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Abstract

A well-known problem in ultra-high-field MRI is generation of high-resolution three-dimensional 

images for detailed characterization of white and gray matter anatomical structures. T1-weighted 

imaging traditionally used for this purpose suffers from the loss of contrast between white and 

gray matter with an increase of magnetic field strength. Macromolecular proton fraction (MPF) 

mapping is a new method potentially capable to mitigate this problem due to strong myelin-based 

contrast and independence of this parameter of field strength. MPF is a key parameter determining 

the magnetization transfer effect in tissues and defined within the two-pool model as a relative 

amount of macromolecular protons involved into magnetization exchange with water protons. The 

objectives of this study were to characterize the two-pool model parameters in brain tissues in 

ultra-high magnetic fields and introduce fast high-field 3D MPF mapping as both anatomical and 

quantitative neuroimaging modality for small animal applications. In vivo imaging data were 

obtained from four adult male rats using an 11.7T animal MRI scanner. Comprehensive 

comparison of brain tissue contrast was performed for standard R1 and T2 maps and reconstructed 

from Z-spectroscopic images two-pool model parameter maps including MPF, cross-relaxation 

rate constant, and T2 of pools. Additionally, high-resolution whole-brain 3D MPF maps were 

obtained with isotropic 170 μm voxel size using the single-point synthetic-reference method. MPF 

maps showed 3–6-fold increase in contrast between white and gray matter compared to other 

parameters. MPF measurements by the single-point synthetic reference method were in excellent 

agreement with the Z-spectroscopic method. MPF values in rat brain structures at 11.7T were 

similar to those at lower field strengths, thus confirming field independence of MPF. 3D MPF 

mapping provides a useful tool for neuroimaging in ultra-high magnetic fields enabling both 
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quantitative tissue characterization based on the myelin content and high-resolution 

neuroanatomical visualization with high contrast between white and gray matter.

Graphical abstract
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1. Introduction

An increase of magnetic field strength in MRI offers improvements of contrast in certain 

applications including functional, perfusion, and susceptibility-weighted imaging and a 

greater signal-to-noise ratio (SNR), which potentially can be converted into higher spatial 

resolution (Balchandani and Naidich, 2015; Lövblad et al., 2012; Ugurbil, 2014). However, 

imaging in ultra-high magnetic fields imposes a number of challenges, such as increased 

non-uniformity of B0 and B1 fields, larger specific absorption rate (SAR), more pronounced 

magnetic susceptibility artifacts, and changes in relaxation properties of tissues. A well-

known problem in ultrahigh-field MRI is a decrease of T1-weighted tissue contrast with an 

increase of field strength (Balchandani and Naidich, 2015; de Graaf et al., 2006; van de Ven 

et al., 2007; Pohmann et al., 2011; Kara et al., 2013). For this reason, T2-weighted imaging 

remains the only suitable modality for routine neuroanatomical applications in magnetic 

fields beyond 9–10 T. However, high-field T2-weighted imaging has some limitations in the 

morphological context. T2-weighted images are typically acquired using a sequence with 

multiple spin-echo readout (RARE or FSE). T2 shortening in high fields precludes using 

large acceleration factors in this sequence due to degradation of image quality caused by 

point spread function broadening. In combination with a long repetition time (TR) required 

for T2-weighting, 3D T2-weighted imaging with sufficiently high resolution in all directions 
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becomes prohibitively time-consuming for most small animal neuroimaging applications in 

vivo. Additionally, T2-weighted imaging in high fields becomes very sensitive to the 

magnetic susceptibility effect caused by the presence of super-paramagnetic substances. This 

effect may result in obscuring anatomical details in cell labeling applications or in the 

presence of hemorrhage after surgical procedures. As such, small animal MRI in ultra-high 

magnetic fields is essentially lacking a technique that could afford high-resolution 3D 

visualization of brain morphology in vivo with minimal sensitivity to the susceptibility and 

paramagnetic effects and positive contrast between white matter (WM) and gray matter 

(GM).

One contrast mechanism that is potentially capable to mitigate contrast generation problems 

in ultra-high magnetic fields is the magnetization transfer (MT) effect. MT is frequently 

characterized by empirical semi-quantitative indexes describing changes in the signal 

intensity caused by radiofrequency saturation that is partially selective to the resonance of 

macromolecular protons. Examples of such indexes include MT ratio (MTR) (Dousset et al., 

1992), MT saturation (MTsat) (Helms et al., 2008), and MTR difference observed in the 

recently proposed inhomogeneous MT experimental method (ihMTR) (Varma et al., 2015a). 

Some of these quantities, such as MTsat (Boretius et al., 2010) and ihMTR (Prevost et al., 

2016) showed a promise in ultra-high field anatomical neuroimaging due to their capability 

to generate strong contrast between WM and GM on corresponding parametric maps. 

However, the above indexes are problematic to use for the objective quantitative 

characterization of pathological changes in tissues due to their complex dependence on the 

parameters of an imaging sequence and underlying biophysical model describing the MT 

effect. Alternatively, the MT effect can be characterized by a set of relaxation and cross-

relaxation parameters defined within the two-pool model (Morrison and Henkelman, 1995). 

One parameter of this model describing a relative amount of immobile macromolecular 

protons involved into magnetization exchange with mobile water protons and termed below 

as the macromolecular proton fraction (MPF) is characterized by marked distinctions 

between WM and GM and strong associations with the myelin content established in a 

number of animal studies (Janve et al., 2013; Ou et al., 2009; Underhill et al., 2011; 

Samsonov et al., 2012; Thiessen et al., 2013). However, application of MPF maps for the 

purpose of structural neuroimaging is challenging, because their reconstruction typically 

involves multi-parameter fit procedures that require a large number of source images and are 

prone to substantial parameter uncertainties. This limitation has been overcome by the recent 

fast single-point MPF mapping method, which has enabled reconstruction of MPF maps in 

isolation from other two-pool model parameters based on a single MT-weighted image 

(Yarnykh, 2012; Yarnykh, 2016), thus facilitating clinically-targeted applications (Petrie et 

al., 2014; Yarnykh et al., 2015a; Yarnykh et al., 2015b). Latest human studies have 

demonstrated that MPF maps obtained using the single-point method are capable of 

generating very high contrast between WM and GM in the human brain at 3T and provide 

clinically relevant information about demyelination in both WM and GM (Petrie et al., 2014; 

Yarnykh et al., 2015a; Yarnykh, 2016). Using the recently developed variant of fast MPF 

mapping (Yarnykh, 2016), which requires only three source images, 3D MPF maps can be 

obtained with high spatial resolution, whole-brain coverage, and clinically acceptable scan 

time. The main theoretical advantage of MPF as a quantitative MRI parameter is its 
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independence of magnetic field strength. As such, one can expect that in high magnetic 

fields, MPF maps will provide not only a means for quantitative tissue characterization but 

also a useful modality for high-resolution neuroanatomical imaging.

While MPF itself is independent of magnetic field, such dependence may be expected for 

other parameters of the two-pool model. Since MPF measurements in the single-point 

method (Yarnykh, 2012) are based on constraining certain two-pool model parameters and 

their combinations, the corresponding constraints may be also field-dependent and need to 

be determined for specific field strengths. The objectives of this study were to characterize 

the two-pool model parameters in brain tissues in ultra-high magnetic fields and introduce 

fast high-field 3D MPF mapping as both anatomical and quantitative neuroimaging modality 

for small animal applications.

2. Materials and Methods

2.1. Image Acquisition

All described experiments have been carried out in accordance with the National Institutes 

of Health guide for the care and use of Laboratory animals. The experimental protocol was 

approved by the Bioethical Committee at the Institute of Cytology and Genetics (Siberian 

Branch, Russian Academy of Sciences). Four adult male Wistar rats were imaged under 

isoflurane anesthesia on a 11.7T horizontal-bore animal MRI scanner (BioSpec 117/16 

USR; Bruker BioSpin, Ettlingen, Germany) with a four-channel surface phased-array coil. 

To obtain maps of the two-pool model parameters, a series of brain MT-weighted images at a 

variable offset frequency (Δ) and effective flip angle (FAMT) of the off-resonance saturation 

pulse (termed below Z-spectroscopic images) were acquired using a 3D MT-prepared 

spoiled gradient echo (GRE) sequence with TR/TE=25/2.7 ms and excitation flip angle 

α=9°. For off-resonance saturation, Gaussian pulse was used with duration 10 ms, 12 Δ 

values in a range 0.75–48 kHz, and FAMT = 500, 1000, and 1500°. Reference images for 

data normalization were acquired for each FAMT at Δ=100 kHz. Complementary R1=1/T1 

maps were obtained using the variable flip angle (VFA) method with a 3D GRE sequence 

(TR/TE=25/2.7 ms, α=3, 12, 20, 25, 30°). To correct for field heterogeneities, 3D B0 and B1 

maps were acquired using the dual-TE (TR/TE1/TE2 = 20/2.9/5.8 ms, α = 8°) (Skinner and 

Glover, 1997) and actual flip-angle imaging (AFI) (TR1/TR2/TE = 13/65/4 ms, α = 60° 

(Yarnykh, 2007) methods, respectively.

All images were acquired in the axial plane with whole-brain coverage and resolution of 

200×200×445 μm3 (FOV = 34×30×16 mm, matrix size 170×150×36). Scan time for each Z-

spectral and VFA data point was 1 min 41 s, and 1 min 48 s and 5 min 16 s for B0 and B1 

mapping sequences, respectively Additionally, 2D T2 mapping was performed with matched 

geometry and contiguous slices using multiple spin-echo sequence with TR=5 s and 16 

echoes with 10 ms echo spacing (scan time 9 min 20 s).

To demonstrate the feasibility of high-resolution whole-brain MPF mapping, 3D MPF maps 

were obtained from three source images (MT-, PD-, and T1-weighted) with isotropic 170 

μm3 resolution (FOV = 34×34×34 mm3, matrix size 200×200×200) using the single-point 

method with the synthetic reference image (Yarnykh, 2016). PD- and T1-weighted GRE 
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images were acquired with TR/TE = 16/2.6 ms and α = 3° and 16°, respectively. MT-

weighted images were acquired with TR/TE = 25/2.6 ms and α = 9°. Off-resonance 

saturation pulse was applied at the offset frequency 5 kHz with FAMT = 500°. All images 

were obtained with three signal averages and the scan time of 24 min for the PD- and T1-

weighted scans and 37 min for the MT-weighted scan. In all 3D imaging experiments, linear 

phase-encoding order with 100 dummy scans, slab-selective excitation, and fractional (75%) 

k-space acquisition in the slab selection direction were used.

2.2. Image Reconstruction and Analysis

VFA R1 and PD maps were reconstructed by fitting the Ernst equation with B1 correction, 

similar to the earlier publications (Yarnykh, 2007; Yarnykh, 2012). Multiple spin-echo 

images were processed to yield T2 and PD maps based on the three-parameter fit of the 

single-exponential model with the noise level as an adjustable parameter (Raya et al., 2010). 

Z-spectroscopic images after normalization to reference images obtained at Δ=100 kHz and 

corresponding FAMT along with R1 maps were used to reconstruct maps of the four 

parameters of the two-pool model (MPF; rate constant for MT from free water to bound 

macromolecular protons, k; and T2 of free and bound protons, T2
F, and T2

B) by fitting the 

pulsed steady-state matrix MT equation (Yarnykh, 2012) with the Super-Lorentzian 

absorption lineshape of the bound pool (Morrison and Henkelman, 1995). For Z-

spectroscopic data processing, nominal offset frequencies and flip angles (FAMT and α) 

were corrected in each voxel using B0 and B1 maps, as previously described (Yarnykh, 

2012).

The single-point MPF map reconstruction algorithm was implemented in the recent 

modification with the synthetic reference image (Yarnykh, 2016). In this algorithm, a 

reference image for MT data normalization is computed from R1, PD, and B1 maps, and an 

MPF map is reconstructed using a single MT-weighted image normalized to the synthetic 

reference image and an R1 map by iterative solution of the pulsed steady-state matrix MT 

equation with B0 and B1 corrections as described earlier (Yarnykh, 2012). The MT-weighted 

image obtained at Δ= 5 kHz and FAMT = 500° was used to compare MPF maps obtained by 

the single-point reconstruction method and four-parameter fit of the pulsed MT model. All 

reconstruction procedures were performed using custom-written C-language software.

Parameter measurements were performed in regions-of-interest (ROIs) on corresponding 

maps for a series of WM (cingulum, corpus callosum, external capsule, internal capsule, 

fornix, cerebellar WM) and GM (olfactory bulb, caudate putamen, hippocampus, superior 

colliculus, inferior colliculus, cerebellar GM, motor cortex, visual cortex, thalamus) 

structures using publically available ImageJ software (National Institutes of Health, 

Bethesda, MD, USA). Mean parameter values were calculated in ROIs centered at 

corresponding brain structures identified on MPF maps from 3–5 adjacent slices (depending 

on the structure size) and averaged bilaterally when applicable. MPF maps were chosen for 

definition of anatomic structures due to the highest contrast between WM and GM available 

for this imaging modality, as detailed below. The constrained parameter values for the 

single-point MPF determination (rate constant for MT from bound to free protons 

R=k(1−MPF)/MPF, T2
B, and product R1T2

F (Yarnykh, 2012)) were calculated from the 
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primary fitted parameters (MPF, k, T2
F, T2

B, and R1) measured in ROIs on corresponding 

maps for each anatomical structure and then averaged.

2.3. Statistical Methods

Mean and standard deviations (SD) of measured relaxation and cross-relaxation parameters 

were calculated for each anatomic structure. Bland-Altman analysis of pooled measurements 

across animals and anatomic regions was used to assess agreement between MPF estimates 

obtained from the four-parameter fit and single-point reconstruction. Significance of the bias 

was determined using the one-sample t-test for the differences between paired 

measurements. Linear regression was used to characterize the strength of correlation 

between mean MPF measurements obtained by the two methods across anatomic structures. 

Contrast between WM and GM was characterized by the percentage difference between 

parameters averaged across corresponding anatomic structures. Statistical significance was 

defined as P<0.05, and two-tailed tests were used in all analyses. All data are presented as 

mean ± SD. All statistical analysis was carried out in SPSS software (SPSS Inc, Chicago, IL, 

USA).

3. Results

Representative experimental and fitted Z-spectra from ROIs corresponding to the WM 

(corpus callosum) and GM (visual cortex) of a single animal are presented in the Fig. 1. The 

fitted curves and the experimental data obtained at various offset frequencies and nominal 

flip angles of the saturation pulse are in good overall agreement suggesting adequateness of 

the two-pool model. Examples of maps of the cross-relaxation parameters reconstructed 

from Z-spectroscopic images, an MPF map reconstructed by the single-point method, maps 

of relaxation parameter R1 and T2, and PD maps obtained from VFA (PDvfa) and multi-echo 

(PDme) images are illustrated in Figure 2. Brain anatomic structures identified on MPF maps 

are shown in Figure 3, and the corresponding mean values of relaxation and cross-relaxation 

parameters measured in ROIs are listed in Table 1. Based on measurements in ROIs, the 

mean constrained parameter values for the single-point MPF mapping method were 

determined as follows: R = 23 ± 6 s−1, R1T2
F = 0.013 ± 0.003, and T2

B =10.3 ± 0.8 μs.

The bar graph of the percentage differences between average parameter values in WM and 

GM (calculated as 100(WM-GM)/GM) reflecting the capability of different parameters to 

generate brain tissue contrast is presented in Fig. 4. MPF maps reconstructed by both the full 

two-pool model parameter fit and the single-point method demonstrated high positive 

contrast between WM and GM allowing clear definition of anatomical structures (Figs. 2 

and 3). Quantitatively, MPF enabled the largest difference between WM and GM being on 

the order of 75–80%, while other parameters showed relatively weak positive (k, R1, and 

T2
B) or negative (T2

F, T2, and PD) contrast with percentage differences not exceeding 25% 

(Fig. 4). Notably, R1 maps obtained at 11.7T demonstrated particularly weak positive 

contrast that was almost similar in absolute values to the negative contrast seen on the PDvfa 

maps (Figs. 2 and 4). This observation explains the loss of contrast between WM and GM on 

T1-weighted images in ultra-high fields, as the two above image contrast sources cancel each 

other. On the other hand, the synergistic effect of moderate negative WM-GM contrast 
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provided by T2 and PD terms explains the typical high-contrast appearance of brain 

structures on routinely used in ultra-high fields T2-weighted images.

MPF maps reconstructed by the four-parameter fit of Z-spectroscopic images and the single-

point method (Fig. 2) demonstrated very similar visual appearance. Their difference image 

(Fig. 2) does not indicate any tissue-dependent patterns and shows only minor low-

frequency variations, which may be associated with field instability during acquisition or 

sub-voxel motion propagation in the slab-selection direction. The Bland-Altman plot of 

MPF measurements pooled across animals and anatomic structures (Fig. 5a) indicates the 

absence of significant bias (mean difference = 0.14±0.68%, P=0.06) and systematic 

variations of the error. Excellent agreement between both methods was further confirmed by 

the regression analysis of mean MPF measurements in anatomic structures (Fig. 5b), which 

demonstrated strong correlation (Pearson’s correlation coefficient r=0.99, P<0.001) and non-

significant intercept of the regression line (−0.4%, 95% confidence intervals: −1.0 – 0.2%, 

P=0.15).

Figure 6 illustrates the application of fast MPF mapping for high-resolution 3D 

neuroanatomical imaging in ultra-high magnetic fields in vivo. In this example, extremely 

clear visualization of anatomical details was achieved with isotropic voxel size of 170 μm 

and an acceptable for high-resolution animal experiments total scan time of 1.5 hours. The 

full 3D dataset was submitted to the Data in Brief journal (Naumova et al., submitted).

4. Discussion

The key finding of this study is the evidence of the fact that MPF provides the highest brain 

tissue contrast in ultra-high magnetic fields, whereas other relaxation and cross-relaxation 

parameters have limited capabilities of image contrast generation. Opposed to lower fields, a 

small relative difference between T1 relaxation times in ultra-high fields precludes achieving 

sufficient contrast between WM and GM in T1-weighted imaging, as demonstrated by our 

results and earlier studies (de Graaf et al., 2006; van de Ven et al., 2007; Pohmann et al., 

2011; Kara et al., 2013). Furthermore, a weak positive contrast based on R1 differences is 

offset by negative contrast due to differences in proton density, thus making impossible 

consistent visualization of tiny WM structures in the rodent brain using T1-weighted 

imaging. A simple fast single-point MPF mapping method (Yarnykh, 2016) fully exploits the 

benefits of MPF as a source of brain tissue contrast while enabling routine applications in 

ultra-high magnetic fields with a reasonable acquisition time, high spatial resolution, and 

robust reconstruction.

MPF values in WM and GM structures measured by both Z-spectroscopic and single-point 

techniques in this study are in excellent agreement with earlier animal data obtained at lower 

field strengths (Stanisz et al., 2005; Underhill et al., 2011; Samsonov et al., 2012). 

Particularly, in the normal rat brain in vivo (Underhill et al., 2011) at 3T, MPF were in the 

ranges 11.3–13.9% for WM and 5.7–7.3% for GM, which are very close to our data. Similar 

values were reported at 3T for fresh bovine brain tissues ex vivo (13.9% for WM and 5.0% 

for GM (Stanisz et al., 2005)) and canine brain in vivo (12.1% for WM and 5.4% for GM 

(Samsonov et al., 2012)). In ultra-high field of 16.4T (Pohmann et al., 2011), averaged MPF 
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values across anatomic structures of the rat brain were also close to the values obtained in 

this study (10.8% in WM and 5.4% in GM). Our data appear in reasonable agreement with 

MPF measurements in the normal murine brain at 7T (Thiessen et al., 2013) (10% in the 

corpus callosum and 6.7% in cortex) and rat brain at 9.4T (Xu et al., 2014) (14.8% in WM 

and in 8.4% in GM as recalculated from the originally reported pool size ratio, a related 

measure of the macromolecular proton content), while slight positive or negative 

discrepancies can be attributed to distinctions in the measurement methodologies. MPF 

estimates in WM and GM of the human brain in vivo obtained at field strengths ranging 

from 0.5T to 7T based on multiple sources (Sled and Pike, 2001; Yarnykh, 2002; Ropele et 

al., 2003; Yarnykh and Yuan, 2004; Sled et al., 2004; Gloor et al., 2008; Underhill et al., 

2009; Levesque et al., 2010; Dortch et al., 2011; Yarnykh, 2012; Dortch et al., 2013; 

Mossahebi et al., 2014; Petrie et al., 2014; Yarnykh et al., 2015a) are also close to our 

measurements. Taken together, these observations confirm independence of MPF of 

magnetic field strength. In view of the close association between MPF and myelin content 

established in a number of studies (Janve et al., 2013; Ou et al., 2009; Underhill et al., 2011; 

Samsonov et al., 2012; Thiessen et al., 2014), field independence of MPF is especially 

attractive in its applications as a myelin biomarker for both human and animal studies in 

contrast to relaxation-based techniques (MacKay et al., 1994; Deoni et al., 2008; Hwang et 

al., 2010; Glasser and Van Essen, 2011) where dependence of relaxation times on the field 

strength may bias or hamper estimation of the myelin content.

The values of the cross-relaxation rate constant reported in the literature are characterized by 

rather high variability. Our measurements appear in a reasonable agreement with reference 

3T data for fresh bovine brain tissues ex vivo (Stanisz et al., 2005) where k values 

recalculated from the reverse rate constant R were 2.2 and 2.1 s−1 for WM and GM, 

respectively. There is also good correspondence between k measured in this study and data 

for the canine brain at 3T (2.5 s−1 in WM and 1.6 s−1 in GM (Samsonov et al., 2012)). 

Higher values in ranges of 1.9–3.7 s−1 and 2.2–3.8 s−1 for WM and GM, respectively were 

published for the rat brain at 3T (Underhill et al., 2011). Rodent studies at high and ultra-

high field strengths reported somewhat lower than our estimates: 1.3 and 0.9 s−1 at 7T 

(Thiessen et al., 2013), 1.8 and 1.4 s−1 at 9.4T (Xu et al., 2014), and 1.7 and 1.5 s−1 at 16.4T 

(Pohmann et al., 2011) for WM and GM, respectively. Note that the above values for 16.4T 

(Pohmann et al., 2011) are based on recalculation from the reverse rate constant R after 

averaging across anatomic regions. Human data at field strengths of 0.5T and 1.5T (Sled and 

Pike, 2001; Yarnykh, 2002; Sled et al., 2004; Yarnykh and Yuan, 2004; Gloor et al., 2008; 

Levesque et al., 2010) demonstrated consistently higher k values (up to two-fold), especially 

in WM. At 3T, estimates of k in the human brain based on Z-spectroscopic measurements 

were close to our data for GM but about 30–50% higher in WM (Underhill et al., 2009; 

Mossahebi et al., 2014). Notably, k values at 3T corrected for the bias caused by the effect of 

cross-relaxation on R1 measurements (Mossahebi et al., 2014) appear in excellent 

quantitative agreement with our data for WM and slightly lower for GM. At the same time, 

the measurements by the on-resonance inversion recovery method (Dortch et al., 2011) at 3T 

yielded substantially lower k of 1.3 in WM and 1.1 s−1 in GM at 3T, as recalculated from the 

originally reported reverse rate constant. A similar approach at 7T (Dortch et al., 2013) 

resulted in higher and very close to each other k estimates in WM and GM of 2.5 and 2.6 
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s−1. It is also noticeable that visual appearance of k maps in this study suggests a reduced 

contrast between WM and GM compared to the published example maps of the human brain 

in lower fields (Sled and Pike, 2001; Yarnykh, 2002; Yarnykh and Yuan, 2004; Gloor et al., 

2008; Underhill et al., 2009; Yarnykh, 2012; Mossahebi et al., 2014), though such inferences 

may be affected by differences in the noise level and window settings. Based on these 

observations, one cannot exclude a magnetic field dependence of the cross-relaxation rate 

constant with a trend of an overall decrease and a reduction of tissue-dependent variability in 

high fields, similar to R1. However, k is not theoretically expected to be field-dependent 

within the direct two-site magnetization exchange model, as the mechanisms contributing 

into this parameter, the nuclear Overhauser effect (NOE) and chemical exchange do not 

depend on magnetic field strength. Particularly, NOE in high fields at the slow molecular 

motion limit is dominated by the field-independent zero-quantum term with a negligible 

contribution from two-quantum transitions (Edzes and Samulski, 1978). Some spurious field 

effects on k may arise from the simplified nature of the pseudo-first order two-pool model 

and certain assumptions about R1 of pools in Z-spectroscopic data processing. Specifically, 

field-dependent changes in R1 of intermediate exchange pools not accounted in the two-pool 

model may affect k as an effective rate constant defined within this model. Dependence of 

the cross-relaxation rate constant on R1 of extracellular water originating from the two-pool 

approximation of the three- and four-pool exchange models has recently been demonstrated 

by simulations (Li et al., 2016). Depending on the water compartmentalization scheme and a 

measurement technique, the trends of both decrease and increase of the measured rate 

constant with an increase of R1 were predicted (Li et al., 2016). As such, multi-compartment 

exchange and cross-relaxation may theoretically explain possible field dependence of k or R 

via changes in R1 of pools. Another source of field-dependent variability of the cross-

relaxation rate constant may originate from the dipolar order effect (Morrison et al., 1995; 

Swanson et al., 2016; Varma et al., 2015b) neglected in the standard two-pool model. 

Previous studies have demonstrated that inclusion of the dipolar order reservoir into the two-

pool model affects cross-relaxation rates (Morrison et al., 1995; Varma et al., 2015b), and 

the time constant describing dipolar order relaxation, T1D may be field-dependent (Varma et 

al., 2015b; Varma et al., 2016). Field dependence of R1 of the bound pool may also 

propagate into the measured k values, if the assumption about equality of R1 of the pools 

used in the processing algorithm (Yarnykh, 2012) is violated, as suggested by some studies 

(Helms and Hagberg, 2009; Pohmann et al., 2011; van Gelderen et al., 2016). Finally, a 

slight dependence of k on magnetic field through observed R1 may be caused by the bias due 

to the unaccounted effect of cross-relaxation on VFA R1 measurements (Mossahebi et al., 

2014), though correction for this bias would result in further reduction of k (Mossahebi et 

al., 2014). However, given high uncertainties associated with k and R estimation (Portnoy 

and Stanisz, 2007; Yarnykh, 2012), it is impossible to conclude at this point, whether cross-

relaxation rate constants are really field-dependent. It also should be pointed out that 

relatively high k values were obtained on human MRI scanners with the use of off-resonance 

saturation techniques under specific absorption rate restrictions, which might adversely 

affect accuracy of k values due to insufficient saturation power (Yarnykh, 2012).

T2
B measurements obtained in this study are highly consistent with the literature data based 

on the analysis with the Super-Lorentzian lineshape (Morrison and Henkelman, 1995; Sled 
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and Pike, 2001; Yarnykh, 2002; Sled et al., 2004; Stanisz et al, 2005; Underhill et al., 2009; 

Levesque et al., 2010; Pohmann et al., 2011; Underhill et al., 2011; Samsonov et al., 2012; 

Yarnykh, 2012; Thiessen et al., 2013; Mossahebi et al., 2014; Pampel et al., 2015; Varma et 

al., 2015b) and do not suggest any field dependence of this parameter. Generally, T2
B values 

demonstrate minimal distinctions between WM and GM and a narrow range of variations 

(typically about 8–12 μs) in the brain. Residual tissue contrast on T2
B maps has been 

recently attributed to the directional dependence of this parameter in WM (Yarnykh, 2012; 

Pampel et al., 2015). The visual appearance of T2
B maps of the rat brain at 11.7T (Fig. 2) is 

in agreement with this finding, as slightly higher T2
B values are observed in WM regions 

comprising fiber tracts that are known (Figini et al., 2015; Jugé et al., 2016) to run 

approximately parallel to the direction of the main magnetic field vector (rostral-caudal 

direction in Fig. 2).

Comparison of T2 relaxation times determined from multiple spin-echoes and T2
F measured 

by Z-spectroscopy in this study demonstrates close agreement between these parameters 

with T2
F only slightly shorter than T2. This finding contradicts to earlier reports for lower 

magnetic fields (1.5T and 3T) (Sled and Pike, 2001; Underhill et al., 2009; Levesque et al., 

2010; Underhill et al., 2011) where T2
F were approximately two-fold shorter than T2 at 

corresponding field strengths. At the same time, T2 and T2
F appeared almost identical at 7T 

(Thiessen et al., 2013). Quantitative comparison of T2
F values measured in this study with 

the literature (Sled and Pike, 2001; Underhill et al., 2009; Levesque et al., 2010; Underhill et 

al., 2011; Thiessen et al., 2013) may suggest minor magnetic field dependence for this 

parameter, although existing data are insufficient to substantiate this conclusion in view of 

different model assumptions underlying Z-spectra analysis in the above publications. 

Particularly, T2
F in ranges 30–40 ms for WM and 50–55 ms for GM were reported for the 

human brain at 1.5T (Sled and Pike, 2001; Levesque et al., 2010). At 3T, T2
F in the rat brain 

were in ranges of 27–33 ms in WM and 41–55 in GM (Underhill et al., 2011), whereas 

shorter values were reported for the human brain (17–27 ms in WM and 29–49 in GM 

(Underhill et al., 2009)). However, relatively long values of 39 and 45 ms for the corpus 

callosum and cortex, respectively, were found in the murine brain at 7T (Thiessen et al., 

2013). As such, apparent convergence of T2 and T2
F values in ultra-high fields is mainly 

caused by shortening of the observed T2 with an increase of the field strength, which has 

been noted in numerous studies (Michaeli et al., 2002; de Graaf et al., 2006; Pohmann et al., 

2011; Kara et al., 2013) and appears in excellent agreement with our T2 measurements at 

11.7T. Observed trends in field-dependent discrepancies between T2 and T2
F support the 

earlier explanation (Sled and Pike, 2001) of T2
F behavior in terms of the weighted average 

of multiple T2 components corresponding to several water pools and the diffusion-mediated 

mechanism of T2 shortening in high magnetic fields (Michaeli et al., 2002). Specifically, T2
F 

values measured by Z-spectroscopic techniques reflect the presence of water pools with 

restricted mobility characterized by short T2, which participate in the magnetization 

exchange with macromolecular protons and are treated collectively with free water as the 

free pool in the two-pool model. These short-T2 proton populations typically belong to water 

immobilized within lipid bilayers of plasma membranes and/or on protein surfaces. 

Accordingly, they are characterized by much slower diffusion compared to free water, thus 

being much less affected by the dynamic dephasing on microscopic susceptibility gradients 
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that has been suggested as the main reason for shortening of the observed T2 in ultra-high 

fields (Michaeli et al., 2002). Of note, a similar mechanism was proposed to explain 

discrepancies in magnetic field dependences of T2 of spectral signals of water, metabolites, 

and macromolecules (de Graaf et al., 2006).

Results of this study provide validation of the fast single-point MPF mapping method with 

synthetic reference image (Yarnykh, 2012) for animal brain applications in ultra-high 

magnetic fields. This method enables the fastest possible generation of MPF maps and can 

be implemented with very high spatial resolution and a reasonable scan time. MPF maps 

obtained with the single-point method appear in excellent agreement with those 

reconstructed by the full fit of the two-pool model parameters. This result is similar to the 

findings of the earlier study (Yarnykh, 2012) where fast single-point MPF mapping was 

extensively validated for human brain imaging on a clinical 3T MRI scanner. Additionally, 

our results provide direct validation of a more time-efficient variant of the single-point 

method based on synthetic reference reconstruction, which has not been compared with Z-

spectroscopic measurements in the initial publication (Yarnykh, 2016). The implementation 

of fast MPF mapping in ultra-high fields is very similar to that previously described at 3T 

(Yarnykh, 2012; Yarnykh, 2016), except for the constrained value of the product R1T2
F for 

brain tissues, which demonstrated apparent field dependence. The value of R1T2
F = 0.013 

appears about two-fold smaller than that for 3T (R1T2
F = 0.022 (Yarnykh, 2012)) mainly due 

to a decrease of R1. Based on the known field-dependence of R1 (Bottomley et al., 1984; 

Rooney et al., 2007), the value of the product R1T2
F can be easily estimated for 

implementations of the single-point reconstruction algorithm at different field strengths. The 

constrained value of the reverse rate constant R determined in this study (23 s−1) slightly 

differs from that at 3T (19 s−1 (Yarnykh, 2012)). However, in view of large uncertainties in 

determination of this parameter (Portnoy and Stanisz, 2007) and low sensitivity of the signal 

to R at low saturation rates (Yarnykh, 2012), this difference is practically negligible, and 

some rounded value (for example, 20 s−1) can be used as a standard constant for the single-

point brain MPF mapping algorithm in a range of field strengths. Finally, due to field 

independence of T2
B confirmed in this study, the standard whole-brain value of 10 μs can be 

used for any magnetic field.

The findings of this study may be helpful for the interpretation of contrast properties of 

parametric maps generated using recent semi-quantitative MT techniques, such as MTsat 

(Helms et al., 2008) and ihMTR (Varma et al., 2015a). Since MPF appears the main two-

pool model parameter determining high-field brain tissue contrast, these techniques can be 

viewed as different ways to probe MPF. At the same time, effects of other two-pool model 

parameters may be synergistic, thus enabling additional contrast features. Particularly, a 

reduced inhomogeneous MT signal in muscle has been attributed to a much shorter, as 

compared to brain tissues, dipolar relaxation time T1D (Varma et al., 2015b; Varma et al., 

2016). However, this parameter appears similar in WM and GM (Varma et al., 2016) and, 

therefore, is unlikely to significantly contribute into the observed contrast between brain 

tissues. In the practical aspect, the common feature of the MTsat, ihMTR, and fast MPF 

mapping methods is that all of them require three source images to reconstruct 

corresponding maps and are capable of generating high neuroanatomical contrast in both 

low and high magnetic fields. An important advantage of MPF mapping is the capability of 
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absolute quantitation, while other techniques may benefit from simpler image processing. 

More research is needed to directly compare the above methods in the context of time 

efficiency, available spatial resolution, and image quality in structural neuroimaging 

applications.

This study demonstrates that fast 3D MPF mapping provides a useful approach for 

neuroanatomical applications in ultra-high fields where its contrast-generation capability 

enables excellent visualization of WM and GM structures based on differences in their 

myelination. An additional advantage of MPF mapping in both quantitative and structural 

imaging applications is its insensitivity to the presence paramagnetic ions including iron 

(Yarnykh, 2016). It has been demonstrated that MPF mapping improves visualization of 

iron-rich GM anatomical structures as compared to T1-weighted imaging or R1-mapping 

(Yarnykh, 2016) and enables unbiased iron-insensitive characterization of demyelination in 

subcortical GM nuclei (Krutenkova et al., 2015). Due to an increased sensitivity of high-

field imaging to magnetic susceptibility effects, this feature of MPF mapping may become 

especially important for any high-field applications related to quantitative assessment of 

myelination. Another promising area of applications of high-resolution MPF mapping might 

include generation of anatomical templates in cell labeling and tracking studies. Most of the 

MRI cell-tracking techniques employ iron-oxide super-paramagnetic particles for cell 

labeling (Bulte et al., 2004; Lepore et al., 2006). Routinely used for neuroanatomical 

visualization in high fields T2-weighted imaging is highly sensitive to the signal void effect 

caused by super-paramagnetic substances as well as the presence of hemorrhage after 

surgical procedures, which may obscure anatomical details in cell labeling applications. 

Since MPF mapping is based on fast gradient-echo acquisition, the signal void effect for 

such applications can be reduced by implementing protocols with ultra-short echo time. In 

combination with inherent insensitivity of MPF to the presence of paramagnetic materials, 

MPF mapping with ultra-short TE acquisition may become a method of choice for detailed 

imaging of brain anatomy before and after cell transplantation.

5. Conclusion

This study demonstrates that MPF enables the highest contrast between WM and GM in 

ultra-high magnetic fields as compared to other relaxation and cross-relaxation parameters. 

The contrast-generating capability of MPF can be exploited using the fast and robust method 

for 3D mapping of this parameter based on three source images, which provides a combined 

neuroimaging approach for both high-resolution structural imaging and quantitative tissue 

characterization.
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Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

MPF macromolecular proton fraction

MPFZsp MPF maps reconstructed by the four-parameter fit of Z-spectroscopic images

MPF1pt MPF single-point method

MRI magnetic resonance imaging

T Tesla

3D three dimensional

MT magnetization transfer

MTR MT ratio

MTsat MT saturation

ihMTR inhomogeneous MTR

PD proton density

SNR signal-to-noise ratio

RARE rapid acquisition with relaxation enhancement

FSE fast spin echo

GRE gradient echo

TR repetition time

TE echo time

FOV field of view

WM white matter

GM gray matter

VFA variable flip angle

AFI actual flip-angle imaging

ME multi-echo

Δ offset frequencies

ROI region of interest

T1D dipolar order longitudinal relaxation time
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T2
F T2 of free protons

T2
B T2 of bound protons

OB olfactory bulbs

Cg cingulum

CC corpus callosum

CPu caudate putamen

ECap left and right external capsule

ICap internal capsule

F fornix

SC superior colliculus

IC inferior colliculus

CWM cerebellar white matter

CGM cerebellar gray matter

Th thalamus

H hippocampus

Mc motor cortex

Vc visual cortex
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Highlights

• Macromolecular proton fraction (MPF) mapping was used to image rat brain 

at 11.7T.

• MPF provided the effective source of ultra-high-field brain tissue contrast.

• Fast single-point MPF mapping method was validated for high-field MRI 

applications.

• MPF mapping enables high-resolution and high-contrast imaging of brain 

anatomy.
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Figure 1. 
Experimental (points) and fitted (lines) Z-spectra in ROIs corresponding to the corpus 

callosum (white matter) matter and cortex (gray matter) of the rat brain obtained at the 11.7T 

magnetic field strength. The fitted parameters are as follows: MPF =12.9%, k=1.8 s−1, T2
F = 

21.9 ms, and T2
B=12.0 μs for WM, and MPF = 6.1%, k=1.9 s−1, T2

F = 33.3 ms, and 

T2
B=10.0 μs for GM.
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Figure 2. 
Example parametric maps of the rat brain obtained at the 11.7T: MPF maps reconstructed by 

the four-parameter fit of Z-spectroscopic images (MPFZsp) and single-point method 

(MPF1pt), their difference (ΔMPF), R1 map reconstructed from VFA data (R1), T2 map 

reconstructed from multi-echo data (T2), maps of the cross-relaxation rate constant (k) and 

T2 of the free and bound protons (T2
F and T2

B) obtained from the fit of Z-spectral data, and 

proton density maps reconstructed from VFA (PFvfa) and multi-echo (PDme) data. Greyscale 

range corresponds to the following parameter ranges: MPFZsp and MPF1pt: 0–20%. ΔMPF: 

−5 – +5%, R1: 0.1–0.8 s−1, T2: 0–70 ms, k: 0–5 s−1, T2
B: 5–15 μsec. and T2

F: 0–70 ms. 

PDvfa and PDme maps are presented in arbitrary units in the range from zero to the maximal 

voxel intensity of cerebrospinal fluid.
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Figure 3. 
Rat brain structures identified on the three coronal cross-sections (A, B, and C) of a 3D MPF 

map reconstructed by the single-point method. Abbreviations are as follows: OB, olfactory 

bulbs; Cg, cingulum; CC, corpus callosum; CPu, caudate putamen; ECap, left and right 

external capsule; ICap, internal capsule; F, fornix; SC, superior colliculus; IC, inferior 

colliculus; CWM, cerebellar white matter; CGM, cerebellar gray matter; Th, thalamus; H, 

hippocampus; Mc, motor cortex; Vc, visual cortex.
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Figure 4. 
Percentage difference between quantitative MRI parameters in WM and GM averaged across 

brain structures and reflecting tissue contrast on corresponding parametric maps.
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Figure 5. 
Agreement between MPF measurements obtained from maps reconstructed by the four-

parameter fit of Z-spectroscopic images (MPFZsp) and single-point synthetic reference 

method (MPF1p): A: Bland-Altman plot of ROI measurements pooled across all animals and 

anatomic structures. Lines correspond to the mean difference (black) and limits of 

agreement (gray). B: Scatter plot of correlation between mean MPF measurements in brain 

structures with the regression line.
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Figure 6. 
Reformatted orthogonal sections of a 3D MPF map of the rat brain obtained using the 

single-point synthetic-reference method with isotropic resolution of 170 μm.
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