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A B S T R A C T

Purpose: This study aims to systematically evaluate the accuracy and precision of pool size ratio (PSR) mea-
surements from quantitative magnetization transfer (qMT) acquisitions using simplified models in the context of
assessing injury-associated spatiotemporal changes in spinal cords of non-human primates. This study also aims
to characterize changes in the spinal tissue pathology in individual subjects, both regionally and longitudinally,
in order to demonstrate the relationship between regional tissue compositional changes and sensorimotor be-
havioral recovery after cervical spinal cord injury (SCI).
Methods: MRI scans were recorded on anesthetized monkeys at 9.4 T, before and serially after a unilateral
section of the dorsal column tract. Images were acquired following saturating RF pulses at different offset fre-
quencies. Models incorporating two pools of protons but with differing numbers of variable parameters were
used to fit the data to derive qMT parameters. The results using different amounts of measured data and as-
suming different numbers of variable model parameters were compared. Behavioral impairments and recovery
were assessed by a food grasping-retrieving task. Histological sections were obtained post mortem for validation
of the injury.
Results: QMT fitting provided maps of pool size ratio (PSR), the relative amounts of immobilized protons ex-
changing magnetization compared to the “free” water. All the selected modeling approaches detected a lesion/
cyst at the site of injury as significant reductions in PSR values. The regional contrasts in the PSR maps obtained
using the different fittings varied, but the 2-parameter fitting results showed strong positive correlations with
results from 5-parameter modeling. 2-parameter fitting results with modest (> 3) RF offsets showed comparable
sensitivity for detecting demyelination in white matter and loss of macromolecules in gray matter around lesion
sites compared to 5-parameter fitting with fully-sampled data acquisitions. Histology confirmed that decreases of
PSR corresponded to regional demyelination around lesion sites, especially when demyelination occurred along
the dorsal column on the injury side. Longitudinally, PSR values of injured dorsal column tract and gray matter
horns exhibited remarkable recovery that associated with behavioral improvement.
Conclusion: Simplified qMT modeling approaches provide efficient and sensitive means to detect and char-
acterize injury-associated demyelination in white matter tracts and loss of macromolecules in gray matter and to
monitor its recovery over time.

1. Introduction

Traumatic spinal cord injuries (SCI) disrupt the normal functions of
the spinal cord, and lead to sensory, motor, and autonomic functional
deficits. Injury may induce cell death, and lead to demyelination (Guest
et al., 2005; Totoiu and Keirstead, 2005), edema and formation of cysts

(Thuret et al., 2006) in the cord tissues over time. Non-invasive quan-
titative magnetic resonance imaging (MRI) methods are well suited for
monitoring the damage to, and recovery of, injured spinal cord tissues,
and can provide comprehensive information on structural, functional
and molecular changes (Stroman et al., 2014; Wheeler-Kingshott et al.,
2014; Chen et al., 2015; Wang et al., 2015; Yang et al., 2015; Wang
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et al., 2016; Wang et al., 2018a, 2018b). To fully characterize the un-
derlying spontaneous recovery of damaged cords, it is possible to
monitor changes in multiple MRI parameters at and around spinal cord
lesion sites and ultimately relate these non-invasive MRI measures to
the behavioral recovery in monkeys with SCI (Chen et al., 2015; Wang
et al., 2015; Wang et al., 2016; Wang et al., 2018a, 2018b). However,
for practical applications as imaging biomarkers of pathology, rapid
and efficient protocols for acquiring data to derive quantitative MRI
parameters are essential.

Among available MRI methods, magnetization transfer (MT) MRI
provides information that may be used to detect and grade myelination
changes after an injury and during the repair process. MT is the spin
exchange between proton pools in different environments and can be
used to characterize spatial distributions of the macromolecular and
free water proton pools of biological tissues (Wolff et al., 1991a, 1991b,
Wolff, Eng et al., 1991). Measurements of the magnetization transfer
ratio (MTR) (Wolff and Balaban, 1989) have been used to assess
changes in macromolecular composition in neurological disorders
(Catalaa et al., 2000; Odrobina et al., 2005), renal disease (Wang et al.,
2014), cancer (Quesson et al., 1997), and SCI (Ng et al., 2009; Wang
et al., 2015). However, the sensitivity, specificity and reproducibility of
MTR measures can be influenced by various experimental parameters
such as MT saturation power and RF offset (McGowan 3rd et al., 1994;
Ramani et al., 2002; Wang et al., 2018a, 2018b). Moreover, MTR
measures tend to reflect a complex combination of exchange and re-
laxation parameters (Eng et al., 1991; McGowan 3rd et al., 1994), so the
interpretation of MTR changes is not always clear.

Quantitative MT (qMT) methods have been developed to measure
intrinsic MT parameters to increase specificity and sensitivity. A
common approach assumes protons reside in two pools (free water and
relatively immobilized in macromolecules) that are coupled by ex-
change of magnetization. The pool size ratio (PSR, the ratio of the
macromolecular proton pool to the free water pool) can be derived from
appropriate measurements and is largely independent of relaxation and
exchange rates and experimental parameters (Henkelman et al., 1993;
Sled and Pike, 2000; Gochberg and Gore, 2003). The pulsed saturation
sequence is the most widely adopted qMT method of acquiring data,
and various strategies for rapid qMT imaging have been proposed
previously (Underhill et al., 2011; Yarnykh, 2012). However, applica-
tions of high-resolution qMT mapping of the SC have been challenging
(Wang et al., 2016), partly due to the small cord size, relatively low
signal-to-noise ratio (SNR) at high resolution, limited data acquisition
time, and motion artifacts, including effects caused by cardiac and re-
spiratory cycles and associated cerebral spinal fluid (CSF) pulsation.
Furthermore, gross/bulk motion during long data acquisitions may also
cause artifacts in the images and introduce biased estimations of qMT
parameters. To mitigate these effects, it may be helpful to reduce the
amount of qMT data acquired, and to reduce the number of unknown
parameters to be fit to the data (Yarnykh, 2012; Smith et al., 2014). In
some rapid and simplified approaches (Yarnykh, 2012, Smith et al.,
2014), constant values have been assumed for those model parameters
that do not show substantial biological variations or to which the fitting
results are relatively insensitive.

White matter (WM) is composed predominantly by long-range
myelinated axon tracts. Gray matter (GM) is distinguishable from WM
in that it contains more numerous cell bodies and relatively few mye-
linated axons. We have previously shown that fitting the 2-pool model
with 5 parameters provides PSR values with high-precision that are
sensitive for detecting demyelination in WM and decreases of macro-
molecules such as proteins in GM of injured spinal cords of non-human
primate (NHP) (Wang et al., 2016). The current study aimed to sys-
tematically evaluate the accuracy and precision of estimates of PSR
from qMT measurements using simplified approaches to data acquisi-
tion and analyses for monitoring injury-associated pathological changes
in the spinal cords of NHPs. A primary goal was to optimize and eval-
uate a rapid, robust, sensitive and high-resolution PSR mapping

protocol for assessing SCI in primates at high field. The PSR obtained
using a fully-sampled data set and a 5-parameter fit to the model of
Henkelman and Ramani (Henkelman et al., 1993; Ramani et al., 2002;
Cercignani and Barker, 2008; Wang et al., 2016) was used as the re-
ference standard to compare with simplified approaches. We compared
the PSR values and their regional correlations for different acquisitions
and analyses, and evaluated their reproducibility and sensitivity for
detecting tissue composition changes following injury. In addition, we
evaluated the performances of each method in detecting injury and
repair and their relationships to the behavioral recovery of sensor-
imotor function of hand over time. Histological analyses of postmortem
tissues confirmed the location and extents of tissue pathology. The
specific NHP SCI model used shows a close resemblance to human
spinal cord injuries (Kaas et al., 2008), which increases the relevance of
the simplified qMT acquisition and modeling approaches investigated.

2. Material and methods

2.1. Numerical simulation

Numerical simulations (Cercignani and Alexander, 2006) were
performed to test the performances of different modeling approaches
and SNR (Sup. Figs. S1-S3). F= 0.1 was used to synthesize qMT data
with 12 RF offsets from 1 to 100 kHz at 820° and 220°, with other
parameters (S0= 1, RM0a= 17.6 s−1, RaT2a= 0.0184, and
T2b= 10.5 μs) adopted from a previous study in normal spinal cords
(Wang et al., 2016). Gaussian noise was added to the generated signals,
and 1024 noisy data sets for each RF offset at each SNR were synthe-
sized (SNR at 25, 50, 75, 100, and 125 for S0).

2.2. Animal preparation

Twelve male adult squirrel monkeys (Saimiri sciureus) were studied.
Eight of them underwent a unilateral dorsal column transection at
cervical level 5 (C5). These monkeys were scanned before and after SCI.
The specific scan time points varied slightly across animals (about 2, 4,
6, 8, 10, 12, 14, 16 or 24weeks), depending on the behavioral recovery
of each subject. Throughout the entire MR imaging session, each
monkey was anesthetized (isoflurane 0.5–1.5%) and mechanically
ventilated (40 respiration cycles/min), with head and body stabilized in
an MR-compatible frame. Vital signs, including core body temperature,
heart rate, respiration rate, SpO2, and end-tidal CO2, were monitored
and maintained at a stable level. All procedures followed NIH guide-
lines on the care and use of laboratory animal.

2.3. In vivo MRI

All MRI data were acquired on a Varian DirectDrive™ horizontal
9.4 T scanner using a saddle-shaped transmit-receive surface coil posi-
tioned around the cervical spine region. The image field of view was
centered at the level where the lesion was targeted. The MRI acquisition
protocol was similar to that employed in our previous study (Wang
et al., 2016) and details are provided in the supporting information.
After acquiring high resolution structural images with magnetization
transfer contrast (MTC) to guide the placements of image slices, qMT
data were obtained from a coronal slice where the dorsal columns and
dorsal horns reside (Fig. 1A–C) using a 2D MT-weighted spoiled gra-
dient echo sequence (TR 24ms, flip angle =7°, resolu-
tion=~0.313×0.313×1 mm3). We obtained qMT data using 12
different RF offsets (Fig. 1E) between 1 and 100 kHz and two saturation
powers (θsat = 220° and 820°, pulse width=12ms).

2.4. Data analyses

All MRI data were analyzed using MATLAB (The Mathworks). The
detailed procedures for data analyses are presented in the supporting
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information.
QMT parameters M0, F, RM0b, T2a and T2b were first determined

from the 5-parameter fitting (= 5Pfit) using the fully sampled qMT
data, based on the model of Henkelman and Ramani (Ramani et al.,
2002; Cercignani and Barker, 2008).
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where a and b denote the free water and macromolecular pools, re-
spectively. F is the relative size of the macromolecular pool, defined as
F=M0b/M0a. M0a and M0b are the fully relaxed values of magnetiza-
tion 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 (Ramani

et al., 2002, Cercignani and Barker, 2008). 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 (Cercignani and Barker, 2008), which is also de-
pendent on the transverse relaxation time of the macromolecular pool
T2b. R is the exchange rate constant between the two pools. Ra and Rb
are the respective pool longitudinal relaxation rates. More details were
described in a previous study (Wang et al., 2016) and in the supporting
information. The PSR was defined as the value of F from this fitting. We
used the root mean squares (RMS) of the residuals to evalute the fitting
quality at each pixel.

It has been demonstrated that the exchange rate RM0a is not very
sensitive to pathophysiological changes in tissues even though M0a may
vary by several % (Smith et al., 2009; Underhill et al., 2011) and so can
be assumed to be constant. T2b also varies little between tissues as their
macromolecular protons are immobilized to similar degree, and it can
also be assumed as a constant (Sled and Pike, 2001; Yarnykh and Yuan,
2004). Although Ra and T2a may both vary significantly, the variation of
their product is relatively small in both healthy and diseased tissues, so
that RaT2a can be assumed to be constant (Yarnykh and Yuan, 2004).
These assumptions were also found reasonable for observations around
lesions in injured monkey spinal cords (Wang et al., 2016). Thus, three
parameters RM0a, T2b and RaT2a could be held constant during fitting,
based on respective median values from normal spinal cords (17.6 s−1,
10.5 μs, and 0.0184). Then there are only two remaining parameters,
M0 and F, to be estimated. These may be derived using selected num-
bers of RF offsets. In this work, 2Pfit represents 2-parameter fitting

Fig. 1. Quantitative MT imaging of cervical spinal cord with a unilateral dorsal
column lesion. (A-C) Sagittal, axial and coronal images with MT contrast. The
arrows indicate the lesion site. White dashed lines indicate the location of
coronal imaging plane. DPC (dorsal pathway), LPC (lateral pathway), VPC
(ventral pathway) and GMC (gray matter) are on the non-lesion control side;
DPL, LPL, VPL and GML indicate respective regions on the lesion side. (D)
Schematic illustration of the reconstructed lesion of dorsal column on the right
side (black patch). (E) MT in vivo data showing the normalized intensity ex-
tracted from normal spinal cord GM at different RF offsets and two flip angles of
θsat 820° (black circles) and 220° (red squares).

Fig. 2. Accuracy and precision of PSR estimated from numerical simulations.
(A) Boxplots of PSR from selected analytic approaches. Simulated qMT data
were generated with PSR=0.1 and SNR=75 for S0 (N=1024). The circles
and middle lines represent mean and median values respectively (N=1024).
Measures using 2Pfit with comparable or less variations than those using 5Pfit
are shaded in blue. (B) Relative bias in PSR when the actual RM0a, RaT2a or T2b
is different from the fixed reference value in 2-parameter modeling (4 RF off-
sets). The black dotted line represents the fixed reference for all analyses. Error
bars represent standard deviations. Bias< 5% is shaded in blue.
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results using between 2 and 6 RF offsets. 2Pfit(2RF) uses measured
offsets #4 and #12, 2Pfit(3RF) used #3, #4 and #12, 2Pfit(4RF) used
#2-#4 and #12, 2Pfit(5RF) using #2-#5 and #12, and 2Pfit(6RF) using
#2-#6 and #12, respectively (Fig. 1E). The selection of these sampling
pairs was based on numerical simulations (Sup. Fig. S3).

In the special case that one of the two sampling points is at a very
large frequency offset (S0), the saturation effect can also be ignored,
and S0 can be used to normalize the other measured data at lower
frequency offsets (Sn) so the corresponding F/Ra may be written as:
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Direct 1-parameter estimates with different RF offset pairs are de-
noted by the other selected RF offset e.g. 820RF4 (#4 and #12), 820RF5
(#5 and #12), 820RF6 (#6 and #12), 820RF7 (#7 and #12) and
820RF8 ((#4 and #12) for data obtained with θsat = 820°, and 220RF1
(#1 and #12), 220RF2 (#2 and #12), 220RF3 (#3 and #12), 220RF4
(#4 and #12), and 220RF5 (#5 and #12) for data using θsat = 220°.
The selection of these sampling pairs was also based on numerical si-
mulations (Sup. Fig. S3).

High-resolution MTC images were referenced for manual selection
of ROIs (regions of interests) for quantification, including WM in dorsal
pathway, lateral pathway, and GM on both the lesion and control side,
and cyst/lesion (Fig. 1C). Only regions with homogeneous B0 and B1
(|ΔB0| < 100Hz, and |ΔB1ratio| < 0.05) were selected and included in
the ROI analysis (< 1.5 cm in length) (Wang et al., 2018a, 2018b). To

minimize partial volume effects, small ROIs were selected and voxels
residing along the SC – CSF border were excluded. The normal PSR
range was defined as the mean value±2SD (standard deviation, 95%)
of the normal tissues of the respective region (WM in dorsal pathway or
lateral pathway, and GM) in the normal spinal cord, and an abnormal
tissue (AT) region was defined as those voxels with PSR out of the
normal range. Contrasts between WM and GM were evaluated by
(PSRmax-PSRmin)/(PSRmax+ PSRmin), where PSRmax and PSRmin were
the maximum PSR of WM and minimum PSR of GM respectively.
Correlations were calculated using the Pearson correlation function.
The significance of measurement differences was evaluated using Stu-
dent's t-tests, and FDR (false discovery rate) corrected p < 0.05 was
considered as significant.

2.5. Dorsal column section and behavioral assessment

In brief, under surgical level of anesthesia and aseptic conditions,
the dorsal portion of the lower cervical spinal cord at C4-C6 level was
exposed. The dorsal column pathway (tract) was transected on one side
with a pair of fine surgical scissors at the C5 level. Each lesion was
2mm deep and ran from the midline to the spinal nerve entering zone
(~ 2mm in width). Dura was replaced with a small piece of gelfilm, and
the wound was closed. Analgesics were administered post-surgically
and standard post-surgery care was performed. The details of the sur-
gical procedures can be found in previous publications (Qi et al., 2011;
Chen et al., 2012; Qi et al., 2016). The detailed procedures for beha-
vioral assessment are described in the supporting information.

Fig. 3. Comparison of PSR maps derived from different modeling approaches in normal spinal cord of one representative subject. (A) Representative PSR maps
showing 2-parameter fitting (2Pfit) using 2 to 6 RF offsets, 1-parameter calculation based on selected RF offset (RF3–7) and RF12 at 820° (820RF3–7), and 1-
parameter calculation based on data with selected RF offset (RF1–5) and RF12 at 220° (220RF1–5). (B) Raw MTC images and PSR map showing 5-parameter fitting
(5Pfit) using data with 12 RF offsets at 820°. Pixels in the box, restricted to a B0 and B1 homogeneous region, were included in further regional analysis.
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2.6. Histology

Silver stains of post-mortem tissue (40-μm thickness) were used to
evaluate the segmental level and spatial extent of each spinal cord le-
sion and the degree and extent of demyelination, and to confirm the
spatial extents of qMT-derived PSR measures at the end stage of re-
covery. Histological sections in the same orientation as qMT data ac-
quisitions were obtained from three subjects, while all the other sub-
jects were used to obtain sections transverse to spinal cords to allow
validation of other MRI results from diffusion and functional MRI.

3. Results

3.1. Numerical simulation and potential bias with incorrect parameter
assumptions

The performances of different qMT data analyses were system-
atically evaluated for simulated data. Higher SNR and a larger number
of RF offsets can significantly reduce experimental errors and variance
of qMT model fits (Sup. Figs. S1-S3). Due to the experimental SNR
range in this study, we adopted acquisition of at least 10 RF offsets for
5-parameter fitting (Wang et al., 2016). Considering the potential for
degrading motion effects in the in vivo studies, we acquired in vivo qMT
data with 12 RF offsets (Fig. 1E). From the comparison of simulated
results using different modeling approaches (Fig. 2A and Sup. Fig. S2),
at least 3 RF offsets are required in 2-parameter fitting to retain com-
parable accuracy and precision as that obtained from 5-parameter fit-
ting with 12 RF offsets, at the same SNR level. 1-parameter calculations

require higher SNR (>1.5 times) to approach comparable accuracy and
precision as 5-parameter fitting with 12 RF offsets (Sup. Fig. S2). The 1-
parameter calculations are very sensitive to RF offset and power, but
the optimum offset and power can be determined (Sup. Figs. S2-S3).
The sampling pairs of (820°, 5–7 kHz) yielded the most accurate and
precise estimates of PSR (Fig. 2A and Sup. Figs. S2-S3). However, the 1-
parameter approach using sampling pairs at 220° did not provide
comparable precision and accuracy compared to other approaches at
the same SNR level, and the optimum RF offset range is much narrower
than that for 1-parameter estimates using data at 820° (Sup. Fig. S3B).
From the comparison of 1-, 2-, and 5-parameter approaches at different
SNR levels (Fig. 2A and Sup. Fig. S2), the 2-parameter fitting (#RF
offsets> 2) approach showed greater robustness than the 5-parameter
approach using 12 RF offsets, as revealed by greater accuracy with no
loss of precision with correct parameter assumptions for RM0a, T2b and
RaT2a.

Relative biases in PSR values were estimated for 2-parameter fitting
(Fig. 2B). The bias in the estimated PSR value was dependent on the
deviation of the selected and the true reference values of RM0a, T2b and
RaT2a.

3.2. In vivo PSR of normal spinal cord from different approach

Representative PSR maps of normal spinal cord from simplified
fittings are compared to a PSR map obtained by 5-parameter fitting in
Fig. 3. 2-parameter PSR maps showed better precision than the 5-
parameter result (Fig. 4A), and contrasts between WM and GM were
maintained (Figs. 3-4). The voxel-based profiles of PSR values across

Fig. 4. Comparison of regional PSR distributions in normal spinal cord of one representative squirrel monkey. (A) Boxplots of regional PSR of WM and GM from
selected analytic approaches. The circles and middle lines represent mean and median values respectively. The crosses indicate outliers. Measures of WM and GM
from simplified modeling approaches with comparable accuracy and less variations than those using 5Pfit are shaded in blue. (B) Profiles from selected modeling
approaches, showing the PSR distributions across spinal cord transversely. The error bars indicate the standard deviation across voxels along the longitudinal
direction in the box shown in plot B. The midline between the lesion and non-lesion sides is indicated by the dashed line (Distance=0). (C) 2D matrix plot of
correlation coefficients between all PSR measures (p < .05 for all). The relatively stronger correlations to 5Pfit are indicated by the white dotted boxes.
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WM-GM-WM-GM-WM strips (Fig. 4B) illustrated that contrasts between
WM and GM were comparable for 5Pfit, 2Pfit(4RF), and 220RF3, but
weaker for 820RF6. The contrasts between PSRs of WM and GM were
0.239, 0.217, 0.144 and 0.260 for 5Pfit, 2Pfit(4RF), 820RF6 and
220RF3 respectively. While the contrast between PSRs of WM and GM
from 2Pfit was slightly lower than that from 5Pfit, the PRS values across
voxels in WM or GM from 2Pfit showed higher precision than those
from 5Pfit, indicated by less variability (Fig. 4A-B). All 2Pfit results
showed strong correlations (r > 0.7) with the 5Pfit result in general
(Fig. 4C). In addition, the averaged PSR values of WM and GM from 2-
parameter fitting are close to those from 5-parameter fitting, with their
difference smaller than 5%. 2Pfit of WM showed larger variance and
bias than 2Pfit of GM (Fig. 4A), with doubled standard deviations across
voxels. While the values of RM0a, RaT2a and T2b chosen for these ana-
lyses were derived from normal spinal cord data (Wang et al., 2016),
the particular choices of these parameters did not introduce a sig-
nificant source of bias in the PSR estimates of normal tissues. The PSR
of WM could be slightly underestimated while that of GM could be
slightly overestimated (Figs. 3-4) using 2-parameter fitting. Across
subjects, 2-parameter fitting also showed more similar and reproducible
PSR maps than 1-parameter fitting (Sup. Fig. S4).

While most simplified 1-parameter approaches showed significant
contrast between WM and GM in the PSR maps (Fig. 3A), 820RF7
showed evident loss of contrast. Moreover, though some 1-parameter
fits showed high regional correlations with results of 5Pfit (Fig. 4C),
their precision and accuracy were not comparable to PSR measures
using 2-parameter fitting (Fig. 4A). The variations from 1-parameter
measures were large across RF offsets and saturation powers given the

experimental SNR (~75), showing negative and positive bias for 820°
and 220° respectively (Fig. 4A). Among 1-parameter approaches,
820RF6 and 220RF3 showed the strongest correlations (r values at
0.557 and 0.824) with 5Pfit data at saturation powers 820° and 220°
respectively (Fig. 4C).

3.3. PSR changes around the lesion site

5-parameter fitting detected the lesion/cyst and unilateral demye-
lination below and above the injury site (Fig. 5A). While all the selected
1- and 2- parameter approaches detected the lesion/cyst as a drastic
change in PSR at the site of injury (Fig. 5A), 2-parameter approaches
mapped the decrease of PSR better than 1-parameter approaches. Fur-
thermore, the regional contrasts in PSR maps from the different ap-
proaches varied (Fig. 5A-B), with 2Pfit showing consistent strong po-
sitive correlations with 5Pfit (Sup. Fig. S5). The variations from 1-
parameter measures were large across RF offsets, powers and subjects
(Fig. 5A-B), and 820RF6 and 220RF3 showed relatively stronger cor-
relations (r values at 0.829 and 0.896 for subject 1, and 0.528 and
0.685 for subject 2) with 5Pfit results than measures using other se-
lected RF offsets for 1-parameter modeling (Sup. Fig. S5). Although
there were minor differences between the 5Pfit and 2Pfit maps, the
overall spatial correspondence of the lesion and magnitude of the es-
timated PSR changes were similar (Fig. 5A).

3.4. Histology confirmed regional demyelination detected by PSR

Subsequent silver staining confirmed that reduced values of PSR

Fig. 5. Comparison of PSR of injured spinal cord
from selected modeling approaches. (A)
Representative PSR maps from two subjects showing
5-parameter fitting 5Pfit, 2-parameter fitting 2Pfit
(4RF), 1-parameter calculations 820RF6 and
220RF3. (B) Profiles from selected modeling ap-
proaches, showing the PSR distributions across
spinal cord transversely at the lesion level (yellow
stripe shown in plot A). The error bars indicate the
standard deviation across voxels along the long-
itudinal direction in the yellow stripe. The midlines
between the lesion and non-lesion sides are indicated
by Distance=0.
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spatially corresponded to regional demyelination along the dorsal
column WM track on the injury side (Fig. 6). Demyelination was seen
mainly on the injured side. Typically, the demyelinated WM tissues
spread about 3mm in length on both caudal or rostral sides to the lesion
site, which corresponds to one spinal segment in this species. Along the
dorsal column tract, the rostral side (to the lesion) showed more severe
demyelination than the caudal side (see red and yellow arrows in
Fig. 6). The spatial territory of demyelination in WM and decreases of
macromolecular components shown in the silver stain was in general
agreement with the regions with low PSR, which were well detected by
either 5-parameter fitting or 2-parameter approach (Figs. 5-6).

3.5. Comparison of regional characteristics of PSR measures of injured
spinal cord derived from different model fittings

The characteristics of PSR measures obtained from six selected ROIs
surrounding the core lesion site were quantified across eight injured
subjects, and the results on the lesion sides were compared with the
values on the non-lesion side (Fig. 7). We selected six ROIs, caudal and
rostral to the cyst/lesion on the injury side (Fig. 6). The lateral pathway
(LPC), dorsal horn GM (GMC) and dorsal pathway (DPC) on the non-
lesion side were used as reference regions. PSR decreased by different
degrees in cysts and tissues around the lesion side (change in cyst>
DPL > GML > LPL). The optimum 2- and 1-parameter approaches
were very sensitive for detecting cysts, while decreases of PSR in GM
were not as significant as in the dorsal WM tracks (Fig. 7A-B). Overall,
2Pfit (#RF offsets> 3) provided comparable sensitivity as 5Pfit to

detect regional demyelination of the dorsal column pathway and the
loss of macromolecules in the dorsal horn GM around the injury site
(Fig. 7A). 1-parameter modeling 820RF3 was less sensitive than 5Pfit
(Fig. 7A). Even though 220RF3 showed comparable detectability as
5Pfit, higher SNR is required to improve the precision (Figs. 3–5 and
Sup. Fig. S4). Among the regions of abnormal tissues, PSR showed the
highest sensitivity for detecting demyelination in dorsal pathway ros-
tral and caudal to the cyst/lesion sites (Fig. 7A-B). The overall agree-
ment between PSR measures from 2Pfit(4RF) and 5Pfit was evaluated
via correlations and Bland-Altman analyses (Fig. 7C). The PSR measures
from 2Pfit(4RF) are proportional to those from 5Pfit (r=0.927,
p < .05), except in cyst regions (Fig. 7C). In Bland-Altman plots, most
cysts show differences below the mean difference between 2Pfit(4RF)
and 5Pfit (Fig. 7C), indicating potential bias from 2Pfit(4RF) for eval-
uating PSR of cyst.

3.6. Longitudinal changes of regional PSR after dorsal column lesion

Serial MT imaging of the same subject revealed temporal changes in
structural features and PSR values over time after injury (Fig. 8 and
Sup. Fig. S6). We compared regional PSR values derived from 5Pfit,
2Pfit(4RF), 820RF3 and 220RF4. To simplify the longitudinal com-
parison, we quantified PSR at three time points after injury: the onset
point (OP, 1–2 weeks after injury), progression point (PP, 3–5weeks
after SCI), and end point (EP, 6–24 weeks after injury) after SCI. The
2Pfit(RF4) is more robust to noise than 5Pfit (Fig. 8 and Sup. Fig. S6).
The 2Pfit(RF4) detected temporal changes in demyelination and

Fig. 6. Spatial correspondences among anatomical images, PSR maps and spinal cord tissues stained with myelin in two representative monkeys. The selected ROIs
overlaid on the anatomical images are shown in green and yellow. DPC (dorsal pathway), LPC (lateral pathway), and GMC (gray matter) are on the control side;
rDPL, rLPL, and rGML indicate respective regions rostral to the lesion site; cDPL, cLPL, and cGML indicate respective regions caudal to the lesion site. Red asterisks
indicate lesion/cyst site, and arrows indicate the unilateral demyelination in the dorsal pathway on the lesion side, both caudal and rostral to the lesion site. Region of
filling tissues was excluded from comparison due to the signal void in MRI data, which might be from hemorrhage (yellow asterisks). PSR maps derived from 2-
parameter fitting 2Pfit(4RF) are shown for comparison.
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recovery after injury, as well as 5Pfit (Figs. 8-9). Among all the tissue
ROIs, the dorsal column pathway on the lesion side showed the most
severe damage (Fig. 7 and Fig. 10) as expected, and all the damaged
tissue ROIs showed recovery to different degrees at the end of study
(Fig. 10 and Sup. Fig. S7).

3.7. Correlations between PSR and the behavioral measures

Lastly, we examined the relationships between the regional PSR
values and behavioral assessments of hand use impairment (i.e., success
rate and number of flexes on food retrieval). Fig. 11 shows the observed
quantitative correlations (4 subjects with both qMT and behavioral
measures included). Two behavior measures of success rate (R) and
number of flexes (N) showed drastic behavioral impairments and re-
covery after injury. The most severe deficits (Fig. 11A), indicated by
significant drops of R and increases of N needed to retrieve a food
pellet, were highly associated with the minimum PSR of injured tissues
(Fig. 9). In general, the PSR correlated positively with the success rate,
but negatively with the number of flexes (Fig. 11B). Significant corre-
lations were detected consistently between PSR of dorsal column
pathway on the lesion side (cDPL and/or rDPL) and successful rates
from wells 1 and 2, using 5Pfit and 2Pfit(RF4). Significant correlations

were also detected between PSR of dorsal horn on the lesion side (cGML
and/or rGML) and behavioral measures using 2Pfit(RF4). These regions
also exhibited stronger linear correlations between PSR changes and
behavioral recovery (Sup. Fig. S8).

4. Discussion

4.1. Bias level of PSR measures with 2-parameter approach

We found that an appropriate, simplified, 2-parameter approach
was capable of detecting regional demyelination of WM tracts and re-
ductions in macromolecular content in GM surrounding a lesion site
with accuracy and precision that are comparable to the full 5-parameter
approach (Fig. 7). However, the 2-parameter approach underestimated
the PSR values at the lesion/cyst site compared to 5Pfit (Fig. 7). The
potential source of bias in the 2-parameter approaches arises from the
use of fixed, median values of RM0a, T2aRa, and T2b, obtained from
normal spinal cord tissues (Fig. 2B), which ignores the heterogeneity of
GM, WM and abnormal tissues. However, the product of Ra and T2a
does not alter much in practice (Yarnykh, 2012; Smith et al., 2014; Li
et al., 2015). In addition, simulations show that incorrect values of
RaT2a introduce little bias (Fig. 2B). Similarly, simulations predict that

Fig. 7. Comparison of regional PSR of injured spinal cord across subjects (N=8). (A) The regional averaged PSR across subjects derived from different modeling
approaches (see Fig. 6 for ROI definition). The bars represent standard deviations. *p < 0.05, **p < .0110-2-2-2, ***p < 10-3-3, ****p < 10-4-4, and
*****p < 10-5-5 vs. the values of relative regions on the control side. The PSR measures from the end time point (EP) in the longitudinal MRI study were included for
quantification. (B) Schematic illustration of the regional percent changes in PSR measures compared to relative regional values of normal tissues from 5Pfit. (C) The
comparison of regional PSR measures between 5Pfit and 2Pfit(4RF). In the Bland-Altman plot, solid line represents the mean difference between measures from the
two approaches, whereas the dotted lines are 95% limits of agreement.
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incorrect values of RM0a (± 10%) in abnormal tissues (Wang et al.,
2016) around the lesion site will affect estimates of PSR by< 5%. On
the other hand, a 50% error in RM0a will result in ~20% bias in the
observed PSR, or an underestimation of ~0.02 for PSR of 0.1 (Fig. 2B).

Overall, we do not expect incorrect assumptions of values for RM0a,
RaT2a and T2b are a significant source of bias in estimating PSR of
normal or abnormal tissues. Our results also showed low levels of bias
in the measured values of PSR (Fig. 3, Fig. 4, Fig. 5 and Fig. 7), when
the 2-parameter fitting was used. However, cysts formed around the
lesion site can have very different values of RM0a, RaT2a, and T2b (Wang
et al., 2016), which then do cause underestimates of PSR in those re-
gions.

4.2. Influence of SNR on the qMT modeling of injured spinal cord

Among 1-, 2- and 5-parameter qMT fitting approaches, a 1-para-
meter approach is the most sensitive to random motions and noise in
the in vivo studies. The effect of SNR is particularly strong at low SNR
levels, and 5-parameter fitting could be also affected at the early stage
after the injury (Fig. 8 and Sup. Fig. S6) when SNR could be affected by
neck swelling, bleeding, and other physiological conditions. The
greatest reductions in the variability of the PSR estimates were identi-
fied in WM (Figs. 3-4) using 2-parameter fitting, where the SNR values
are the lowest and motion artifacts may be most severe due to the
adjacent CSF. From optimization studies (Fig. 2 and Sup. Figs. S2-S3),
the MT-weighted image needs to be acquired at relatively high irra-
diation power and low frequency offset, such as RF offset 4–8 kHz at
θsat= 820° at 9.4 T. When low saturation power is applied, much lower
RF offsets must be acquired to reduce the variability (Fig. 2 and Sup.
Fig. S2-S3). The 2-parameter fitting uses a broader range of RF offsets
for more robust PSR measures (Fig. 2 and Sup. Figs. S2-S3). With the
assumption of three additional constants, the 2-parameter modeling
(#RF > 3) is more robust to noise than 5-parameter modeling using 12
RF offsets (Figs. 2–4).

Fig. 8. Longitudinal changes of PSR maps
after injury with selected modeling ap-
proaches. PSR maps generated from one
representative subject with severe injury.
Corresponding structural MTC images are
shown as references. The stage when cyst
occurred was defined as onset point (OP),
the progression stage was defined as pro-
gression point (PP), the end time point is
the last time point in the longitudinal MRI
study (EP).

Fig. 9. Individual longitudinal changes of regional averaged PSR measures after
injury using selected modeling approaches. PSR measures at different stages
were generated from the subject shown in Fig. 8. Pre-lesion results were used as
controls. Please see Fig. 6 for ROI definition.
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4.3. Alterative simplified approach for PSR mapping of injured spinal cord

The PSR measures from simplified 2-parameter fitting provided
comparable sensitivity in assessing lesion-associated damage and re-
covery (Fig. 7 and Fig. 10) as those from 5-parameter fits. In the ex-
perimental data, the precision of PSR from the 2-parameter approach
tended to be less variable than those from the 5-parameter approach
(RF= 12), across homogeneous tissues, especially when the number of
RF offsets used in 2-parameter approaches increased (Fig. 3, Fig. 4, and
Fig. 7). Thus 2-parameter fitting can improve the detectability of PSR to
injury and recovery (Fig. 7 and Fig. 10). In addition, 2-parameter
modeling provided PSR estimates for tissues closer to those from 5-
parameter modeling than 1-parameter modeling, even though the es-
timated PSR values obtained with a 2-parameter model tended to be
different than those obtained with the 5-parameter model (Fig. 7). The
potential for bias in the PSR estimates must be balanced with the re-
ductions in scan time, noise sensitivity, and data analysis time that the
2-parameter approach provides. From the above comparisons and

considerations, 2Pfit(RF4) is suggested for future simplified approaches
for assessing PSR.

4.4. The value of regional PSR in monitoring specific spinal pathology and
function

Reliable PSR measures derived from the simplified 2-parameter
fitting are of practical significance and have important implications for
preclinical and clinical studies that aim to track spinal compartment-
specific pathology and function over time, and to relate pathology to
specific behavioral impairments. For example, lateral and dorsal WM
tracts carry different types of sensory information (temperature, pain,
and discriminative touch) to the brain. Disruptions of these two tracts at
high and middle cervical level result in various behavioral deficits,
including altered temperature and pain sensation, and impaired sen-
sorimotor function of hand (e.g., skilled hand use). Damage to the GM
leads to impaired sensory (dorsal horns) and motor behaviors (ventral
horns) at the spinal level. Here we showed that a targeted unilateral

Fig. 10. Longitudinal changes of regional PSR measures across subjects. Progress after injury has been divided into three periods. Selected regions rostral and caudal
to the lesion site were compared to the respective control regions. Please see Fig. 6 for ROI definition.
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dorsal column lesion led to decreases of PSR in dorsal WM tracts rostral
and caudal to the injury, which likely reflects demyelination and axonal
damage induced by trauma. Reduction of PSR in GM (primarily the
dorsal horn) of the segments below and above the injury may indicate
the loss of neuronal cell bodies, neuropil and glial cells after injury. The
GM pathology may interestingly contribute to our previous observa-
tions of disrupted functional connectivity between bilateral GM dorsal
horns of the below injury segment(Chen et al., 2015). Moreover, our
data indicated that over time the cyst shrank, and remyelination of WM
and cell regeneration in GM occurred (Figs. 8–10). Importantly these
changes in PSR of dorsal WM and GM on the lesion side significantly
correlated with behavioral recovery (Fig. 11 and Sup. Fig. S8). Finally,
it worth noting that in addition to the dynamic and plastic changes that
occurred in the injured spinal cord itself, plasticity in the brain also
contributes to the behavioral recovery in this experimental model
(Chen et al., 2012; Qi et al., 2016). Together, top-down influences from
the brain may explain the discrepancy of the fully recovered behavior of
hand uses, but only partial recovery of the injured spinal cord structures
2–6months after SCI (Figs. 8–10) and the functional connectivity re-
ported in our previous study (Chen et al., 2015).

5. Conclusions

An optimum 2-parameter qMT fitting to a simplified model showed
comparable detectability as 5-parameter modeling, in mapping de-
myelination and remyelination of WM around lesion sites, especially in
the dorsal pathway on the lesion side, as well as pathology of GM. This
study supports the use of the optimized 2-parameter approaches for
qMT imaging of injured spinal cord as a means to reduce total imaging
time and/or permit additional MRI measures.
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Fig. 11. Relations between longitudinal changes of
regional PSR measures and behavioral recovery. (A)
Success rate and number of digit flexes show tran-
sient behavioral deficits for one representative sub-
ject during five post-injury recovery periods (OP, PP,
RP1, RP2 and EP) in addition to the pre-lesion con-
trol. More time points RP1 and RP2 during the re-
covery were shown. (B) Correlations between PSR
and behavioral measures (n=4 subjects). Only the
time points with both qMT and behavioral measures
were included in the correlation analysis. R1-R4:
Success rates for well 1–4, respectively. N1-N4:
Number of digit flexes for well 1–4, respectively.
*p < 0.05.
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