Left hemisphere Right hemisphere

rho p rho p rho p rho p

EDSS �0.360 0.009 �0.251 0.070 �0.491 <0.001 �0.314 0.022

25FTW �0.334 0.015 �0.288 0.034 �0.404 0.003 �0.315 0.022

9HPT(Dominant) 0.554 <0.001 0.499 <0.001 0.600 <0.001 0.461 0.001

9HPT(Non-dominant) 0.521 <0.001 0.439 0.002 0.650 <0.001 0.462 0.001

PASAT(2S) 0.067 0.654 0.086 0.570 0.256 0.068 0.223 0.103

PASAT(3S) �0.029 0.820 0.033 0.820 0.149 0.309 0.106 0.473

SDMT 0.136 0.366 0.235 0.095 0.313 0.023 0.249 0.071

MSFC 0.398 0.003 0.359 0.009 0.525 <0.001 0.407 0.003

MPF measurements in both NAGM and NAWM correlated with assessments related to motor function. NAWM MPF had stronger correlations with

clinical tests than NAGM MPF. The MPF in left hemisphere demonstrated a stronger correlation with clinical scores than did MPF in the right hemi-

sphere. MPF of NAWM in left hemisphere correlated modestly with the SDMT measure of cognition. For 9HPT, the three MS subjects who were

left-handed were not included in analyses. 9HPT and 25FTW results were converted to Z score based on MSFC. Spearman rho and p values were

computed in R, with age and gender as covariates. Spearman rank correlation was used to minimize the bias from outliers in clinical scores. All

listed p values are after multiple comparison correction using false discovery rate.

Figure 3. Regional macromolecule proton fraction (MPF) of the left hemisphere revealed MPF as consistently highest in the healthy control group

and consistently lowest in the PMS cohort in cortical NAGM (B) and subcortical NAWM (A). Median values of MPF measurements of each

cortical/subcortical ROI in the left hemisphere for each clinical subtype are plotted. Error bars are the standard error of MPF measurement. MPF in

NAWM ROIs were significantly higher than MPF in NAGM, consistent with the greater myelin content in white matter than gray matter. The right

hemisphere showed similar results to the left hemisphere (Fig. S3).

Table 3. Median macromolecule protein fraction (MPF) in MS lesions shows significant correlations with motor-related clinical assessments.

Median MPF in the lesion Median R1 in the lesion/s�1 Lesion Volume/mm3

rho p rho p rho p

EDSS �0.511 <0.001 �0.320 0.030 0.241 0.090

25FTW �0.538 <0.001 �0.425 0.002 0.237 0.090

9HPT(Dominant) 0.437 0.002 0.234 0.090 �0.183 0.230

9HPT(Non-dominant) 0.443 0.002 0.299 0.042 �0.110 0.484

PASAT(2S) �0.248 0.090 �0.032 0.863 0.045 0.808

PASAT(3S) �0.263 0.090 �0.021 0.892 �0.032 0.863

SDMT 0.121 0.395 0.310 0.030 �0.259 0.090

MSFC 0.362 0.013 0.239 0.090 �0.135 0.395

Median R1 was correlated with EDSS, 25 foot-timed walk, 9-hole peg test, and with the SDMT cognitive test. Lesion volume did not show signifi-

cant correlations with clinical scores. Spearman rho and p values were computed in R, with age and gender as covariates. All listed p values are

after multiple comparison correction using false discovery rate.
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energy restrictions. Thus, SMART MRI might be used to

assess demyelination and remyelination in MS and related

diseases. Based on these attributes, SMART MPF has a

potential to be used as a quantitative non-invasive out-

come measure in future clinical trials of putative remyeli-

nating agents.
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Figure 6. Longitudinal macromolecule protein fraction (MPF) measurements in biopsied inflammatory demyelinating lesion. Data were obtained

2 weeks and 6 months after biopsy of a tumefactive left hemisphere lesion in a 35 year old man. MRI images in Visit 1 and Visit 2 are

coregistered. (A), (B) FLAIR images show a large left parieto-occipital hyperintense lesion on both visits with smaller size of hyperintensity at Visit 2

compared with Visit 1. Red arrows indicate the biopsy site. (C) SMART image corresponding to the first echo of flip angle 20° show a ROI

(marked in yellow) used for the SMART analyses of the biopsied lesion and a comparable ROI in NAWM of the contralateral normal-appearing

side, for comparison. (D), (E) MPF images of Visit 1 and Visit 2 show the parieto-occipital lesion and abnormal left optic radiation (blue arrows).

The demyelinated lesion in the left optic radiation was consistent with right homonymous hemianopia on examination. (F) Group comparison

between ROIs in the lesion and NAWM based on MPF. For each visit, MPF in the lesion was substantially lower than in contralateral NAWM with

little overlap. MPF values in the lesion at Visit 2, though still abnormal, had become more normal, suggesting incomplete recovery, in agreement

with the improved clinical examination at Visit 2.
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Supporting Information

Additional supporting information may be found online

in the Supporting Information section at the end of the

article.

Figure S1 SMART-derived MPF measurement showed

high repeatability in five MS subjects. The two scans were

separated by 9 months. The Expanded Disability Status

Scale (EDSS) of the five subjects remained the same

between two scans. No significant changes of other clini-

cal tests were observed. Paired-sample t-test was used to

compare two scans.

Figure S2. Group comparisons based on macromolecule

proton fraction (MPF) measurements in female and male

PMS subjects. No significant difference between MPF

measurements in male and female PMS subjects were

found. Points are median values of normal-appearing tis-

sue in individual subjects.

Figure S3. Regional macromolecule protein fraction

(MPF) of the right hemisphere shows a consistent trend

with healthy control highest and progressive MS cohort

lowest in both cortical NAGM (b) and subcortical

NAWM (a). Median values of MPF measurement of each

cortical/subcortical ROI in the left hemisphere for each

clinical subtype are plotted. Error bars are the standard

error of MPF measurement. MPF in NAWM ROIs were

significantly higher than MPF in NAGM, consistent with

the greater myelin content in white matter.

Figure S4. Cortical myelin distribution of healthy controls

measured by macromolecule proton fraction (MPF). The

primary sensory and motor regions are more myelinated

than other regions. Color bar: Scale of MPF values.
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Table S1. Association between Global R1 measurements in

cortical NAGM and subcortical NAWM and clinical assess-

ments. The only significant correlations for R1 measure-

ments are with the two second PASAT, a test of cognitive

function test. For 9HPT, three left-handed subjects were

removed to ensure all test subjects were right-handed.

Spearman rho and p values were computed in R, with age

and gender as covariates. All listed p values are after multi-

ple comparison correction using false discovery rate. Statis-

tically significant correlations are highlighted in yellow.2
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