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ABSTRACT

Introduction: Little is known about the morphometric changes that
occur in the cerebral cortex of children with congenital strabismus
and Dissociated Vertical Deviation (DVD). Mathematical morphology
provides the opportunity to discover alterations in cortical thickness.
Objective: Identify and measure differences in cortical thickness in
children with congenital strabismus and DVD.

Materials and Methods: Twenty-two MRI brain studies were
conducted, each comprising 120 sagittal slices of 1 mm. A cohort of
11 healthy children formed the control group, and a cohort of 11
children with congenital strabismus and Dissociated Vertical
Deviation, both in Dissociated Esotropia and Dissociated Exotropia
formed the case group. Differences in cortical thickness between
both groups were compared and identified using the FreeSurfer
suite. Subsequently, areas of interest were analyzed using the ImageJ
program to determine density, area, size, and pixel quantity in these
regions. Study results are presented through tables and figures.
Results: Twelve inflated brain projections were obtained from 2640
MRI images. Thickness differences between both groups exhibited
three areas with significant morphometric changes: the Left Angular
Gyrus, Left Supramarginal Gyrus, and Right Pars Opercularis.
Discussion: Children with congenital strabismus and DVD showed
changes in cortical thickness that could be identified and measured
through Voxel-Based Morphometry (VBM). It is plausible to consider
that these changes are related to suppression, aiming to avoid diplopia.
Keywords: VBM, neural substrate, plasticity, congenital strabismus,

morphology, Angular Gyrus.
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Introduction

Congenital strabismus represents the utmost
disruption of the human binocular visual
affects 3%

population’. Sometimes Congenital strabismus

system and of the global
manifests dissociated movements because, in
some way, they do not adhere to Hering's law.
This law states that the nervous impulse for
coordinated eye movement is sent in equal
measure to the extraocular muscles. However,
dissociated movement is not proportional to
this law?.

It is known that patients with congenital
strabismus are stereoblind and can avoid
diplopia by suppressing the superimposed
image of the deviated eye and, on the other
hand, by decreasing the image quality of the
deviated eye, a condition known as amblyopia.

Studies based on fMRI in adults with
strabismic amblyopia have not demonstrated
the existence of long-range interocular
suppression in V1, V2, or V3. On the other
hand, studies in primates regarding the cortical
representation of areas of cortical suppression
during binocular vision suggest that the
elimination of diplopia occurs not in V1 but at

some unspecified higher cortical level.

Through neuroimaging studies of children
with congenital strabismus, morphological
and neurofunctional alterations have been
identified,

integration, suggesting that some oculomotor

revealing failures in cortical
reflexes go beyond cortical control and,

consequently, exacerbate. This happens
concurrently with a decrease in some sensory
abilities™.

Morphometric studies using Voxel-Based
Morphometry (VBM) have demonstrated a

deficit in connectivity and a decrease in fine

granular elements of cortical white matter in

children  with  congenital  strabismus®.
Additionally, a decrease in gray matter in
different areas of the cerebral cortex has been
noted’, as well as atrophy of cortical gray and

white matter’®,

In congenital strabismus, it is possible to
evaluate visual information from each eye
separately'. It is also possible to precisely
identify and measure its sensory and
oculomotor manifestations'. By correlating
neuroimaging studies with clinical findings, it
has been demonstrated that congenital

strabismus has cortical alterations®¢1314,

T1-weighted MRI images analyzed through
VBM allow the detailed

cortical morphometric and neurofunctional

identification of

changes™. Various neuroimaging studies have
already assessed cortical thickness in different
diseases such as ADX'¢,

schizophrenia, multiple sclerosis, autism'/,

Huntington's disease, Alzheimer's,
Parkinson's, cerebral palsy, amblyopia *'8, to
identify and measure the most significant
changes that occur in the cerebral cortex of

patients with these diseases.

The VBM technique has been employed to
identify morphometric changes in the cerebral
cortex that do not appear in conventional MRI
studies but are related to the visual system

and strabismus®?1319-21,

To identify cortical thickness in patients with
Surfer
program was used. This program has a set of

dissociated strabismus, the Free

automated tools for cortical surface

reconstruction from  structural magnetic

resonance images'®.

The cerebral cortex is a thin layer of highly

folded tissue containing a large area of
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cortical tissue in the cranial cavity. The sulci of
the cerebral cortex are irregular in shape and
highly variable among different individuals,
both in their configuration and anatomical
location. However, Free Surfer’s tools solve
the folding problem by using flat maps of the
cerebral surface, allowing the entire surface to
be viewed. The morphological variations of
each inflated brain projection for a group of
patients result from the heterogeneities of the
characteristics of each analyzed patient, once
the  compensations and  automated
reconstruction that the Free Surfer suite
performs in response to these heterogeneities
are made®?. This allows the evaluation and
comparison of cortical thickness differences
between individuals and between a case
group and a control group®. The program
also allows the expansion of the cerebral
cortex as if it were a flat map and uses
coordinates and distance measurements,
enabling the identification of the distribution
and location of differences in the cortical
surface using specific anatomical references
that can be in a schematic model, such as

fissures and lobes?*?’.

Results obtained through the FreeSurfer suite
schematically present the cortical thickness of
the case group on a color scale, where yellow
represents an increase and blue signifies a
decrease in cortical thickness compared to the
control group. Meanwhile, gray indicates that
there are no statistically significant differences
between both groups. Thickness differences
are anatomically located in easily identifiable
areas on the inflated brain model (Figures 1
and 2).

On the other hand, the ImageJ program is a
scientific software for mathematical morphology

that allows the processing of images, analysis,

and quantification of obtained data, making it
possible to precisely measure the number of
pixels, as well as the area they represent in a
specific area of interest®.

Patients and Methods.

Patients with congenital strabismus and
Dissociated Vertical Deviation (DVD) were
selected, both in Dissociated Esotropia (DE)
and Dissociated Exotropia (DX). The case
group comprised 11 children with congenital
strabismus and Dissociated Vertical Deviation,
while the control group consisted of 11
healthy children. All

optometric and ophthalmologic examinations,

patients underwent
including determination of visual acuity,

refraction, ocular motility, fusion, retinal
correspondence, and visual preference. All
patients were natives of Querétaro, Mexico,

and had no neurological pathology (Table 1).
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Table 1.
Case group (n= 11)
Clinical .
ID Sex Age ) ) ARC Suppression
diagnosis

1 Female 11 DX Yes Yes

2 Female 11 DX Yes Yes

3 Female 9 DX Yes Yes

4 Female 10 DX Yes Yes

5 Female 11 DE Yes Yes

6 Female 11 DX Yes Yes

7 Female 11 DX Yes Yes

8 Female 7 DX Yes Yes

9 Female 11 DX Yes Yes

10 Male 8 DX Yes Yes

11 Female 11 DE Yes Yes

The table displays the clinical characteristics
of the patients comprising the case group. All
patients presented Dissociated Vertical
Deviation, with 9 of them exhibiting exotropia

and Dissociated Vertical Deviation (DX), and 2

with esotropia and Dissociated Vertical
Deviation (DE). All  patients showed
suppression  and  anomalous  retinal

correspondence (ARC).

For the acquisition, processing, analysis, and
interpretation of images, three different tools
were employed: i) MR, ii) FreeSurfer, and iii)
ImagelJ.

i) Sagittal brain cohorts with a thickness of 1
mm were processed using 3D T1 MRI without
contrast medium for each of the 22 brains in
the sample. The equipment and protocol had
the following specifications: Philips Intera 1.0T
System, Version 10.6 FastFeel Echo (FFE)
Sequence, weighted to T1 in 3D mode, field
of view (FOV) 230 mm, Real FOV (RFOV) 80%,
Cohort thickness (Slice Thickness) 1 mm, no

gap between cohorts, echo time (TE) 6.9 ms;

repetition time (TR) 25 ms; flip angle (FA) 30
degrees; number of excitations (NAS): 1,
number of cohorts: 120.

i) The MRI studies of both groups were
processed and compared using Voxel-Based
Morphometry (VBM) with the automated
FreeSurfer program to identify regions with
significant changes in cortical thickness in the
case group (Figures 1 and 2).
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Figure 1. Inflated brain projections obtained using the FreeSurfer suite. The cortical thickness differences between
the two analyzed groups are illustrated: a) Anterior Left Hemisphere (LH), b) Inferior LH, ¢) Lateral LH, d) Medial LH, e)
Posterior LH, f) Superior LH, g) Anterior Right Hemisphere (RH), h) Inferior RH, i) Lateral RH, j) Medial RH, k) Posterior
RH, I) Superior RH.

-1.50 000 __1.50

Figure 2. Inflated brain projections. In yellow, a significant increase of 3 mm in cortical thickness is shown in the
Angular Gyrus (a1) and the inferior Temporal Gyrus (a2). Meanwhile, in the right hemisphere (b), there is a noteworthy
increase in cortical thickness in the Pars Opercularis (b1).

iii) The threshold of each region of interest  range that formed the images. The most
was measured using the ImageJ program, prominent regions of interest were processed
calculating minimum and maximum values (Figure 3).

and the quantity of pixels within the color
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LH Red Gyrus Angularis

LH Blue Gyrus Angularis

LH Green Gyrus Angularis

S 020 | I 200 |
0 Red 255 0 Blue 255 0 Green 255
M: 4380 Min: 72 M: 4390 Min: 0 M: 4390 Min: 4
Mean: 217.422 Max: 255 Mean: 4.696 Max: 133 Mean: 113.933 Max: 255
StdDev: 33964 Mode: 254 (222) StdDev: 18.688 Mode: 0 (3886) StdDev: 81.013 Mode: 254 (51)
WValue: — Count: — Value: 248 Count: 0 Value: — Count: —

LH Red Inferior Gyrus LH Blue Inferior Gyrus LH Green Inferior Gyrus
Temporalis Temporalis Temporalis
HEEE 020 | HEEE 020 I 20 |
0 Red 255 0 Blue 255 0 Green 255

N: 3222 Min: 83 N: 3222 Min: 0 N: 3222 Min: 2

Mean: 242.692 Max: 255 Mean: 2.077 Max: 135 Mean: 112.508 Max: 250
StdDev: 16.611 Mode: 254 (325) StdDev: 11.288 Mode: 0 (3000) StdDev: 70.894 Mode: 248 (38)
WValue: — Count: — Value: — Count: — Value: — Count: —

RH Red Pars Opercularis

RH Blue Pars Opercularis

L

0 Red 255
M: 2128 Min: 100
Mean: 222.797 Max: 244
StdDev: 13957 Mode: 230 (135)
WValue: — Count: —

5

0 Blue 255
N: 2128 Min: 0
Mean: 1.668 Max: 126
StdDev: 8.867 Mode: 0 (1969)
Value: 245 Count: 0

RH Green Pars Opercularis

|
0 Green 255

M: 2128 Min: &

Mean: 102.341 Max: 236
StdDev: 65644 Mode: 233 (38)
WValue: — Count: —

Figure 3. Histograms were created to display the thresholding and weighting of each color constituting the images

of the regions of interest. From top to bottom: Left Hemisphere Angular Gyrus, Left Hemisphere Inferior Temporal

Gyrus, and Right Hemisphere Pars Opercularis.

Using the ImageJ program, the most notable
features of the regions of interest were
determined. The anatomical

identified, and measurements were taken for

perimeter, and solidity (Table 2). This program

facilitated the analysis and interpretation of

zone was  the color bar accompanying the images

area, pixel significance, standard deviation,

provided by the FreeSurfer suite (Figure 2).
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Table 2.

Pixel values found in the different areas of interest in the case group (n = 11)

Anatomical Zone | Area Mean | StdDev | Perim. | Solidity Function
Processes and
: assigns a common
Gyrus Angularis _
) 4390 | 112.015 | 32.38 389.886 0.662 | code between visual
Left Hemisphere :
and auditory
information
Inferior Gyrus Visual
Temporalis 3222 | 119.095 | 24.671 | 247.252 | 0.928 Processamento,
Left Hemisphere Working Memory
It only supports a
Pars Opercularis single stimulus.
Right 2128 | 108.945 | 23.109 | 244.693 0.76 Semantic,
Hemisphere phonological, and
syntactic process

The table provides a detailed breakdown of
the attributes of each image corresponding to
the anatomo-functional zones with the highest
cortical thickness found in the problem group.

For a better comprehension of the findings,
the color scale was quantified, expressing the

extreme and intermediate values by analyzing
the pixels as well, using the ImageJ program.
The

encompassed colors ranging from red to

increase in cortical thickness

yellow, i.e., from +1.50 mm to +3.00 mm
(Figure 4).

-

Colorimetric Scale Interpretation

Absolute . . .
. Perceived Range in Range in
Scale color in Color range ) o
) Color pixels millimeters
pixels

+3 mm 255 Yellow Golden-Yellow | 192-225 62.625-3 mm
+ 2.625 mm 191.25 Golden Amber-Golden | 128-191 | 2.25-2.625 mm
+2.25 mm 127.5 Amber Orange-Amber | 64-127 | 1.875-2.25 mm
+ 1.875 mm 63.75 Orange Red-Orange 63-126 1.5-1.875 mm

+ 1.5 mm 0 Red Grey-Red 0-62 0-1.5 mm

Figure 4. The figure displays the pixel composition and its interpretation. Measurements were established using the

ImageJ program.
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Using the thresholding operator, warm tones
were separated from cool tones to determine

the quantity of pixels comprising the cortical

thickness

changes in
(Figures 5 and 6).

each hemisphere

Figure 5 Yellow areas were identified indicating an increase in cortical thickness on the lateral surface of the left

hemisphere (a) and the right hemisphere (b) after removing non-significant values. The increase in thickness in different

areas signifies a larger affected surface in the left hemisphere compared to the right.

Figure 6 Left hemisphere (a) and right hemisphere (b) of the case group were identified, once non-significant values

were removed. The decrease in cortical thickness in the case group was relatively insignificant.

Results

A total of 22 brains were analyzed, and 2640
MRI images were processed for analysis using
the FreeSurfer

projections of inflated brain surface map

suite, resulting in 12

reconstructions (Figure 1).

Three areas showed a significant increase in
cortical thickness: the Left Angular Gyrus and
as the Right
Temporal Gyrus (Figure 2, Table 2).

Pars Opercularis, as well

The left hemisphere exhibited the most
substantial changes with a larger affected

surface (Figure 2a and Figure 5). Upon

detailed analysis of these images using Voxel-
Based Morphometry (VBM), differences in
pixel density or solidity were identified. The
Left Inferior Temporal Gyrus showed the
highest density (0.928), while the Left Angular
Gyrus represented a larger area (4,390).

The pixel distribution of the Angular Gyrus
displayed a predominance of red and yellow
with respective transitions, with an absolute
value of 112,015 and an area of 4,390,
representing the area with the greatest
increase in cortical thickness in the left

hemisphere. Meanwhile, the Left Inferior
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Temporal Gyrus of the same hemisphere
showed an absolute value of 119,095 and an
area of 3222, representing the second zone of
interest with greater cortical thickness in the
left hemisphere. On the other hand, the Pars
Opercularis was the most prominent area in
the right hemisphere with an absolute value of
108,945 and an area of 2128 (Table 2).

A color scale was obtained for the
identification of cortical thickness with each of
its parameters (Figure 4). Warm-colored areas
represented the maximum cortical thickness
found in the sample relative to normality
(Figure 5), while blue colors indicated areas

with the lowest thickness (Figure 6).

Discussion

It has been suggested that changes in cortical
thickness in patients with strabismus are
indicative of neuroadaptive adjustments to
compensate for deficits in visual processing
areas, and cortical

suppression requires

intense neuronal activity, leading to an

increase in thickness in certain strategic areas

of the cerebral cortex%.

The suppression is a skill inherent to
congenital strabismus that appears to be
driven by neuroadaptive changes, although
the precise location remains unclear®® 332 33,
From a sensory standpoint, the visual pathway
in  patients with congenital strabismus
receives simultaneous information from both
retinas with a harmonized spatiotemporal
frequency. Therefore, the deviated eye
projects information with a similar temporal
frequency but dissimilar spatial frequency.
Despite this, strabismic children do not
and while strictly

experience diplopia,

stereoblind, they can simultaneously perceive

non—corresponding points, i.e., they can fuse
the sharp image from the fixing eye with the
blurred image from the non-fixating eye
through some extrafoveal area, a condition
known as Anomalous Retinal Correspondence
(ARC), observed in all patients in the case
group (Table 1).

The Voxel-Based Morphometry (VBM) results
in this study reveal an increase in thickness in
specific cortical areas in children with
congenital strabismus. An increase in cortical
thickness was identified in the supramarginal
gyrus and the Angular Gyrus, which is
contiguous and represents a secondary
extension of the visual association pathway.
The primary function of this pathway is to
process and assign a common code for visual

and auditory information.

While the color scale accompanying the
images allowed for a qualitative assessment
by observers (Figure 2), a quantitative
mathematical basis was required for this
research to quantify the degree of
morphological alteration in the regions of
interest. This determination was necessary to
establish the area and pixel volume for
statistical purposes, as demonstrated in the
histograms (Figure 3, Table 2). In evaluating
the changes, consideration was given not only
to the increase in cortical thickness but also to
the area, pixel density, strategic location in
the cerebral cortex, and their possible clinical

correlation (Table 2).

It is possible that these changes are related to
the clinical findings of the patients, including
ocular deviation and dissociated movement
from a motor perspective, and suppression

and ARC from a sensory perspective.
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Conclusions

It is plausible to consider that the increased

thickness in  the Angular Gyrus and
supramarginal gyrus of the left hemisphere
and the Pars Opercularis of the right

hemisphere represents a neuroadaptive
response that somehow promotes suppression,
aiming to prevent visual confusion and
diplopia in

patients with  congenital

strabismus and Dissociated Vertical Deviation.
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