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ABSTRACT

BACKGROUND AND PURPOSE: Fast macromolecular proton fraction mapping is a recent quantitative MR imaging method for myelin
assessment. The objectives of this study were to evaluate the macromolecular proton fraction as a measure of demyelination in subcor-
tical GM structures in multiple sclerosis and assess a potential relationship between demyelination and excess iron deposition using the
macromolecular proton fraction and T2* mapping.

MATERIALS AND METHODS: Macromolecular proton fraction and T2* maps were obtained from 12 healthy controls, 18 patients with
relapsing-remitting MS, and 12 patients with secondary-progressive MS using 3T MR imaging. Parameter values in the caudate nucleus,
globus pallidus, putamen, substantia nigra, and thalamus were compared between groups and correlated to clinical data.

RESULTS: The macromolecular proton fraction in all subcortical structures and T2* in the globus pallidus, putamen, and caudate nucleus
demonstrated a significant monotonic decrease from controls to patients with relapsing-remitting MS and from those with relapsing-
remitting MS to patients with secondary-progressive MS. The macromolecular proton fraction in all subcortical structures significantly
correlated with the Expanded Disability Status Scale and MS Functional Composite scores with absolute Pearson correlation coefficient (r)
values in a range of 0.4—0.6. Significant correlations (r = —0.4 to —0.6) were also identified between the macromolecular proton fraction
and the 9-Hole Peg Test, indicating a potential relationship with nigrostriatal pathway damage. Among T2* values, weak significant
correlations with clinical variables were found only in the putamen. The macromolecular proton fraction did not correlate with T2* in any
of the studied anatomic structures.

CONCLUSIONS: The macromolecular proton fraction provides an iron-insensitive measure of demyelination. Myelin loss in subcortical
GM structures in MS is unrelated to excess iron deposition. Subcortical GM demyelination is more closely associated with the disease
phenotype and disability than iron overload.

ABBREVIATIONS: CN = caudate nucleus; EDSS = Expanded Disability Status Scale; GP = globus pallidus; MPF = macromolecular proton fraction; MT =
magnetization transfer; NAWM = normal-appearing WM; PASAT3 = Paced Auditory Serial Addition Test with 3-second interstimulus intervals; RRMS = relapsing-
remitting multiple sclerosis; SN = substantia nigra; SPMS = secondary-progressive multiple sclerosis

Demyelination represents a global pathologic factor underly-
ing neural tissue damage in MS and affecting the entire CNS.
Demyelination manifests as both macroscopic MS lesion formation
and microscopic changes in normal-appearing WM (NAWM) and
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GM."* Widespread demyelination in subcortical GM structures in
MS has been established in pathologic studies.”* While common
pathologic features of neural tissue injury in MS include inflamma-
tion, demyelination, and neurodegeneration, a specific aspect of sub-
cortical GM pathology is excessive iron accumulation in oligoden-
drocytes and, to alesser extent, in neurons, microglia, and astrocytes,
compared with the rest of the GM and WM.*

Although the clinical and pathogenetic roles of excess iron
deposition in the subcortical GM structures are currently debat-
able,” this phenomenon represents a common neuroradiologic
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sign in MS, manifest as abnormal hypointensity on T2-weighted
images.® Numerous studies involving iron-sensitive quantitative
imaging techniques, such as T2, T2*, magnetic susceptibility, and
magnetic field correlation mapping have demonstrated abnor-
mally increased iron content in deep GM in MS.”"'? At the same
time, quantitative assessment of subcortical GM demyelination is
currently unavailable. The reason is the interplay between the
effects of myelin and iron on tissue relaxation properties. Partic-
ularly, methods for quantitative or semiquantitative myelin im-
aging based on single- or multicomponent T1, T2, and T2* relax-

ation models''"!*

are inapplicable to anatomic regions with a
large and/or highly variable iron content. Similarly, a parameter
frequently associated with myelination, magnetization transfer
(MT) ratio, is not representative of changes in myelination in the
presence of paramagnetic ions because it is subjected to the com-
pounded effects of cross-relaxation and T1.'?

A new quantitative myelin imaging method, fast macromolec-

ular proton fraction (MPF) mapping,'®"”

offers the possibility of
assessing demyelination in iron-rich anatomic structures due to
the insensitivity of MPF to changes in relaxation properties of
tissues caused by paramagnetic ions. MPF is a key parameter de-
termining the MT effect in tissues and defined within the 2-pool
model of MT as a relative number of macromolecular protons
involved into cross-relaxation with water protons.'® A number of
animal studies have demonstrated close associations between
MPF and myelin content in both WM and GM,*°~** thus support-
ing clinical applications of this parameter as a myelin biomarker.
It has been demonstrated that MPF measurements are practically
insensitive to large variations in T1 caused by a paramagnetic

contrast agent in an animal tumor model.*

The recently devel-
oped single-point MPF mapping method has enabled reconstruc-
tion of MPF maps in isolation from other 2-pool model parame-

1017 and has shown

ters based on a single MT-weighted image
promise as a fast clinical quantitative myelin imaging approach in
MS'® and mild traumatic brain injury'® studies. Due to the insen-
sitivity of MPF to changes in tissue relaxation associated with
paramagnetic ions, fast MPF mapping offers the possibility of in
vivo studies of demyelination in iron-rich brain structures with-
out the confounding effect of iron deposition. The goals of this
study were to compare the MPF in subcortical GM structures
between healthy controls and patients with MS with different dis-
ease phenotypes, assess a potential relationship between MPF and
T2* as measures of demyelination and iron deposition in deep
GM, and evaluate associations of the above quantitative imaging
metrics with common clinical disability scales and tests of motor
and cognitive function in MS.

MATERIALS AND METHODS

Study Population

We analyzed the data of a previously reported prospective cross-
sectional case-control study.'® The study was approved by the
institutional review board at the University of Washington, and
written informed consent was obtained from all participants. The
study population included 18 patients with relapsing-remitting
MS (RRMS) (12 women; mean age, 48.2 * 10.8 years; range,
30—62 years; mean Expanded Disability Status Scale [EDSS]
score, 2.9 = 1.8; range, 1.0—6.5), 12 patients with secondary-
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progressive MS (SPMS) (7 women; mean age, 56.0 = 6.8 years;
range, 42—67 years; mean EDSS score, 6.7 = 0.8; range, 5.5—8.0),
and 12 healthy controls (6 women; mean age, 41.1 * 8.9 years;
range, 2857 years). Available clinical data for patients with MS
included the EDSS score, disease duration, the Multiple Sclerosis
Functional Composite% score, and its component test scores (25-
Foot Timed Walk Test, 9-Hole Peg Test, and Paced Auditory Se-
rial Addition Test with 3-second interstimulus intervals [PA-
SAT3]). Detailed characteristics of the study population can be
found elsewhere.'® Note that data from 12 of 14 initially re-
ported'® healthy controls were used in this study because T2*
maps were unavailable for 2 participants.

MR Imaging Protocol

Images were acquired using a 3T MR imaging scanner (Achieva;
Philips Healthcare, Best, the Netherlands) with a transmit-receive
head coil. A fast 3D whole-brain MPF mapping protocol'® in-
cluded gradient-echo sequences with and without off-resonance
MT saturation, variable flip angle T1 mapping,”” and B0** and
B1°7*° field mapping. 2D T2-weighted FLAIR images were ac-
quired for lesion segmentation. Parameters of the above imaging
sequences are detailed elsewhere.'® Additionally, whole-brain T2*
mapping was performed using a 3D multiple gradient-echo se-
quence with 8 echoes: TR = 37.5 ms, first TE = 2.3 ms, echo
spacing = 3.2 ms, flip angle = 10°, FOV = 240 X 180 X 184 mm>,
matrix = 160 X 160 X 46, resolution = 1.5 X 1.5 X 4 mm®
(interpolated to 1 X 1 X 2 mm?), and scan time = 3 minutes 25
seconds. The MPF and T2* mapping scans were obtained in the
axial plane with the same spatial resolution and coverage.

Image Processing and Analysis

MPF maps were reconstructed with the single-point algorithm'®
using in-house-written C-language software as detailed in the ear-
lier study.'® T2* maps were reconstructed by the voxel-based
monoexponential 2-parameter fit of a squared noise-corrected

signal®”

using in-house-written C-language software. Noise-cor-
rection factors for each dataset were determined from averaged
SDsin 4 ROIs placed in the areas free from the signal and artifacts.
The head of caudate nucleus (CN), globus pallidus (GP), pu-
tamen, substantia nigra (SN), and thalamus were outlined man-
ually on MPF maps using Image]J software (National Institutes of
Health, Bethesda, Maryland). T2* measurements were performed
in ROIs transferred from MPF maps. Parameter values for each
subject were obtained by averaging bilateral measurements on the
3 adjacent cross-sections. ROI measurements were performed by
2 operators blinded to clinical information and then averaged.
Examples of ROI placement corresponding to the above subcor-
tical anatomic structures are provided in Figs 1 and 2. The results
of brain segmentation into WM (NAWM for patients with MS),
GM, and MS lesions were available from the previous study.'®

Statistical Analysis

The normality of data within subject groups was assessed using
the Shapiro-Wilk test. No significant deviations from the normal
distribution were detected, and parametric analyses were used
thereafter. Interoperator variability was assessed by the coefficient
of variation and intraclass correlation coefficient. Mean parame-



FIG 1. Representative cross-sections of 3D MPF (left) and T2* (right) maps obtained from a
healthy female control subject (37 years of age) with superimposed ROIs corresponding to the
head of caudate nucleus, globus pallidus, putamen (Pu), substantia nigra, and thalamus (Th). MPF
and T2* maps are presented with gray-scale windows corresponding to the MPF range of 0%—20%

and the T2* range of 0-100 ms.

ter values in subcortical structures were compared among the
3 subject groups (controls, RRMS, and SPMS) using 1-way
ANOVA followed by post hoc pair-wise tests with the Fisher least
significant difference correction for multiple comparisons. Asso-
ciations between imaging and clinical data were investigated using
bivariate linear regression and the Pearson correlation coefficient
(r). The Shapiro-Wilk test was used to assess the normality of
regression residuals, and appropriate transformations were used
to correct for significant deviations from the normal distribution
if detected. Additionally, multivariate regression models were
tested using a stepwise variable elimination procedure to identify
which of the previously reported'® whole-brain imaging variables
(MPF in NAWM, GM, and lesions, and lesion volume) or their
combinations could better explain quantitative measurements in
the basal ganglia. Two-tailed tests were used in all analyses. P val-
ues < .05 indicated significant differences. All statistical analyses were
performed using SPSS software (IBM, Armonk, New York) except

for intraclass correlation coefficient calcu-
lations, which were performed in Med-
Calc (MedCalc Software, Mariakerke, Bel-
gium). Data are presented as mean = SD
where applicable.

RESULTS

MPF and T2* Measurements in the
Basal Ganglia

MPF maps enabled clear anatomic
definition of subcortical GM structures
based on their hypointensity relative to
surrounding WM in all cases (Figs 1 and
2). The appearance of these structures
on T2* maps was frequently obscured by
the blooming effect, especially in the
cases with excessive iron deposition (Fig
2). Manual MPF measurements were
highly consistent between observers,
with a coefficient of variation of <2.5%
and an intraclass correlation coefficient
of >0.9 (Table 1). T2* measurements
demonstrated higher variability with a
coefficient of variation in the range of
1.8%-10.3%, but they still had excellent
overall agreement (intraclass correlation
coefficient = 0.8, Table 1).

Mean MPF and T2* measurements
in the subcortical GM structures of the
study participant groups are summa-
rized in Table 2. Monotonic trends of a
decrease in both MPF and T2* from
controls to patients with RRMS and
from patients with RRMS to those with
SPMS were observed in all subcortical
structures except for T2* in the thala-
mus. ANOVA revealed the significance
of these trends for all variables except for
T2* in the SN. Pair-wise comparisons
identified significant differences among
all 3 groups for the MPF in the GP and
putamen. In the CN and SN, the MPF was not significantly dif-
ferent between patients with RRMS and controls, but a significant
decrease was found in the SPMS group compared with both con-
trols and patients with RRMS. The MPF in the thalamus was sig-
nificantly lower in both MS phenotypes compared with controls,
but the difference between patients with RRMS and SPMS did not
reach significance. T2* in the GP, putamen, and CN was signifi-
cantly shortened in patients with SPMS compared with controls.
Additionally, T2* in the CN was significantly shorter in the RRMS
group relative to controls. A significant difference in T2* between
the RRMS and SPMS groups was found only in the putamen.

Associations of MPF and T2* in the Basal Ganglia with
Clinical Status in MS

Correlations between quantitative imaging measures in the sub-
cortical GM structures and clinical variables in patients with MS

AJNR Am J Neuroradiol @@ @ 2018  www.ajnr.org 3



FIG 2. Representative cross-sections of 3D MPF (left) and T2* (right) maps obtained from a
female patient with SPMS (62 years of age; EDSS score, 5.5) with superimposed ROIs correspond-
ing to the head of caudate nucleus, globus pallidus, putamen (Pu), substantia nigra, and thalamus
(Th). MPF and T2* maps are presented with gray-scale windows corresponding to the MPF range

of 0%—-20% and the T2* range of 0-100 ms.

Table 1: Coefficients of variation and intraclass correlation
coefficients for interobserver agreement in MPF and T2*
measurements in the subcortical GM structures

Variable CoV (%) ICC
MPF (CN) 14 0.97
MPF (GP) 11 0.98
MPF (putamen) 2.0 0.94
MPF (SN) 25 0.92
MPF (thalamus) 1.8 0.91
T2* (CN) 48 091
T2* (GP) 6.5 0.86
T2* (putamen) 28 0.98
T2* (SN) 103 0.80
T2* (thalamus) 1.8 0.95

Note:—CoV indicates coefficient of variation; ICC, intraclass correlation coefficient.

are listed in Table 3. Plots of selected correlations are presented in
Fig 3. MPF in all subcortical structures significantly positively
correlated with the Multiple Sclerosis Functional Composite and
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negatively with the EDSS scores, as well
as with the 9-Hole Peg Test. For other
Multiple Sclerosis Functional Compos-
ite components, significant correlations
of moderate strength were found for
MPF in the GP and putamen (with 25-
Foot Timed Walk and PASAT3 tests)
and SN (with PASAT3). The MPF in the
putamen, SN, and thalamus also corre-
lated with the disease duration. Moder-
ate significant correlations with pa-
tients” ages were found for MPF in all
structures except the putamen.

Among T2* measurements, weak-
but-significant correlations with EDSS,
the 25-Foot Timed Walk Test, disease
duration, and age were identified for the
putamen. T2* values in other structures
did not significantly correlate with clin-
ical variables (Table 3).

Correlations among Imaging
Variables
Correlations between MPF and T2* in
the subcortical GM structures are sum-
marized in Table 4. Correlations of both
measures with global MPF measure-
ments in brain tissues and lesion volume
reported earlier for the same popula-
tion'® are provided in Table 5. No signif-
icant correlations between MPF and T2*
in the investigated structures were found
in either patients with MS or controls
taken separately. In the combined sam-
ple, weak-but-significant positive corre-
lations were found in the GP and puta-
men, which are likely driven by the
global group differences (a decrease of
both MPF and T2* in patients with MS).
The MPF in all subcortical structures
demonstrated moderate-to-strong cor-
relations with whole-brain MPF in NAWM and GM (Table 5).
The MPF in the GP and SN also showed moderate correlations
with MPF in MS lesions. T2* in all structures did not correlate
with any global imaging variable. Lesion volume did not correlate
with any quantitative imaging variables except for a marginally
significant (P = .04) correlation with MPF in the putamen. Inclu-
sion of global imaging variables into multivariate regression mod-
els (data not shown) did not improve the explanation of any of the
subcortical GM measures. MPF in WM remained a single signif-
icant predictor of MPF in all examined structures in stepwise
analyses.

DISCUSSION

Being naturally rich in iron, subcortical GM structures represent
an extremely difficult target to study demyelination by conven-
tional and quantitative MR imaging because signal changes asso-



ciated with myelin loss can be easily obscured by the variable
paramagnetic effect of iron. The clinical role of demyelination in
the subcortical nuclei in MS has not been established to date, and
the evidence of myelin loss in these structures is based on post-
mortem studies.”* Application of the MPF as an iron-insensitive
myelin biomarker enabled in vivo confirmation of earlier patho-
logic findings of significant demyelination of subcortical GM in
MS.** Furthermore, significant correlations between MPF in
subcortical GM and clinical scales and the capability of MPF to
discriminate the disease phenotypes indicate the clinical relevance
of this parameter. The trends of demyelination in the basal ganglia
and thalamus found in this study have common features with
global demyelination in both NAWM and GM because correla-
tions of MPF in subcortical GM structures with global MPF values
in NAWM and GM are rather similar. At the same time, these
correlations are not very strong and explain only 30%-40% of
data dispersion within either univariate or multivariate models.
In view of good interobserver agreement and low variability in

MPF measurements,'”>*

this observation cannot be completely
attributed to measurement noise.

The correlations between MPF in subcortical GM structures
and disability scales appeared systematically weaker than those for
cortical GM and more similar in strength to the correlations for
NAWM reported earlier for the same patient population.'® In

contrast to global NAWM and GM values,'® the MPF in the 2

structures (CN and SN) also showed no significant differences
between patients with RRMS and controls. Notably, the MPF in
the basal ganglia showed the strongest correlations with the
9-Hole Peg Test scores compared with other clinical tests (Table
3). Because this test measures the fine motor function of the upper
extremities, our observation may indicate that demyelination de-
tected by MPF in the CN, GP, putamen, and SN reflects the dam-
age to the nigrostriatal pathway, which functionally manifests as
motor impairment. Taken together, the above observations sug-
gest that the subcortical GM structures may not follow a uniform
trajectory of myelin loss in MS and that demyelination in different
nuclei may have different clinical significances.

The absence of significant correlations between MPF and T2*
in the subcortical GM structures in patients with MS found in this
study suggests that demyelination and excess iron deposition in
subcortical GM represent unrelated pathologic processes with
different clinical relevance. Literature data about the clinical sig-
nificance of iron accumulation in subcortical GM in MS are con-
troversial.”'® Our results are in agreement with multiple reports
of a significant increase of the iron load in the basal ganglia in MS
based on quantitative iron-sensitive MR imaging measures or T2
hypointensity.®'® However, similar to this study, published
cross-sectional correlations between MR imaging—based iron
measures and clinical scales were moderate to insignificant.*°
On the other hand, there is some evidence of a higher clinical

relevance of excess iron deposition in

Table 2: Mean group MPF and T2* in the subcortical GM structures®

the deep GM in the longitudinal as-

Patients with  Patients with pect.’”? A possible pathogenetic role of
Variable Controls (Mean)  RRMS (Mean)  SPMS(Mean)  ANOVAF(P)  iron in MS is associated with its cyto-
MPF (CN) (%) 7.23 + 0.41 7.02 + 035 6.75 + 0.285 5.7 (.007) toxic effect, causing oxidative stress and
MPF (GP) (%) 1023 + 027 9.84=045° 939X 047°°  M26(<O0) S The evtotoxicit
MPF (putamen) (%) 762+ 024 734+032°  703+043°  91(001) rochondral myury. ytotoxicity
MPF (SN) (%) 936 + 0.64 925+ 045  881=048  39(029) ofiron s mainly attributed to its reactive
MPF (thalamus) (%) 10.05 + 037 972 + 041° 9.47 + 0.20° 8.2(.001) ferrous oxidative form that may result
T2* (CN) (ms) 49.28 +3.44 4579 +418° 4416 +593° 4.0(.027) from free ferric iron released into the ex-
T2* (GP) (ms) 29.04 * 272 2755+294 2530 = 329° 4.8(.014) tracellular space as a result of oligoden-
T2* (putamen) (ms) 4236 = 3.08 41.04 = 4.89 36.87 + 6.16° 4.2(.022) drocyte and myelin obliteration.*
T2* (SN) (ms) 29.54 +3.99 2817 + 478 277 + 377 0.9 (41) Y ' .
T2* (thalamus) (ms) 4646 +217 4678 +288 4659 = 322 01(95) On the other hand, the paramagnetic

?The least significant difference correction for multiple comparisons was used.

® Significantly different from control subjects (P < .05).

< Significantly different from patients with RRMS (P < .05).

effect responsible for shortening tissue
magnetic relaxation times is primarily

Table 3: Correlations between quantitative imaging measures in the subcortical GM structures and clinical variables in patients with

Ms?
Clinical Variable

Disease EDSS MSFC 25FTW 9HPT PASAT3
Basal Ganglia Variable Age Duration Score Score Score Score Score
MPF (CN) —0.42° —0.34 —0.52¢ 0.39® —0.29 —0.40° 0.34
MPF (GP) —041° —0.26 —0.56° 0.47¢ —042° —0.51° 0.40°
MPF (putamen) —0.30 —0.53¢ —0.52¢ 0.57¢ —0.49° —0.60° 0.44°
MPF (SN) —047¢ —0.40° —0.55° 0.53¢ —0.36 —0.59¢ 0.48°
MPF (thalamus) —0.44° —037° —0.54¢ 0.48° —0.34 —0.52¢ 032
T2* (CN) —0.24 —0.25 —0.4 0.5 016 —0.19 0.13
T2* (GP) —019 —015 —033 0.7 —016 —0.23 0.25
T2* (putamen) —0.37° —041° —043° 0.27 —041° —0.29 0.4
T2* (SN) —0.04 0.14 016 —0.24 —-0.02 0.24 —0.25
T2* (thalamus) —om —0.02 -0.23 —0.05 —0.09 0.05 —0.04

Note:—25FTW indicates the 25-Foot Timed Walk Test; 9HPT, 9-Hole Peg Test; MSFC, Multiple Sclerosis Functional Composite.
“ Data are Pearson correlation coefficients. To correct for deviations from normal distribution, we applied the Box-Cox transformation to the 25FTW and 9HPT scores with the

power of —0.5.
P.01=P<.05
P <O
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FIG 3. Scatterplots of correlations between clinical variables (EDSS [A—C] and 9-Hole Peg Test score [D—F]) and the MPF in the GP (A and D),
putamen (B and E), and SN (C and F). Lines represent linear regression plots. Correlation coefficients are given in Table 3. The 9-Hole Peg Test
scores were Box-Cox transformed with the power of —0.5.

Table 4: Correlations between MPF and T2* in the subcortical GM  Table 5: Correlations between quantitative imaging measures in

structures the subcortical GM structures and global imaging variables in
Controls Patients with Controls and patients with Ms®
Structure (n=12),r(P) MS (n=30),r(P) Patients (n=42),r(P) Global Imaging Variable
CN —0.54(.07) 0.14 (47) 0.13(43) Basal MPF MPF MPF Lesion
GP —0.07 (.83) 0.26 (.16) 0.34(.03) Ganglia Variable inNAWM inGM inLesions Volume
Putamen 0.16 (.62) 0.35(.06) 0.40(.008) MPF (CN) 0.54° 0.43¢ 0.05 —036
SN —0.40(.20) —0.22(24) —0.22(17) MPF (GP) 0.63° 0.59° 052°  —030
Thalamus  —0.27 (40) 0.11(:57) 0.02(.99) MPF (putamen) 0.56° 0.51° 0.32 —0.37°
MPF (SN) 0.63° 0.50° 0.45¢ —031
MPF (thalamus) 0.55° 0.39¢ 019 —0.24
caused by ferric iron bound to ferritin,”” a protein enabling iron T2*(CN) 0.01 0.14 0.08 0.09
: . s iy T2* (GP) 0.05 029 015 —0.04
storage and transport in a nontoxic form.” Thus, a visible effect
) , , . T2* (putamen) 019 030 014 0.02
of iron accumulation due to formation of a superparamagnetic 2% (SN) 028 —omn ~0.08 o
ferritin complex may not be indicative of the actual flux of iron T2* (thalamus) —0.07 0.02 016 013
from damaged myelin and OligOdendrocytes’ as well as the free 2Data are Pearson correlation coefficients. To correct for deviations from normal
iron concentration in the extracellular space determining the po- distribution, we applied the Box-Cox transformation to the lesion volume with the
tential for oxidative stress. Furthermore, excess iron deposition E(;W:ro(?f 05.
into the ferritin storage in the basal ganglia may provide a protec- < yy=p < g5,
tive homeostatic mechanism against iron-related oxidative tissue
injury.” In summary, our results do not suggest a direct relation-  independence of the MPF measured by the single-point method
ship between demyelination and iron deposition in the deep GM  of the iron content. Hypothetically, one might expect that high
in MS, while further investigations of the dynamics of these pro-  iron concentrations could affect MPF measurements through un-
cesses in longitudinal studies may provide more insight. accounted errors caused by the direct saturation effect. More spe-

This study demonstrates a general methodology enabling cifically, single-point MPF mapping is based on the assumption
quantitative assessment of myelin loss in subcortical GM. The fact ~ about the constant product of the measured R1 = 1/T1 and T2 of
that MPF and T2* do not correlate in the sample characterized by ~ free water protons defined within the 2-pool model of MT."® This
high disease-related variability of both parameters confirms the ~ product is used within the MPF reconstruction algorithm'® as a
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constraint for the term associated with direct saturation of water
protons and may be tissue-dependent. However, in agreement
with the theory,'®
kHz) in the MPF mapping protocols'® makes potential MPF er-

the use of a sufficiently high offset frequency (4

rors associated with the variability of R1 and T2 of free water
protons in tissues practically negligible, as evidenced by both the
absence of correlations between MPF and T2* and visual hypoin-
tensity of the basal ganglia on MPF maps observed even in cases of
very high iron load (Fig 2). Accordingly, this study confirms that
MPF provides a robust myelin biomarker that can be applied to
studies of iron-rich brain structures in a variety of pathologic
conditions associated with excess iron deposition such as Parkin-
son, Alzheimer, and other neurodegenerative diseases.”>>*

This study has several limitations. First, due to the cross-sec-
tional design, the results of this study should be considered pre-
liminary and the value of both demyelination and iron deposition
in the basal ganglia in the aspects of disease prognosis and treat-
ment monitoring remains to be investigated. Second, our inter-
pretation of T2* values in terms of iron load may be an oversim-
plification because this parameter is affected by various
pathologic factors, including demyelination and changes in tissue
water content and perfusion.”®*>¢ Particularly, demyelination
may cause elongation of T2* values, a trend opposite to the effect
caused by iron accumulation.’® However, iron remains the dom-
inant factor determining T2* in brain tissues, even with a low
background iron content.’>>® Third, while myelin content has
been established as the main histologic determinant of MPF in

brain tissues,”'**

minor effects of other pathologic factors, such
asinflammation, gliosis, and loss of neuronal arborization, on this
parameter cannot be completely excluded. Fourth, we did not use
acontrast agent due to the research nature of the imaging protocol
and safety considerations. Thus, future studies involving contrast
enhancement are needed to investigate a potential relationship
between subcortical GM demyelination and active inflammation.
Finally, parametric maps used in this study were obtained with
relatively low resolution (1.5 mm?® in-plane). Accordingly, the
observed associations may be, to some extent, affected by changes
in surrounding WM due to the partial volume effect.

CONCLUSIONS

This study demonstrated that the fast MPF mapping method en-
ables accurate quantitative assessment of demyelination in iron-
rich subcortical GM structures and provides an iron-insensitive
imaging biomarker of myelin. Our results confirm earlier histo-
logic findings of demyelination in the basal ganglia in MS and
suggest that the loss of myelin in subcortical GM is associated with
disability and motor impairment and is unrelated to excess iron
deposition.

Disclosures: Vasily L. Yarnykh—RELATED: Grant: National Institutes of Health, Na-
tional Multiple Sclerosis Society, Ministry of Education and Science of the Russian
Federation, Comments: National Institutes of Health grant R21EB009908, National
Multiple Sclerosis Society grant RG4864A1/1, Ministry of Education and Science of
the Russian Federation State Assignment Project No. 18.2583.2017/4.6.* Elena P.
Krutenkova—RELATED: Grant: Ministry of Education and Science of the Russian
Federation, Comments: Ministry of Education and Science of the Russian Federation
State Assignment Project No. 18.2583.2017/4.6.* Gulsum Aitmagambetova—
RELATED: Grant: Ministry of Education and Science of the Russian Federation,
Comments: Ministry of Education and Science of the Russian Federation State As-
signment Project No. 18.2583.2017/4.6.* Pavle Repovic—RELATED: Grant: National

Institutes of Health, National Multiple Sclerosis Society, Comments: National Insti-
tutes of Health grant R2IEB009908, National Multiple Sclerosis Society grant
RG4864A1/1%; UNRELATED: Grants/Grants Pending: Novartis*; Payment for Lec-
tures Including Service on Speakers Bureaus: Acorda Therapeutics, Biogen Idec,
Genentech, Genzyme, EMD Serono, Novartis, Pfizer, Teva Pharmaceutical Indus-
tries.* Peiqing Qian—RELATED: Grant: National Institutes of Health grant
R21EB009908, National Multiple Sclerosis Society grant RG4864A1/1*. Beena Gangad-
haran—RELATED: Grant: National Institutes of Health grant R2IEB009908, National
Multiple Sclerosis Society grant RG4864A1/1*. James D. Bowen—RELATED: Grant:
National Institutes of Health grant R2IEB009908, National Multiple Sclerosis Society
grant RG4864A1/1.* *Money paid to the institution.

REFERENCES
1. Lassmann H, Briick W, Lucchinetti CF. The immunopathology of
multiple sclerosis: an overview. Brain Pathol 2007;17:210-18
CrossRef Medline
2. Gilmore CP, Donaldson I, B6 L, et al. Regional variations in the
extent and pattern of grey matter demyelination in multiple
sclerosis: a comparison between the cerebral cortex, cerebellar cor-
tex, deep grey matter nuclei and the spinal cord. ] Neurol Neurosurg
Psychiatry 2009;80:182—87 CrossRef Medline
3. Vercellino M, Masera S, Lorenzatti M, et al. Demyelination, inflam-
mation, and neurodegeneration in multiple sclerosis deep gray
matter. ] Neuropathol Exp Neurol 2009;68:489—-502 CrossRef Medline
4. Haider L, Simeonidou C, Steinberger G, et al. Multiple sclerosis deep
grey matter: the relation between demyelination, neurodegenera-
tion, inflammation and iron. ] Neurol Neurosurg Psychiatry 2014;85:
1386-95 CrossRef Medline
5. Stephenson E, Nathoo N, Mahjoub Y, et al. Iron in multiple sclerosis:
roles in neurodegeneration and repair. Nat Rev Neurol 2014;10:
459-68 CrossRef Medline
6. Bakshi R, Benedict RH, Bermel RA, et al. T2 hypointensity in the
deep gray matter of patients with multiple sclerosis: a quantitative
magnetic resonance imaging study. Arch Neurol 2002;59:62—68
CrossRef Medline
7. GeY, Jensen JH, Lu H, et al. Quantitative assessment of iron accu-
mulation in the deep gray matter of multiple sclerosis by magnetic
field correlation imaging. AJNR Am ] Neuroradiol 2007;28:1639—44
CrossRef Medline
8. Burgetova A, Seidl Z, Krasensky J, et al. Multiple sclerosis and the
accumulation of iron in the basal ganglia: quantitative assessment
of brain iron using MRI t(2) relaxometry. Eur Neurol 2010;63:
13643 CrossRef Medline
9. Khalil M, Langkammer C, Ropele S, et al. Determinants of brain iron
in multiple sclerosis: a quantitative 3T MRI study. Neurology 2011;
77:1691-97 CrossRef Medline
10. Rudko DA, Solovey I, Gati JS, et al. Multiple sclerosis: improved
identification of disease-relevant changes in gray and white matter
by using susceptibility-based MR imaging. Radiology 2014;272:
851-64 CrossRef Medline
11. MacKay A, Whittall K, Adler J, et al. In vivo visualization of myelin
water in brain by magnetic resonance. Magn Reson Med 1994;31:
673-77 CrossRef Medline
12. Deoni SCL, Rutt BK, Arun T, et al. Gleaning multicomponent T1
and T2 information from steady-state imaging data. Magn Reson
Med 2008;60:1372—87 CrossRef Medline
13. Hwang D, Kim DH, Du YP. In vivo multi-slice mapping of myelin
water content using T2* decay. Neuroimage 2010;52:198-204
CrossRef Medline
14. Glasser MF, Van Essen DC. Mapping human cortical areas in vivo
based on myelin content as revealed by T1- and T2-weighted MRI.
J Neurosci 2011;31:11597—616 CrossRef Medline
15. Yarnykh VL. Pulsed Z-spectroscopic imaging of cross-relaxation
parameters in tissues for human MRI: theory and clinical applica-
tions. Magn Reson Med 2002;47:929-39 CrossRef Medline
16. Yarnykh VL. Fast macromolecular proton fraction mapping from a
single off-resonance magnetization transfer measurement. Magn
Reson Med 2012;68:166—78 CrossRef Medline
17. Yarnykh VL. Time-efficient, high-resolution, whole brain three-di-

AINR Am J Neuroradiol @@ @ 2018 www.ajnr.org 7


http://dx.doi.org/10.1111/j.1750-3639.2007.00064.x
http://www.ncbi.nlm.nih.gov/pubmed/17388952
http://dx.doi.org/10.1136/jnnp.2008.148767
http://www.ncbi.nlm.nih.gov/pubmed/18829630
http://dx.doi.org/10.1097/NEN.0b013e3181a19a5a
http://www.ncbi.nlm.nih.gov/pubmed/19525897
http://dx.doi.org/10.1136/jnnp-2014-307712
http://www.ncbi.nlm.nih.gov/pubmed/24899728
http://dx.doi.org/10.1038/nrneurol.2014.118
http://www.ncbi.nlm.nih.gov/pubmed/25002107
http://dx.doi.org/10.1001/archneur.59.1.62
http://www.ncbi.nlm.nih.gov/pubmed/11790232
http://dx.doi.org/10.3174/ajnr.A0646
http://www.ncbi.nlm.nih.gov/pubmed/17893225
http://dx.doi.org/10.1159/000279305
http://www.ncbi.nlm.nih.gov/pubmed/20130410
http://dx.doi.org/10.1212/WNL.0b013e318236ef0e
http://www.ncbi.nlm.nih.gov/pubmed/21975210
http://dx.doi.org/10.1148/radiol.14132475
http://www.ncbi.nlm.nih.gov/pubmed/24828000
http://dx.doi.org/10.1002/mrm.1910310614
http://www.ncbi.nlm.nih.gov/pubmed/8057820
http://dx.doi.org/10.1002/mrm.21704
http://www.ncbi.nlm.nih.gov/pubmed/19025904
http://dx.doi.org/10.1016/j.neuroimage.2010.04.023
http://www.ncbi.nlm.nih.gov/pubmed/20398770
http://dx.doi.org/10.1523/JNEUROSCI.2180-11.2011
http://www.ncbi.nlm.nih.gov/pubmed/21832190
http://dx.doi.org/10.1002/mrm.10120
http://www.ncbi.nlm.nih.gov/pubmed/11979572
http://dx.doi.org/10.1002/mrm.23224
http://www.ncbi.nlm.nih.gov/pubmed/22190042

20.

21.

22.

23.

24.

25.

26.

mensional macromolecular proton fraction mapping. Magn Reson
Med 2016;75:2100-06 CrossRef Medline

. Yarnykh VL, Bowen JD, Samsonov A, et al. Fast whole-brain three-

dimensional macromolecular proton fraction mapping in multiple
sclerosis. Radiology 2015;274:210-20 CrossRef Medline

. Petrie EC, Cross DJ, Yarnykh VL, et al. Neuroimaging, behavioral,

and psychological sequelae of repetitive combined blast/impact
mild traumatic brain injury in Iraq and Afghanistan war veterans.
J Neurotrauma 2014;31:425-36 CrossRef Medline

Ou X, Sun SW, Liang HF, et al. The MT pool size ratio and the DTI
radial diffusivity may reflect the myelination in shiverer and con-
trol mice. NMR Biomed 2009;22:480—87 CrossRef Medline
Underhill HR, Rostomily RC, Mikheev AM, et al. Fast bound pool
fraction imaging of the in vivo rat brain: association with myelin
content and validation in the C6 glioma model. Neuroimage 2011;
54:2052-65 CrossRef Medline

Thiessen JD, Zhang Y, Zhang H, et al. Quantitative MRI and ultra-
structural examination of the cuprizone mouse model of demyeli-
nation. NMR Biomed 2013;26:1562—81 CrossRef Medline

Turati L, Moscatelli M, Mastropietro A, et al. In vivo quantitative
magnetization transfer imaging correlates with histology during
de- and remyelination in cuprizone-treated mice. NMR Biomed.
2015;28:327-37 CrossRef Medline

Khodanovich MY, Sorokina IV, Glazacheva VY, et al. Histological
validation of fast macromolecular proton fraction mapping as a
quantitative myelin imaging method in the cuprizone demyelina-
tion model. Sci Rep 2017;7:46686 CrossRef Medline

Li K, Li H, Zhang XY, et al. Influence of water compartmentation
and heterogeneous relaxation on quantitative magnetization trans-
fer imaging in rodent brain tumors. Magn Reson Med 2016;76:
635—44 CrossRef Medline

Fischer JS, Rudick RA, Cutter GR, et al. The Multiple Sclerosis Func-
tional Composite Measure (MSFC): an integrated approach to MS

Yarnykh @ 2018 www.ajnr.org

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

clinical outcome assessment—National MS Society Clinical Out-
comes Assessment Task Force. Mult Scler 1999;5:244-50 Medline
Yarnykh VL. Optimal radiofrequency and gradient spoiling for im-
proved accuracy of T1 and B1 measurements using fast steady-state
techniques. Magn Reson Med 2010;63:1610—26 CrossRef Medline
Skinner TE, Glover GH. An extended two-point Dixon algorithm
for calculating separate water, fat, and B0 images. Magn Reson Med
1997;37:628 =30 CrossRef Medline

Yarnykh VL. Actual flip-angle imaging in the pulsed steady state: a
method for rapid three-dimensional mapping of the transmitted
radiofrequency field. Magn Reson Med 2007;57:192-200 CrossRef
Medline

Miller AJ, Joseph PM. The use of power images to perform quanti-
tative analysis on low SNR MR images. Magn Reson Imaging 1993;
11:1051-56 CrossRef Medline

Neema M, Arora A, Healy BC, et al. Deep gray matter involvement
on brain MRI scans is associated with clinical progression in mul-
tiple sclerosis. ] Neuroimaging 2009;19:3—8 CrossRef Medline
Walsh AJ, Blevins G, Lebel RM, et al. Longitudinal MR imaging of
iron in multiple sclerosis: an imaging marker of disease. Radiology
2014;270:186-96 CrossRef Medline

Haacke EM, Cheng NY, House MJ, et al. Imaging iron stores in the
brain using magnetic resonance imaging. Magn Reson Imaging 2005;
23:1-25 CrossRef Medline

Sadrzadeh SM, Saffari Y. Iron and brain disorders. Am J Clin Pathol
2004;121(Suppl):S64-70 Medline

Stiiber C, Morawski M, Schifer A, et al. Myelin and iron concentra-
tion in the human brain: a quantitative study of MRI contrast. Neu-
roimage 2014;93(Pt 1):95-106 CrossRef Medline

Sun H, Walsh AJ, Lebel RM, et al. Validation of quantitative suscep-
tibility mapping with Perls’ iron staining for subcortical gray mat-
ter. Neuroimage 2015;105:486—92 CrossRef Medline


http://dx.doi.org/10.1002/mrm.25811
http://www.ncbi.nlm.nih.gov/pubmed/26102097
http://dx.doi.org/10.1148/radiol.14140528
http://www.ncbi.nlm.nih.gov/pubmed/25208343
http://dx.doi.org/10.1089/neu.2013.2952
http://www.ncbi.nlm.nih.gov/pubmed/24102309
http://dx.doi.org/10.1002/nbm.1358
http://www.ncbi.nlm.nih.gov/pubmed/19123230
http://dx.doi.org/10.1016/j.neuroimage.2010.10.065
http://www.ncbi.nlm.nih.gov/pubmed/21029782
http://dx.doi.org/10.1002/nbm.2992
http://www.ncbi.nlm.nih.gov/pubmed/23943390
http://dx.doi.org/10.1002/nbm.3253
http://www.ncbi.nlm.nih.gov/pubmed/25639498
http://dx.doi.org/10.1038/srep46686
http://www.ncbi.nlm.nih.gov/pubmed/28436460
http://dx.doi.org/10.1002/mrm.25893
http://www.ncbi.nlm.nih.gov/pubmed/26375875
http://www.ncbi.nlm.nih.gov/pubmed/10467383
http://dx.doi.org/10.1002/mrm.22394
http://www.ncbi.nlm.nih.gov/pubmed/20512865
http://dx.doi.org/10.1002/mrm.1910370426
http://www.ncbi.nlm.nih.gov/pubmed/9094088
http://dx.doi.org/10.1002/mrm.21120
http://www.ncbi.nlm.nih.gov/pubmed/17191242
http://dx.doi.org/10.1016/0730-725X(93)90225-3
http://www.ncbi.nlm.nih.gov/pubmed/8231670
http://dx.doi.org/10.1111/j.1552-6569.2008.00296.x
http://www.ncbi.nlm.nih.gov/pubmed/19192042
http://dx.doi.org/10.1148/radiol.13130474
http://www.ncbi.nlm.nih.gov/pubmed/23925273
http://dx.doi.org/10.1016/j.mri.2004.10.001
http://www.ncbi.nlm.nih.gov/pubmed/15733784
http://www.ncbi.nlm.nih.gov/pubmed/15298151
http://dx.doi.org/10.1016/j.neuroimage.2014.02.026
http://www.ncbi.nlm.nih.gov/pubmed/24607447
http://dx.doi.org/10.1016/j.neuroimage.2014.11.010
http://www.ncbi.nlm.nih.gov/pubmed/25462797

	Iron-Insensitive Quantitative Assessment of Subcortical Gray Matter Demyelination in Multiple Sclerosis Using the Macromolecular Proton Fraction
	MATERIALS AND METHODS
	Study Population
	MR Imaging Protocol
	Image Processing and Analysis
	Statistical Analysis

	RESULTS
	MPF and T2* Measurements in the Basal Ganglia
	Associations of MPF and T2* in the Basal Ganglia with Clinical Status in MS
	Correlations among Imaging Variables

	DISCUSSION
	CONCLUSIONS
	REFERENCES


