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Abstract

Background: Previous studies using diffusion tensor imaging (DTI)-based connectome analysis 

revealed improved connectivity in cerebral palsy (CP) patients who underwent autologous 

umbilical cord blood (UCB) stem-cell therapy. However, the potential mechanism for the 

connectivity increase remains unclear and needs to be further elucidated.

Purpose: To develop a technique with improved accuracy for quantitative susceptibility mapping 

(QSM) with unique sensitivity to myelin, and demonstrate its use in elucidating the underlying 

mechanism of the observed motor function improvement and brain connectivity increase in CP 

patients who received autologous UCB stem-cell therapy.

Study Type: Prospective.

Population: A cohort of eight pediatric CP patients (2.6 ± 0.6 years of age) with intact 

corticospinal tracts (CST) from a randomized, placebo-controlled trial of autologous UCB stem-

cell therapy in CP children was included in this study.

Field Strength/Sequence: DTI and 3D spoiled gradient recalled (SPGR) QSM at 3.0T.

Assessment: Pre- and posttreatment magnetic susceptibility (χ) and the rotationally-invariant 

magnetic susceptibility anisotropy (MSA) along the CST were derived. Behavioral changes were 
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assessed using the 66-item Gross Motor Function Measurement. Changes in χ and MSA were 

compared between patients with and without substantial behavioral improvements.

Statistical Tests: Two-sample t-tests were performed to assess the differences in the changes of 

measurements of interest (Δχ, ΔMSA, and ΔFA) between patients who significantly improved and 

those who did not.

Results: Patients who demonstrated posttreatment motor improvements exceeding expectations 

showed significantly more diamagnetic Δχ in the periventricular region along the CST (P = 

0.003). Further analysis on the ΔMSA of this region was significantly increased (P = 0.006) for 

high responders, along with concurrent FA increase.

Data Conclusion: These initial findings suggest that the DTI tract-based QSM method has the 

potential to characterize white matter changes associated with behavioral improvements in CP 

children who underwent cord blood stem-cell therapy.

CEREBRAL PALSY (CP) refers to a heterogeneous group of nonprogressive but permanent 

motor dysfunctions as the result of injuries to the developing fetal or neonatal brains.1 It is 

commonly classified according to the pattern of extremity involvement and further by the 

character of the abnormality in muscle tone or movement.2,3 CP is one of the major causes 

of childhood disability, with a worldwide prevalence rate of above 3 per 1000 live births.4 

Damage to brain parenchyma is commonly seen in CP patients as diffuse and/or focal 

lesions in the white matter (WM), often most severe in the periventricular regions, disrupting 

the central motor pathway that makes up the corticospinal tract (CST).5

Functionally, impairments in the motor pathway result in motor deficiency; and structurally 

these impairments manifest as reduced brain connectivity.6 Our previous work in CP using 

diffusion tensor imaging (DTI)-based connectome analysis revealed impaired connectivity in 

motor pathways.7

While current interventions for CP patients remain supportive, not curative, recent work in 

autologous cord blood stem-cell therapy has shown promise in improving motor 

performance in pediatric CP patients.8,9 A concurrent neuroimaging study by our group has 

also revealed improved connectivity in the motor network as well as throughout the brain in 

patients responding to stem-cell therapy.10 However, the underlying mechanism for the 

connectivity improvements remains unclear. DTI measures like connectivity are measured 

indirectly and could be impacted by several factors, such as myelin, axonal membrane, 

neural tubules, and crossing fibers. It is possible that either axonal or myelin repair 

contributes to the increased connectivity of the fiber pathways. Thus, it is of critical 

importance to develop advanced tissue-specific magnetic resonance imaging (MRI) methods 

to further distinguish the possible myelination from axonal changes, and to understand its 

role in improving brain connectivity.

Prior work using quantitative susceptibility mapping (QSM) has shown its unique sensitivity 

to myelin.11,12 However, in WM, since magnetic susceptibility is modeled as a tensor and 

has shown orientation dependency, it requires measurements from at least six noncolinear 

angles from the main magnetic field to achieve an accurate assessment. Previous studies 
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rotated the sample and scanned in multiple orientations,13,14 which is impractical for in vivo 

clinical scans due to the need for difficult head rotations inside the scanner.

We hereby propose a DTI tract-based QSM approach to account for the angle dependency of 

the magnetic susceptibility in the WM tracts, which only requires a QSM scan from one 

orientation. The proposed methodology was tested on our cohort of CP patients to test its 

feasibility and investigate the potential mechanism of the connectivity increase in the 

patients who responded to the stem-cell therapy.

Materials and Methods

Patients

Patients were selected from a randomized, placebo-controlled trial of 1-year autologous cord 

blood stem-cell therapy in CP-afflicted children if they met the following criteria:

1. patients were between 2 and 4 years old (patients <2 years old were excluded to 

ensure accurate behavioral measurements);

2. patients were diagnosed with spastic CP classified at a Gross Motor Function 

Classification System level of I, II, III, or IV; and

3. patients had a sufficiently normal structural MRI to complete the registration to 

the pediatric brain template.

Written informed consent was obtained from the parents of each participant. All study-

related procedures were approved by the Institutional Review Board.

Behavioral assessments, including physical examinations, Gross Motor Function 

Classification System (GMFCS) assessments, and the 66-item Gross Motor Function 

Measurement (GMFM-66), were performed pre- and posttreatment to evaluate their motor 

control, muscle tone, spasticity, overall flexibility, and reflexes.15,16 The GMFM-66 increase 

beyond expectation was calculated by subtracting the expected GMFM-66 score due to 

normal brain development from the actual GMFM-66 score to account for the age-expected 

gains. This “actual minus expected GMFM-66 score change” is referred to as “GMFM-66 

change beyond expectation” in the following context, and indicates the behavioral 

improvements beyond normal aging.

Twenty-five patients had completed the behavioral and neuroimaging assessments both pre- 

and posttreatment; however, eight patients were excluded due to age not between 2 and 4 

years old, and nine of the remaining patients did not have sufficiently normal brain structure 

to perform anatomical registration and fiber tracking. As a result, eight patients were 

included in this study. Patient demographics and behavioral measures are presented in Table 

1.

Our patient cohort had an average age of 2.6 ± 0.6 years pretreatment. For analysis, they 

were evenly separated into two subgroups based on their behavioral improvement: high 

responders (ie, GMFM-66 change beyond expectation >0) and low responders (GMFM-66 

change beyond expectation <0).The high-responding group had an average age = 2.7 ± 0.8 
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years pretreatment, with a mean GMFM-66 change beyond expectation of 9.25 ± 5.60; The 

low-responding group had an average age of 2.5 ± 0.2 years pretreatment, with a mean 

GMFM-66 change beyond expectation of −1.90 ± 1.43.

MRI Reconstruction and Data Analysis

Patients were sedated during the MRI scans to limit subject discomfort and motion artifacts. 

Each patient was scanned pre- and posttreatment, and the two timepoints were 1-year apart. 

All MRI scans were performed on a 3T GE MR750 scanner (Waukesha, WI), including 

high-resolution structural MRIs, DTI, and QSM, as detailed below.

DIFFUSION TENSOR IMAGING (DTI).—Diffusion-weighted echo-planar images (EPI) 

were acquired using 25 diffusion directions at b = 1000 s/mm2 with three nondiffusion-

weighted images (B0 images). Dynamic eddy-current corrections were employed to reduce 

the diffusion-direction-dependent spatial distortions. Echo time (TE) of 70.5 msec, repetition 

time (TR) of 12 seconds, and SENSitivity Encoding (SENSE) acceleration factor of 2 were 

used. A resolution of 2 × 2 × 2 mm3 was achieved using a 96 × 96 acquisition matrix in a 

field of view (FOV) of 192 × 192 mm2.

Diffusion images were quality-checked to confirm suitability for subsequent analysis using 

the DTIPrep package,17 and further denoised to improve the precision of diffusion parameter 

estimation and fiber tracking.18 Diffusion tensors were then extracted using the Diffusion 

Toolkit,19 and diffusion fractional anisotropy (FA) values were calculated. Fiber 

tractography was performed using tools from the Connectome Mapper Toolkit (CMTK) with 

an angle threshold of 60° and an FA threshold of 0.2. WM regions of interest (ROIs) were 

obtained by warping and registering the JHU-DTI-MNI “Eve” atlas template20 into each 

subject’s DTI image space using the Large Deformation Diffeomorphic Metric Mapping 

(LDDMM) algorithm,21 which has been applied successfully in our prior CP studies.7,10 The 

CST was determined using the parcellated precentral gyrus, the internal capsule, and the 

pons in both hemispheres as seed ROIs. The fiber angle at each voxel along the CST was 

obtained from the diffusion tensors and was later used to quantify the susceptibility 

anisotropy.

QUANTITATIVE SUSCEPTIBILITY MAPPING (QSM).—Images for QSM were 

acquired using a standard flow-compensated 3D multiecho spoiled gradient recalled (SPGR) 

pulse sequence with following parameters: TR = 48 msec, TE1 = 3 msec, echo spacing 

(ΔTE) = 2.12 msec, number of echoes = 16, flip angle = 20°, spatial resolution = 1 × 1 × 1 

mm3, FOV = 192 × 192 × 120 mm3.

The images were reconstructed from the multicoil k-space data and separated into 

magnitude and phase. The magnitude maps were skull-stripped using the brain extraction 

tool (BET) in FSL.22 The raw phase was processed using a Laplacian-based phase 

unwrapping method, and the normalized phase was calculated as 
∑i = 1

n φi
γB0∑i = 1

n TEi
, where φi is 

the phase of the i-th echo, n is the number of echoes, γ is the gyromagnetic ratio, and B0 is 

the strength of the main magnetic field. The background noise was removed using a varying-
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radius SHARP method.23,24 QSM images were calculated using STAR-QSM (streaking 

artifact reduced quantitative susceptibility mapping).25,26 QSM images at baseline were 

registered to the QSM images 1-year posttreatment using the LDDMM algorithm. The pre- 

and posttreatment QSM images were coregistered, and the 1-year change in magnetic 

susceptibility was then determined by subtracting the two images: Δχ = χ(posttreatment) – 

χ(pretreatment). A negative Δχ indicates the voxel is more diamagnetic posttreatment.

DETERMINATION OF THE ROTATIONALLY-INVARIANT MAGNETIC 
SUSCEPTIBILITY ANISOTROPY (MSA).—It has been reported that the magnetic 

susceptibility of WM is sensitive to the presence of the ordered lipids that constitute the 

myelin sheath in WM tracts, and follows a sine-square dependence on the tract orientations 

due to the cylindrical pattern of the phospholipid around the axons,27,28 as defined by the 

following equation:

χα = MSA ⋅ sin2α + χ0 (1)

Here, χα is the macroscopic susceptibility from QSM, α is the angle between the WM fiber 

and the main B0 field, and χ0 is the baseline susceptibility when the fiber is parallel to B0, 

which accounts for the susceptibility due to the choice of susceptibility reference and the 

isotropic susceptibility elements in WM. The MSA is theoretically defined as 
flipid

2 χ90 − χ0 , where χ90 is the macroscopic susceptibility when the fiber is perpendicular 

to B0 and flipid is the fraction of myelin lipid. The derived MSA is rotationally invariant, 

thereby providing a more quantitative susceptibility-based metric for WM.

MSA was obtained through a fitting routine using all the voxels in a particular fiber tract (eg, 

CST) as determined by DTI tractography. The angle between the primary diffusion direction 

at each voxel along the CST and B0 was obtained, and then MSA was quantified by fitting 

all the voxels along the CST using Eq. (1 via least-squares regression. The pre- and 

posttreatment change of MSA was determined by ΔMSA = MSA(posttreatment) – 

MSA(pretreatment). A negative ΔMSA indicates that the tract is more diamagnetic after 

treatment.

Statistical Analysis

For comparisons between the susceptibility change of an individual subject determined by 

the macroscopic susceptibility values (χ) and the angle-corrected MSA, the pre- and 

posttreatment change of χ along the same region of CST where MSA is calculated were 

assessed using a voxel-by-voxel t-test.

For comparisons between the high- and low-responding groups, two-sample t-tests were 

conducted to assess the differences in the changes of measurements of interest (ΔMSA and 

ΔFA) between the two groups.

For all tests, P < 0.05 was considered statistically significant, and P < 0.01 was considered 

highly significant.
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Results

Magnetic Susceptibility Changes

Figure 1 shows an overview of the result: the CST was overlaid onto the standardized JHU-

MNI-ss T1 template, with the spatial distribution of the P-values of Δχ differences between 

the high-responding and low-responding groups displayed to the right, as indicated by the 

color bar, and the levels of important anatomical landmarks marked on the template with 

their corresponding z-axis coordinates shown on the right. As demonstrated by the spatial 

distribution of P-values along the CST, the high-responding patients exhibit significantly 

more substantial susceptibility changes compared to the low responders, and the differences 

were mostly localized in the periventricular regions between the internal capsule and the 

centrum semiovale.

Figure 2 shows the detailed group-averaged line profile of Δχ along the CST for both 

groups, with statistical significance of the difference overlaid onto the axis, as indicated by 

the color bar. Patients with more substantial motor function improvements exhibit more 

diamagnetic magnetic susceptibility changes at the periventricular regions of the CST (P = 

0.003).

MSA Changes After Removing Angle Dependence

Figure 3a shows the pre- and posttreatment magnetic susceptibility differences of the CST of 

a representative high-responding subject, (Fig. 3b) the angle dependence of the susceptibility 

values, and (Fig. 3c) the pre- and posttreatment T2-weighted images of the subject, with the 

difference image shown on the right illustrating the minimal signal changes in the CST. For 

Fig. 3b, the susceptibility values were fitted into 1° angle bins incrementing from 0° to 90°, 

where blue points correspond to the susceptibilities of patients pretreatment, and purple 

points correspond to those posttreatment. Angle bins with too few data points (fewer than 

10) were ignored. Here, α is the angle between the WM fiber and the B0 field. Fiber 

pathways with angles between 45° and 65° exhibit the most apparent differences between 

the two groups, and these angles mostly correspond to the periventricular regions of the 

CST. The posttreatment MSA was determined to be −0.021 ± 0.002 (mean ± standard error, 

estimated with 95% confidence interval), which is distinctly more diamagnetic than the 

pretreatment MSA of −0.014 ± 0.001. Furthermore, the voxel-by-voxel paired t-test between 

the pre- and posttreatment macroscopic susceptibility values (χ) along the same region of 

CST was conducted for comparison, and the difference was not significant (P = 0.174).

Moreover, the group mean ΔMSA (± standard error) as well as the ΔMSA values of all 

subjects (black dots) were determined and plotted in Fig. 4 (the representative high-

responding subject in Fig. 3 is also identified here). The average ΔMSA for the high 

responders and low responders were determined to be −0.011 ± 0.006 and 0.005 ppm, 

respectively. A two-sample t-test of the 0.005 group differences in ΔMSA between low- and 

high-responders was performed, demonstrating a significant increase in diamagnetism in 

MSA (P = 0.006).
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Diffusion FA Changes

In comparison to the susceptibility changes along the CST, t-tests were also performed 

among the posttreatment FA changes between the two groups in a similar scheme. Figure 5 

shows the group-averaged line profile of ΔFA along the CST for both groups, with P-values 

of the differences overlaid onto the axis, as indicated by the color bar. While high responders 

did show more substantial FA increase posttreatment compared to low responders, the 

differences were more diffusely distributed along the CST (compared to the Δχ differences 

shown in Fig. 2), primarily from just beneath the corona radiata down to the internal capsule.

Discussion

Here we report an initial study demonstrating the use of DTI tractography-guided QSM to 

achieve rotationally-invariant measures of magnetic susceptibility without the need for 

physical head rotations, and to investigate and quantify changes in WM magnetic 

susceptibility and MSA in pediatric CP patients after autologous UCB stem-cell therapy.

It was found that the 1-year posttreatment motor function improvements were significantly 

associated with increased diamagnetism, and thus likely increased myelination12,29,30 in the 

periventricular regions of the CST. This significantly increased diamagnetism in high 

responders is consistent with our prior reports suggesting that increased myelination 

potentially contributed to the increase of motor connectivity and thus motor function.7,10 

The line profile and the spatial distribution of the susceptibility differences between high- 

and low-responders, which were mostly localized in the periventricular region, indicates that 

regional myelination repair may be a potential neuronal mechanism for the increased brain 

connectivity concurrent with behavioral improvements. These findings are consistent with 

the fact that the CST is the primary conduit for the descending motor fibers, supporting an 

associative relationship between the observed increases in diamagnetism and enhanced 

functional motor outcomes beyond expectation following UCB cell infusion. It is worth 

noting that T2-weighted images before and after treatment did not exhibit significant 

changes in the CST, suggesting that DTI-guided QSM is a potentially more sensitive and 

quantitative technique to detect tissue-specific changes related to cell therapy,

Further investigation using the orientation-invariant measure in MSA provided improved 

quantitative accuracy and convergent evidence that the neuronal repair in the periventricular 

region may have contributed to the motor function improvement. MSA is typically negative 

for CST due to the diamagnetism of myelin; thus, a more negative MSA over time would 

likely indicate increased myelination28,31 after treatment. It is worth noting that the MSA 

estimated at a 95% confidence level did show a distinct difference; however, the direct 

voxel-by-voxel t-test between pre- and posttreatment macroscopic susceptibility values of 

this subject were not statistically different, suggesting that MSA is potentially an improved 

quantitative index for detecting susceptibility changes in WM tracts for individual subjects.

Compared to the significant diamagnetic focal change in magnetic susceptibility in the 

periventricular region of the CST, the spatial extent of the FA increase is more widespread, 

potentially reflecting the improved connectivity and water diffusivity throughout the CST as 

the result of focal myelin repair. However, it should be noted that FA measures can be 
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influenced by a number of factors, such as partial volume effect, crossing fiber structures, 

and exact voxel placement, and as such they are not as tissue-specific as QSM measures.

Limitations

The number of patients included in this study was limited, primarily due to the availability 

of the high-resolution DTI and QSM protocol at the time of infusion, as well as the 

delineation of CSTs since CP patients often suffer from lesions that impair the fiber tracking 

and the accuracy of image registration.

It should be noted that the angles used in estimating MSA were derived from the DTI fiber 

tracking and may therefore be prone to error under ambiguous situations (eg, in the case of 

crossing fibers). However, fiber tracking within the CST has been shown to have high 

reliability.32 The error in fiber angle estimation in a single voxel is likely small, given the 

relatively homogeneous geometry of CST fibers in the periventricular region converging to 

the corona radiata and continuing downward to the internal capsule.

Another limitation in our study was that QSM techniques in general are sensitive to 

magnetic susceptibility changes due to other factors. For example, a reduction of 

neuroinflammation could potentially increase the diamagnetism in the CST as well.33–35 

Further investigation combining other measures related to neuroinflammation will be needed 

to differentiate the origin of diamagnetic susceptibility changes.

Conclusion

In summary, our initial results provided additional insights and experimental evidence on the 

value of the tract-based QSM and its role in investigating potential myelination changes 

concurrent with increased brain connectivity. Thus, we believe that this new technique may 

be a useful tool to obtain quantitative and tissue-specific measures of myelination changes in 

the human brain. However, given the limitations in this initial study, further systematic 

investigation of the method is necessary.
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FIGURE 1: 
Segments exhibiting significant changes of magnetic susceptibility (Δχ) between high vs. 

low responders, indicated by projections along a CST on the JHU-MNI-ss T1 template with 

P-values on the right. Red color in the projection corresponds to highly significant regions 

with P < 0.01 between the groups, yellow corresponds to regions with 0.01 ≤ P < 0.05, and 

gray indicates insignificant segments. Important anatomical landmarks (CP = cerebral 

peduncle, IC = internal capsule, CR = corona radiata, CS = centrum semiovale) are shown 

on the left, with the corresponding normalized z-axis coordinates shown on the right.
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FIGURE 2: 
Spatial profile of the Δχ after the treatment along the CST for low responders (green) and 

high responders (blue), shown in mean ± standard error. The statistical significance of the 

difference between the two groups is indicated by the color bar (the same scheme as in Fig. 

1). Subjects with more substantial motor function improvements exhibit more diamagnetic 

susceptibility change after treatment, and this significant difference was mostly located at 

the periventricular regions of the CST (from the internal capsule to the centrum semiovale).
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FIGURE 3: 
(a) The magnetic susceptibility change after treatment (Δχ) overlaid onto the CST of a 

representative high-responding subject; (b) the angle dependence of pre- and posttreatment 

magnetic susceptibility values along the CST; and (c) the pre- and posttreatment T2-

weighted images of the subject, with the difference image shown on the right illustrating 

minimal changes in the CST. In (b), blue points correspond to the pretreatment magnetic 

susceptibilities of the subject, and purple points are those posttreatment. All data points are 

fitted into 1° angle increments, shown in mean ± standard error. The angles between the 

principle eigenvector of the diffusion tensor and the B0 field are shown in the horizontal 

axis; for example, 0° means that the fiber pathway is parallel to the main magnetic field. The 

fitted MSA values for pre- and posttreatment are −0.014 ± 0.001 and −0.021 ± 0.002 (mean 

± standard error, estimated at 95% confidence interval), respectively. The ΔMSA for this 

high responding subject is −0.007 (more diamagnetic) after treatment.
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FIGURE 4: 
Group comparison of the ΔMSA after treatment between high and low responders. ΔMSA 

for each individual subject (black points), along with the group mean ΔMSA (red line) and 

the standard error (pink rectangle) are plotted. The MSA has turned significantly more 

diamagnetic (P = 0.006) for high-responding subjects compared to those exhibiting lower 

motor function improvements.
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FIGURE 5: 
Spatial profile of the FA changes along the CST for low responders (pink) and high 

responders (purple), shown in mean ± standard error. The statistical significance of the 

difference between the two groups was indicated by the color bar (the same scheme as in 

Fig. 2). Subjects with more substantial motor function improvements showed increased FA 

after treatment, and the differences were diffusely distributed along the CST, primarily 

between the internal capsule and the corona radiata.
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