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Background and purpose: Focal cortical dysplasia (FCD), a congenital malformation of the neocortex and
one of the most common causes of medication resistant epilepsy in pediatric populations, can be studied
noninvasively by diffusion tensor imaging (DTI). The present study aimed to quantify changes in the
thalamus and thalamocortical pathways with respect to fractional anisotropy (FA), apparent diffusion
coefficient (ADC), volume, and other common measures.
Materials and methods: The study quantified data collected from pediatric patients with a prior diagnosis
of FCD; 75 patients (35 females, 10.1 ± 6.5 years) for analysis of thalamic volume and 68 patients (32
females, 10.2 ± 6.4 years) for DTI analysis. DTI scans were taken at 3 Tesla MRI scanners (30 diffusion
gradient directions; b = 1000 s/mm2 and 5 non diffusion-weighted measurements). DTI tractography
was performed using the FACT algorithm with an angle threshold of 45 degrees. Manually delineated
ROIs were used to compare the hemisphere containing the dysplasia to the contralateral hemisphere
and controls.
Results: A significant decrease in the volume of the FCD hemisphere thalamus was detected as compared
to the contralateral hemisphere. In comparison to controls, there was an observed reduction in tract
volume, length, count, FA of thalami, and FA of thalamocortical pathways in FCD patients. FCD patients
had higher odds of exhibiting high ADC in both the thalamus and thalamocortical pathways.
Conclusion: The data implied a widespread reduction in structural connectivity of the thalamocortical
network. MRI analysis suggests a potential influence of FCD on thalamic volume.

� 2018 Published by Elsevier B.V.
1. Introduction

Focal cortical dysplasia (FCD), a congenital malformation, is
thought to be caused by disordered neuronal migration, matura-
tion, and differentiation (Crino and Eberwine, 1997; Eriksson
et al., 2001), though the precise etiology remains unclear. Morpho-
logically, the disorder exhibits abnormal neuronal aggregations
misplaced in cortical or subcortical regions. FCD is characterized
by organizational abnormalities such as neurons misaligned rela-
tive to the expected radial orientation, and abnormal structural
features of neurons, including a distinct reduction in myelin con-
tent (Barkovich et al., 1997; Crino and Eberwine, 1997; Leach
et al., 2014; Mellerio et al., 2012; Mühlebner et al., 2012; Taylor
et al., 1971). FCD is widely accepted to be the most common cause
of pharmacoresistant epilepsy in pediatric populations (Fauser
et al., 2014; Harvey et al., 2008; Mellerio et al., 2012; Sisodiya,
2003).

One of the most common and consistent techniques for diag-
nosing FCD is the use of MRI. Studies have correlated MRI
abnormality-driven resection with a reduction in frequency of
seizures (Leach et al., 2014; Mühlebner et al., 2012), particularly
with complete resection of the epileptogenic region determined
by MRI (Chen et al., 2014; Jin et al., 2016; Rowland et al., 2012).
MRI findings in FCD include a blurring of the gray and white matter
boundary, increased white matter signal, the transmantle sign (an
extension of the white matter signal in the direction of the lateral
ventricle), and a reduction in focal gray and white matter volume.
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Studies that reported DTI irregularities in FCD have proposed
the capability for the technique to detect abnormal connectivity
and myelination in the brain (Gross et al., 2005; Lee et al., 2004).
DTI relies on the assumption that myelinated axons will prevent
isotropic diffusion (the ability for water to move freely in all direc-
tions) by restricting water diffusivity perpendicular to the mem-
brane, resulting in a reduction of radial diffusivity compared to
longitudinal (axial) diffusivity (anisotropic diffusion). A measure
of fractional anisotropy (FA) can therefore suggest if water in a
region of the brain diffuses non-uniformly. Myelinated axons and
other tissue may also alter the rate of diffusivity of water in a sam-
ple, altering their ADC. Thus, measures of water diffusivity by FA
and ADC are often used in neuroscientific research and may pro-
vide useful information about the location and properties of fiber
bundles. DTI tractography, though unable to directly show specific
axons and glial fibers, allows us to infer fiber pathways based on
water diffusivity.

FCD has been shown to exhibit a decrease in FA in certain
white matter tracts (Lee et al., 2004; Wieshmann et al., 1999),
likely due to a decrease in myelination in the studied region,
which is consistent with histology of FCD brains (Barkovich
et al., 1997; Eriksson et al., 2001; Gross et al., 2005;
Mühlebner et al., 2012). The present study aims to quantify
abnormalities in thalamic volume and thalamocortical pathways
in pediatric FCD patients using structural MRI and DTI tractogra-
phy. Thalamocortical pathways have been found to be well
developed and functional in neonatal life (Alcauter et al., 2014;
Molnár et al., 2003), and DTI has shown microstructural arrange-
ment of this fiber pathway (Jaermann et al., 2008; Johansen-Berg
et al., 2005; Zhang et al., 2010).
Fig. 1. Scatter Plot of Thalamic Volume Asymmetry Indices in Patients and Controls. Da
males (X) and females (O). FCD is characterized by greater variance in volume between
2. Results

We confirmed that each DTI measure (thalamocortical tract vol-
ume, thalamocortical tract count, thalamocortical tract length, tha-
lamocortical FA, thalamocortical ADC, thalamic FA, thalamic ADC)
differed significantly among the three hemisphere classes (p <
0.05, 2 degrees of freedom). The principle of closed testing then
permitted us to make pairwise comparisons between hemisphere
classes without reducing the critical p-value, while preserving
the familywise Type I error rate at 0.05 for each measure (Bender
and Lange, 2001).

2.1. Hemispheric asymmetry in thalamic volumes

Controls exhibited more symmetric volume measurements,
with asymmetry index nearer to zero (median 0, p = 0.70 by
signed-rank test), than patients, who had a wider distribution
and higher values (median 0.011, p < 0.001). The difference
remained significant after adjustment for sex and age (Fig. 1).

2.2. Volume of the thalamus

Neither the volume of the FCD thalamus nor the contralateral
thalamus were significantly different from matched controls (p =
0.10 and p = 0.48, respectively) (Fig. 2), although both thalami in
patients with FCD had a lower average volume than healthy con-
trols (FCD hemisphere < contralateral hemisphere < control)
(Fig. 2). Prominent volume reduction was observed in the thalamus
of the hemisphere containing the dysplasia when compared to the
contralateral thalamus (p < 0.001) of patients.
ta is displayed according to patients with FCD (red) and controls (blue) as well as
thalami in young ages and overall higher asymmetry indices.



Fig. 2. Summary of Statistical Analysis for Structural Measures. Bar graphs depict average measures for thalamic volume, tract volume, tract count, and tract length with
respect to thalamocortical tracts. Data is displayed according to the hemisphere containing the dysplasia (dark grey), the contralateral hemisphere (light grey), and controls
(white). FCD is characterized by a reduction in all measures.
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2.3. Thalamocortical tract volume and length

Thalamocortical fibers in the FCD hemisphere, aswell as the con-
tralateral hemisphere, displayed a significant reduction in volume
(p < 0.001 and p < 0.001, respectively) when compared to controls
(Fig. 3). Tract length of the thalamocortical fibers displayed a similar
pattern, with a significant difference between the FCD hemisphere
and matched controls (p < 0.001 for both tract count and length)
and between the contralateral hemisphere and matched controls
(p < 0.001 for both tract count and length) (Fig. 2).
2.4. FA in the thalamus and thalamocortical tracts

Interpretation of FA data reaffirmed previous findings in cases
of FCD (Lee et al., 2004; Wieshmann et al., 1999). FA values of tha-
lamocortical tracts in the hemisphere containing the FCD and the
contralateral were reduced as compared to healthy controls
(p = 0.02 and p = 0.02, respectively). FA within the thalami were
similarly reduced in the hemisphere containing the dysplastic
region (p < 0.001), as well as the contralateral (p < 0.001). How-
ever, FA did not differ between the hemispheres of FCD patients
with regard to thalamocortical tracts (p = 0.72) nor thalami
(p = 0.22) (Fig. S1).
2.5. ADC in the thalamus and thalamocortical Tract: Probability-based
analysis

Though thalamocortical tract ADC analysis did not show a sig-
nificant difference between the FCD and contralateral hemispheres
in patients (p = 0.31, odds ratio of 1.06), the hemisphere with FCD



Fig. 3. TrackVis Visualization of Reconstructed Fiber Pathways. Reconstructed fiber pathways are laid over the original DTI for the left thalamus (red) and right thalamus
(green) for a healthy control patient (left) and FCD patient (right). Images correspond to different age groups; infants (top, female FCD & control < 1 year), adolescents (middle,
male FCD & control 6 years old), and adults (bottom, male FCD 22 years old, control 23 years old). FCD cases are characterized by a visible reduction in reconstructed
thalamocortical connectivity.

A. Rezayev et al. / Brain Research 1694 (2018) 38–45 41
(p = 0.009, odds ratio of 2.84) and the contralateral hemisphere (p
= 0.013, odds ratio of 2.68) both showed a marked increase in the
probability of a high ADC value when compared to controls
(Fig. S1). Similarly, ADC of the thalamus showed a significant
increase in the FCD hemisphere (p = 0.01, odds ratio of 2.80) and
contralateral hemisphere (p = 0.01, odds ratio of 2.68) when com-
pared to controls, but no difference between the FCD hemisphere
and contralateral (p = 0.88, odds ratio of 1.01). Table 1 shows a
numerical summary of statistical analyses.

3. Discussion

This study attempted to quantify DTI measures of the thalamus
and thalamocortical pathways in patients with FCD. We compared
these quantities between FCD and contralateral hemispheres in
patients, as well as between FCD patients and control subjects.
The data suggests less structural connectivity between the thala-
mus and neocortex (thalamocortical pathways) in FCD patients
by means of a reduction in tract volume, count, length, FA, and
an increase in the probability of high ADC. These results suggest
that the measures in the thalamus and thalamocortical pathways
can be important biomarkers in patients with FCD.

3.1. Interpretation of findings

The observed reduction in FA may be understood to be a loss of
myelin content, as previously observed in FCD through histological
study (Barkovich et al., 1997; Mühlebner et al., 2012), however,
may also be due to abnormal cellular organization (Crino and
Eberwine, 1997), as well as damage to or reduced integrity of white
matter microstructures. A reduction in tract volume, count, and
length may be due to axonal/fiber damage, lack of axonal/fiber
development, or potentially a byproduct of abnormal organization
(Sisodiya et al., 1995). Additionally, the increase in probability of
high ADC denotes a lack of restriction in water diffusion, which
may be due to a loss of myelin content, axonal/fiber damage, lack
of axonal/fiber development, or abnormal cellular organization
(Gross et al., 2005). Note that though thalamic volume was signif-
icantly reduced in the FCD hemisphere as compared to the con-
tralateral hemisphere, there was no significant difference in FA or
ADC of the thalamus, nor thalamocortical tracts. This suggests that
the observed hemispheric reduction of thalamic volume may not
be explained solely by a loss of myelination, as it can be inferred
that measures of the properties of water diffusivity (FA and ADC)
would be altered. Though studies have quantified FA and ADC in
certain brain regions in the past, nearly all literature on DTI imag-
ing in cases of FCD did not use controls in their methodology;
rather, statistical measures compared the ipsilateral hemisphere
to the contralateral, presupposing that the contralateral is a
‘‘healthy” equivalent to control (Diehl et al., 2010; Gross et al.,
2005; Lee et al., 2004; Widjaja et al., 2009). As a result, these
papers would be unable to detect any potential effects of FCD out-
side the apparent affected hemisphere; it has been unclear
whether inferred neurological detriments exist bilaterally. To the
best of our knowledge, there has only been one DTI study on FCD
that uses control measures (Fonseca et al., 2012). However, the
authors do not provide quantification beyond FA. Prior literature
shows many studies are compelled to provide quantification
beyond FA to accurately describe abnormal features in the brain
by diffusion tensor imaging including ADC (Klimas et al., 2013; Li
et al., 2015; Uda et al., 2015), tract count (Catani and Thiebaut de
Schotten, 2008; Thiebaut de Schotten et al., 2011), tract volume



Table 1
DTI measures, compared among control subjects and FCD-affected and unaffected hemisphere in patients. Summarizes average values and standard error of measurements
regarding thalamic volume, tract volume, tract count, tract length, tract FA, and thalamic FA, as well as probability measures of tract ADC and thalamic ADC. P-values are provided
for intra-patient and inter-patient statistical analysis.

Measure Control FCD Contralateral py

Mean ± SE Mean ± SE p* Mean ± SE p*

Thalamic volume, cm3 6.10 ± 0.09 5.86 ± 0.11 0.10 6.00 ± 0.11 0.48 0.0007
Tract volume, mL 19.13 ± 0.50 14.06 ± 0.64 <0.0001 14.70 ± 0.64 <0.0001 0.09
Tract count 1191 ± 41 851 ± 37 <0.0001 882 ± 37 <0.0001 0.25
Tract length, mm 31.1 ± 0.6 26.2 ± 0.9 <0.0001 26.4 ± 0.9 <0.0001 0.77
Tract FA 0.481 ± 0.010 0.450 ± 0.010 0.02 0.448 ± 0.010 0.019 0.72
Thalamic FA 0.363 ± 0.005 0.328 ± 0.007 <0.0001 0.335 ± 0.007 0.0009 0.22

% High (95% CI) % High (95% CI) p* % High (95% CI) p*

Tract ADC, mm2/s 20 (12–31) 42 (50–34) 0.0088 49 (29–52) 0.0129 0.3068
Thalamic ADC, mm2/s 18 (11–29) 39 (28–51) 0.0108 38 (27–51) 0.0126 0.8824

* Compared to Control, from factorial ANOVA or logistic regression adjusted for age, sex, and left vs. right hemisphere.
y Comparing FCD to Contralateral.
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(Büchel et al., 2004; Eluvathingal et al., 2007; Kulikova et al., 2014;
Liu et al., 2010; Takao et al., 2011), and tract length (Baker et al.,
2017; Cohen et al., 2016).

3.2. Precision of measure in thalamic volume

Our study found a reduction in thalamic volume in the FCD
hemisphere, when compared to the contralateral hemisphere.
Although the contralateral hemisphere was not statistically
different from the controls, the FCD thalamus did not differ from
controls either. This disparity is likely due to the fact that the sta-
tistical analysis is dependent on not only the relationships between
variables, but the precision with which they are measured; here
the contrast between the patients’ hemispheres was discernible
with high precision due to the intra-patient nature of the compar-
ison. However, the inter-patient contrasts with controls lead to a
poor correlation. It becomes clear when analyzing the standard
errors for the difference; 0.039 for the FCD to contralateral compar-
ison, and 0.141 for the FCD to control and contralateral to control
comparison. Any present signal became more difficult to detect
due to noise, however, none of the other measures experienced this
issue.

3.3. Thalamic atrophy in demyelinating disorders

Analysis displayed a marked reduction in thalamic volume in
FCD. Microstructural thalamic atrophy has previously been
observed in another demyelinating disorder, multiple sclerosis
(Deppe et al., 2016). Our finding of reduced thalamic volume in
FCD suggests that demyelinating disorders may be accompanied
by a reduction in thalamic volume, though, our measure of MRI
thalamic volume is unable to be directly linked to any DTI findings
by this study. However, the basis of correlation between reduction
of thalamic volume and demyelinating disorders provides rationale
for further study.

3.4. Limitations

Though water diffusivity measures have been analyzed in FCD
in the past, we were unable to find prior mention of quantification
of a reduction in connectivity between the thalamus and neocor-
tex, as well quantification of a reduction in thalamic volume. The
thalamus is important in many pathologies resulting in epilepsy.
Though our study lacks pathological confirmation, it is rare to
obtain this information in living subjects, of which our sample
was based on. We have consulted with a licensed neuroradiologist
and have been advised that MRI is largely sufficient for the diagno-
sis of FCD. Additionally, prior literature has also found MRI signal
findings to be sufficient indication of FCD (Barkovich et al., 1997;
Gross et al., 2005). It is possible that the findings are representative
of epilepsy, rather than the specific pathology under study, though,
given the criteria of a FCD diagnosis with no comorbid conditions
that affect cerebrum connectivity, we must assume an inability
to generalize beyond the pathology being studied. The retrospec-
tive nature of the study prevented us from minimizing standard
error in inter-subject analyses with regard to thalamic volume.
Our study experienced another limitation with respect to the sub-
jective nature of imaging analysis, although this parallels clinical
practice. Though DTI imaging of thalamocortical fibers is consistent
with microstructural analysis (Jaermann et al., 2008; Johansen-
Berg et al., 2005; Zhang et al., 2010), a histological account would
strengthen the present findings. While MRI, DTI, and fiber tractog-
raphy analysis have proven reliable in isolating aspects of FCD,
further characteristics of the disorder must be studied in order to
develop the practicality of the technique.

4. Conclusion

The present study aimed to quantify changes in the thalamus
and thalamocortical pathways with respect to FA, ADC, volume,
and other common measures. Our study found a reduction in the
volume of the FCD thalamus as compared to the contralateral
hemisphere. A reduction in tract volume, count, and length was
observed in FCD patients compared to those in control subjects,
suggesting less structural connectivity between the thalamus and
neocortex in FCD patients. Prior claims of a loss of myelin content
in FCD were supported in this study by a significant reduction in FA
in the thalamocortical pathways. A reduction in FA in the thalamus
may denote a loss of myelin content, though abnormal cellular
organization, as well as damage or a reduction of the integrity of
white matter microstructures can potentially explain this measure.
Additionally, analysis of the high and low ADC dichotomy showed
that FCD patients were more likely to exhibit the high ADC values
in both the thalamus and thalamocortical tracts, which could sup-
port the observed FA reductions in these structures. By quantifying
a reduction in cases of FCD, these measures can potentially be used
as biomarkers in diagnosis and treatment.

5. Experimental procedure

5.1. Clinical data

Subjects were included based on an indication of FCD in a
patient’s electronic medical record (EMR) at our hospital, a result
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of clinical diagnosis by a neuroradiologist (Fig. S2). Due to the
in vivo nature of clinical data, FCD subtypes as determined by his-
tological confirmation could not be provided. Our sample originally
began with 97 patients for volumetric analysis and 77 patients for
DTI analysis, however, all patients with comorbid conditions indi-
cated in their EMR that were likely to alter structural connectivity
(ganglioglioma, benign neoplasms, subcortical nodular hetero-
topia, subependymal giant cell astrocytoma, tuberous sclerosis,
etc.), post-surgical scans, manually determined poor imaging qual-
ity (motion artifacts, lack of T1 structural imaging), file corruption,
or software error were excluded. The study continued with pre-
operative radiological diagnosis scans from 75 patients (35 female,
0–24 years, 10.1 ± 6.5, mean ± SD) for volumetric analysis and 68
patients (32 female, 0–24 years, 10.2 ± 6.4, mean ± SD) for DTI
analysis, collected between January of 2008 and February of
2016. Control patients were retrospectively matched for age and
sex on the basis of an MRI examination devoid of any structural
abnormality, as determined by a neuroradiologist, as well as prior
medical history that lacks any indication of neurological issues or
genetic disorder (Levman et al. 2017). A summary of relevant
clinical information for participants is provided (Table 2).

5.2. MRI data acquisition

Patients were scanned for T1 structural images using clinical 3
Tesla MRI scanners (model: Siemens Medical Systems 3.0T Skyra;
Erlangen, Germany). Variability in the pulse sequences employed,
including several types of MPRAGE acquisitions, as well as variabil-
ity in spatial resolution between individuals (1.72–2 mm, 1.72–2
mm, 2–2.2 mm), were controlled for to the best of our ability and
addressed below (5.4). Despite this variability in MPRAGE acquisi-
tion, all diffusion-weighted measurements (b = 1000 s/mm2)
underwent protocol with 30 diffusion gradient directions and 5
b0 measurements.

5.3. Data reconstruction and processing

Volumetric data was segmented (Fig. S3) and quantified auto-
matically with volBrain (Manjón and Coupé, 2016). Results that
failed to properly align ROIs to T1 examinations were excluded
(i.e. ROIs that extend outside the cerebrum).

DTI tractography was processed using ITK Snap (Yushkevich
et al., 2006) for manual delineation of ROIs. With the thalamus
as the seed point, we defined thalamocortical tracts to be any tracts
with end points in the thalamus that extend radially towards cor-
tex. ROIs were carefully adjusted to avoid inclusion of other white
matter pathways. Additional ROIs, such as the mesencephalon,
Table 2
Clinical characteristics of FCD patients and controls in analyses. Describes mean age at
time of T1 image acquisition (in years), standard deviation, range, gender, and
hemisphere containing the region of FCD as determined by MRI.

FCD Patients Controls

Volumetric Data
Average Age, years 10.1 10.1
Standard Deviation 6.5 6.5
Range, years 0–24.4 0–23.9
% Female 46.7 46.7
% Left Hemisphere Dysplasia 48 N/a

FCD Patients Controls

DTI Data
Average Age, years 10.2 10.2
Standard Deviation 6.4 6.4
Range, years 0–24.4 0–23.9
% Female 47.1 47.1
% Left Hemisphere Dysplasia 48.5 N/a
were used to exclude pathways clearly different (such as the cere-
brospinal tract) from the pathway of interest.

DiffusionToolkit and TrackVis (Wang et al., 2007) were used for
tract reconstruction, visualization, and quantification (Fig. 3).
Given the robust nature of the thalamocortical fibers of interest,
DTI was deemed a sufficient technique to image these tracts. Path-
ways were reconstructed for visualization with a streamline/FACT
algorithm and a 45� angle threshold. An FA threshold was not set to
terminate tractography pathways (e.g. Song et al., 2015; Takahashi
et al., 2012; Wedeen et al., 2008); myelination and crossing fibers
in post-natal premature brains may result in low FA measures that
tend to erroneously terminate tractography pathways. Tractogra-
phy pathways were reconstructed on a standard red-greenblue
(RGB) code which visualizes the spatial orientation of terminal
regions for each tract. Red was indicative of left-right, green of
anterior-posterior, and blue of dorsal-ventral.
5.4. Quantification

Raw thalamic volume, as provided by volBrain, was trans-
formed into an asymmetry index in order to normalize the effect
of spatial resolution. Spatial resolution, though varying between
examinations, affects both hemispheres equally within an exam.
Thus, between subjects, variability becomes a negligible factor
when comparing differences between the thalamus on the hemi-
sphere containing the dysplasia (ipsilateral hemisphere) with the
contralateral hemisphere. Additionally, the use of an asymmetry
index allows us to control for the wide variability in brain volume
in pediatric populations, given that the ratio between thalami
should be consistent despite differences in volume. The asymmetry
index was calculated as the ratio of the difference between thalami
to their mean:

Asymmetry Index ¼ 2ðThalamuscontralateral � ThalamusipsilateralÞ
ðThalamuscontralateral þ ThalamusipsilateralÞ

Seven program-assessed quantities were recorded; volume,
tract count, mean length, FA and ADC of thalamocortical tracts,
and FA and ADC of the thalamus.
5.5. Statistical analysis

We compared DTI measures between patients and controls
using factorial ANOVA. The unit of analysis was the hemisphere,
classified into three groups: FCD-affected in patients; contralateral
(unaffected) in patients; and control (two per subject). We
accounted for correlation between hemispheres in a given subject
by including a random effect in the statistical model, allowing for
differing correlation in male and female patients and controls.
The ANOVA was also adjusted for sex, age, side (left vs. right hemi-
sphere), and interactions between sex and the other covariates in
order to minimize standard error in quantitative analysis. From
parameters of the fitted model we constructed covariate-adjusted
means for each of the three hemisphere classes, as well as pairwise
contrasts between the classes. ADC of both the thalamocortical
pathways and the thalamus showed a bimodal distribution and
was classified as low (<0.004) or high (�0.004), with 80 measure-
ments scoring high and 192 scoring low across patients and con-
trols. Any relationship between variable ADC measures was
therefore evaluated based on an odds ratio. The dichotomous mea-
sure was analyzed by logistic regression with a factorial model
similar to the ANOVA detailed above. All computations were con-
ducted with SAS software (version 9, Cary, NC). Visual representa-
tions of data were reconstructed using the statistical program R
(http://www.R-project.org/).
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