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Abstract

Purpose—To determine whether motor outcomes of an exercise intervention beginning at 2 

months corrected age (CA) in children with periventricular brain injury (PBI) are correlated with 

fractional anisotropy (FA) measures derived from diffusion tensor imaging (DTI) at 12 months 

CA.

Materials and Methods—DTI was performed in eight infants with PBI who were randomly 

assigned to kicking and treadmill stepping exercise or a no-training condition. Development was 

assessed using the Alberta Infant Motor Scale (AIMS) and the Gross Motor Function 

Classification System (GMFCS). FA values were derived from regions of interest (ROI) in the 

middle third of the posterior limb of the internal capsule (PLIC) and the posterior thalamic 

radiation (PTR).
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Results—Significant correlations were observed between motor development and FA measures. 

For PLIC, the correlation coefficients were 0.82 between FA and AIMS, and -0.92 between FA 

and GMFCS, while for PTR the corresponding correlation coefficients were 0.73 and -0.80, 

respectively.

Conclusion—Results of this study suggest that quantitative evaluation of white matter tracts 

using DTI at 12 months CA may be useful for assessment of brain plasticity in children.
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Introduction

Infants born preterm and with a very low birthweight demonstrate, on average, significant 

motor impairment persisting throughout childhood (1). The presence of additional perinatal 

complications, such as periventricular brain injury (PBI) or chronic lung disease, increases 

the risk for disability. Periventricular brain injury includes conditions such as 

intraventricular hemorrhage (IVH), periventricular hemorrhagic infarction, periventricular 

leukomalacia (PVL), and diffuse or focal noncystic injury(1-4) in which both sensory and 

motor white matter structures may be affected (5). The rate of cerebral palsy (CP) ranges 

from 50-85% in children with severe white matter injury (WMI) compared with rates of 

5-10% in all premature infants (4).

In addition to an increased risk of CP, children with PBI resulting in WMI have a high 

incidence of atypical motor development (6-10). Walking is delayed in children born 

preterm, occurring on average at 14 months corrected age (CA; defined here as the 

chronologic age minus the number of weeks born preterm)(11), and reduction of movement 

complexity and variability is a characteristic result of perinatal WMI (12). Barbosa and 

colleagues (13-15) reported both delayed motor development and regressions in leg 

movements in infants who were later diagnosed with CP. Antigravity leg movements in 

supine position and spontaneous kicking movements regressed over time (15). Based on 

these movement impairments in preterm infants with WMI and CP, an innovative exercise 

program was designed with a focus on leg movements and development of locomotor 

activity which was anticipated to improve motor developmental outcomes, lower the age at 

walking, and facilitate development of white matter pathways to enhance recovery of infants 

from PBI (16).

Despite the high risk for poor motor outcome of children with PBI, few studies have asked 

the question of whether intervention can alter outcomes. In fact, studies of early intervention 

for infants at high risk for motor dysfunction tend to show no or very limited treatment 

effects (17-19). Questions that need to be addressed include whether it is possible to reduce 

delay in motor development or the severity of CP in those who fail to recover from brain 

injury without significant impairment, and whether intervention effects include adaptations 

in brain development that can be captured with neuro-imaging.
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Several studies have utilized diffusion tensor imaging (DTI) to measure the development of 

white matter in children with CP (20-25). Results have uniformly demonstrated delayed or 

deficient maturation of white matter pathways as assessed with fractional anisotropy (FA) 

from the posterior limb of the internal capsule (PLIC) through which the corticospinal tracts 

from the motor cortex descend to eventually control the activation of skeletal muscles. 

These tracts are concentrated in the middle third of the PLIC with descending fibers to the 

legs and trunk found more anteriorly in the PLIC and fibers from upper parts of the body 

found more posteriorly (25). Murakami and colleagues (22) reported that PLIC FA measures 

< 0.5 were correlated with a diagnosis of CP in infants with PVL, but other reports do not 

concur with this value as a threshold for predicting permanent neurologic involvement (26). 

Decreased FA in the posterior thalamic radiation (PTR) also suggests impaired sensory 

pathway development in children with CP (26). Numerous studies have suggested that 

knowledge of white matter integrity and connectivity might be useful in determining the 

need for intervention in children who sustained early brain injury (21-23).

Given the widespread belief in plasticity of the infant brain, we are interested in whether 

measures of white matter structural integrity, such as FA in the PLIC and PTR, can be used 

as imaging markers to demonstrate improved recovery from perinatal brain injury as a result 

of exercise interventions. The purpose of this communication is to present results of a DTI 

study to assess white matter development at 12 months CA in a subgroup of 8 infants from a 

study of an innovative exercise intervention beginning at 2 months CA.

Materials and Methods

Subjects

The protocol for this study was approved by the Institutional Review Boards at each 

participating institution and parental assent was obtained for enrollment of subjects in the 

study. Subjects with PBI were recruited from three NICUs. Inclusion criteria included the 

diagnosis of Grade III or IV IVH or PVL as visualized on ultrasound scan during the 

perinatal period. Subjects were randomly assigned to experimental groups (exercise or 

control). The parental assent document at one recruitment site included permission to 

perform brain MRI at 12 months CA.

Intervention

Details of the intervention can be found in reference (16). In brief, children assigned to the 

exercise group received monthly visits from an exercise physical therapist who provided 

them with a series of 4 toys to facilitate kicking. At 4 months CA stepping practice with the 

parent suspending the child over a portable treadmill1 was added. Children in both groups 

were allowed to also participate in any intervention prescribed by their personal caregivers, 

but only half of the subjects had physical therapy outside of the study protocol. Only 4 

children (1 in the exercise group, 3 in the control group) had early (i.e., before 4 months CA) 

additional physical therapy.

1Carlin's Creations, 27366 Oak Drive, Sturgis, MI 49091, USA.
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Assessment

Infants in both groups were visited 5 times during the course of the study for testing of 

motor development by one of three testing physical therapists blinded to experimental group 

assignment. Motor development was tested at 2 (study entry), 4, 6, 10, and 12 months CA 

with the Alberta Infant Motor Scale (AIMS) (27).

At 12 months CA all children were assessed by a pediatric rehabilitation medicine physician 

blinded to group assignment and to AIMS performance until after the examination was 

completed. After administering a standard protocol to assess reflexes, postural tone, and 

movement quality, the physician judged whether the child did or did not have CP, and was 

then given information on the child's AIMS performance. At the same time (12 months CA), 

the physician also assigned a functional level to those with CP based on the Gross Motor 

Function Classification System (GMFCS) categories typically used for children before the 

2nd birthday (28) [www.canchild.ca]. Levels on the GMFCS are based on mobility skills of 

the child and vary from level I (infants can pull to stand and take steps holding on to 

furniture and are expected walk independently between 18 months and 2 years of age) to 

Level V (unable to maintain antigravity head and trunk postures in prone and sitting and 

require adult assistance to roll over).

Magnetic Resonance Imaging (MRI)

At 12 months CA, infants underwent brain MRI on a General Electric 3T Signa HDx 

scanner (General Electric Health Care, Waukesha, WI) using an 8-channel adult knee coil as 

a head coil for the infants. All infants were scanned under sedation to reduce motion 

artifacts. In order to ensure the safety of the infants a pediatric anesthesiologist evaluated 

them prior to the sedation, administered the sedative and monitored the child during the 

exam and recovery period.

Our sedative of choice was chloral hydrate administered orally because of its proven safety 

record, ease of administration and minimal interference with MRI signal characteristics. The 

infants were NPO (nil per os/nothing per mouth) on the day of the exam and initially 

received 50 mg/kg of chloral hydrate administered orally. If after 30 minutes an adequate 

level of sedation was not achieved an additional dose of 25 mg/kg of chloral hydrate was 

administered. All infants achieved adequate levels of sedation. The child was brought to the 

MRI suite and American Society of Anesthesiologists-approved standard monitors were 

applied (EKG, non-invasive blood pressure, pulse oximeter). Additionally we inserted ear 

plugs to protect the child from the acoustic noise of the MRI scan. The pediatric 

anesthesiologist remained in the MRI suite throughout the procedure and monitored the vital 

signs continuously. Total sedation time was approximately 1.5 hours. After the conclusion 

of the exam we watched the child until full recovery was assured prior to discharge home. A 

follow up phone call was made in the afternoon to inquire about the well being of the child. 

All children were successfully sedated for the exam and there were no adverse events.

The MR imaging protocol consisted of a 3-plane localizer, a calibration scan for parallel 

imaging, high-resolution 3D T1-weighted imaging using a 3D Inversion-recovery-prepared 

(IR-Prep) FSPGR (fast spoiled gradient echo) pulse sequence with parallel imaging, and a 
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DTI acquisition using a single-shot echo planar imaging (EPI) sequence. For the DTI scan, 

the following data acquisition parameters were used: TR = 5325 ms, TE = 75.5 ms, b values 

= 0, 750 s/mm2, diffusion gradient directions = 27, FOV = 18 cm x 18cm, k-space matrix = 

136 x 136; image matrix = 256x256, NEX = 2, slice thickness = 5 mm, slice gap = 0 mm, 

slice number = 20-22 (depending on the size of the child's head with full brain coverage), 

and scan time = 5 min and 9 sec. To reduce the magnetic susceptibility-induced image 

distortion while maintaining a relatively high spatial resolution, parallel imaging (ASSET) 

was used with an acceleration factor of 2.

The set of raw DTI images was processed to produce FA maps using customized software 

implemented on a FuncTool workstation (software version 4.2; General Electric Health 

Care, Waukesha, Wisconsin). A full brain FA map color-coded by the eigenvector directions 

(red: right-left; green: anterior-posterior; blue: superior-inferior direction) was obtained from 

the DTI dataset, followed by an ROI analysis on the middle third of the posterior limb of the 

internal capsule (PLIC) and the posterior thalamic radiation (PTR) bilaterally. The PLIC 

ROI was selected from the level of the anterior commissure to the base of the corona radiata 

for each subject with reference to color FA images and the MRI Atlas of Human White 

Matter (29). Our second ROI in the PTR was delineated from the retrolenticular part of the 

internal capsule to the thalamus, with reference to the fiber bundles lateral to the corpus 

callosum (26). The typical size of the ROI's was about ~50 pixels on each tract. Quantitative 

FA values were recorded from the selected ROIs for each subject in the study. 

Representative examples from two subjects showing location of ROIs are shown on the 

middle image (gray-scale FA image) in Figure 1.

Statistical Analysis

The raw scores from AIMS testing were transformed into Z scores based on means and SDs 

for performance of the AIMS normative sample of Canadian infants within the same age 

group (28). FA scores for the two sides of the brain were averaged for both the PLIC and 

PTR measures for correlation with both AIMS Z scores (interval level data) and GMFCS 

classification levels (ordinal level data). A GMFCS score of 0 was assigned to children 

without CP. An asymmetry index was calculated to reflect the comparison between FA 

results on the two sides of the brain in each child using a method derived from that of 

Stinear and colleagues (30) for measuring asymmetry in patients following stroke using the 

following formula: FA asymmetry = (FAless affected-FAmore affected)/ 

(FAless affected+FAmore affected). This yields a value between 0 and +1 in which a value near 0 

indicates symmetry of white matter development and higher values demonstrate increasing 

levels of asymmetric structure.

Results

Subjects

Ten subjects with perinatal WMI were recruited from one of the NICUs and randomly 

assigned to the experimental groups (6 exercise, 4 control). No attrition occurred after any 

child began the exercise or testing program, but 2 of the 10 subjects did not complete brain 

MRI scans, one because she was deemed too medically fragile to be submitted to sedation 
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for scanning after a recent hospitalization for failure to thrive, and the other because, despite 

several attempts to schedule the scan, the mother was unable to arrange transportation to the 

MRI center. As a result the brains of 5 exercise group and 3 control group subjects were 

imaged.

The 8 infants were diverse in terms of gender and ethnicity. There were 5 males and 3 

females, all born prematurely. The range of gestational age at birth was from 23-32 weeks 

with a mean of 25.6 weeks (SD=2.88 weeks) for the exercise group and 29.67 weeks 

(SD=3.21) for control infants. Four of the 8 subjects had bronchopulmonary dysplasia 

(BPD) or chronic lung disease, a common problem in children born very prematurely that 

also increases the risk for disability. Five subjects were African-American, 2 white, and 1 

Hispanic. Table I presents information comparing the equivalence of the experimental 

groups on conditions that might affect the outcomes of the study. There were no statistically 

significant differences between groups in gestational age at birth, type of brain injury, 

frequency of BPD, or motor development at study entry.

Disability Outcomes at 12 Months CA

A wide range of development and disability was demonstrated in the subjects (Table II); as 

anticipated our recruitment process resulted in 3 of the 8 subjects showing impaired motor 

performance at 12 months CA.

The exercise group (n=5) had 3 children with typical development (AIMS scores at or above 

the 50th percentile and no abnormal neurologic findings) and 2 with CP, one at GMFCS 

level II (no other physical therapy until 11 months of age) and one at level V who began 

physical therapy at 2 months CA. The control group (n=3) had 2 children with typical 

development, one of whom began physical therapy at 3 months CA, and one with CP, 

GMFCS level II who had no physical therapy until after the study ended. All 3 children from 

the exercise group who scored at or above average on the AIMS were walking alone or with 

one hand held at 12 months CA while both children in the control group with typical 

development were only able to walk using furniture for support or with both hands held. 

Because there were no group differences in performance between exercise and control 

groups (reference), the groups are combined in the results reported here.

Rater Reliability

ROI-based FA of the middle one third of the PLIC and of the PTR was independently 

assessed by two of the investigators using unique identification numbers for the scans that 

did not reveal any information about subject characteristics. The rater reliability for 

measures of PLIC FA was an ICC of 0.83 and for the PTR was an ICC of 0.90, indicating 

good to excellent agreement between independent raters.

DTI findings at 12 Months CA

The corrected age at the time of scan ranged from 11 months and 15 days to 12 months and 

10 days. MR imaging at 3.0 T was successfully done in 8 infants whose parents gave their 

assent for their child's participation and all images were of sufficiently high quality (free of 

eddy-current-induced distortion, minimal gross distortion, ghosting level of <1.7%, etc.) to 
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allow extraction of FA measures. Two sets of representative images are shown in Figure 1, 

where the first column contains T1-weighted images selected from the 3D FSPGR dataset to 

match the gray-scale FA (second column) and the color-coded FA images (third column) 

produced from the DTI dataset. FA of the middle third of the PLIC ranged from a low of .

370 (SD 0.06) on the right side of the brain in a child with CP, GMFCS level V, and an 

AIMS Z score of -5.39, to a high of .680 (SD 0.09) on the left side of the brain in a child 

with left hemiplegia, GMFCS level II, and an AIMS Z score of -3.42 (Table II). For children 

who were typically developing at 12 months CA, FA values for the middle third of the PLIC 

ranged from .568 (SD 0.088) to .679 (SD 0.0678). These children with normal development 

also had highly symmetrical development of PLIC white matter, ranging from .008 to .058. 

By contrast the children with CP had asymmetry indices of .151, .153, and .178.

FA of the PTR ranged from a low of .227 (SD 0.06) on the right side of the brain in a child 

with hemiplegic CP, GMFCS level II, and an AIMS Z score of -3.42 to a high of .569 (SD 

0.05) on the left side of the brain in a child with typical development (AIMS Z score of 0.10, 

Table II). For children who were typically developing at 12 months CA, FA values for the 

PTR ranged from .379 (SD 0.08) to .569 (SD 0.05). These children with normal 

development also had highly symmetrical development of the PTR, ranging from .008 to .

096. The children with CP had asymmetry indices of .010, .078, and .271. The greatest 

degree of asymmetry was found in the child with a left hemiplegia whose right PTR FA 

was .227 and left PTR FA was .396, corresponding to an asymmetry index of 0.271. The 

child with CP, GMFCS level V (severe impairment) showed small asymmetry (.010), but 

both of the FA values were exceptionally low (.256 and .261).

Relationship between FA Values and Motor Performance at 12 Months CA

The correlation between the average of the PLIC FAs on the two sides of the brain and 

AIMS z score at 12 months CA was 0.82 (p=.0127) and between FA and GMFCS level was 

-0.94 (p=.0005), indicating that better motor development and no CP or less severe CP was 

related to more mature white matter structure. For the PTR the correlations were lower but 

still statistically significant: 0.73 (p=0.0398) and -0.80 (p=0.0171), respectively. The 

scatterplots demonstrating these relationships are shown in Figures 2 and 3.

Discussion

The present study was undertaken to understand the relationship between white matter tract 

integrity and sensorimotor activation deficits in these infants who participated in a kicking 

and stepping training program.

The study showed that reduced white matter integrity (i.e., greater white matter damage), as 

reflected by the decreased FA values, in the middle third of the PLIC where most 

descending white matter motor pathways converge was highly indicative of poor motor 

function and the diagnosis of CP at 12 months CA (left graphs in Figures 2 and 3). Reduced 

structural integrity in the PTR which hosts white matter fibers relating to sensory perception 

was more modestly related to motor dysfunction. To our knowledge only two research 

groups have utilized DTI as an outcome measure in intervention studies and both imaged the 

infant's brain after only a few weeks of intervention involving protection from excessive 
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handling and stimulation in the neonatal intensive care unit (NICU). Als and colleagues 

employed neuroimaging as an outcome measure in an intervention study with prematurely 

born infants (31). At 2 weeks CA infants who were managed under the guidelines of the 

Newborn Individualized Developmental Care Program had higher relative anisotropy (RA) 

in the left internal capsule than a control group. Behavioral function at 9 months CA also 

favored the experimental group. Milgrom and colleagues studied the effects of training 

parents to reduce stress on their infants born at less than 30 weeks gestational age while in 

the NICU; DTI measures taken at term-equivalent age demonstrated significantly higher FA 

values in a variety of brain regions for infants in the intervention group (32). To our 

knowledge, no studies have yet followed subjects of exercise intervention to later ages using 

DTI as an imaging marker of outcome.

Because of the abundant descriptions of impaired leg movements in the population of infants 

with perinatal WMI and the paucity of research on the possible benefits of early physical 

therapy to improve outcomes, our study was designed as a randomized, multi-institutional 

pilot investigation of the effects of an home exercise intervention on motor function and 

brain development of infants with PBI. The study was conducted on a group of 16 infants 

recruited from three perinatal centers in a large metropolitan area and randomly assigned to 

a control group or to an innovative exercise intervention lasting 10 months and focused on 

development of leg movements. Results indicated that exercise group infants outperformed 

control group infants in motor development on the Alberta Infant Motor Scale (AIMS) after 

2 and 4 months of exercise, but the reverse was true at 10 and 12 months CA; the differences 

between groups were not statistically significant at any age (16). At 12 months CA, 

however, more children in the exercise group walked alone or with one hand held (43%) 

than in the control group (11%). Results suggested a possible intervention effect on age at 

walking of self-produced kicking exercise and supported treadmill stepping designed to 

facilitate the development of locomotion, but it was concluded that improved compliance 

with the exercise protocol was needed to maximize the effects on overall motor 

development. The results reported here were from a subgroup of 8 children from the larger 

study who had imaging results.

Yoshida and colleagues (2010) reported correlations between GMFCS and corticospinal 

tract FAs of -0.616 in children with CP at an average age of 2 years and also reported that 

correlations with PTR FAs were lower at -0.366 (26), but the present study is the first, to our 

knowledge, to describe a quantitative relationship at 12 months CA between the extent of 

structural damage to the PLIC and PTR and motor and neurologic function in preterm-born 

children with PBI.

The range of PLIC FAs in children in our study who attained normal levels of motor 

development at 12 months CA was from .568 to .679; the values for the PTR ranged from .

379 to .569. These values compare favorably with average FAs from 21 normal children of 

0.63-0.65 in the PLIC and 0.49-0.52 in the PTR at a mean of 2 years of age documented by 

Yoshida and colleagues (2010) (26).

Recent studies using DTI in children with WMI have reported correlations between 

corticospinal tract injury and thalamocortical projections (including posterior thalamic 
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radiation) in the pathophysiology of motor impairments (23,26,33,34). Because of safety 

considerations due to the need for sedation, most of these reports are either of newborns 

imaged without sedation or are of children older than 2 years across a wide age range and 

with considerable variability in the findings. It is critical that children requiring intervention 

are identified as early as possible to maximize developmental outcome and it is likely that 

MRI will increasingly be used in the perinatal period to clarify the nature and extent of 

perinatal brain injury. We performed DTI on a relatively homogenous sample of children 

born preterm with periventricular brain injury at 12 months CA. Our results support 

previous findings suggesting that ROI-based FA analysis comprising the PLIC and PTR is 

strongly correlated with motor outcomes in children with WMI. Similar to Yoshida et al. 

(2010), this is one of the few studies that has examined both the motor and sensory 

component of the white matter tracts in the same group (26).

Similar to previous reports, children who were diagnosed with CP had low PLIC FA values 

as compared to infants with normal development (26,33). In agreement with the results of 

Yoshida and colleagues (2010) (26), we did not find that an FA threshold of .50 

discriminates between those with and without CP. Each of our children with CP had FA 

values of .50 or greater on one or both sides of the brain. It was observed, however, that all 

children with normal development at 12 months CA had PLIC FA measures of .599 or 

greater. A more prominent feature distinguishing between infants with and without CP was 

the asymmetry index. The highest asymmetry index for the PLIC in a child with normal 

development was .058 while the lowest degree of asymmetry for children with CP was .151. 

Studies of children with hemiplegic involvement have demonstrated that clinical severity of 

hemiparesis is correlated with asymmetry in PLIC FA (20), and that FA is increased on the 

unaffected side of the brain. This finding is hypothesized to be the result of retention of 

ipsilateral corticospinal pathways that in normal development should regress (24) such that 

motor control of one side of the body is exerted from the opposite side of the motor cortex. 

One infant in our study was diagnosed with left hemiplegic CP at the 12-month outcome 

assessment and our FA findings agree with published results (20): FA of the PLIC on the 

left side of the brain was the largest recorded in our study at .680 while the FA of the PLIC 

on the right side of the brain was .500 (Figure 4). The latter value was the highest recorded 

for any of the children with CP in keeping with this child's GMFCS level II and ability to 

stand with support at 12 months CA, but it was lower than any child with normal 

development at 12 months CA. Similarly, FA of the left PTR was .396 while the value for 

the right side of the brain was .227. The related asymmetry indices were high at .153 and .

271, respectively.

Compression of fiber tracts by surrounding infarctions was observed in all the children who 

participated in this study. Although the degree of compression may not be identical across 

children, we believe that this effect of compression on FA scores was at least partially 

balanced out and the FA values most likely reflected the effect of motor development.

Myelination of the central nervous system increases the ability of the axons to conduct 

repetitive impulses (35). The corticospinal tract is visible upon DTI already at 13 weeks 

gestational age (36); the PLIC demonstrates mature myelin in 50% of infants at 44 weeks 

postconceptional age and rapidly attains mature myelination in 75% by a year of age (35). 
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Adult-level values of isotropic diffusion coefficients derived from DTI in the corticospinal 

tracts are reached by 36-48 months (37). Because myelination may be activity dependent 

(38) and the period with the most rapid rate of myelination is considered the most vulnerable 

period (35), an exercise program beginning early in infancy and continuing through the first 

year could be expected to have a major impact on motor development in infants with PBI. 

The visual and auditory systems myelinate earlier than motor pathways, but other sensory 

systems vary in onset and rate of myelination. (35) Reports of PTR involvement in children 

with CP (26,33) suggest that early intervention may be critical for maturation of these 

pathways in response to injury, too.

There are several limitations to our study. We acknowledge that our sample population, 

although relatively homogenous at birth, is small and the applicability of these findings to a 

larger more variable population is unknown. Because MRI scans were not routinely done in 

any of the NICUs participating in our study, we were unable to obtain early scans of the 

brain to provide a better documentation of the extent of PBI and also could not assess 

possible changes in the FA measures as a result of training. Because the number of children 

in each group (exercise vs. intervention) was small and unequal, we were unable to perform 

analysis of statistical differences between the groups. The random assignment of subjects 

also resulted in different distributions of IVH and PVL, as well as BPD, between exercise 

and control groups, but the sample sizes do not allow for analysis of the possible effects of 

different types of lesions. Especially given that the higher frequencies of IVH and BPD and 

lower frequency of PVL were seen in the exercise group than control group, there may be a 

possibility of intrinsically lower FA in the presence of PVL than IVH and BPD. If this 

speculation were true, then it would suggest that the differences in FA between groups might 

be independent from training. The current data will serve as preliminary data for a future 

study with a larger cohort of preterm children with PBI. We also did not attempt to correlate 

clinical measures of sensory function with FA of the PTR because objective assessment of 

sensory function in infants is difficult. Another potential limitation of this study is that in 

some brain images, the same location of the ROI could not be chosen for both hemispheres 

because of the distortion caused by the infarction. In these cases, adjustment was made to 

ensure that the chosen ROI was in the specific tract, guided by a neuro-anatomy expert. 

Additionally, the resolution of the DTI data set was too low to provide an accurate 

volumetric measurement. With a larger sample size and an optimized sequence, the 

infarction volume should be investigated in future studies.

In conclusion, results of this pilot study suggest that quantitative evaluation of white matter 

tracts using DTI at 12 months CA may be useful for assessment of brain plasticity in 

children participating in exercise programs to promote locomotion and reduce disability. 

Structural integrity, as revealed by FA measurements of the PLIC and to a lesser extent the 

PTR, was correlated with motor dysfunction as assessed by the AIMS and GMFCS.
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Figure 1. 
Representative images from two children showing varying degree of brain injuries. The top 

row was taken from a subject who had a high symmetry of FA and normal development, 

while the bottom row corresponded to another subject who had cerebral palsy and a greater 

asymmetry of FA. Three images are shown from each subject: axial T1-weighted FSPGR 

image (left), axial FA image in gray scale (middle) and color coded FA image (right), all 

matched to the same location at the level of the internal capsule. The ROIs used in the FA 

analysis are schematically indicated in the middle images with PLIC ROI denoted in orange 

and the PTR ROI in green. The color-coded FA images on the right show the fiber 

orientations (red: right-left; green: anterior-posterior; blue: superior-inferior direction), 

which were used to aid ROI selection.
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Figure 2. 
Correlation between AIMS score and average FA at the PLIC (left) and average FA at the 

PTR (right).
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Figure 3. 
Correlation between GMFCS score and average FA at the PLIC (left) and average FA at the 

PTR (right).
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Figure 4. 
An FSPGR T1-weighted anatomical image (left), gray-scale FA image (middle) and color-

coded FA image ( right ) from a subject with hemiplegic cerebral palsy. This subject had a 

high FA asymmetry of 0.153 in the PLIC and 0.271 in the PTR. Note the remarkable 

disruption of corticospinal tracts at the level of the internal capsule on the right side of the 

brain.
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Table I

Comparison of Exercise and Control Groups in Medical Conditions and Development on the AIMS at Study 

Entry

Condition Exercise Group (n=5) Control Group (n=3) Probability of between group differences

Mean GA at Birth (SD) 25.6 weeks (2.88) 29.67 weeks (3.21)
0.112

a

Frequency of IVH Grade III or IV 5 1
0.1071

b

Frequency of PVL 0 2
0.1071

b

Frequency of BPD 4 0
0.1429

b

Mean AIMS Z score at Study Entry (SD) −0.142 (1.745) −0.34 (0.906)
0.6748 

a

Abbreviations: Standard deviation (SD), Gestational age (GA), intraventricular hemorrhage (IVH), periventricular leukomalacia (PVL), 
bronchopulmonary dysplasia (BPD, chronic lung disease), Alberta Infant Motor Scale (AIMS)

a
t test

b
Fisher exact test
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