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ORIGINAL RESEARCH
PEDIATRICS

The Arcuate Fasciculus and Language Development in a
Cohort of Pediatric Patients with Malformations of

Cortical Development
M.J. Paldino, K. Hedges, and X F. Golriz

ABSTRACT

BACKGROUND AND PURPOSE: Patients with epilepsy and malformations of cortical development have a high prevalence of language
deficits. The purpose of this study was to investigate whether the status of the arcuate fasciculus at diffusion tractography could provide
a clinically meaningful marker of language function in patients with cortical malformations.

MATERIALS AND METHODS: Thirty-seven patients 3–18 years of age who had DTI performed at 3T and language evaluation by a pediatric
neurologist were retrospectively identified. Twenty-two age-matched children without any neurologic, language, or MR imaging abnor-
malities who had identical DTI performed for an indication of headache were selected as a control cohort. The arcuate fasciculi were
constructed and segmented by deterministic tractography for all subjects.

RESULTS: Twenty-one patients had intact language; 11 had mild-to-moderate and 5, profound language impairment. All patients with
normal language and all control subjects had an identifiable left arcuate. The left arcuate was absent in 11 patients; all 11 were language-
impaired. Failure to identify the left arcuate was strongly associated with some degree of language impairment (P � .001). Sensitivity,
specificity, and positive predictive value for language dysfunction were 65%, 100%, and 100%, respectively. The absence of the arcuate
bilaterally was associated with complete failure to develop oral language (P � .015).

CONCLUSIONS: Failure to identify the left arcuate fasciculus at diffusion tractography was a highly specific marker of language dysfunc-
tion in a cohort of pediatric patients with malformations of cortical development. Failure to identify the arcuate fasciculus on either side
was associated with failure to develop oral language.

ABBREVIATION: MCD � malformation of cortical development

Most higher order functions of the human brain are not ac-

complished by individual functional centers compartmen-

talized to a particular region of the cortex. Rather, they emerge

from parallel processing within subspecialized, but distributed,

functional systems. A complex neural network, formed by some

10 billion neurons, forms the structural substrate for efficient in-

teraction between local and distributed areas of the cerebrum.

Diffusion tractography is an extension of DTI, which uses the

directional tendencies of water diffusion to construct 3D trajec-

tories of white matter tracts based on their structural coher-

ence.1-3 The functional importance of many such fiber systems

has now been described; this description has allowed assessment

of brain white matter abnormalities in terms of functional sys-

tems.4,5 Despite the obvious promise of this technique, the ability

to apply quantitative information derived from DTI toward man-

agement of an individual patient has, to date, proved elusive.

Epilepsy is a common neurologic condition defined by recur-

rent, unprovoked seizures, which affects 1% of the population,

including 1 in 200 children.6,7 Unlike in adults, developmental

lesions predominate as the source of seizures in children; in par-

ticular, malformations of cortical development (MCDs) are the

most common anatomic substrate for intractable epilepsy in chil-

dren.8 Patients with epilepsy and MCDs are at high risk for lan-

guage and other cognitive impairments. Although the work-up

has traditionally centered on detecting localized dysplastic abnor-

malities, patients with MCDs experience a wide range of deficits,

which often cannot be explained on the basis of the location of the

structural abnormality.9-13 The cortical structure outside the re-

gion of MCD is normal, at least in the sense that it does not

demonstrate the same histopathologic abnormalities that charac-

terize a dysplastic cortex. Therefore, the occurrence of such a wide
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range of functional abnormalities implies the importance of ab-

errant cortico-cortical interaction or connectivity. Regardless of

whether such aberrant connectivity is established by genetic/de-

velopmental processes or by activity-dependent reorganization,

and there is evidence to support a role for each, such abnormali-

ties have obvious potential implications for neurocognitive

development.14-19

Recent work has demonstrated the potential for machine

learning to translate quantitative data from whole-brain tractog-

raphy into phenotypic information regarding language function

in an individual patient.20 Although highly accurate, this tech-

nique is time-consuming and requires substantial expertise in

image processing and mathematics/statistics. These issues con-

stitute a barrier to widespread adoption of such approaches

into clinical practice, especially outside academic centers.

There is a need for more practical imaging markers of language

dysfunction.

The arcuate fasciculus is a major intrahemispheric association

pathway that connects important receptive and expressive speech

areas in the frontal and temporal lobes.4,21 Although the exact

roles of this pathway remain the subject of debate, strong evidence

suggests an important contribution to language function.22,23

Furthermore, the absence of the arcuate fasciculus has been re-

ported in several neurodevelopmental disorders that manifest

language impairment.24 Together with recent work demonstrat-

ing that absence of the arcuate fasciculus at diffusion tractography

is a highly reproducible binary finding, these results make the

arcuate a very attractive target as a potential imaging marker of

language function.25 Hence, the goal of this study was to define

the relationship between the arcuate fasciculi at diffusion tractog-

raphy and the function of the language network in pediatric pa-

tients with MCD.

MATERIALS AND METHODS
This Health Insurance Portability and Accountability Act– com-

pliant study was approved by the local institutional review board.

Patients were identified retrospectively with the following inclu-

sion criteria: 1) pediatric age group (18 years of age or younger);

2) diagnosis of a MCD established by MR imaging; 3) MR imaging

of the brain performed at 3T, including DTI; and 4) language

development characterized by a pediatric neurologist, within 1

month of the above brain imaging examination. Refinements to

the above-defined population were based on the following exclu-

sion criteria: 1) motion or other degradation to image quality, and

2) exclusion of patients younger than 3 years of age to increase

confidence in the clinical determination of language function.

An age- and sex-matched control group was also retrospectively

identified with the following inclusion criteria: 1) clinical indication

of headache; 2) MR imaging of the brain performed at 3T, including

DTI (identical to DTI performed in the patient group); and 3) lan-

guage characterized as normal by a pediatric neurologist. Exclusion

criteria were the following: 1) any neurologic abnormality by history

or physical examination, 2) any degree of language impairment, 3)

any MR imaging abnormality, and 4) marked motion or other deg-

radation to image quality.

Patients were divided into 3 groups based on characterization

of their language development by a pediatric neurologist:

1) intact: age-appropriate; 2) mild-to-moderate impairment: de-

layed by comparison with peers (either expressive or receptive);

and 3) profound impairment: absent oral language. This catego-

rization was made retrospectively at the time of this study on the

basis of the subjective assessment made by a pediatric neurologist

at the time of clinical examination. This 3-point scale was selected

because it has been used to provide both a clinically meaningful

and reproducible estimate of language function.26

MR Imaging
All imaging was performed on two 3T magnets (2 Tim Trio; Sie-

mens, Erlangen, Germany). We performed the following se-

quences: 1) sagittal magnetization-prepared rapid acquisition of

gradient echo (TR/TE, 2530 /3.39 ms; 1 acquisition; flip angle, 7°;

TI, 1100 ms; acceleration, 2; voxel size, 1 � 1 � 1 mm); 2) axial

fast spin-echo T2-weighted (TR/TE, 11,730/89 ms; 2 acquisitions;

flip angle, 120°; acceleration, 2; voxel size, 0.6 � 0.4 � 2.5 mm); 3)

axial fluid-attenuated inversion recovery (TR/TE, 9000/137 ms; 1

acquisition; flip angle, 150°; FOV, 22 cm; voxel size, 0.7 � 0.7 � 4

mm); and 4) axial single-shot echo-planar imaging DTI (TR/TE,

7000/90 ms; flip angle, 90°; 1 acquisition; voxel size, 2 � 2 � 2

mm). For DTI, 35 image sets were acquired, 5 without diffusion

weighting (B0) and 30 with noncollinear diffusion-weighting gra-

dients (b�1000 s/mm2). All images were visually inspected for

artifacts, including subject motion.

Image Processing and Analysis
Maps of mean diffusivity and fractional anisotropy were created

by using the Diffusion Toolkit (www.Trackvis.org/dtk). For each

voxel, a tensor matrix was derived. After diagonalization of the

matrix, we obtained eigenvalues, and mean diffusivity and frac-

tional anisotropy were quantified for each pixel according to stan-

dard equations.27 Two users experienced in tractography per-

formed tract reconstruction, segmentation, and analysis. The

Diffusion Toolkit was used for deterministic tract reconstruction

by using a fiber association by continuous tracking algorithm (35°

angular threshold). A DWI mask was used to remove CSF, a pro-

cess that has been shown to effectively prevent spurious tract re-

construction.5 TrackVis (www.trackvis.org) was then used for

segmentation and analysis of the arcuate fasciculus. ROIs for tract

segmentation were placed manually on the color fractional an-

isotropy maps cross-referenced to the B0 images according to

previously described methods.28 The arcuate fasciculus in each

subject was categorized as present on the left only, right only, or

bilaterally. This method has been shown previously to provide a

highly reliable classification of the arcuate fasciculus with respect

to its absence versus presence.25 Mean fractional anisotropy and

mean diffusivity were then calculated for each identifiable arcuate

fasciculus.

Statistics
Statistical testing was performed by using SAS software, Version

9.2 (SAS Institute, Cary, North Carolina). Proportions of subjects

with-versus-without the absence of the arcuate fasciculus and

with-versus-without language impairment were compared by us-

ing the Fisher exact test (� � .05). The Wilcoxon rank sum test
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(� � .05) was used to compare continuous variables (mean frac-

tional anisotropy and mean diffusivity) between groups.

RESULTS
Patients
Imaging was performed from January 2009 to April 2011. Of the

49 patients with MCD identified as meeting the inclusion criteria,

1 was excluded on the basis of motion and 11, on the basis of age

(younger than 3 years). Thirty-seven patients with MCD (age

range, 3–18 years; median, 10 years; 20 males, 17 females) and 22

age- and sex-matched controls (age range, 3–18 years; median, 10

years; 10 males, 12 females) composed the final study group. Ce-

rebral malformations in the patient group included the following:

polymicrogyria (n � 16), focal cortical dysplasia (n � 15), schiz-

encephaly (n � 4), and gray-matter heterotopia (n � 2). Twenty-

one patients with MCD had intact language; 11 had mild-to-mod-

erate impairment (4 with polymicrogyria, 4 with focal cortical

dysplasia, 3 with schizencephaly); and 5 had profound impair-

ment (3 with polymicrogyria, 1 with schizencephaly, 1 with focal

cortical dysplasia).

Left Arcuate Fasciculus
All control subjects had intact language and an identifiable left

arcuate fasciculus (see representative example in Fig 1). Similarly,

all (21/21) patients with MCD with intact language had an iden-

tifiable left arcuate fasciculus (see example in Fig 2). By contrast,

all (11/11) patients with MCD without an identifiable left arcuate

fasciculus manifested some degree of language impairment (6

mild-to-moderate, 5 profound; see example in Fig 3). The fre-

quency of language impairment in patients with MCD with no

identifiable left arcuate fasciculus was significantly greater than

that of those with a left arcuate fasciculus (P � .001). Conversely,

the frequency of the absence of the left arcuate fasciculus in pa-

tients with some degree of language impairment was significantly

greater than that in patients with intact language (P � .001). The

diagnostic performance of an absent left arcuate fasciculus for

some degree of language impairment is presented in Table 1. Al-

though the patient number was insufficient to address statisti-

cally, all 4 left-handers with no identifiable left arcuate were im-

paired with respect to language.

FIG 1. Left lateral (A) and posterior (B) views of a 3D tract reconstruction
of the arcuate fasciculi in a control subject. Images demonstrate the
presence of the arcuate fasciculus in the left hemisphere only. R indi-
cates, right, L, left. The cursors reflect the center of the image space.

FIG 2. Axial T2-weighted image (A) demonstrates focal cortical dysplasia (arrow) centered in the left anterior temporal lobe in a right-handed
patient. Left lateral (B) and posterior (C) views of a 3D reconstruction demonstrate the appearance of the arcuate fasciculus in each hemisphere.
This patient has normal language.
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Aside from its absence/presence, no significant differences in the

character of the left arcuate fasciculus were observed when patients

with MCD were compared with the control cohort. Specifically, there

was no significant difference in tract diffusion metrics (either frac-

tional anisotropy or mean diffusivity) within the identifiable left ar-

cuate fasciculi in patients with MCD versus controls. Trends toward

higher fractional anisotropy in the left-versus-right arcuate fasciculus

in both patients with MCD and controls did not meet statistical sig-

nificance. There was no significant sex difference in tract metrics in

either subject group, and the frequency of language impairment was

not associated with sex.

Right Arcuate Fasciculus
Seventy-seven percent (17/22) of control subjects demonstrated

an identifiable right arcuate fasciculus. Similarly, the right arcuate

fasciculus was variably present in both

the language-impaired (11/17) and lan-

guage-intact (15/20) patients with

MCD. There was no difference in the

frequency of right arcuate fasciculus ab-

sence in patients with MCD with versus

without language impairment (P �

.722), and there was not a significant dif-

ference between the frequency of lan-

guage impairment in patients with

MCD with (10/26) versus without (7/

11) a right arcuate fasciculus (P � .283).

Of the 11 patients with MCD with ab-

sent left arcuate fasciculi, all of whom were

language-impaired to some degree (see

above), 4 also had no identifiable right ar-

cuate fasciculus. All 4 of these patients

with no identifiable arcuate fasciculus in

either hemisphere were profoundly im-

paired with respect to language (see exam-

ple in Fig 4). Of those remaining patients

without a left arcuate fasciculus who had

an identifiable right arcuate fasciculus, 6

were mild-to-moderately impaired, while

only 1 was profoundly impaired. The fre-

quency of profound language impairment

among those with an absent left arcuate

fasciculus was significantly greater in those

patients whose right arcuate fasciculus was

also absent (P � .015). The diagnostic per-

formance of failure to identify both the left

and right arcuate fasciculi for profound lan-

guage impairment is presented in Table 2.

DISCUSSION
On the basis of this study in pediatric patients with MCD, we

report 2 main findings: 1) Failure to identify the left arcuate fas-

ciculus at diffusion tractography was universally associated with

language impairment; and 2) in patients with no identifiable left

arcuate fasciculus, failure to identify the right arcuate fasciculus

was strongly associated with a complete absence of oral language.

Although incompletely understood, the fluent comprehen-

sion and production of language are best conceptualized as an

emergent property that results from complex interaction between

distributed cortical regions across the cerebrum. Traditionally, it

was thought to be predicated primarily on Wernicke and Broca

areas, located in the left posterior temporal and left inferior fron-

tal lobes, respectively, interacting via the arcuate fasciculus. How-

ever, current understanding suggests that Wernicke and Broca

areas are but a part of a richly interconnected, large-scale language

network that extends to additional frontal, parietal, and temporal

association areas in both hemispheres.29 Furthermore, optimal

network function relies on interaction with cortical areas, primar-

ily in the frontal and parietal lobes, which are not directly involved

in language but rather facilitate cognitive function through work-

ing memory, attention, and other executive processes.21 A dual-

stream architecture of white matter pathways that promotes such

FIG 3. Sagittal MPRAGE (A) and axial T2-weighted (B) images demonstrate extensive focal cortical
dysplasia (arrow) involving most of the visualized left frontal lobe. Right lateral (C) and posterior
(D) views of the arcuate fasciculi demonstrate the presence of the arcuate fasciculus in the right
hemisphere only. This right-handed patient was impaired with respect to language.

Table 1: Diagnostic performance of the absence of the left
arcuate fasciculus with respect to language impairment

Diagnostic Performance 95% LCI 95% UCI
Sensitivity (%) 64.7 38.6 84.9
Specificity (%) 100 78.1 100
PPV (%) 100 67.8 100
NPV (%) 75 52.9 89.3

Note:—LCI indicates lower limit of the 95% confidence interval; UCI, upper limit of the
95% confidence interval; PPV, positive predictive value; NPV, negative predictive value.
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cortico-cortical interaction and, therefore, subserves language

function has been proposed.30 In general terms, the ventral

stream is believed to link phonemic information with conceptual

knowledge. Although the pathways that form the anatomic basis

for this “stream” remain the subject of debate, roles for the unci-

nate, inferior longitudinal, and inferior fronto-occipital fasciculi

have all been proposed.31 Specific functional attributes of the dor-

sal stream are less well-documented but generally are thought to

involve the linkage between auditory and motor representa-

tions.30 The arcuate/superior longitudinal fasciculus is generally

considered to form the anatomic basis of the dorsal stream.32

We found that failure to identify the left arcuate fasciculus at

diffusion tractography was consistently associated with language

dysfunction in our patient population. This finding highlights the

importance of formation of the left arcuate fasciculus and, fur-

thermore, suggests that it may be a prerequisite for normal lan-

guage development. The right arcuate, by contrast, was variably

identified in both patients and control subjects and was not clearly

associated with language function in our cohort. However, in pa-

tients with no left arcuate, the inability to identify the right arcuate

fasciculus was strongly associated with a complete failure to de-

velop oral language. This finding suggests that the right arcuate

fasciculus may, in fact, play an important role in language func-

tion, particularly in the setting of suboptimal development of

more central network components. Together, our findings sug-

gest the potential for diffusion tractography to provide clinically

meaningful markers of network function in an individual patient.

Absence versus presence of the arcuate fasciculus has recently

been shown to be highly reliable; this finding adds to its appeal as

a potential biomarker.25

Formation of association pathways involves numerous devel-

opmental processes that act in a coordinated fashion to establish

mature patterns of cerebral connectivity. These include, but are

not limited to, differentiation and maturation of pyramidal cells

in cortical layer 3, axonal genesis and guidance to the subplate,

synapse formation and establishment of connectivity with the de-

veloping cortical plate, and selection (or pruning) of connec-

tions.33 The last of these steps seems to involve activity-dependent

stabilization of functionally useful synapses.34 Our observations

suggest a frequent impact on the establishment and/or preserva-

tion of cortico-cortical connections in patients with MCD. One

possible explanation for this finding is that such patients fre-

quently exhibit abnormalities within the cortical layers involved

in cortico-cortical connectivity. It would follow that abnormal

cortical lamination could result in a diminished and/or abnormal

contribution to the arcuate fasciculus and, therefore, failure to

detect it at tractography. As an alternative explanation, disordered

genetic regulation of molecular events involved in the formation

of cortico-cortical connections could also account for the re-

ported findings. In this scenario, absence of a detectable arcuate

fasciculus need not be associated with histologic abnormality of

any particular cortical layer.

The histopathologic significance of failure to identify a tract at

tractography is yet to be established. In addition to the absence of

the tract in an absolute sense, this finding could reflect marked

disorganization of white matter structures, resulting in a pro-

found loss of tissue coherence. As an additional possibility, re-

search in epilepsy has demonstrated the presence of relatively

Table 2: Diagnostic performance of the absence of both left and
right arcuate fasciculi with respect to profound language
impairment

Diagnostic Performance 95% LCI 95% UCI
Sensitivity (%) 80 29.8 98.9
Specificity (%) 100 86.7 100
PPV (%) 100 39.6 100
NPV (%) 96.9 82.4 99.8

Note:—LCI indicates lower limit of the 95% confidence interval; UCI, upper limit of
the 95% confidence interval; PPV, positive predictive value; NPV, negative predictive
value.

FIG 4. Coronal T2-weighted (A) and sagittal MPRAGE (B) images dem-
onstrate a large focal cortical dysplasia (arrow) in the left temporal
lobe. This patient has no identifiable arcuate fasciculus in either hemi-
sphere (data not shown) and no language development.
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widespread abnormal and epileptogenic networks in patients with

focal structural lesions and, furthermore, has suggested the po-

tential for ongoing seizure activity to establish and/or potentiate

these networks.14,15,19 Aberrant connectivity resulting from such

activity-dependent reorganization could also account for the

findings in this study.

Although it has not been well-studied to date, the idea that

cortico-cortical connections may be abnormal in patients with

MCD is consistent with a report by Munakata et al,35 in which a

case of unilateral left-sided polymicrogyria was associated with

the absence of the left arcuate fasciculus. Similarly, Bernal et al36

reported the absence of the arcuate fasciculus in 2 cases of bilateral

perisylvian polymicrogyria. More recently, Saporta et al24 sug-

gested the functional relevance of such a finding after failing to

identify the arcuate in 3 patients with congenital perisylvian syn-

drome and severe language dysfunction. Our results are also in

line with work by Paldino et al,20 who used a machine-learning

approach to predict language phenotype on the basis of whole-

brain tractography data in a cohort of patients with epilepsy and

MCDs. Specifically, they found that the left arcuate fasciculus was

an important contributor to the language phenotype. Although

the sensitivity for language impairment in our study was inferior

to that attained by the machine, this difference might be ex-

plained, at least in part, by the access of the machine-learning

algorithm to metrics related to all major white matter tracts in the

left hemisphere and not only the arcuate.

In our study, the absence of the left arcuate fasciculus was

highly specific for language impairment and, in our opinion,

would be more easily generalized to clinical practice. The impor-

tance of the arcuate fasciculus to language function has also been

suggested in other neurodevelopmental disorders. Abnormal,

though identifiable, arcuate fasciculi have been reported in a

range of disorders manifesting speech delay.37-39 Along similar

lines, Wilson et al40 reported the absence of the left arcuate fascic-

ulus in 6 of 7 patients with Angelman syndrome, a developmental

disorder characterized by pervasive developmental delay and fail-

ure to develop speech. Sundaram et al41 reported the absence of

the left arcuate fasciculus in 11 of 20 patients with global develop-

mental delay. Both of the latter studies reported the presence of

the left arcuate fasciculus in all healthy control subjects. These

results are in line with ours and suggest that the absence of the left

arcuate fasciculus may be a marker of language impairment in

other patient populations. Of note, a study by Lebel and Beau-

lieu42 reported a small frequency of the absence of the left arcuate

fasciculus in healthy patients. In our control population, by con-

trast, all subjects had an identifiable left arcuate fasciculus. This

discrepancy could be accounted for by the relatively small number

of subjects in our study. Alternatively, it could reflect differences

in image acquisition (including field strength and directional

scheme for diffusion weighting) or methods of image processing.

Further studies designed to rigorously define the normal charac-

ter of the arcuate fasciculus at 3T will be a necessary adjunct to

future investigation.

This study has several limitations. First, it was a study of a

selected cohort of patients with MCD. Extrapolation of these re-

sults to other patient groups at risk for language impairment may

not be valid. Second, because fMRI was not performed, the actual

locations of receptive and expressive language were not defini-

tively ascertained. This limitation, however, is substantially miti-

gated by corroboration with language function. In particular, if

there was a significant frequency of ectopic or right hemispheric–

dominant language function, it did not seem, in this study, to

impact the prognostic significance of the imaging findings. Fi-

nally, functional assessment of language in this study was limited

to a gross 3-point scale, chosen to reflect clinically relevant differ-

ences in language function while maximizing reproducibility of

the assessment. Detailed neuropsychologic evaluation was not

performed but would be of great potential value to future studies.

In particular, such an evaluation might allow the identification of

specific domains of language dysfunction in each patient, which

could further elucidate functional subspecialization within the

language network.

CONCLUSIONS
We report 2 main findings in pediatric patients with MCD: 1)

Failure to identify the left arcuate fasciculus at diffusion tractog-

raphy was consistently associated with language impairment; and

2) in patients with no left arcuate, failure to identify the right

arcuate fasciculus was strongly associated with a complete ab-

sence of oral language. These findings suggest that the ability to

form and/or maintain cortico-cortical connections is frequently

impaired in patients with cortical malformations and, further-

more, is closely related to network function. In sum, our findings

suggest the potential for diffusion tractography to provide clini-

cally meaningful markers of network function in an individual

patient.
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