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Abstract

Purpose—This study aimed to evaluate the reproducibility and specificity of quantitative 

magnetization transfer (qMT) imaging for monitoring spinal cord injuries (SCIs).

Methods—MRI scans were performed in anesthetized monkeys at 9.4T, before and serially after 

a unilateral lesion of the cervical spinal cord. A two-pool fitting model was used to derive qMT 

parameters.

Results—qMT measures were reproducible across normal subjects, with an average pool size 

ratio (PSR) of 0.086 ± 0.003 (Mean ± SD) for gray matter, and 0.120 ± 0.005 for white matter, 

respectively. Compared to normal gray matter, the PSR of abnormal tissues rostral and caudal to 

the injury site decreased by 19.5% (p < 0.05), while the PSR of the cyst-like volume decreased 

drastically weeks after SCI. Strong correlations in cyst-like regions were observed between PSR 

and other MRI measures including longitudinal relaxation rate (R1), apparent diffusion coefficient 

(ADC) and fractional anisotropy (FA). Decreased PSR and FA values correlated well with 

demyelination in abnormal tissues.

Conclusion—The qMT parameters provide robust and specific information about the molecular 

and cellular changes produced by SCI. PSR detected demyelination and loss of macromolecules in 

abnormal tissue regions rostral and caudal to the cyst/lesion sites.
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INTRODUCTION

Injury may disrupt the normal functions of the spinal cord (SC), and lead to severe sensory 

and motor behavioral deficits. Over time, the impaired functions may recover through 

different mechanisms at both the SC and brain levels (1-3). Regeneration of injured SC is a 

key process during functional recovery, and has been a major topic of research for 

developing improved therapies. Spinal cord injury (SCI) can induce cell death and create 

tissue cavities, while subsequent reactions including inflammation can stimulate both 

destructive and reparative processes (3), and lead to edema and cysts (2) and demyelination 

(4,5). SCI also culminates in glial scarring, and the scar tissue may contain secreted and 

transmembrane molecular inhibitors of axon growth (6,7). To be able to evaluate potential 

new treatments, it is important to understand the temporal changes and recovery of injured 

SC tissue from structural, functional and molecular perspectives. Non-invasive quantitative 

magnetic resonance imaging (MRI) methods are well suited for monitoring the recovery 

process in a comprehensive way. Furthermore, validation of MRI measures of compositional 

and structural changes that occur at and around spinal lesion sites is crucial for the 

interpretation of MRI findings. A model of SCI in monkeys provides a valuable 

experimental platform for these purposes.

Quantitative MRI studies of the SC (8-12) have been challenging, partly due to the technical 

challenges related to the small size of SC, and the presence of cerebral spinal fluid (CSF) 

pulsation associated with cardiac and respiratory cycles. To date, a variety of quantitative 

MRI methods (13,14) are available for the study of injured SC (12,15-26) and its recovery in 

behaving animals (27,28), which are also translatable to human SCI patients (28,29). The 

uniqueness and power of such an approach have been well demonstrated in our previous 

study in monkeys using multi-parametric MRI (12). As an extension of that first study, here 

we report our longitudinal investigation of SCI using quantitative magnetization transfer 

(qMT) imaging to derive additional information on tissue compositional changes.

Magnetization transfer (MT) is the spin exchange between proton pools in different 

environments, and can be used to evaluate macromolecular content of tissue (30,31). There 

are two main approaches to measure MT effects: semi-quantitative magnetization transfer 

ratio (MTR) and qMT methods that extract numerical parameters based on a specific model. 

To date, simpler metrics such as MTR (32) have been the major approach to assess changes 

in macromolecular composition in neurological disorders (33,34), neuromuscular diseases 

(35), liver fibrosis (36), and cancer (37). MTR has also been shown to be sensitive to 

changes in protein content and has been used previously in studies of SC (12,38,39). The 

sensitivity and reproducibility of MTR measure can be influenced by various experimental 

parameters. To increase specificity and sensitivity, qMT methods have been developed to 

measure intrinsic MT parameters, and to isolate the pool size ratio (PSR, the ratio of the 

macromolecular proton pool to the free water pool) from relaxation rates and exchange rates 

(40-42).

In this study we employed a pulsed saturation qMT data acquisition and the simplified 

Henkelman-Ramani model (43,44) for studying the SC of squirrel monkeys. Multiple qMT 

parameters, including PSR, transverse relaxation rates R2a and R2b, and exchange rate 
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RM0b, were derived from the model fitting, and the observed spin-lattice relaxation rate 

R1obs was measured separately. We correlated the PSR with other qMT, diffusion tensor 

imaging (DTI) and chemical exchange saturation transfer (CEST) measures of changes in 

tissue properties after SCI. All qMT parameters exhibited good cross-subject reproducibility 

and were sensitive for detecting the tissue composition changes following injury.

METHODS

Animal preparation

Nine male squirrel monkeys (Saimiri sciureus, 6-8 years old) were included in this study. 

Three of them, identified as SM-G, SM-P and SM-T, underwent a unilateral dorsal column 

transection between cervical 4-5 levels (C4-C5). Lesioned subjects were scanned before, and 

at different time points after injury (e.g. 2, 3, 6, 7, 8, 10, 12, 14, 16 or 24 weeks). The 

behavioral deficits of SM-G and SM-P were severe and SM-T was moderate (for behavioral 

assessment criteria see details in supporting information). During MRI scans, each monkey 

was anesthetized (isoflurane 0.5-1.5%) and mechanically ventilated, with head and body 

stabilized in an MR compatible frame. Vital signs including heart rate, core body 

temperature, end tidal CO2, and SpO2 were monitored and maintained throughout the entire 

imaging session. All procedures were approved by the IACUC (Institutional Animal Care 

and Use Committee) of Vanderbilt University.

In vivo MRI

All MR images were acquired on a 9.4T Agilent MRI scanner using a saddle-shaped 

transmit-receive surface coil positioned around the cervical spine region. The image field of 

view was centered at C4 level, where the lesion was targeted. High resolution magnetization 

transfer contrast (MTC) images (in plane resolution of 0.313 × 0.313 mm2) were acquired 

using a gradient echo sequence (TR/TE=220/3.24 ms, matrix size=128×128), which 

incorporated a Gaussian saturation pulse at RF offset of 5000 Hz and flip angle 820°. Ten 

slices were acquired from orthogonal imaging planes, and the thickness was 0.5 mm for 

coronal, 0.75 mm for sagittal, and 2 mm for axial slices.

Quantitative MT data were obtained for one single coronal slice placed at the posterior 

portion of the SC where the dorsal columns and dorsal horns reside (Fig. 1a-b). To ensure 

that the same region was sampled for quantitative comparisons across imaging sessions, we 

used local fiducial landmarks on high-resolution sagittal and axial MTC images to place the 

single coronal slice. Those landmarks included the cervical nerve bundles (which indicate 

which segments were sampled), and the gray-white matter butterfly-shaped structure on the 

axial images. The coronal slice was placed at 0.5 mm from the posterior outer edge of white 

matter (WM) at the level of the lesion (C4). The first test data set was collected using a 2D 

MT-weighted spoiled gradient recalled-echo sequence (TR 24 ms, flip angle =7°, 48 

acquisitions). Slice-selective Gaussian-shaped saturation pulses (flip angles = 220° and 

820°, pulse width = 12 ms) were used, with 18 different RF offsets ranged between 100 Hz 

and 100 kHz with a constant logrithmic interval (Fig. 1c). Signals acquired with RF offsets 

smaller than 500 Hz showed drastic drops in amplitude (Fig. 1c-d), and we excluded those 

data points from later data acquisitions as suggested in previous publications (43,44). 
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Previous qMT imaging of human brain has suggested the minimal number of RF sample 

points (43-45). However, in the spinal cord the motion artifacts could strongly impact the 

accuracy of estimating (using pixel-by-pixel fitting) qMT parameters, if only sparse 

numbers of RF offsets are used. Thus, we acquired 12 different RF offsets, ranged between 

800 Hz and 80 kHz with a constant logarithmic interval, at 2 saturation powers (which 

required 40 minutes of imaging time) to ensure an accurate modeling and derivation of qMT 

parameters. Observed relaxation rate R1obs and B1 maps were obtained based on images 

acquired with two flip angles, whereas data for B0 mapping were calculated from two 

gradient echo images (ΔTE = 2 ms). CEST and DTI data were acquired within the same 

imaging session, and the specific data acqusition and analysis methods are described in the 

supporting information as well as in our previous report (12).

Data Analysis

Data obtained from the pre-lesion condition in three lesioned animals and six other normal 

animals were included in the group qMT quantification. All MRI data were analyzed using 

MATLAB 2011a (The Mathworks). All intra-session images used in quantification were 

coregistered using a rigid registration algorithm based on mutual information (46). The B1 

map was calculated using the saturated double angle method, B0 map was calculated using a 

two-point Dixon method, and T1obs was obtained using the dual-angle approach (8).

Figure 1d shows the fitting of the model to normalized signals obtained from a selected 

voxel of regular gray matter (GM) in SC at different MT saturation powers (θsat = 220° and 

820°) and frequency offsets. Henkelman-Ramani's model was applied to derive qMT 

parameters (43,44).

(1)

where a and b denote the free water pool and macromolecular pool, respectively. F is the 

relative size of the macromolecular pool, defined as F=M0b/M0a. M0a and M0b are the fully 

relaxed values of magnetization associated with the two pools, and M0 is the signal without 

MT-weighting. The continuous wave power approximation (CWPE) was applied and 

ω1CWPE is the amplitude of the saturating field (43,44). Δf represents the frequency offset of 

the MT pulse. RRFB is the rate of saturation of longitudinal magnetization in pool b due to 

the irradiation by the amplitude defined by ω1CWPE and Δf (44), which is also dependent on 

the transverse relaxation time of the macromolecular pool T2b. A super-Lorentzian line 

shape is used to represent the bound pool (44). R is the exchange rate constant. Ra and Rb 

are the respective longitudinal relaxation rates. Additional constraints were imposed to 

determine qMT parameters. Rb was kept fixed at 1 s−1 as usual (40,43,44). Another 

constraint was imposed by measuring the observed longitudinal relaxation rate R1obs 

independently, which was linked to Ra (40).
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(2)

M0, F, RM0b, T2a and T2b were determined from the model fitting. The PSR was defined as 

the “F” value from the fitting. The fitting quality at each pixel was evaluated by the root 

mean squares (RMS) of the residuals at each RF offset. For data points with RF offsets 

smaller than 500 Hz, large residuals were observed between the model fitting results and 

raw data (Fig. 1d). The corresponding PSR and RMS maps overlaid on a high-resolution 

structural MTC image are shown in Figure 1e.

High-resolution MTC images were referenced for manual selection of ROIs (regions of 

interests) such as GM, WM and cyst for quantification (Fig. 2e). ROIs with homogeneous 

B0 and B1 were selected and included in the statistical analysis (<1.5 cm in length). To 

minimize partial volume effects, small ROIs were selected and voxels residing along the SC 

– CSF border were excluded. The abnormal tissue (AT) voxels were selected according to 

their low PSR values. The normal PSR range was defined as Mean ± 2SD (standard 

deviation, 95%) of the normal tissues on the non-lesion side, and AT was defined as voxels 

with PSR out of this normal range. Typically the AT region of interest was smaller than 3 

mm in length, which corresponds to one spinal segment in this species. The significance of 

measurement differences was evaluated using Student's t-tests. The Pearson correlation 

coefficient ρ was calculated using the Pearson correlation function.

Dorsal column section

In brief, under surgical level anesthesia and aseptic conditions, the dorsal portion of the low 

cervical spinal cord at C4-C6 level was exposed. The dorsal column was transected on one 

side with a pair of fine surgical scissors at the cervical level C4-C5. The lesion was 2 mm 

deep and ran from the middle line to the spinal nerve entering zone (~ 2 mm in width). The 

dura were replaced, and the opening was closed. The details of the surgical procedures can 

be found in previous publications (47,48).

Histology

Histological stains of post-mortem tissue were used 1) to evaluate the level and extent of the 

spinal cord lesion, 2) to quantify the degree of afferent disruption of the dorsal column, and 

3) to correlate with MRI measures. The complement of the myelin stain image was 

calculated. Then the degree of demyelination was assessed by the percent decrease of the 

averaged regional myelin stain intensity while the intensity of the corresponding region on 

the non-lesion side was used as a control (100%). More technical details are described in the 

supporting information.

RESULTS

QMT measures in normal spinal cord

In normal (or pre-lesion) spinal cord, with MT saturation, GM appeared to be brighter than 

WM, and a very thin layer of CSF around the spinal cord showed hyperintensity (Fig. 1c). In 
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the PSR map (Fig. 1e), WM showed larger values than GM. Regional analysis was 

employed and Table 1 summarizes the averaged qMT parameters of WM and GM across 

subjects. Except T2a and RM0a, parameters PSR, T2b and RM0b were significantly different 

between GM and WM. These spinal qMT measurements were in similar range to those 

obtained in WM and GM of brain (43,44).

MTC images revealed structural changes at the lesion and surrounding tissues

MTC images detected structural changes as early as post-lesion week 2. In subject SM-G, 

the lesions at a rostral C4 location occurred as a signal void, and an abnormal volume (AV), 

which later was determined to be a cyst, was also detected around the lesion site (Fig. 2b-d). 

The signal intensities of the cyst were relatively homogeneous, hyperintense to GM and 

isointense to CSF. The size of the cyst was about 2.0 × 1.5 × 2.3 mm3 in 7 weeks after 

lesion. The MT contrast allowed precise localization of spinal cord and selection of ROIs 

such as WM, GM and cyst for quantifications. Sample region of interest outlines are shown 

in Figure 2e.

QMT detected PSR changes at the cyst and abnormal tissue regions

In all SCI subjects, PSR maps revealed lesion related changes (Fig. 3b&e), which were 

constrained to the lesion side. Compared to pre-injury PSR maps (left maps in Fig. 3b&e), 

post-lesion PSR maps identified a very low PSR region (a cyst, indicated by the red arrows 

in Fig. 3b&e), and two relatively low PSR regions on both rostral and caudal sides of the 

cyst (white arrows in Fig. 3b&e) in both GM and WM. These changes around the cyst were 

not evident on MTC images. Similar observations were present in both subjects (SM-P and 

SM-G), but the affected area sizes looked different depending on lesion level. The PSR of 

the signal void (SV) region, likely corresponding to the tissue cavity and associated 

hemorrhage caused by the lesion, could not be determined due to the low intensity in the raw 

images.

Normalized qMT spectra obtained with 2 different flip angles, with intensity at each point 

normalized to that at 80000 Hz, showed regional differences in both subjects (Fig. 3c&f). 

The normalized signals of GM were slightly higher than those of WM in the frequency 

offset range of 2000 to 10000 Hz. However, the normalized signals of the cyst were much 

higher (circles in Fig. 3c&f) than GM and WM at frequency offsets ranging from 800 to 

10000 Hz. Consistent with the observations on PSR maps, abnormal tissue (AT) regions on 

both sides of the cyst showed signal enhancements (diamonds in Fig. 3c&f) compared to the 

GM on the non-lesion side of spinal cord.

Intra-subject longitudinal assessment of the PSR after a spinal cord lesion

Serial MT imaging of the same subject revealed dynamic changes in structural features and 

the PSRs of different spinal cord ROIs after SCI. For example, a hyperintense cyst was 

detected in the dorsal column region on MTC images (Fig. 4a). At the trauma region outside 

the spinal cord and posterior to the lesion site, soft tissues also exhibited hyperintense MTC 

signals.
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After SCI, the PSRs of the normal tissues on the non-lesion side appeared to be stable (Fig. 

4b). The averaged PSR measures obtained across 6 longitudinal sessions before and after 

SCI were 0.121±0.004 and 0.084±0.003 for WM and GM respectively. In contrast, the PSRs 

of the cyst and abnormal tissue showed dynamic changes. The PSR in cyst was very low 

(p<0.01 vs. GM) at week 2, and remained low during the recovery. In contrast, the PSR in 

AT showed significant and continuous decreases from week 2 (p<0.05 vs. GM) to 10. 

Compared to normal GM, the degrees of PSR reduction were greater for the cyst (55.5% and 

64.7%) than the AT (8.2% and 22.4%) (Fig. 4b). Similar trends of changes were observed in 

the other subjects.

Longitudinal variations of MRI measures after a spinal cord lesion

We next compared the dynamic changes of qMT parameters PSR, T2a, T2b and RM0b, and 

other MRI measures including T1obs, ADC, FA and amide proton transfer (APT*) in Figure 

5 and Supporting Table. To simplify the comparison, we quantified each parameter at three 

time points after SCI: the onset point (OP, 2 weeks after SCI), peak point (PP, when the 

APT* of the cyst is at maximum, 3-10 weeks after SCI), and end point (EP, 14 weeks after 

SCI) after SCI.

Using normal GM as a control, the values of PSR, T2b, RM0b and FA in the cyst decreased 

whereas those of T2a, ADC, APT* and T1obs increased at OP, and then changed in opposite 

directions after they reached the minimum or maximum (Fig. 5). Among the qMT 

parameters, cyst showed more significant changes in PSR, RM0b and T2a (p < 0.01) than in 

T2b (p < 0.05) at the EP (Fig. 5 and Supporting Table). The ADC values of cyst were close 

to that of free water (~2.6 μm2/ms) at PP, indicating a very low cell density. Over time, the 

ADC value decreased to ~1.9 μm2/ms. T1obs and T2a of cyst were much larger than those of 

regular GM and WM at all the time points after SCI. APT* of cyst increased to the 

maximum from OP to PP (~20%), and then returned to baseline level from PP to EP. T2a, 

APT*, ADC and FA characterized the further transient variations (p<0.05) in cyst after its 

onset (see # and $ in Fig. 5).

Compared to cyst, most parameters of AT changed less. PSR differentiated pathological 

changes (p < 0.05) from onset point (OP) to end point (EP) in AT, and it showed the highest 

sensitivity to AT at the EP (p < 0.01). APT* showed significant transient changes in AT 

from peak point (PP) to EP, but it did not show sensitivity at the EP. FA and T2a were also 

sensitive to AT (p <0.05). Pearson coefficient ρ was calculated between time courses of PSR 

and other MRI parameters in both AT and cyst regions after injury (Supporting Table). 

Longitudinally, PSR correlated strongly with other parameters except APT* in the cyst. 

Only qMT measures of T2b and RM0b (ρ > 0.95) as well as FA (ρ = 0.87) correlated well 

with PSR in AT regions longitudinally. Compared to regular GM, the MRI parametric 

difference of cyst and AT at the EP indicates that full recovery was not completed at the 

lesion sites during the period of our study. In summary, all the measures were sensitive in 

detecting the cyst, and PSR showed highest sensitivity (p < 0.01) for detecting abnormal 

tissue property changes at the EP (Figs. 5a&g).
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Regional Correlations between PSR and other MRI parameters

To understand the relationships between other MRI parameters and PSR that most closely 

relate to demyelination and macromolecular composition, regional Pearson correlations 

were calculated in ROIs of WM, GM, AT and cyst (Fig. 6). Relaxation rates (R2a=1/T2a, 

R2b=1/T2b, and R1obs=1/T1obs) were plotted against PSR in Figure 6. Several features were 

noticeable. First, measures from each ROI clustered together (Fig. 6a-g). In addition to qMT 

parameters PSR, R2b, and RM0b, the conventional measure FA also showed significant 

contrast between normal WM (0.76 ± 0.04) and GM (0.45 ± 0.02). Second, measures from 

different ROIs were isolated, except for some overlap between GM and AT. The clusters of 

cysts were fully separated from clusters of tissues. Third, most parameters were roughly 

related to PSR in a linear relationship when PSR is larger than 0.06 (the range for tissues 

including AT, GM and WM), except for APT*. The APT* of cyst and AT showed scattered 

values off the APT*-PSR slope of normal WM and GM, presumably due to the transient 

high levels of metabolites and mobile proteins/peptide related to secondary damage or 

inflammation. The clusters of cysts were away from the linear slope of normal tissues. 

Either positive or negative regional correlations were present between the PSR and all other 

parameters (Fig. 6h). The PSR was positively correlated with parameters of R1obs, R2a, 

RM0b and FA, and was negatively correlated with R2b, ADC and APT*. Among all the MRI 

parameters, the regional correlation between APT* and PSR was the smallest (ρ= −0.565). 

Comparing the two DTI parameters, the regional correlation between ADC and PSR (ρ= 

−0.632) is much weaker than that between FA and PSR (ρ= 0.963).

Histological confirmation of MRI findings

We stained the post -mortem spinal cord tissue sections for myelin, Cholera Toxin B (CTB), 

and Glial Fibrillary Acidic Protein (GFAP) in order to evaluate changes in the spinal cord 

caused by injury for each animal. Using manually placed landmarks, all tissue sections (Fig. 

7h-j) were aligned with the MRI maps at the EP (Fig. 7a-g). CTB stains confirmed the lesion 

was localized at the C4 level where the roots enter, as evidenced by the CTB terminal labels 

from finger injections (see the example labels in red box of Fig. 7i). The lesion site (SV, 

yellow asterisk in Fig. 7a-g) was filled with soft tissue (yellow asterisk in Figure 7j). The 

AT regions rostral and caudal to the cyst/lesion exhibited different myelin and GFAP 

staining (red arrows in Fig. 7h,j). The spatial territory of the demyelination observed in the 

myelin stain was in general agreement with the regions with low PSR (red arrows in Fig. 

7g&h). The cyst was identified as a tissue cavity (Fig. 7h-j). GFAP stains confirmed the 

nature of cyst, which was surrounded by degenerated swollen axons (Fig. 7j). Swollen 

axonal sheaths and gliosis, and high density of reactivated glia cells were observed (12). 

Similar features have been reported previously in specimens from SCI patients (49).

Comparison of PSR with other MRI maps

To evaluate the specificity of PSR for detecting changes in tissue properties, we further 

compared PSR map with T 1obs, FA, ADC, and APT* maps at the EP qualitatively (Fig. 7a-

g). All maps except the APT* (Fig. 7d) clearly detected the cyst. However, only the FA and 

PSR maps detected the regional demyelination and tissue property changes in the white and 

gray matters rostral and caudal to the lesion/cyst (compare Fig. 7b&g with Fig. 7h). 
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Compared to the PSR map, the FA appeared to be affected more by residual motion and 

partial volume effects (black arrow in Fig. 7b).

To quantify the specificity of PSR for detecting demyelination, we correlated directly the 

PSR decreases with the optical intensity changes on the myelin stains at four regions of 

interest (ROIs), with four from the non-lesion side as controls (Fig. 7k). We found that the 

degree of demyelination (indicated by intensity decreases, red columns) in general was 

correlated with the decreases in PSR (black columns, Pearson correlation coefficient ρ > 

0.99) and MTR with saturation flip angle at 220° (dark grey columns, ρ = 0.966), but to a 

less degree with MTR at 820° flip angle (ρ = 0.887) and FA (ρ=0.696). R1obs, ADC and 

APT* only correlated weakly with the myelin stain intensity, with ρ values of 0.397, 0.041 

and -0.235 respectively. Across different ROIs, the greatest PSR decrease was observed in 

the WM on the rostral side of the lesion/cyst, where the demyelination was most severe (see 

supporting Figure). GM showed much smaller percent decreases in PSR values.

DISCUSSION

Reproducibility and Specificity of qMT parameters

Compared to conventional 2-point MTR measurements, the qMT parameters provide more 

accurate and stable indicators of the macromolecular composition of tissue (Fig. 7k). 

Because the measure of PSR is relatively independent of pulse sequence, field strength and 

acquisition parameters, it is more consistent and reproducible and can be directly compared 

across imaging sessions within the same or across subjects. We showed that all qMT 

parameters exhibited good sensitivity for monitoring cyst formations following SCI. Among 

the parameters, PSR showed the highest specificity and reliability for detecting 

demyelination and loss of macromolecules in abnormal tissue regions rostral and caudal to 

the cyst/lesion sites (Fig. 5). These observations are expected because the PSR is known to 

be a more accurate and reliable indicator of content of macromolecules such as myelin and 

other proteins (50). In contrast, T2a, being a measure of transverse relaxation time of the free 

water pool, is good at detecting changes in the cyst. Exchange rates are highly associated 

with protein and water contents but at high field may also reflect changes in chemical 

exchange of water and labile protons. The significantly decreased PSR, increased T2a, 

decreased T2b and RM0b in the cyst demonstrate the sensitivity of the qMT measures for 

quantifying changes in tissue macromolecule level and free water content. Over time, the 

cyst and the demyelinated tissue underwent a shrinkage process, during which the water 

content decreased while the macromolecule level increased. In summary, indications derived 

from the different qMT measures appeared to be more specific than other MRI metrics to 

changes in water content, myelination, and macromolecule level in abnormal spinal cord 

tissue surrounding the injury.

MRI parameters and their regional correlation in injured spinal cord

This multi-parametric MRI study showed regional correlations between PSR and other MRI 

measures related to SCI. In principle, different MRI parameters quantify different aspects of 

tissue abnormalities. PSR is an indirect marker of myelin content. Relaxation rates are 

highly correlated with concentrations of macromolecules such as proteins. R2a increases as 
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PSR increases, a positive correlation as expected when the macromolecular source of 

relaxation changes. The R2a of the cyst lies out of the linear range of tissues in the plot of 

R2a versus PSR; the solid contribution to PSR in cyst appears to have a higher relaxivity 

(indicated by the line slope) than the corresponding normal tissues suggesting they may 

affect T2a of water by additional or more efficient mechanisms such as chemical exchange. 

The R1obs measured for cyst can be related to myelin content and formation of cyst, and this 

explains the strong positive correlation observed between R1obs and PSR. The ADC value 

reflects the diffusivity of water along and perpendicular to axons within the tissue, and is 

sensitive to cell density, axon size and possibly the thickness of the myelin sheath. Lack of 

myelin and decrease in cell density increases ADC, and this may explain the strong negative 

correlation between PSR and ADC. Moreover, as R1obs is inversely correlated with axon 

size which in turn is related to ADC, it follows that PSR will also be inversely related to 

ADC. FA values could be affected by axonal size and density, coherence of fibers, and 

myelination. A positive correlation is observed between FA and PSR suggesting that axonal 

damage is associated with demyelination. Correlation between PSR and FA was hardly 

apparent in previous studies of the brain (51,52). The presence of the high correlation in the 

cord could be a consequence of the much more ordered and unidirectional microstructure. In 

the brain, FA may be dominated by orientation dispersion. Given the findings we obtained 

in monkeys, qMT could become the first choice to reveal white matter microstructure and 

integrity of human spinal cord. The CEST measure of APT* is known to be sensitive to the 

presence of mobile proteins/peptides or the by-products of amino acids from degradation of 

macromolecules. The correlation between PSR and APT* is the weakest among the MRI 

parameters examined, confirming that APT* is strongly affected by the content of small 

metabolites and probably is not a measure of total protein or macromolecules. In summary, 

measures from different MRI methods including qMT are consistent with each other while 

providing unique information about the recovery process of the injured SC tissue including 

the injury-induced cyst.

Interpretation of tissue properties using MRI parameters

MRI measures are indirect indicators of tissue pathology, so considerations of the signal 

source and possible contributors are critical for the interpretation of the findings. The AV at 

the onset is edema or cyst like, based on its unusually low cellular density, high composition 

of mobile metabolites and low macromolecular level. High or increased T2a values could be 

related to a considerable increase in the extracellular water space, which presumably 

expands due to demyelination or relates to gliosis. At the cyst, the large positive APT* at PP 

could be due to inflammation related increases in specific mobile metabolites, and/or the 

accumulation of the by-products of amino acids from neurotransmitters. The high values of 

T1obs and ADC at PP indicate low cellularity and less restricted water diffusion. The lower 

PSR of the cyst and the tissue around the cyst, and the later decrease after the appearance of 

cyst, are related to the unilateral demyelination and gliosis of local tissues around the cyst. 

PSR, RM0b, T1obs, T2a, ADC and FA values of the cyst significantly differed from those of 

normal tissue at the end point (EP), indicating an incomplete cyst repair at 6 month after 

SCI. A complete return of APT* value to baseline indicated that the inflammation and 

secondary injury process likely ended. These observations underscore the importance of 
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multi-parametric MRI for the study of pathogenesis after SCI. More specific MRI 

quantification is more informative for assessing tissue properties and functions in vivo.

Challenges in quantitative MRI of spinal cord in small animals at ultra-high field

The experiments described rely on the ability to robustly acquire high resolution, artifact 

free data from small structures in live animals. The use of high field increases the signal to 

noise and image quality but also there are significant potential sources of artifact. We 

selected pulsed MT for studying SCI because firstly, sequences with long TR are more 

sensitive to motion and CSF pulsation, and secondly, SAR is lowered using pulsed 

saturation. The variation of B1 was less than 7% in the spinal cord (in 20 mm length), but 

larger than 10% close to the 2 ends of the coil. The RMS value of ΔB0 was ~60 Hz (in a 

15×25×30 mm3 volume), but ΔB0 could be larger than 100 Hz for pixels close to the two 

ends of coil. The qMT measurements were restricted to the homogeneous region, because B1 

and B0 corrections are inadequate in regions where the deviations from nominal values are 

extremely large. In this work, only the middle 1.5 cm section of the spinal cord was chosen 

for ROI analysis.

Even though high signal-to-noise ratios offered at high fields permit high resolution, partial 

volume averaging still may have impact on quantitative measurements because much higher 

resolution is required for small cords. Partial volume effects would be more pronounced in 

DTI measures in this study, because the diffusion-weighted EPI sequence is more sensitive 

to B0 and motion. While our ROIs were selected based on MTC images in this study, the FA 

(0.45±0.02) of GM could be overestimated because the selected ROI was more affected by 

motion and partial volume effects.

CONCLUSION

Our experimental results demonstrate that qMT measurements are robust and sensitive for 

detecting dynamic changes in tissue properties in regions rostral and caudal to injury. 

Extracting parameters from qMT reduces the influence of sequence variables, and is more 

specific for characterizing demyelination and levels of macromolecules. The combination of 

longitudinal in vivo qMT imaging with other MRI methods such as DTI and CEST will 

provide complementary information about the pathophysiological basis of the progression 

and recovery from the injury to the spinal cord.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. QMT data acquisition and quantification
(a) Sagittal view of a squirrel monkey brain. The white arrow indicates the location of the 

cervical spinal cord. (b) The dotted white line rectangle on an axial image shows the 

placement of the coronal slice that encompasses the region of a dorsal column lesion. (c) 

Raw qMT data cropped to be centered on the spinal cord. Images 1-18 are at 18 different RF 

offsets ranged between 100 Hz and 100 kHz with a constant logrithmic interval. (d) The 

fitting of the model to MT in-vivo data of regular gray matter at a selected pixel in spinal 

cord at two flip angles of θsat 820° (black circles) and 220° (red squares). Curves are 

normalized to maximum intensity. (e) Pool size ratio (PSR) map with color-coded values, 

and root mean squares of the residuals (RMS) from model fitting.
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Figure 2. Illustration of the spinal cord injury at C4 level in one representative squirrel monkey
(a) Targeted unilateral lesion of the dorsal column. (b-c) Sagittal and axial MTC images 

obtained at 7 weeks post lesion. White dash lines show the position of a coronal image slice. 

(d) The coronal image used for qMT quantification. (e) Selections of ROIs for the regional 

statistical analysis. C4: cervical 4; WM: white matter; GM: gray matter; CSF: cerebrospinal 

fluid; AV: abnormal signal volume. AV was later determined to be cyst. SM-G shown.
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Figure 3. Comparison of PSR maps and MT curves in pre- and post- injury conditions
(a) & (d): Pre- and post- injury longitudinal MTC images showing the cyst (AV, abnormal 

volume) and a signal void (SV) caused by the lesion. (b) & (e): Pre- and post- injury PSR 

maps. AT, abnormal tissue with decreased PSR. The PSR of the SV region could not be 

determined due to the low intensity in the raw images. (c) & (f): MT spectra of normal WM 

and GM, cyst and AT obtained at different MT saturation flip angle 220° (solid markers) 

and 820° (open markers). Monkeys SM-P and SM-G shown.
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Figure 4. Longitudinal assessments of lesion associated anatomical and PSR changes in one 
representative subject
(a) Sagittal, axial and coronal MTC images showing the progression of the dorsal column 

lesion and lesion-related tissue property changes. (b) Mean PSR from different ROIs 

obtained before and at different time points after SCI. Error bars indicate standard errors 

calculated across voxels. SM-G shown. * p < 0.05 and ** p <0.01 vs. control, and # p <0.05 

vs. abnormal tissue (AT) of post-lesion week 2.

Wang et al. Page 18

Magn Reson Med. Author manuscript; available in PMC 2017 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. Comparison of qMT and other MRI parameters of cyst and abnormal tissue at 
different stage after SCI
(a) PSR, (b) T2a, (c) T2b, (d) RM0b, (e) T1obs, (f) ADC, (g) FA, and (h) APT*. The stage 

when cyst occurrence is defined as OP (onset point, 2 weeks after SCI), the stage when the 

APT* of cyst is maximum during the progress is defined as PP (peak point), and the stage 

the APT* of cyst is minimum is defined as EP (end point) since it is the end time point in 

the longitudinal study. N=9 for the control (regular GM), and N=3 for cyst and AT. Standard 

deviations are across subjects. * p < 0.05 and ** p <0.01 vs. control, # p <0.05 vs. relative 

onset value, and $ p <0.05 vs. relative peak value. AT: abnormal tissue.
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Figure 6. Correlations between PSR and other MRI parameters
(a)-(g) Plots of R2a, R2b, RM0b, R1obs, overall ADC, FA and APT* values as a function of 

PSR. (h) Comparison of regional Pearson correlation coefficients (ρ) between PSR and other 

parameters. WM: white matter; GM: gray matter; AT: abnormal tissue.
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Figure 7. Histological correlate of MRI maps in SM-P
(a)-(d) Color-coded conventional T1obs, FA, ADC and APT* maps. (e)-(g) Color-coded 

MTR (220°, RF offset at 5000 Hz), MTR (820°, RF offset at 5000 Hz), and PSR maps. Red 

asterisk indicates the cyst. Red arrows indicate the affected abnormal tissue (AT) regions at 

above and below cyst/lesion location. Yellow asterisk indicates the signal void (SV) region. 

(h)(i)(j) Corresponding spinal cord tissue with Myelin, CTB (Cholera Toxin B) and GFAP 

(Glial Fibrillary Acidic Protein) stains, respectively. The enlarged CTB in the red box 

indicates CTB labels. Yellow asterisk in GFAP indicates filling tissue, at the corresponding 
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lesion site. (k) Regional demyelination comparison around the lesion. Region of filling 

tissues was excluded from comparison due to the signal void in MRI data, which might be 

from hemorrhage (yellow asterisk in k). MRI data shown were for the end point (24 weeks 

after injury), and histologic sections were done 2 weeks later.
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Table 1

Comparison of the averaged regional qMT parameters

Time ROI PSR T2a (ms) T2b (μs) RM0b (s−1)

Pre- GM 0.086 ± 0.003 33.9 ± 3.7 9.5 ± 0.7 1.58 ± 0.07

WM 0.120 ± 0.005 30.5 ± 3.4 11.5 ± 0.7 2.02 ± 0.16

Post- GM 0.084 ± 0.003 33.4 ± 4.0 9.4 ± 0.7 1.59 ± 0.09

WM 0.116 ± 0.005 30.2 ± 3.7 11.6 ± 0.7 2.01 ± 0.16

Values are shown as Mean ± SD (standard deviation). The pre-lesion (Pre-) values were calculated across the mean of subjects in normal 
conditions (n=9). The post-lesion (Post-) values of normal GM and WM were obtained from the non-lesion side of the spinal cord across multiple 
sessions in three animals with SCI.
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