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Abstract
Objective—To investigate whether abnormal regional white matter architecture in the
perisylvian region could be used as an easy and sensitive quantitative method to demonstrate
language pathway abnormalities in children with developmental delay (DD).

Study design—We performed diffusion tensor imaging (DTI) in 15 DD subjects (age: 61.1±
20.9 months) and 15 age-matched typically developing (TD) children (age: 68.4± 19.2). Using
DTI color-coded orientation maps, we quantified the fraction of fibers in the perisylvian region
that are oriented in anteroposterior (AP) and mediolateral (ML) directions and their ratio(AP/ML)
was calculated.

Results—The AP/ML ratio was more sensitive than tractography in characterizing perisylvian
regional abnormalities in DD children. The AP/ML ratio of the left perisylvian region was
significantly lower in DD children compared with TD children (p = 0.03). The ML component of
bilateral perisylvian regions was significantly higher in DD children compared with TD children
(p=0.01 (left) and p=0.004(right)). No significant difference was found in the AP component
between the two groups. A significant negative correlation of the left ML component with
Vineland communication skills was observed (r = −0.657, p=0.011).

Conclusions—The AP/ML ratio appears to be a sensitive indicator of regional white matter
architectural abnormalities in the perisylvian region of DD children.
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Developmental delay (DD) in children is characterized by significantly delayed
development in two or more of the following developmental domains: gross/fine motor,
speech/language, cognition, social/personal skills, and activities of daily living1, 2. In
particular, DD is almost always accompanied by significant speech/language delay.
Although the neurologic substrates of normal speech development are complex and involve
the interaction of left hemispheric perisylvian language networks with other white matter
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pathways3, the neurologic basis of speech delay in children with DD is less well studied. In
a recent study using diffusion tensor imaging (DTI) tractography in children with DD, we
found that the major language tract in the left (dominant) hemisphere, i.e., the arcuate
fasciculus (AF), could not be identified in a significant proportion of the children4. This
study demonstrated the usefulness of DTI tractography in identifying previously
unrecognized abnormalities in language pathways of children with DD. This finding also
suggested that aberrant development of the perisylvian region is a key factor in delayed
development.

In a subsequent DTI study of children with Angelman syndrome (AS), a much more severe
developmental disorder with cognitive delay, epilepsy, and virtually absent speech, the AF
could not be identified in 6 out of 7 patients5. In the remaining AS patient with an
identifiable AF, direct quantification of the color-coded DTI orientation map (instead of
tractography) showed that the ratio of antero-posteriorly (AP) oriented fibers to medio-
laterally (ML) oriented fibers in the perisylvian region was significantly lower compared
with typically developing (TD) children. Tractography is not appropriate for demonstrating
such quantitative abnormalities in the perisylvian region due to relatively lower
reproducibility for tracking the short-range peripheral white matter (unlike central white
matter tracts such as AF that can be reliably tracked). Thus, this study suggested that direct
quantification of color-coded orientation maps may identify subtler abnormalities in the
perisylvian region not detectable by tractography of AF.

We hypothesized that similar subtle abnormalities in the perisylvian region will also be
found in children with DD and that these abnormalities can be identified by examining the
distributions of fiber orientation directly from DTI color-coded orientation maps. Therefore,
we sought to determine whether the proportion of fibers in the region that are oriented in
anteroposterior (AP) and mediolateral (ML) directions and the AP/ML ratio can be used to
identify these subtle abnormalities. In addition, we related these measures with their
neuropsychological evaluation as measured by Vineland adaptive behavior scores.

Methods
Fifteen right-handed children with DD (age: 61.1± 20.9 months) and 15 right-handed TD
children (age: 68.4± 19.2 months) underwent MRI with DTI and developmental-behavioral
assessments. All the patients had been referred for neurologic evaluation in the Children's
Hospital of Michigan and DD was confirmed by an experienced pediatric neurologist.
Patients with the following conditions were excluded: history of seizures, history of
prematurity or perinatal hypoxic-ischemic event, focal deficits on clinical examination by a
pediatric neurologist, autism, dysmorphic features suggestive of a clinical syndrome,
structural clinical MR imaging interpreted as abnormal by a pediatric neuro-radiologist,
positive findings on cytogenetic and/or fragile X tests, or the presence of an inborn error of
metabolism. Written informed consent was obtained from either the parents or legal
guardians of the participants. The Human Investigations Committee at Wayne State
University granted permission for the retrieval and analysis of the clinical and MR imaging
data of children with DD.

Vineland Adaptive Behavior Evaluation
The neuropsychological evaluation in the study included the Vineland Adaptive Behavior
Scales, 2nd edn. (VABS) (Table I)6. The VABS is a caregiver-reported interview that yields
measures of the child's adaptive behavior functioning in 4 domains (Communication, Daily
Living, Socialization, and Motor skills), as well as an overall adaptive behavior composite
(ABC). The measure has excellent reliability and validity6.
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Data Acquisition and Preparation—All DTI scans were obtained on a 3T Signa
scanner (GE Healthcare, Milwaukee, Wisconsin) equipped with an 8-channel head coil at
TR = 1250 ms, TI = 88.7 ms, FOV = 240 cm, 128 × 128 acquisition matrix, contiguous 3-
mm-thick sections to cover all the axial sections of the whole brain by using 55 isotropic
gradient directions with b = 1000 s/mm2 and one b=0 acquisition. Double refocusing pulse
was used to reduce eddy-current artifacts. In addition, array spatial sensitivity encoding
technique was performed to further reduce geometric distortion because of the sequence
design. Approximate scanning time for the DTI acquisition was 9 minutes.

All the children with DD were sedated for the scan. None of the typically developing
children were sedated for the scan. However, the MRI scans were performed during the
night time coinciding with their natural sleep cycle. After acquisition, all datasets were
assessed for quality and deemed acceptable for analysis.

Color Map Quantification
Quantification procedure: The direction of individual fibers in diffusion tensor imaging
data can be imaged by color-encoded orientation maps, where three components of the
eigenvector v1, in association with the largest eigen value, are color coded using an RGB-
color model which is symmetrical with respect to all color axes. This is given by the
equation

(Equation 20 in Reference (7)) where r, g, and b represent red, green, and blue components
of the voxel color, and (vx, vy, vz) is the normalized principal eigenvector. These measures
can be directly obtained from DTI studio software.

The color axes are aligned with the patient coordinate system (green: anterior-to-posterior,
red: medial-to-lateral, blue: superior-to-inferior). Thus, the measured green component is the
same as anterior-posterior components (AP) and red component is the same as medial-lateral
(ML) components that can be used as direct metric to quantify the proportion of fibers with
different orientations in the perisylvian region. The total AP component value across all the
voxels will give AP component quantification for that region. Same is true for ML
component quantification.

ROI procedure: ROIs were drawn in the perisylvian region in a transaxial slice through
which the bulk of arcuate fasciculus fibers pass through. Representative images of TD
subjects and those with DD with drawn ROI are shown in the Figure. ROIs were drawn
independently by two observers in all participants. Each participant's ROI was then placed
on their respective diffusion tensor imaging color map. The mean values of red and green
signal intensities for the perisylvian region were obtained using the DTIStudio software.
These quantitative measures are automatically generated from the DTIStudio software.
Given that the colors in the map represent the direction in which the white matter fibers
travel, we defined this green/red ratio as the anterior-posterior/medial-lateral ratio(AP/ML
ratio). An AP/MLratio was then calculated for all participants independently by two
observers.

Once the AP/ML ratio was determined for all subjects, the appropriate threshold value that
best separates the two groups was determined by a leave-one-out cross-validation procedure
to ensure that the thresholds will generalize to an independent dataset. In this procedure, an
observation from the original sample is used as the validation data, and the remaining
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observations are used for deriving threshold. This process is then repeated iteratively so that
each observation in the sample is used once as the validation data.

Tractography
Tensor calculation and tractography were performed using DTI-Studio software7.
Tractography was carried out based on the Fiber Assignment by Continuous Tracking
algorithm8 with fiber propagation starting at an fractional anisotropy threshold value of
>0.2. The fiber propagation was stopped at a fractional anisotropy threshold <0.2 or angle
threshold >60 degrees. The tracking protocol followed to isolate the arcuate fasciculus was
described previously4.

Statistical analysis
The DD and TD groups did not differ with respect to age and sex. Two-sample unpaired t-
tests were applied to compare the DD and TD groups. Chi square tests were used to compare
the compare the sensitivities of tractography and color map quantification. A p-value of less
than 0.05 was considered as statistically significant. Inter-observer error was calculated by
2×(R2−R1)/(R2+R1) (R=Rater ROI measure) and percent difference was averaged.

Two observers knowledgeable in the neuroanatomy of perisylvian region and DTI
methodology drew the region of interest. The inter-observer error was calculated for AP
component, ML component and AP/ML ratio on both sides.

Results
The mean ML component in the left hemisphere in the DD group was 60.18 ± 15.64 and in
the TD group was 53.07±13.70; this difference was significant (p=0.01). Similarly, the mean
ML component in the right hemisphere in the DD group was 61.61 ± 15.9 and in the TD
group was 52.17 ± 13.47; this difference also was significant (p=0.04). However, no
significant difference was found in the AP components between the two groups for either
hemisphere. The mean AP/ML ratio of left perisylvian region in DD group was 1.21 ± 0.31
and in TD group was 1.03 ± 0.26 and this difference was significant (p=0.03). The mean
AP/ML ratio of right perisylvian region in the DD group was 1.22 ± 0.32 and in the TD
group was 1.01 ± 0.26; this difference was not significant (Table II). A significant negative
correlation of the left ML component with Vineland communication skills was observed (r =
−0.657, p=0.011).

By conventional tractography, the AF could not be identified in 5 out of the 15 patients
(33%) in the left hemisphere in the DD group. We performed a leave one out cross-
validation procedure where the derivation of the AP/ML ratio threshold is separated from
determination of the abnormality. The ratio was obtained in a subset of patients and applied
back to the untested patients in an iterative manner. The AP/ML threshold obtained by this
procedure was 0.82. We also evaluated this classification procedure and found an overall
accuracy of 73.3% (evaluated using the leave-one-out cross-validation procedure described
above). The sensitivity of the left hemisphere AP/ML ratio (10/15) was significantly higher
than that of tractography (5/15) (p=0.03 by chi square test). The inter-observer error
averaged across both sides was 1.8 ± 0.34% for AP component, 2.5 ± 0.47% for ML
component and 1.2 ± 0.30% for AP/ML ratio. Even though the inter-observer variation is
low, it has to be noted that the coefficient of variation (SD/Mean) in left AP/ML ratio was
23.6% in the population with DD and 16.6% in the TD population.
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Discussion
In the present study, we found disorganized white matter in the bilateral perisylvian regions
by direct quantification of DTI color-coded orientation maps. We also found that this
method is more robust and sensitive than tractography in identifying abnormalities in the
perisylvian region in children with DD. The proportion of fibers in the left perisylvian
region that are oriented in the AP direction compared with the ML direction was decreased
in children with DD compared with TD children. The ML component of bilateral perisylvian
regions was significantly higher in children with DD compared with TD children. In
addition, the left ML component of children with DD was negatively correlated with their
communication skills.

Children with DD are difficult to evaluate because of limitations in our diagnostic approach.
Standard neuroimaging, in particular, has been disappointing in its ability to reveal specific
abnormalities9 In our previous studies, we used DTI tractography to extract language related
pathways in the white matter of children with DD who had been evaluated with standard
tests which had failed to reveal positive results4. Our major finding was the unidentifiability
of the AF in approximately half of the patient4. Although this finding is replicated in the
present study, unidentifiability of the AF in about one-third of patients is slightly lower than
reported previously. This slight discrepancy is most likely due to relatively small sample
sizes used in both studies. Nevertheless, the demonstration of unidentifiable AF in two
independent datasets confirms the central importance of abnormal connectivity in
perisylvian white matter pathways, such as the AF, in children with DD. Such unidentifiable
AF has also been observed in severe syndromic conditions causing developmental delay
such as Angelman syndrome5,10 and congenital bilateral perisylvian syndrome11. For
example, in our previous study of seven children with Angelman syndrome, the AF could
not be identified in 6 children5. In the remaining AS patient with identifiable AF, we noticed
a decreased AP/ML ratio in left the perisylvian region; this suggested to us that a broader
examination of fiber orientation may be a more sensitive approach to examine the
perisylvian region. Although tractography is a powerful tool, it is only helpful where the
tracts are long and the anatomic trajectory of tracts is well defined. Thus, we have now
shown that even when the AF can be identified with tractography, a direct quantification of
the proportion of fibers in the AP and ML orientations in color coded map is likely to be
more useful.

In another study of children with DD, there was an atypical pattern of age-related maturity
of AP and ML pathways12, further supporting the broader involvement of the perisylvian
region in these children. In fact, functional MRI studies suggest that the neural substrate of
language development is not just confined to the arcuate fasciculus but is more complex and
dependent upon the interaction of perisylvian pathways with fronto-striatal and cerebellar
pathway3. An earlier preliminary DTI study on patients with DD reported abnormal
diffusivity changes in several areas such as the centrum semiovale, corona radiata, internal
capsule, corpus callosum, and subcortical white matter of the frontal and parieto-occipital
lobe13. Even though neither tractography nor color map quantification was performed in that
study, the finding of abnormalities in various white matter regions is consistent with the
complex neurological substrate of language and development3. Our present study is another
step in demonstrating additional structural connectivity abnormalities underlying idiopathic
developmental delay12.

The changes in microstructure of the perisylvian region in children with DD suggested by
our findings could be due to a number of different processes. Many reasons are cited for this
kind of abnormality like agenesis, excessive pruning, poor myelination, or an aberrant
course of the white matter tracts due to regional abnormalities along the tract path resulting
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from genetic abnormalities in molecular pathways involved in axonal guidance or scarring
from brain injury blocking axonal growth4. In light of our AP and ML abnormalities we
think that regional abnormalities in perisylvian region resulting from genetic abnormalities
in molecular pathways involved in axonal guidance could be the predominant factor,
particularly those controlling dual projections of callosal projection neurons that have been
shown to give rise to both AP and ML oriented fibers14. During prenatal and early postnatal
development, there are exuberant dual projections from callosal projection neurons that not
only cross the midline but also bifurcate in the ipsilateral white matter to develop association
tracts14. Subsequent genetic factors and activity-dependent pruning determine the relative
balance of ipsilaterally projecting (AP fibers) and contralaterally projecting (ML fibers)
fibers. Mutations in the genes involved in the developmental control of callosal projection
neurons or variations in the subsequent activity-dependent pruning of these fibers may alter
this balance. Further studies are needed to identify the molecular mechanisms of perisylvian
white matter disorganization in children with DD.

There are some limitations to the present study. The manual drawing of ROIs in this study
could potentially increase the variability of the measurements. However, in order to
minimize this potential error, the ROIs were carefully drawn by two observers experienced
in analyzing DTI data. The inter-observer variation was 1.8 ± 0.34% for AP component, 2.5
± 0.47% for ML component and 1.2 ± 0.30% for AP/ML ratio. Even though the inter-
observer variation is low, it has to be noted that the coefficient of variation (SD/Mean) in
AP/ML ratio was 23.6% in the population with DD and 16.6% in the TD population. In
addition, the overall classification accuracy of AP/ML ratio was 73.3% (sensitivity of 60%
and specificity of 86%) suggesting that there is significant overlap between the two
populations. Another issue is that the sample size of the study is relatively small.
Nevertheless, the significant findings observed in the present study suggest that the AP/ML
ratio method could be a clinically useful and practical biomarker of language impairment in
children with DD. An additional issue is that these findings are not unique to developmental
delay. The abnormalities in the perisylvian region are observed in a variety of populations.
Angelman syndrome, congenital bilateral perisylvian syndome are some of the well
established conditions with dramatic abnormalities in this region5,10,11,15.

This new imaging method is promising in understanding the neurologic basis of
developmental delay. However, given the heterogeneity and complexity of developmental
disorders, it has to be emphasized that imaging procedures demonstrate only specific aspects
of these disorders. More work is needed in this area but the current study is a step forward in
demonstrating broader perisylvian structural connectivity abnormalities underlying
idiopathic developmental delay.
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Figure.
Representative diffusion tensor color-coded orientation map of the left perisylvian area in
TD and DD children. One can see that in the region of interest (shown in arrow), proportion
of green and red components of principal eigenvector are dramatically different in the two
groups of children.
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