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Abstract

Purpose—Macromolecular proton fraction (MPF) mapping is a quantitative MRI method that 

reconstructs parametric maps of a relative amount of macromolecular protons causing the 

magnetization transfer (MT) effect and provides a biomarker of myelination in neural tissues. This 

study aimed to develop a high-resolution whole-brain MPF mapping technique utilizing a minimal 

possible number of source images for scan time reduction.

Methods—The described technique is based on replacement of an actually acquired reference 

image without MT saturation by a synthetic one reconstructed from R1 and proton density maps, 

thus requiring only three source images. This approach enabled whole-brain three-dimensional 

MPF mapping with isotropic 1.25×1.25×1.25 mm3 voxel size and scan time of 20 minutes. The 

synthetic reference method was validated against standard MPF mapping with acquired reference 

images based on data from 8 healthy subjects.

Results—Mean MPF values in segmented white and gray matter appeared in close agreement 

with no significant bias and small within-subject coefficients of variation (<2%). High-resolution 

MPF maps demonstrated sharp white-gray matter contrast and clear visualization of anatomical 

details including gray matter structures with high iron content.

Conclusions—Synthetic reference method improves resolution of MPF mapping and combines 

accurate MPF measurements with unique neuroanatomical contrast features.
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INTRODUCTION

Macromolecular proton fraction (MPF) is a key biophysical parameter determining the 

magnetization transfer (MT) effect within the two-pool model (1) and describing a relative 

amount of protons characterized by semi-solid molecular motion and involved into magnetic 

*Correspondence to: Vasily L. Yarnykh, Ph.D., Department of Radiology, University of Washington, Box 358050, 850 Republican St, 
Room 255, Seattle, WA 98109, Tel: (206) 616-0259, Fax: (206) 616-9354, yarnykh@u.washington.edu. 

HHS Public Access
Author manuscript
Magn Reson Med. Author manuscript; available in PMC 2017 May 01.

Published in final edited form as:
Magn Reson Med. 2016 May ; 75(5): 2100–2106. doi:10.1002/mrm.25811.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cross-relaxation with free water protons. Based on a number of animal studies (2–8), MPF 

has been recognized as a quantitative MRI parameter closely associated with the myelin 

content in neural tissues. While MPF maps can be obtained in vivo using a variety of 

methods (a detailed overview can be found in (9)), they have a common limitation of either 

prohibitive scan time or limited spatial coverage and resolution. A fast method allowing 

whole-brain MPF mapping in humans based on a single MT-weighted image was recently 

proposed (9). This technique has been clinically tested in multiple sclerosis (10) and mild 

traumatic brain injury (mTBI) (11) studies and demonstrated a promise as a robust 

clinically-targeted myelin imaging approach. Particularly, the mTBI study (11) reported 

microscopic post-traumatic demyelination in normal-appearing brain tissues after blast 

injury with anatomical patterns consistent with the bio-mechanical mechanism of injury and 

the largest effect at the white-gray matter junction. In the clinical multiple-sclerosis study 

(10), MPF mapping revealed significant loss of myelin in both normal-appearing white 

matter (WM) and gray matter (GM) and demonstrated the primary clinical relevance of 

cortical GM demyelination. However, in its current implementation (9), MPF mapping has a 

limitation of relatively low spatial resolution available within clinically acceptable scan time. 

The goal of this study was to develop and test a high-resolution whole-brain MPF mapping 

method based on the single-point approach (9) and utilizing a minimal possible number of 

source images for scan time reduction. Specifically, a briefly presented earlier (12) 

procedure for reconstruction of MPF maps where only three source images are needed is 

described in detail.

METHODS

Algorithm for reconstruction of MPF maps from three source images

In the single-point MPF mapping method (9,12), the pulsed magnetization transfer matrix 

equation is iteratively solved by the Gauss-Newton method with standardized constraints for 

non-adjustable two-pool model parameters and corrections for B1 and B0 field 

inhomogeneities to yield an MPF map. As input data, a single-point MPF measurement 

requires a spoiled gradient echo (GRE) MT-weighted image with off-resonance saturation, a 

reference GRE image without off-resonance saturation for data normalization, and an 

independently acquired R1 (R1=1/T1) map. The widely used time efficient approach to 

measure R1 is the two-point variable flip angle (FA) method (13) employing a T1-weighted 

and a proton density (PD)-weighted spoiled GRE images. The key idea of the proposed 

algorithm is to synthesize a reference GRE image from R1 and PD maps with the repetition 

time (TR) and FA corresponding to those for the MT-weighted image according to the Ernst 

equation. If variable FA data are processed with B1 correction, a B1 map can also be used to 

calculate the synthetic reference image with actual flip angles in each voxel. As such, if a 

synthetic reference image is used, only three source images (MT-, T1-, and PD-weighted) are 

needed for MPF mapping. In summary, the main steps of the proposed algorithm are as 

follows:

1) Reconstruct R1 and PD maps from two variable FA images with B1 correction by 

fitting Ernst equation;

2) Compute a synthetic reference image from R1, PD, and B1 maps;
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3) Reconstruct an MPF map from an MT-weighted image normalized to the synthetic 

reference image and an R1 map while applying B0 and B1 corrections according to the 

originally described procedure (9).

In this study, the above algorithm was used to design a time-efficient protocol for high-

resolution three-dimensional (3D) whole-brain MPF mapping and validated by comparing it 

with the standard technique (9) based on the actually acquired reference image.

Participants

Eight healthy volunteers (mean age ± standard deviation (SD): 44.6 ± 12.2 years, age range: 

29-66 years, 4 females/4 males) participated in this study. The study was approved by the 

Institutional Review Board, and written informed consent was obtained from all participants.

MRI Protocol

MRI data acquisition was performed on a 3.0 Tesla whole-body scanner (Achieva; Philips 

Medical Systems, Best, Netherlands) with an 8-channel phased-array head coil. In the GRE 

pulse sequence used for source image acquisition and the actual flip-angle imaging (AFI) 

sequence for B1 field mapping (14), the optimized spoiling regimen (15) were implemented 

with the excitation pulse phase increments of 169° for GRE and 39° for AFI while applying 

spoiling gradients with the maximal areas achievable within the prescribed TR. PD- and T1-

weighted GRE images were acquired with TR = 21 ms and FA = 4° and 25°, respectively. 

MT-weighted images were acquired with TR = 28 ms and FA = 10°. Off-resonance 

saturation was achieved by applying the single-lobe sinc pulse with Gaussian apodization 

and following parameters: offset frequency 4 kHz, effective saturation FA = 560°, and 

duration 12 ms. Reference GRE images were obtained with the same TR = 28 ms and FA = 

10° and without a saturation pulse. All images were acquired in the 3D mode with non-

selective excitation, FOV = 240×240×180 mm3, and isotropic voxel size of 1.25×1.25×1.25 

mm3. To increase signal-to-noise ratio, dual-echo acquisition (first/second echo time 

(TE1/TE2) = 2.3 ms/6.9 ms) was used for all the above scans with subsequent averaging of 

individual echo images during reconstruction (16). 3D dual-echo B0 maps (TR/TE1/TE2 = 

20/2.3/3.3 ms, FA = 10°) (17) and AFI B1 maps (first/second TR (TR1/TR2) = 40/160 ms, 

TE = 2.3 ms, FA = 60°) (14) were obtained in the same geometry with voxel sizes of 

2.5×2.5×2.5 mm3 and 2.5×2.75×5.0 mm3, respectively. Parallel imaging (SENSE) was used 

for all scans in two phase encoding directions with acceleration factors 1.5 (anterior-

posterior) and 1.2 (left-right). Scan times were 4 min 21 s for the T1- and PD-weighted 

images, 5 min 48 s for the MT-weighted and reference images, 2 min 8 s for the B0 map, and 

3 min 26 s for the B1 map, thus resulting in about 20 min acquisition time for the entire 

protocol without the reference image. Additionally, standard anatomical high-resolution 3D 

Magnetization Prepared Rapid Acquisition Gradient Echo (MPRAGE) T1-weighted images 

(TR/TE = 5.9/2.8 ms, FA = 8°, inversion time (TI) = 900 ms, shot interval = 2500 ms, voxel 

size = 1×1×1 mm3, scan time 4 min 44 s) were acquired with same FOV for comparison 

purposes.
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Image processing and analysis

Reconstruction of MPF maps was performed using custom-written C-language software. 

FMRIB Software Library (FSL; http://www.fmrib.ox.ac.uk/fsl) (18) was used for 

segmentation of MPF maps and tissue masking. MPF maps were reconstructed with the 

standard method based on the acquired reference image and the synthetic reference method 

described above. Previously determined (9) constraints for non-adjustable two-pool model 

parameters and their combinations were used in both algorithms as follows: cross-relaxation 

rate constant R = 19.0 s-1, product of R1 and T2 of free water protons R1T2
F = 0.022, and T2 

of bound macromolecular protons T2
B = 10 μs. Before reconstruction, non-brain tissues 

were removed from source images by applying a brain mask created from the PD-weighted 

image using the brain extraction tool (BET) (19) in FSL software. Additionally, 

cerebrospinal fluid (CSF) was segmented out from R1 maps based on a threshold value of R1 

= 0.33 s-1 (equivalent to T1 = 3000 ms). MPF maps reconstructed with both methods were 

segmented into WM and GM. Segmentation was performed by an automated segmentation 

tool (FAST) (20) using FSL software in the native image space with the Markov random 

field weighting parameter 0.25. To account for potentially incomplete CSF segmentation by 

R1 threshold and exclude voxels containing partial volume of CSF (PVCSF), the third mixed 

tissue class was also prescribed. Tissue classes were defined by specifying initial tissue-type 

priors with the following MPF values: 12% for WM, 6% for GM, and 1% for PVCSF. 

Resulting binary segmentation masks were used to calculate mean MPF in WM and GM.

Statistical analysis

Statistical analysis was carried out in SPSS software (SPSS Inc, Chicago, Ill). Normality of 

data distribution was checked using the Shapiro-Wilk test to justify parametric analyses. An 

agreement between MPF map reconstruction techniques with acquired and synthetic 

reference images was assessed using Bland-Altman plots. The bias between MPF values in 

segmented WM and GM measured from MPF maps reconstructed by the two methods was 

examined using the one sample t-test for the mean difference between paired measurements. 

The limits of agreement were calculated as the mean difference ± 1.96SD of the mean 

difference. To estimate variability between measurements from the two reconstruction 

options, the within-subject coefficients of variation (CV) was calculated as the percentage 

ratio of SD to the mean of paired measurements. The Levene’s test was used to assess 

equality of variances. P values less than 0.05 were considered statistically significant. Data 

are presented as mean ± SD.

RESULTS

Agreement between MPF map reconstruction methods

The minimal set of three source images, B0 and B1 field maps, and corresponding 

parametric maps generated by the algorithm based on these input data are exemplified in 

Fig. 1. Visual similarity between acquired and synthetic reference images and MPF maps 

obtained with both reconstruction algorithms is illustrated in Fig. 2. Note that only minor 

discrepancies associated with sub-voxel misregistration are seen on the tissue borders. 

Results of quantitative MPF measurements in segmented WM and GM (example tissue 

masks are shown in Fig. 1) based on the maps reconstructed with acquired and synthetic 
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reference images are summarized in Table 1, and Bland-Altman plots are presented in Fig. 3. 

MPF in WM and GM demonstrated close agreement with no significant bias between 

reconstruction methods, equal variances, and small within-subject coefficients of variation. 

MPF measurements in brain tissues are also close to the previously reported values for 

healthy controls based on a lower-resolution MPF mapping technique (10,11).

Neuroanatomical features of the MPF contrast

High-resolution whole-brain MPF maps demonstrate sharp contrast between WM and GM 

and clear visualization of anatomical details (Figs. 1 and 2). While MPF contrast appears 

generally similar to heavily T1-weighted contrast, two key distinctions were observed. The 

most notable feature of MPF maps is their capability to produce pure GM contrast for 

subcortical structures with high iron content, such as globus pallidus, substantia nigra, and 

dentate nucleus, as illustrated in Fig. 4. These structures appear clearly hypointense on MPF 

maps compared to WM, similar to the rest of GM. In contrast, iron-rich GM structures are 

undistinguishable or poorly distinguishable from surrounding WM on both T1-weighted 

anatomical images and R1 maps. Another feature of MPF maps is the contrast variations 

within WM due to variable degree of myelination (Fig. 4). Such an inherent WM signal 

variability is much less clear or invisible on R1 maps and T1-weighted images.

DISCUSSION

This study introduces the most time-efficient to date MPF mapping technique based on the 

reconstruction algorithm that utilizes the minimal possible number of source images. The 

task of reconstructing an MPF map within the previously described single-point method (9) 

can be conceptualized as the solution of the set of equations (matrix pulsed steady-state MT 

equation and Ernst equation) with respect to the three variables (MPF, R1, and PD). In the 

proposed approach, the reconstruction is performed as the non-linear least-squares solution 

with the three types of input images characterized by the contrast weightings highlighting 

the effects of the above variables (MT-, T1-, and, PD-weighted). Based on the proposed 

algorithm, the feasibility of high-resolution whole-brain 3D MPF mapping with clinically 

acceptable scan time has been demonstrated. In the described implementation, 3D MPF 

maps were obtained with isotropic voxel size of 1.25×1.25×1.25 mm3, which approaches the 

current standards of structural 3D imaging in various neuroscience applications and was 

unachievable for MPF mapping previously.

While the total scan time for the described protocol is still relatively long (20 minutes), 

further improvements in the time efficiency are possible. Particularly, the used a coil with a 

relatively modest performance (8 channels) did not allow implementing a parallel imaging 

protocol with high acceleration factors. It is expected that modern coils with 32 or more 

channels would allow considerable reduction of the scan time or further improvement in 

spatial resolution. A reduction of the TR in the component sequences is also possible. While 

the current protocol design relies on the optimal radiofrequency and gradient spoiling 

requirements (15), limitations of the gradient system (28 mT/m per channel) resulted in a 

relatively long TR, particularly for T1- and PD-weighted scans. Shorter TR can be achieved 

with stronger gradient systems, which are currently available on many 3 Tesla MRI 
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platforms. Alternatively, more relaxed spoiling conditions can be implemented (21), though 

the potential effect of spoiling errors on the accuracy of MPF measurements needs to be 

investigated. For serial clinical applications, the proposed approach can be used with a lower 

spatial resolution, similar to the earlier described protocol (10). In such an implementation, 

whole-brain MPF mapping based on the three source images including field mapping 

sequences can be accomplished in 6-8 minutes.

An emerging area of application of the described MPF mapping method is the studies of GM 

myelination. This topic has recently attracted significant interest in both neuroanatomical 

and clinical contexts. A considerable heterogeneity of myelin content across different 

cortical areas (22) and age-related changes (23) have been demonstrated. Clinical relevance 

of GM demyelination in multiple sclerosis has been recently shown (10), suggesting the 

principal role of cortical demyelination for the development of disability and conversion 

from the relapsing-remitting to the secondary progressive disease phenotype. GM 

demyelination may also be an important pathological factor in various neurological 

disorders, such as Alzheimer disease (24,25), Huntington disease (26), and traumatic brain 

injury (11). A unique advantage of MPF for assessment of GM demyelination is its 

insensitivity to the variable iron content in neural tissues. This study demonstrated that MPF 

maps allow adequate representation of GM contrast in iron-rich subcortical structures. An 

increase of iron content in such structures is known for many neurological conditions 

including multiple sclerosis, Alzheimer, Parkinson, and Huntington diseases (26–29) and 

associated with aging (30,31). Age- and disease-related variations of the iron content also 

occur in cortical GM (28,31–33). Furthermore, demyelination and iron accumulation may be 

pathogenically linked in neurodegenerative diseases (24,26). Alternative quantitative (34–

36) or semi-quantitative (22) magnetic resonance methods for myelin imaging are based on 

relaxation properties of tissues and, therefore, are inherently sensitive to a decrease of 

relaxation times T1, T2, and T2
* caused by iron. As such, these methods are difficult or 

impossible to use in studies targeted at the precise assessment of GM demyelination in the 

presence of the confounding effect of iron deposition, especially in the anatomic structures 

with intrinsically high iron content. In combination with high spatial resolution achievable 

with the described approach, insensitivity of MPF contrast to iron makes MPF mapping an 

ultimate tool for studies of both cortical and subcortical GM demyelination in a variety of 

neurological conditions.

Besides quantitative tissue characterization, high-resolution MPF mapping has a potential to 

become a useful technique for various neuroscience applications including segmentation of 

cortical, subcortical, cerebellar, and brain stem structures. The use of MPF maps as source 

images in such applications may be advantageous due to a very high tissue contrast and 

insensitivity to iron. Another important advantage of MPF maps as source images is the 

inherent correction of field and coil reception non-uniformities. Specifically, spatial 

variations of B0 and B1 fields are corrected based on the rigorous physical model by directly 

accommodating corresponding field maps into the image reconstruction workflow. The 

effect of the coil reception profile is eliminated by normalization to the synthetic reference 

image and does not propagate into resulting MPF maps. As such, the use of MPF maps 

eliminates the need in computationally-intense bias field correction algorithms and allows 

utilization of native quantitative voxel values in various post-processing tasks. On the other 
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hand, neuroanatomical applications of MPF mapping may require further improvements in 

spatial resolution, precise registration of component images, and development of specialized 

MPF-based atlases for particular anatomical structures.

This study has two limitations. First, it did not consider the effect of bi-exponential 

relaxation on R1 measurements. This effect has been shown to bias both R1 and the two-pool 

model parameters in quantitative MT imaging (37,38). However, it is unlikely that the 

analysis based on bi-exponential relaxation would change the conclusions of this study about 

an agreement between reconstruction methods, because the same R1 maps have been used in 

both reconstruction algorithms. Additionally, both R1 and MPF values can be corrected for 

errors caused by bi-exponential relaxation with a high degree of approximation using 

recalculation equations from Ref. (38). Second, the sample size was relatively small, and 

therefore, a minor bias between acquired and synthetic reference reconstructions cannot be 

excluded. Particularly, somewhat larger distinctions between MPF maps can be appreciated 

in certain WM regions on difference images (Fig. 2). At the same time, such effects can be 

caused by sub-voxel misregistration, particularly due to brain pulsation, which is 

characterized by displacements of about 0.5 mm (39).

CONCLUSIONS

This study demonstrates the feasibility of reconstructing MPF maps from three source 

images, which constitute the minimal possible input dataset for the MPF determination. The 

described method enables high-resolution whole-brain quantitatively accurate 3D MPF 

mapping in clinically acceptable time. High-resolution MPF maps combine unique 

neuroanatomical contrast features and quantitative information about myelination of both 

white and gray matter. The described methodology can be applied in a variety of 

fundamental and clinical neuroscience studies where non-invasive quantitative assessment of 

brain myelination is of interest.
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Fig. 1. 
Example source images, parametric maps, and results of an MPF map segmentation. Top 

row: source T1-weighted (T1W), PD-weighted (PDW), and MT-weighted (MTW) GRE 

images and B1 and B0 field maps. Bottom row: R1 and PD maps reconstructed from T1W 

and PDW images, synthetic reference image, resulting MPF map, and color-coded binary 

segmentation masks, where red, green, and blue colors correspond to WM, GM, and PVCSF 

tissue classes, respectively All processed images (bottom row) are presented with removed 

extra-cranial tissues and CSF.
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Fig. 2. 
Comparison between acquired and synthetic reference images (top row) and MPF maps 

reconstructed with them (bottom row). Left column: acquired reference image and 

corresponding MPF map; middle column: synthetic reference image and corresponding 

MPF map; right column: subtraction images. The synthetic reference image was calculated 

without brain masking for comparison purposes. Grayscale ranges correspond to MPF of 

0-18% for the maps and −9-+9% for their difference.
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Fig. 3. 
Bland-Altman plots comparing mean MPF values in segmented WM (black symbols) and 

GM (gray symbols) between reconstructions with acquired and synthetic reference images. 

Solid and dashed lines correspond to the mean difference and limits of agreement, 

respectively.
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Fig. 4. 
Reformatted sections of a 3D MPF map (left column), R1 map (middle column), and T1-

weighted MPRAGE image (right column) comparing tissue contrast for iron-rich GM 

anatomical structures. Arrows indicate the globus pallidus (GP), substantia nigra (SN), and 

dentate nucleus (DN). Arrowheads indicate intrinsic variations of MPF within WM.
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Table 1

Comparison between MPF measurements with acquired and synthetic reference images in segmented brain 

tissues.

Value WM GM

Mean MPF with acquired reference (%) 12.77 ± 0.41 6.73 ± 0.15

Mean MPF with synthetic reference (%) 12.86 ± 0.31 6.68 ± 0.14

Mean difference (bias) (%) −0.09 ± 0.16 0.05 ± 0.18

Limits of agreement (%) −0.41; 0.23 −0.30; 0.41

Significance for the bias (P) 0.16 0.44

Significance for inequality of variances (P) 0.61 0.64

Within-subject coefficient of variation (%) 0.99 1.86
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