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Abstract

children.

reviewed studies are 34.

Purpose: This study’s aim is to explore the various neural mechanisms and possible causes of strabismus, review vision therapy
programmes suggested by different authors and observe potential variations of the aforementioned programmes in adults and

Methods: A search was conducted using various scientific databases and other sources. The risk of bias of the included articles
was evaluated using the SYRCLE for animal studies, the ROBINS-I and the ]BI tool for case reports.

Results: The search showed a total number of 28789 articles. After excluding irrelevant to this research articles, the final

Conclusion: Strabismus alters various brain areas the neural synapses and connections of which are affected. Numerous vision
therapy procedures are recommended by the referenced authors while different programmes are applied in children and adults

Introduction

Strabismus is a misalignment of the eyes usually characterised
by loss of binocular fusion. Depending on the severity and the age of
onset it may co-exist with suppression, normal or abnormal retinal
correspondence, poor or no stereopsis, reduced eye movements,
nystagmus and amblyopia. However, the mechanisms and causes
of strabismus remain under investigation. The reason for this
is because strabismus is a condition that presents a multifarious
and multi-level complexity. The visual system develops early in
life. The first four to six postnatal months of age are crucial for
the development of binocular fusion and stereopsis. As Katz and
Shatz accurately observe, “the connection of the visual system is
initially based on the formation of synapses which are controlled
by molecular guidance cues” [1]. Moreover, Zhang, Poo, Kirkby
and others correctly state that “when various stimuli by activity
is received, the neural circuit starts to develop and coordinate [2],
forming a local network of interactions within the cortex” [3]. The
visual cortex (V1) is organized in columns of neurons coming from
the lateral geniculate nucleus (LGN). Each column is driven by a
dominant eye (namely the right or the left eye) [4]. Katz and Shatz
interestingly suggest that “in early months of life these columns are

absent in layer 4 (V1) which is responsible for binocular sensory
fusion and stereopsis. Early visual activity and stimuli trigger
anatomical rearrangements in the synaptic physiology of layer 4
neurons which are activated by both eyes and finally each formed
column responds to one eye stimulus only” [1]. These signals from
the left and right eye join in V1 and form neurons of binocularity in
layer 4 which are essential for sensory fusion. A specific part of V1
and V2 neurons, are sensitive to relative disparity of a visual target
or elements of a visual scenery and are responsible for stereopsis
[5]. Consequently, it appears that visual disparity and eye alignment
are closely intertwined. More precisely, the interruption of this
interaction between visual disparity and eye alignment might be
attributed as one of the causes of strabismus which is produced by
abnormal sensory experiences early in life. Additionally, sensory
fusion and stereopsis and a combination of binocular disparity of
visual signals and accommodative response due to closeness of the
visual target, drive the extraocular muscles of the eyes to change
their angle. When the binocular system is developed normally the
eye movements are precise and coordinated, while a disruption
of the development of binocular fusion leads to poor stereopsis
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and motor guidance of the extraocular muscles and is associated
with strabismus and suppression. The absence of sensory fusion
and the abnormal development of binocular neurons of disparity,
will eventually lead to the loss of critical error signals in the
cortex or the brain stem, necessary for the orthoptic alignment
and development of the eyes [5]. This may result in poor visual
activity and stimuli in the early months of life. Moreover, this
condition once developed may further lead to false calibration
of the neural circuits and connections in multiple levels from the
visual cortex to the motor neurons. The sensitivity of the binocular
vision neurons and the binocular motor coordination of the eyes
are connected with the level of development of the visual system
through relevant visual experience in early stages of an individual’s
life. This observation implies that the interruption of binocular
vision encountered at an early age may lead to strabismus. The
degree that the visual and visuomotor function may be influenced,
due to the aforementioned early abnormal visual experience,
depends largely on the age of onset, the duration and the type of
interruption [5]. As a result, the ocular dominant columns in layer
4 of the visual cortex which develop through the visual input of
each eye separately will be unavoidably affected. The following
example, retrieved from Tychsen’s study, may frame better the
said issue. In strabismic monkeys the binocular connections in the
ocular dominant columns dropped by 50%, whereas the monocular
ones were preserved. Yet, the ocular dominant columns of the
strabismic eye were considerably less than in the non- strabismic
one. The remained connections spurred abnormal and inhibitory
reactions causing suppression in every row of columns which
corresponded to the strabismic eye [4] Conventional treatments
of strabismus include, inter alia, full prescription glasses in the
case of accommodative esotropia, patching, penalisation using
atropine drops or Bangerter filters if strabismus co-exists with
amblyopia and surgery. Modern treatment methods developed in
the last century are based on active vision therapy which focuses
on the binocular function. More precisely, these methods aim to
re- train the brain regarding the way it uses the two eyes together.
Vision therapy varies from simple to complicated tasks and also
incorporates different techniques and sensory integration. These
techniques not only require the active effort and contribution of the
eyes, but also the body movement and balance involvement. The
equipment that is usually used includes inter alia: stereoscopes,
Brock string, Hart charts, tranaglyphs, vectograms, Marsden ball,
rotator, aperture rule, red/green filters, polarized and red-green
reading bars, tachitoscope, fusion targets, prisms, lenses and
other filters. Vision therapy’s core philosophy takes advantage of
the neuroplasticity of the brain. This means that the brain has the
extraordinary ability to continuously learn, improve and adjust to
the specific existing surrounding conditions regarding the use of
the two eyes together by forming new neurological pathways and
synapses, establishing, internalising and generating new skills.
Depending on the age and the severity of the problem, applied
vision therapy has indeed demonstrated outstanding results in
various cases of binocular vision dysfunctions.

Strabismus is one of the binocular vision dysfunctions that
vision therapy may be applied effectively, demonstrating satisfying
and even exceptional results without the need for any surgical
intervention. The way vision therapy makes this possible, is a
rather interesting procedure. As already discussed, vision therapy’s
main concept is based on the neural plasticity of the brain. The said
plasticity of the visual system develops until the age of 9. Thus,
greater positive results may be achieved through active vision
therapy especially within this timeframe, namely from birth until
the first 9 years of a child’s life. This is because the cells in the lateral
geniculate nucleus and the visual cortex “die” after the age of 9,
because of the lack of stimulation [6]. This does not mean that vision
therapy in adults is not effective, but it may require longer periods
of time and more intense efforts to achieve the desired results.
Moreover, the said difficulty may discourage the individual from
continuing the participation of the treatment, if the individual has
established and internalised the visual dysfunction with habitual
visual patterns. Depending on the severity of the problem, namely
how deep the issue is established and whether the individual is
aware or not of these habitual patterns, it may be close to impossible
to “break” and “erase” the said patterns. An example of such a
difficulty that will undoubtedly hinder vision therapy treatment
applicability and results, is the existence of an adult patient who
is diagnosed with alternating exotropia, visual acuity OU: 10/10,
abnormal retinal correspondence (ARC), suppression and complete
absence of Randot stereo fusion. In this type of strabismus it may be
extremely difficult to “break” the alternate fixation patterns along
with the ARC pattern. This also depends on how much embedded
these patterns are in a patient’s visual framework and whether the
individual is aware of them or not. For example, in the possible case
of a strabismic adult patient who is not aware of the habitual visual
patterns embedded into the strabismus problem, a vision therapy
treatment plan may have a minimal effect on eliminating the said
patterns. Needless to say, each case is unique, which implies that
the success of a vision therapy programme depends not only on the
optometrist’s expertise and experience, but also on the patient’s
persistence, constant focus and determination to follow the
instructions and guidance of the optometrist.

-According to Press [6]: In children, the expansion of binocular
awareness and the cosmetic improvement of a strabismic deviation
outweigh the relatively minor alteration in habitual vision. As a
patient lives with his strabismus longer, and the adaptation builds,
the elimination of the strabismus may be perceived as a tradeoft.
An example is a patient with divergence excess exotropia who
panoramically views at distance. This patient essentially enjoys
the benefits of having a “picture within a picture” television screen.
He has learned how to divide his attention - split the screen, so
to speak - so that the fixating eye watches the main programme
centrally, while the exotropic eye views a peripheral station. At
the moment he aligns his eyes, he feels cheated out of one picture.
Before commencing a vision therapy (VT) programme, a complete
behavioral and functional visual examination is necessary in which
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not only the characteristics of the visual system are evaluated in
an analytical way, but also the use of the visual system through
observation of the patient’s behavior.

According to Vidal-Lépez, 2018, [7] as depicted in p. 93, it is
important to classify the strabismus by:

a) Age of onset: congenital if it occurs between birth and 6
months of age and early onset strabismus between 6 and 36
months of age.

b) Constancy: constant when the strabismus is always observed,
intermittent when the condition is observed occasionally and
accommodative when the accommodation is the primary
cause of the squint.

c) Localisation: in distance and near vision.

d) Laterality: unilateral, when only one eye deviates, alternating,
when the strabismus occurs in both eyes.

e) Directionality: horizontal, esotropia, if the eye turns nasally,
exotropia, if the eye turns temporally. Vertical hypertropia
when the eye turns upwards and hypotropia when the eye
turns downwards. Rotational, incyclotropia and excyclotropia.

f) Magnitude: microtropia below 4 A, small-angle strabismus
from 4 A to 9 A, moderate-angle strabismus from 10 A to 30 A
and large-angle strabismus more than 30 A.

g) Correspondence: if the retinal correspondence is normal or
abnormal. If it is abnormal, is it harmonious to the deviation
angle or unharmonious.

h) Concomitance: concomitant strabismus is present when the
angle of deviation does not vary more than 5 A in any gaze
position. Non-concomitance is present when the angle of
deviation varies in different gaze positions.

i) Organic origin: if the strabismus is related to a disease or
syndrome if it is functional or not.

According to Von Noorden, 1988, [25] a successful therapy on
strabismus needs to meet the following criteria:

a. Incomplete binocular vision: Which is characterised by
orthotropia or eterophoria without symptoms, normal visual
acuity in eyes, peripheral identification, normal retinal
correspondence, central scotoma in one eye and low or
absence of stereopsis. This outcome is the best possible.

b. Microtropia: small or absence of movement in cover test,
possible mild amblyopia, peripheral identification, abnormal
retinal correspondence and low or absence of stereopsis.

c. Small-angle strabismus (<20 A): this deviation is acceptable,
with abnormal retinal correspondence, low or absent

stereopsis.

d. Large-angle strabismus (>20 A): this deviation is noticeably
obvious. Suppression is present and stereopsis is absent.

Van Noorden studied the results of strabismus surgery
in infantile esotropia and assessed which outcomes could be
considered as “successful” and whether this evaluation could
be characterised as subjective, since the alignment of the eyes
surgically does not necessarily enhance the binocular fusion
of the brain. In fact, there is no intervention post surgically to
stimulate the fusion and stereopsis of the brain. Instead, the visual
system shall regain fusion and stereopsis by itself with no further
stimulation intervention which leads to very low or even no results
of such regainment. On the contrary, active vision therapy brings
the two foveae together and re-aligns the eyes with the visual
axis by enhancing binocular fusion and stereopsis and providing
the necessary stimulation, so that the brain can rebuild neural
synapses of binocularity in the visual cortex. Having set the pace
for the analysis of this paper, the aim and structure of this work will
be presented briefly. The aim of this review is to gather scientific
literature about the neural mechanisms and potential causes of non-
traumatic and pathological strabismus and the changes that occur
in the visual cortex. Also, different approaches of vision therapy
programmes set forth by different authors in strabismic cases will
be critically observed aiming to evaluate whether any variances
between treating children and adults exist. To this end, a systematic
review is performed based on bibliography and internet search
databases. Both tools are used to search for scientific evidence,
possible explanations regarding the neural origins of strabismus,
experiments in animals with induced strabismus and case studies
and reports in the field of vision therapy treatment of strabismus.

Objectives

Many reviews, research papers and studies have been
conducted by ophthalmologists and optometrists analysing the
“peripheral” origins of strabismus related to abnormalities of
muscles and pulleys of the eyes that affect the oculomotor system.
Many cases of strabismus are indeed associated with syndromes
and oculomotor dysfunctions, nevertheless little is known about
the “central” roots of strabismus. So far, the research on central
roots examines the potential neural changes and alterations of the
binocular circuit and acknowledge that an abnormal neural signal
is the effect of false input to the muscles and pulleys of the eyes,
rather than the cause [8]. Similarly, more weight has been placed
on the well- established approach in the methods of strabismus
treatment, rather than vision therapy. Specifically, extensive
studies regarding the efficacy and results of strabismus surgery
and the use of pharmaceutical substances, such as the Botulinum
toxin have been thoroughly investigated and little is known about
other methods of intervention, such as vision therapy. Respectively,
although a considerable quantity of scientific data is available on
the effects of vision therapy in different visual dysfunctions such
as convergence insufficiency, still a finite number of reviews are
dealing with the vision therapy treatment programmes in various
strabismic cases. Hence, the available literature about vision
therapy strabismus plans written by different optometrists for
adults and children is limited. It follows from the above that VT,
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being an alternative treatment of strabismus, is a field “under
investigation”. To this end, this review will contribute through the
gathering of available literature and bibliographic information on
the analysis of the following topics: i) the potential neural causes
and mechanisms of strabismus, ii) how different authors propose
different vision therapy programmes in various strabismic cases
and iii) the difference in approach to vision therapy treatment
procedures for adults and children. The whole aim of this thesis is
to provide specific information to a wider audience in the scientific
community.

Methods

For the purposes of this review, a search was conducted on
the scientific databases of PubMed, Frontiersln, Plos One, Science
Direct, and Journal of Neurophysiology. Further sources also
include the OEPF (Optometric Extension Program Foundation),
the COVD (College of Optometrists in Vision Development) and
the E-Cronicon websites. Regarding the first five databases, the
research was conducted using key research words and phrases
that are presented in Table 1, describing with specific vocabulary
the subject of the investigation. The search conducted on the OEPF
website was focused on the Journal of Behavioral Optometry which
revealed relevant articles in Volume 15 - Issue 1 - “Optometric
Management of Patients with Incomitant Strabismus”, written
by David L. Cook 0.D. and Volume 13 - Issue 2 - “The Interface
between Ophthalmology and Optometric Vision Therapy”, written
by Leonard ]. Press 0.D. Although the title of the latter article
does not match the subject of this review, further information on
methods of optometric vision therapy is covered in Table 7 of the
appendix section. The information of the said article is presented
in a sequential and methodological plan for the strabismus vision
therapy and this is why this article was considered relevant for
the purposes of this paper. Furthermore, additional studies and
reviews regarding the efficacy of VT, sequential plans of treatment
and results of therapy in various forms of strabismus were retrieved
from the COVD website. The said studies include and present the
expertise of different authors who approached strabismus therapy
on an ad hoc basis, namely according to the history of the patient,
the age of onset and the diagnostic results of the patient. The titles,
abstracts and citation information of the COVD studies are available
on the “Summary of Research and Clinical Studies on Optometric
Vision Therapy” document using the search engine of the website
and typing the phrase “summary of research on optometric vision
therapy”. The studies were looked up on PubMed database for
further review and availability status.

However, the full text of a considerable number of studies was
not available for review due to the absence of DOl number which is
essential in tracking the full text. Last but not least, the review of
“The Power of Effective Vision Therapy” written by Joseph Pederzolli
in 2019 was specifically searched on E-Cronicon. The “Origins of
Strabismus and loss of binocular vision” written by Emmanuel
Bui Quoc and Chantal Milleret published on 25th September 2014
found in Frontiers In integrative neuroscience Volume 8 - Article

71, formed the basis for further search of the neural mechanisms
and causes of strabismus, and for tracking other relevant studies
in the reference section. Additionally, another article that
included a rich section of relevant references on strabismus is the
“Neural mechanisms of oculomotor abnormalities in the infantile
strabismus syndrome” written by Mark M.G. Walton, Adam Pallus,
Jérome Fleuriet, Michael J. Mustari and Kristina Tarczy-Hornoch,
published on 10th April 2017 by ] Neurophysiol. The references
section of other studies was also utilised to pinpoint experiments
in cats and monkeys with induced strabismus and changes in their
visual cortex, the neural wiring of retinal waves in mice and the
development of the visual brain and to supplement information
on the changes that occur in V1 and V2 and how other sections of
the brain controlling the oculomotor movements are affected. As
mentioned before, the research found on vision therapy was limited
to reviews on its efficacy in strabismus, the role of vision therapy in
various forms of strabismic cases, orthoptics programmes and a few
vision therapy case studies and reports on adults and children. All
studies reviewed and included herein were written in the English
language. No other limitations were imposed with regards to the
eligibility criteria in the year of publication, publication status and
length. It should be noted that a number of studies were reviewed,
however only a few were selected for the purposes of this review
according to the following criteria:

Table 1: words and phrases used in search databases.

#1 Strabismus

#2 Strabismus mechanisms

#3 Strabismus origins

#4 Loss of binocular vision

#5 Loss of stereopsis

#6 Loss of binocular fusion

#7 Neaural basis of strabismus

#8 Strabismus and binocularity

#9 Anomalous correspondence management
#10 Characteristics of suppression in strabismus
#11 Mechanisms of strabismus

#12 Understanding the neural basis of strabismic amblyopia
#13 Lawrence Tychsen

#14 Treatment options in intermittent exotropia
#15 Vision therapy in strabismus

#16 Vision therapy treatment in strabismic cases
#17 Orthoptics in strabismic cases

#18 Vision therapy and strabismus

#19 Strabismus therapy

#20 Synaptic activity vision

#21 Development of visual brain

#22 Binocular vision

#23 Orthoptic treatment of strabismus

#24 Optometric treatment of strabismus
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Table 2: Results of JBI tool for case reports.

2 W.as t?e 3. Was the 4 Were. . 6. Was the
1. Were pa- patient’s .. diagnosti 5. Was the in- .
L ) current clini- . post- in- 7. Were adverse | 8.Does the
tient’s de- history " ctestsor | tervention(s) .
. cal condition terventio events (harms) | case report
mographic clearly . assessme or treatment . . . Overall
Author (year) . . of the patient n clinical or unanticipated provide .
characteris- | described nt methods | procedure(s) " . oo appraisal
. on presenta- condition | events identified | takeaway
tics clearly | and pre- . and the re- clearly de- .
. tion clearly . clearly and described? lessons?
described? | sented as a . sults clearly scribed? .
L described? . described?
timeline? described
Schnider et. al, Yes Yes Yes Yes Yes Yes No Yes Include
1985
Pederzolli, Yes Yes Yes Yes Yes Yes No Yes Include
2019
Funari, 2020 Yes Yes Yes Yes Yes Yes No Yes Include
Table 3: Results of SYRCLE tool for animal studies.
Domain 1: Domal_n & Domalr.l & Domain 4: Do- AT Domain | Domain 8: D"ma‘? % LOUET
Author Baseline | Allocation . Random Selective 10: Other
Sequence Random | main 5: 7: Incomplete Overall
(year) . character- | conceal- . R outcome A outcome | sources of
generation L housing | Blinding Blinding | outcome . .
istics ment assessment reporting bias
Tychsen, . . . . . . Low . . . Low
Low risk Low risk Low risk Low risk | Low risk Low risk . Low risk Low risk Low risk .
2007 risk risk
Colonnese Low risk Low risk Low risk Low risk | Low risk Low risk L.OW Low risk Low risk Low risk L.OW
et.al, 2017 risk risk
Schmidt, Low Low
Lowel, Low risk Low risk Low risk Low risk | Low risk Low risk . Low risk Low risk Low risk .
risk risk
2008
Adams, . . . . . . Low . . . Low
Low risk Low risk Low risk Low risk | Low risk Low risk . Low risk Low risk Low risk .
etal, 2013 risk risk
Tychsen et. Low risk Low risk Low risk Low risk | Unclear Low risk L.OW Low risk Low risk Low risk L.OW
al, 2003 risk risk
Sengpiel Low risk Low risk Low risk Low risk | Low risk Low risk L.OW Low risk Low risk Low risk L.OW
et.al 2006 risk risk
Pallus, et. . . . . . . . . Low
High risk Low risk Low risk Unclear Unclear Lowrisk | Unclear Low risk Low risk Low risk .
al, 2018 risk
Upad-
. . . . . . Low . . . Low
hyaya, et. Low risk Low risk Lowrisk | Lowrisk | Lowrisk | Low risk . Low risk Low risk Low risk .
risk risk
al, 2016
Chino, ) ) ) ) . . Low ) . . Low
Low risk Low risk Low risk Low risk | Low risk Low risk . Low risk Low risk Low risk )
et.al, 1983 risk risk
Table 4: Results of ROBINS-I tool for risk of bias assessment.
. Doma.m 2 Domain 3: clas- | Domain 4: deviations . Domain 6: Dome?m 7:
Domain 1: selection of o . Domain 5: selection of
Author (year) . - sification of the from the intended . measuremen Overall
confounding | participants . . . . missing data the reported
. interventions interventions ts of outcomes
into the study results
Ped;i(l)elgt.al, Low risk Low risk Low risk Low risk Low risk Low risk Low risk Low risk
Tychsen, Lis- . . . . . . . .
Low risk Low risk Low risk Low risk Low risk Low risk Low risk Low risk
berger, 1986
]urco;(r)lg%et. a, Low risk Low risk Moderate risk Low risk Low risk Low risk Low risk Low risk
Ma, et. al, 2021 Low risk Low risk Low risk Low risk Low risk Moderate risk Low risk Low risk
Citation: Spiros Dielas OD*. Neural Mechanisms and Causes of Non-Traumatic and Non- Pathological Strabismus. Comparison of Vision N\
Therapy Programmes - A Systematic Review. Tr Ophtha Open Acc ] 3(3)- 2021. TOOAJ.MS.ID.000162. 288

DOI: 10.32474/T00AJ.2021.03.000162


http://dx.doi.org/10.32474/TOOAJ.2021.03.000162

Tr Ophtha Open Acc]

Volume 3 - Issue 3 Copyrights @ Spiros Dielas OD.

Table 5: Excluded articles in the systematic review.

Author (year)

Excluding reason

Rutstein, 2018

Does not meet the inclusion criteria

Ziporietal, 2018

Does not meet the inclusion criteria

Zhou, et. al, 2017

The subjects had undergone surgery

Ashton, et.al, 1988

There isn’t a connection with strabismus

Hou, et. al, 2016

Focuses on the effect of attention on neural population activity and not on strabismus

Breuenech, 2021

Focuses on the connective tissue in extraocular muscles

Kiorpes, et. al, 1998

Does not meet the inclusion criteria

Ackman, 2012

Not relevant to this review

Arreyo, Fellen, 2018

Focuses on retinal waves

Levi, et. al, 2015

Does not meet the inclusion criteria-focuses on amblyopia

Scholl, et. al, 2013

Focuses on cell recordings in vivo.

Engle, 2006

Focuses on the genetic origins of strabismus

Leighton, Lohmann, 2016

Focuses on the connection of vision with other senses

Barrett, et. al, 2004

Does not meet the inclusion criteria

Atkinson, et. al, 2001

Does not meet the inclusion criteria

Sireteanu, 1982

Does not add more information to the investigation

Kovacs, et. al, 2000

Does not meet the inclusion criteria

Jones, et. al, 1984

Focuses on X-cells spatial resolution and functional abnormatilies

Distles, Hoffman, 1996

Studies the visual response of strabismus and not its mechanisms and causes.

Davis, et. al, 2008

Does not meet the inclusion criteria

Zhang, et. al, 2020

Does not meet the inclusion criteria

Tychsen, et. al, 2007

Does not add more information to the investigation

Fleuriet, McLoon, 2018

Focuses on surgery and EOM structure

Kalil, Spear, Langsetmo, 1984

Issues have been covered in other studies

Economides, Adams, Horton, 2016

Issues have been covered in other studies

Sluyters, Levitt, 1980

Does not add more information to the investigation

Hellerstein, Dowis, Maples, 1994

Absence of DOI number

Mollenhauer, Haase, 2020

Describes the surgical intervention for the reinstatement of stereoscopic vision

Bell, 2018

Does not meet the inclusion criteria

Feil, 1990

Does not provide clear information regarding orthoptic treatment procedures

Wick, Cook, 1987

Does not provide information regarding VT procedures

Coffey, et. al, 1992

Does not provide analytical information regarding VT procedures

Bressler, 1935

Does not provide information regarding orthoptic treatment procedures

Duckman, 1987

Absence of DOl number

Lyle, 1953

Does not meet the inclusion criteria

Lundlam, Kleinman, 1965

Does not provide information regarding VT procedures

Mayou, 1958

Does not meet the inclusion criteria

Cooper, 1988

Use of vertical prisms and not VT- Does not meet the inclusion criteria

Pritchard, Ellis, 1998

Focuses on the results of surgical intervention

Sanfilippo, Clahane, 1970

Does not provide analytical information regarding VT procedures
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a. Articles referring to strabismus the aim of which is to explain
the possible neurological changes in the visual pathway and
the visual cortex, the oculomotor abnormalities and the
changes in the brain areas that control the eye movements, the
role of uncorrelated binocular input in strabismus, the loss of
binocular fusion and stereopsis, the neural basis of suppression
and strabismic amblyopia, the early development of the visual
system and the interconnections to various cortexes and the
development of binocular fusion and stereopsis.

b. Articles referring to induced experimental strabismus in
animals aim to explain the modifications of the visual cortex
connections, neural deficits, deficits in the synapses of
binocular fusion and stereopsis and neural correlations.

c. Articles describing the characteristics of suppression
and anomalous retinal correspondence and their clinical

assessment.

d. Articles referring to vision therapy and orthoptics which
describe treatment procedures and sequential plans, the
efficacy of therapy in various forms of strabismus and case
studies and reports in children and adults.

As far as the aforementioned selection criteria of articles and
case studies is concerned, the following observations shall be noted.
Firstly, the titles and abstracts were reviewed in order to exclude
irrelevant subjects of investigation. Secondly, duplicates in studies

Table 6: Strabismus studies analysis review.

which shared the same citation, same author(s), title, publication
date, volume and issue were omitted. Thirdly, the complete texts of
the remaining reviews were studied in order to assess and select the
ones that complied with the aforementioned criteria and research
pursuits of this study. Articles describing traumatic, pathological,
accommodative, muscle, pulley and syndrome related causes of
strabismus, the surgical intervention in muscles and pulleys of the
eyes, the use of toxins, pharmacological preparations and patching
methods in cases of strabismic amblyopia, were excluded. The
only exception in patching as a method of intervention is the use
of Bangerter filters and binasal occlusion combined with vision
therapy techniques. The reason for this is that Bangerter filters
enhance binocularity and contrast sensitivity in amblyopic cases,
whereas binasal occlusion enhances peripheral fusion of the retina
which in combination with vision therapy activities will contribute
to the eye alignmentof strabismic cases. An article describing the use
of Bangerter filters for amblyopia was excluded because it focused
on a different subject. However, a few articles that were included
herein describe the use of binasal occlusion combined with vision
therapy procedures. The risk of bias assessment was performed
in all experimental studies in animals, humans, case studies and
reports using specific tools that are described analytically in the
Results section. Finally, all included studies were gathered in two
separate tables; Table 6 includes the strabismus studies and Table
7 the vision therapy reviews and studies.

Author (year) Study design Intervention

Conclusion

8 infant monkeys: 6 experi-

Tychsen, 2007 NRSI mental with induced strabis-

-Loss of binocular vision is sufficient to cause infantile esotropia during the

critical period of visuomotor development.

mus using prism & 2 control.

-Restoration of binocular fusion and V1 connections benefits the early repair in
human strabismus.

Milleret, Quoc,
2018

LRS

-There are two neural populations in V1: “Pop 1” and “Pop 2”. The first is
binocular, plays a major role in convergence and is activated by orientation and
velocity/direction of movement. The second one plays a minor role in conver-
gence and is activated by colour. While both neuronal populations are sustained
in infantile strabismus or any kind of deviation, the responses on different visual
attributes are altered.

-Postural stability may improve when visual perception is improved.

Upadhyaya,
et.al, 2017

NRSI

3 adult monkeys with induced
strabismus using prism.

The superior colliculus (SC) plays a significant role in saccadic and vergence eye
movements. Electrical stimulation can change the angle of strabismus, indicat-
ing that SC is another part of the neural circuit that is responsible for ocular
misalignment.

Walton, et.al,
2017

LRS

-Eye movements are driven by cortical projections to specific brain stem regions
that control different classes of eye movements.

-Disparity sensitivity and eye alignment are intertwined. Sensory fusion and
maldevelopment of binocular disparity neurons may deprive cortical and brain
stem centres of error signals that guide the orthoptic eye alignment.

-Maintenance of proper eye alignment for the purposes of high-grade stereopsis
requires a highly precise coordination of the neural

signals sent to extraocular muscles.

Kutsarova, et.al,
2017

LRS

Activity shapes and refines neurons to formalise connectivity on the develop-
ing brain. Neural axons and synapses can be created, developed and refined by
molecular guidance cues.
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Literature review of previous
experiments by the same
authors:

Altered cortical binocular interaction, related to strabismic suppression, might
lie at the heart of many of the anomalies brought about by ocular misalignment.

-The depth of suppression in V1 does not relate to the direction and absolute
angle of the misalignment.

2006

Sengpiel, Blake- LRS 1)_ 5 adult cats .tenotomised -In strabismic humans suppression is strongest in the fovea of the deviating eye
more, 1996 to induce experimental stra- and much stronger in the nasal hemiretina of an esotropia eye.
bismus.
-Inhibitory interactions in V1 in strabismic subjects are closely related to
2) 1 adult monkey with 30° interocular interactions in the normal visual cortex, where explicit interocular
esotropia suppression is normally triggered only by stimuli that differ substantially in
orientation.
-Active periods for spontaneous activity in young and old mice are similar and
age differences in firing result from the prevalence of down-states during the
first two post-natal weeks.
Inbred strain laboratory -Connectivity in young animals is stronger than in juvenile. Developing cortical
young and old mice were networks undergo remarkable changes in the amount and pattern of neural
Colonesse, et. al, ) activit
2017 NRSI used to examine spontaneous Vity.
activity in monocular visual -Retinal-wave activity models adult cortical activity and maintenance of the net-
cortex. work does not come from neurons keeping connections across development, but
from mature local ensembles rearranging specific connections while maintaining
the same total connectivity
after eye-opening.
-Suppression is present in binocular conditions and develops for the avoidance
of diplopia.
-The area of suppression is specific, small or large.
Jampolsky, LRS ) ‘There is a latent period where the suppression has not been established yet.
1955 -Suppression is a perceptual pattern which obtained or changed according to
the experiences and the attention in the past. The patient, who has developed
suppression early in his life, is very difficult to establish new patterns later on.
-Suppression in related to the development of ARC.
-Strabismus modifies intrinsic and inter-areal connections in cat V2.
9 kittens in total, 6 of them -Strabismus emphasizes the separation in afferent signals in LGN from both eyes
Schmidt, Lowel, NRSI served as experimental group | in layer 4 and most of the cells in V1 respond exclusively in stimulation of the left
2008 with surgical induced strabis- eye only or the right eye only.
mus and 3 as control group. -The development of long distance inter-areal connections in area 17 of the
kitten depends on the visual experience.
Monkeys with natural esotro- -Normal monkeys in the superficial layers of V1 provided signals for fusion,
ia as experimental eroup and | disparity sensitivity and in deep layers (layer 4), which are important for motion
Tychsen, 2005 NRSI P P sroup ision and eve trackin
normal monkeys as control vision and eye tracking.
group caused by the rest of the remained connections.
-Abnormal cytochrome oxidase (CO) activity in striate cortex in monkeys with
misalignment induced by eye muscle surgery during adulthood, showed pale
4 male monkeys were used ocular dominant columns which might respond to regions of visual field sup-
with surgically induced ression in one eye.
Adams, et. al, . 8 y. L. p y
2013 NRSI exotropia by causing a disin-
sertion of the medial rectus -Suppression is mediated at the level of the primary visual cortex. It remains
muscle tendon in both eyes. unknown whether suppression originates from the LGN or striate cortex or
governed by feedback projections from higher visual cortical areas that must
reconcile conflicting images.
Induced strabismus using . . . . .
. Early repair of strabismus in primates restores normal development of visual
prism goggles was created . . s
Tychsen, et. al, . ; motion pathways in the cerebral cortex, measured as symmetric visual evoked
NRSI in an early repair group and h . .
2004 . potentials (VEP). Delayed repair causes permanent motion VEP maldevelop-
a delayed repair group of
ment.
monkeys.
5 young cats were used.
Strabismus was induced with A . . . . . .
. Strabismic suppression occurs in the primary visual cortex and involves y-amino
Sengpiel, et. al, NRSI drugs at 3 weeks of age. 2

cats had a myotomy which
resulted in exotropia and 3
cats esotropia.

butyric acid (GABA)-mediated inhibition. The drift rate of the suppressing stimu-
lus is consistent with a cortical origin.
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Tychsen, Lis- 7 ad.ult humans with onset Defic.its were evide.nt in the pursuit eye .movements evoked by moving targets
berger, 1989 NRSI strabismus from the first year and in the perception of target motion independent of eye movement, due to
’ of life maldevelopment of motion processing in the visual cortex.
-Impaired stereopsis is related to reduced interocular transfer of adaptation at
Jurcoane, et. al, 3.h.uman §ubjects: 1 ste.reo.de— . higher levels of the cor.ti.cal visua.l pathway. S
2007 NRSI ficient with alternate fixation | -In the extrastriate areas of the stereodeficient subject with alternating fixation,
and 2 normal sighted. monocular

adaptation was observed with absence of interocular transfer.

4 juvenile monkeys with

. . . A subset of supraoculomotor area neurons do show contextually inappropriate
induced strabismus using P y Inapprop

Pallus, et. al, modulation during visually guided tracking of targets on a tangent screen. This

NRSI different techni t h . . e e . .
2018 ferent techiiques to eac is connected with the fixation instability in strabismus and has an influence on
subject (prism goggles, sur- . .
disconjugacy.
gery and drugs).
. Peripheral origins of strabismus are well characterised but central origins are
Quoc, Milleret, .. . .
2014 LRS - poorly understood. Several central origin hypothesis are addressed regarding
the visual neural circuit pathway from the eye to the brain.
Zhang, Poo, LRS ) Electrical activity in the nervous system is important in the formation and refine-
2001 ment of developing neural circuits.
Internal generated spontaneous activity sculpts neural circuits at the initial
Katz, Shatz, LRS ) configuration of connections necessary for function and survival. With matura-
1996 tion of the sense organs, the developing brain relies on spontaneous activity and

sensory experience.

. 20-day old kittens were
Chino, et. al, D .
NRSI used with induced surgical
1983 .
strabismus.

-Abnormal receptive-field properties of visual striate neurons not only in the
deviated eye, but also in the nondeviated as well.

NRSI=non-randomized studies of intervention, LRS=literature review studies

Table 7: Vision Therapy programmes analysis review.

Factors to Missin, Duration
Author Participants/ consider e & | ofinter- Office VT programme Home VT programme
vention
Weeks 1 to 10: Antisuppression, gross
convergence, amplitudes of accommodation, Weeks 1 to 10: Accom-
fusional vergence activities. (mon. acc. train- : i
Case 1 (32 years old): Case 1: -Ran Does not ing/near, efi heral fusion/(guoit vect, Brock modative training, Brock
Moderate size inter- dot stlereO' mention sgtrin ,C?owrrl) vect., Computer Ortho ’tics) string, awareness of
mittent alternating .| whether 5 . P pHics). physiological diplopia and
. > 250 sec of Weeks 11 to 20: Fusional vergence activities 1
exotropia of the basic the two - ) - ustre.
type, accommodativ arc. cases at all distances and binocular accommodative
pe, accol -Fusion: BI In both rock. Plus lenses in BO and minus in BI for
Peddle e insufficiency and . had o .
; . and BO using cases: additional vergence demand. (Clown & spi- Weeks 11 to 20: Same
et. al, anisometropia. anomal . . .
clown vecto- 1to 30 rangle vect, lifesaver cards, eccentric circles, exercises from weeks 1
2011 Case 2 (30 years old): ous L .
R gram. . weeks. aperture rule, vergence training, minus lens- to 10.
Moderate size inter- retinal f - . .
. . Case 2: -Ran- es, Brock string, cheiroscopic tracings (for
mittent alternating corresp . .
. . dot stereo: distance fusion), Van Orden star, Computer
exotropia of basic type ondence . Weeks 21 to 30: It’s not
and accommodativ e 250 sec of (ARC) or orthoptics. 1 hether th
infacilit arc. ot Weeks 21 to 30: Divergence demand, periph- clear whether e.samde
¥- i eral flat fusion at distance, PFV normalization programme continue
(aperture rule-jump vergences, eccentric or not.
circles, Clown vect, Spirangle)
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-24 ).fears old, Unharmoni
Non-comitant alternat-
. ) ous abnormal
ing esotropia (When . . . . . .
) retinal corre- -Divergence with anti-suppression using
0D fixates, OS has . o
: sponde nce Brock string, monocular training of accom-
. 14A esotropia and 8A : . . . L
Schnid- . with periods modative facility, eye-hand co-ordination, .
hypotropia. . . No evidence of home
er, et. of normal. - 2 months pursuit and saccadic eye movements & A
. . L . therapy activities.
al, 1985 ) vectographic fusion training. (caution to
When OS fixates, OD ) . . S .
. antisuppression and fusion training to avoid
has 20A esotropia & : . .
intractable diplopia)
16A
-No stereo
. fusi
hypotropia.) usion
-Direction, 1) Movement activities with neck, arms, legs
frequency, and body along with excursions of ocular
correspon- muscles. Bi- nasals.
-Nasal bias nystagmus dence, 2) Monocular and binocular fixation activities
Maples -18 months old. presence or 3172 with saccade and.pursmt movements and No evidence of home
et. al, -Infantile esotropia absence of - months hand involvement. therapy activities
2006 -Equal retinoscopic suppression, 3) Stimulation of the labyrinthine/proprio- py ’
reflexes. presence ceptive and kinesthetic systems to integrate
or absence the extraocular muscles with righting
of eccentric reflexes.
fixation. 4) Peripheral fusion field.
1) Ocular motor therapy (gross and
fine motor integration), binocular motor fu-
sion with stereopsis, physiological diplopia
& visuo- spatial movement with vestibular
input.
Peder- Stereo 800” . . No evidence f)f-h.ome
. . 2) Accommodative facility therapy, therapy activities.
zoll i, 10-year-old exotropia ARC . . . .
” anti-suppression/sensory fusion using R-G
2019 to 400 7 months . .
anaglyphs, simultaneous perception & Key-
stone “Lifesaver” cards utilizing convergence
and divergence.
3) End of therapy:
Accommodative/Convergence fusion with
base-out and base-in prisms.
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Ma,
et.al,
2020

40 patients

from 5 to 22 years
old with intermittent

exotropia.

If diplopia
was present,
antisuppress

ion therapy

was not
performed

ARC

2 months
on aver-
age

Phase 1: antisuppression near (cheiroscopic
drawings), antisuppression distance (red/
green and penlight), gross convergence
(voluntary convergence, Brock string, Barrel
card), near vergence (quoits vectogram),
accommodation (letter chart facility, loose
lens facility), saccades (hart chart monocular
held prism jump, vertical prism dissociation,
vis-a-vis)

Phase 2: antisuppression at distance (red/
green antisuppression chart), near vergence
(clown vectograms), distant vergence (free
space fusion with eccentric circles), accom-
modation (letter chart acc. facility, loose lens
acc. facility), saccades (hart chart saccades).

Phase 3: near vergence (vectograms jump
vergence, aperture rule, free space fusion
with eccentric circles), distance vergence
(free space fusion with eccentric circles).

Phase 4: near vergence (aperture rule
with prism flipper, eccentric circles jump
vergence, sports fixation card, cover/uncover
with prism), distant vergence (free space
fusion with first degree fusion target and
prism flipper, cover/uncover with prism),
accommodation (polaroid bar reader with
accommodative flippers, aperture rule with
accommodative flippers).

No evidence of home
therapy activities.

Funari,
2020

-9 years old

-V-pattern basic alter-
nating intermittent

exotropia 252

-Accommodativ e

insufficiency.

250

Randot
stereo

-Normal
retinal corre-
spondence

5 months

-First 3 sessions: PFV training, diplopia
awareness, acc. facility and amplitude with
Brock string, Multiple Choice Vergence RDS

on Computer

Vergence programmes, Red/Green ratchet,
BO vectograms and
Monocular Near-Far Hart chart.

-After 3 sessions: NFV and saccades with

vectograms, tranaglyphs, aperture rule,
Computer Vergence Activities, Monocular
Loose Lens Rock, Hart Chart Saccades and SVI
saccades.

-In 7nth session: barrel cards, lifesaver cards
and eccentric circles, were added.

-After 14 sessions: saccadic activities,
vergence and accommodative activities
using Hart chart saccades, VIPS character
searching, Ann Arbor Tracking, SVI saccades,
rotator, tachitoscope, visua tracings, track
and read.

-Last session: DEM test

No detailed evidence of
home therapy activities.

Bell,
2018

8-months old with
infantile esotropia

No office therapy was carried out.

-Binasal occlusion

-Spinning the infantin a
chair to stimulate the ves-
tibule-ocular reflex and
post-rotary nystagmus.
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1

Assessing

. maCl.llar per- 1) Suppression and false associated fixation
McGil- ception with

liv ray, No participants. synoptophor

1942 e Grade | o

slides. 3) Correct lateral deviation

. . No evidence of home
- - 2) Fusion exercises .
therapy activities.

2) Fusion
with targets.

-Overcoming suppression by placing large
objects before the suppressed eye and small
ones before the fixating eye in the stereo-
scope, increasing illumination before the
suppressed eye and dim the light before the
fixing eye, moving charts in the stereoscope,
using prism slip- overs to produce diplopia
and to approximate the retinal images when
. fusion can be obtained, use of coloured filters. .
Guibor, .. No evidence of home
1934 No participants. - - -Binocular macular perception and superpo- therapy activities.
sition using Wells charts with prism.
-Stereopsis using the Wells, Sattler and
Guibor charts.

-Fusion amplitude training by moving stereo-
scopic pictures towards and away from the
lenses.

-Duction training with prism slip- overs to
overcome the vertical error.

; -ocular motility
149 patients ARC
Lund-

From
2Y2up fusion trainin No detailed evidence of
to 1712 g home therapy activities.

-overminus lens

lam under 15 years
y Angles of -
deviation >

,1961 | of age: 58 intermittent 308 months -eye-hand coordination

i A A . P
exotropias 30%to 60°. -accommodative-convergence training

-ocular calisthenics

-binocular enhancement therapy with large,
peripheral targets, such as the quoits and
clown vectograms-SILO awareness

-peripheral awareness in natural seeing
Cook,

No participants - conditions No mention of home
2004 particip

-cover-uncover-recover, using occluder for therapy activities.
several seconds to use peripheral awareness
to recover fusion.

-do not use Brock string for diplopia.

-promote head turning and tilting with
mirror.

Sequence:

1) Monocular accommodative & ocular motor
phase

2) Monocular activities in a binocular

field (MFBF) .
Press, . . R . . No mention of home
2002 No participants - - - 3) Antisuppression; bi-ocularity

therapy activities.
4) 1st, 2nd & 3rd degree fusion

5) Integration of fusion with vestibular-mo-
tor feedback

6) Integration of sensimotor functions includ-
ing accommodation.
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) Procedures for patients with NRC:
-Amblyopia (Procedures are selected based on patient’s
-Constant age and cognitive level).
strabismus Phase 1: application of optimal lens prescrip-
tion
-ARC Phase 2: recapitulate motor foundations
-Patients Procedure 1: Alternate side creeping (hands
with in- & knees) with R & L stickers and calling out
termittent “right” and “left” in conjunction with the
exotropia movement (3 steps).
who can fuse Procedure 2: cross pattern creeping. Same as
in particular procedure 1 but with contralateral creeping.
gazes. Procedure 3: angels in the snow-bilateral.
-In school Procedure 4: angels in the snow-homolater-
age children al/homologous
probability Procedure 5: angels in the snow - cross pat-
of ARC and tern (Contralatel.'al)
eccentric Procedl.lre 6: therapist says .
fixation in Procedure 7: bimanual Challfboa.rd circles
strabismic Procedure 8: Marsden ba!l with visuomotor
amblyopia. control stick
Amblyopia : -
needs to be 1) Space I.natch.mg .
managed Phase 4: Monocular in a Binocular Field
first but with ('M‘EBF-)_ .
caution. 1)  Anaglyphic TV trainer
Press, 2)  Sherman VT playing cards
“Ap- -In adults 3) Lens rock with single vectogram
plied training 4) Anaglyphic Wayne Saccadic
con- has t(()i be Fixator
cepts in . carried out 5) Anaglyphic tracing
vision No participants with caution 6) Haidinger Brush/MIT
ther- due to the
apy”, possibility of - Bi
book intractable 1) Anaglyphic TV trainer
1997 diplopia. 2) Anaglyphic projection

3) Pierce light
4) Kraskin Squinchel technique
5) Antisuppression
6) Amblyoscope
7) Pola-Mirror and vis-a-vis
Phase 6: Binocular
1) Mirror superimposition in space
2) Mirror superimposition/cheiroscopic
projection in-instrument.
3) Brock string/physiological diplopia
4) Expansion and integration of binocular
vision

1) Single Oblique Mirror Stereoscope-Macu-
lar Integrity Trainer (MIT)
2) Anaglyphic projection
3) Flom swing technique
4) Binasal occlusion

1) Abduction calisthenics
2) Afterimages
3) The Lindsay puppet board
4) Black fanner board/anaglyphic checkers
5) Lustre matching
6) Happy face tracking
7) Diplopia on the run
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Results

The total number of search results regarding both strabismus
and vision therapy topics were 28,770. As already discussed,
a considerable number of these studies were irrelevant to the
subject of this review, while many of the results did not meet the
aforementioned selection criteria. Therefore, 90 articles were
selected. After rejecting 19 duplicates, 71 articles were reviewed
based on their titles and abstracts. Finally, 40 of these articles were
rejected as being irrelevant to this review. Thus only 31 articles
were ultimately deemed as relevant and therefore fully reviewed.
Three (3) other relevant articles were retrieved from other sources
(OEPF, COVD and E- Cronicon) collecting 34 articles in total for
this review. Flowchart 1 presents in a clear manner the process of
selection and rejection of articles from both sources. As mentioned,
the COVD articles were searched on PubMed database. Eight (8) out
of 16 articles were not available and impossible to be found due to
the absence of their DOI number. Eight (8) articles were rejected
as they did not meet the inclusion criteria and did not provide
vision therapy programmes in a descriptive manner. The result is
the complete exclusion of the COVD list. Finally, 2 articles retrieved
from OEPF and one from E-Cronicon were included, making a total
of 3 articles from other sources. Consequently, the final number of
articles included in this review from both sources is 34.

Various risk of bias tools were utilised for the analysis of non-
random studies describing the participation of individual patients,
animals and humans. In the context of risk of bias assessment,
Table 3 sets out studies of intervention based on experiments on
animals with induced strabismus and the SYRCLE risk of bias tool
for animal studies. Also, the ROBINS-I risk of bias tool was useful
in assessing the risk of bias in non-random studies of intervention
in humans. The results of this assessment can be found in Table
4. Furthermore, vision therapy case reports including one patient
were evaluated for potential risk of bias according to the JBI tool
for case reports presented in Table 2. Generally, the risk of bias
assessment performance revealed that the relevant risk of the
reviewed studies is rather low, since animal selection, housing
and intervention criteria were carefully considered. The potential
intervention bias of the scientists is also low; and the scientists
who conducted the study were surprised about cases where the
outcome of their study differed from their hypothesis. The same was
observed in non-random human studies, case studies and reports.
The summary Tables 6 and 7 in the appendix section present the
participants, the diagnosis, the main conclusions and interventions
of the reviewed studies the subject of which is vision therapy and
strabismus respectively. Notably, a meta- analysis was not possible,

because many studies measured different data: a great number
in animals and few in humans, while a number of studies did not
mention any relative risk values; thus, it was deemed appropriate
for the review results to be presented in Tables 6 and 7 in the
appendices section. To be more precise regarding the collection
of data from the reviewed studies, Table 6 summarises the ones
that focus on strabismus experiments, reviews of literature data,
literature reviews containing information about the development
of visual brain and articles describing the changes in synapses of
neurons and the neuroplasticity of the brain. What is more, Table
7 summarizes all studies found in vision therapy programmes of
strabismus treatment written by different authors.

Specifically, Table 7 includes the author, the participant(s),
the diagnosis that was identified and further factors to consider
which supplements the diagnosis data. Furthermore, the “Factors
to Consider” column includes data that significantly influence
the vision therapy treatment and results. Factors that potentially
facilitate VT efficacy are the following: existence of some degree
of fusion, normal retinal correspondence, absence of suppression
- although this is a rarely encountered situation - and intermittent
exotropia cases with a degree of fusion in specific position of gaze.
Factors that potentially complicate and hinder VT effectiveness
are the following: absence of fusion, suppression, abnormal retinal
correspondence, amblyopia, presence of diplopia and eccentric
fixation. In certain reviews the aforementioned abnormalities
were presented as a general informative guidance for additional
dysfunctions of strabismus and were not assigned to specific cases.
Furthermore, the “Missing Data” column of Table 7 includes data
that was neither available nor mentioned in the study yet the said
data may have played a significant role in the treatment procedures
and subsequent results of therapy. Finally, the columns “Office VT
programme” and “Home VT programme” sum up the vision therapy
protocols proposed by each author and describe the procedures in
the office and home therapy.

A considerable number of studies omitted references regarding
the significant contribution of home vision therapy activities. The
“Applied concepts in vision therapy” book written by Leonard Press
provides relevant information on the efficacy of VT treatment in
strabismus, yet the book chapters 8 and 16 which were studied
for this review do not address any home vision therapy activities.
The author states that vision therapy procedures of other visual
dysfunctions can be used for the treatment of strabismus without
though specifying which procedures could be applied in the context
of strabismic cases which are mentioned in Chapter 4 of the book.
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28770 strabismus & vision
therapy search results in

databases
i 24550 PubMed i
ii. 30 Frontiers In ii.

526 Plog One
3457 Science Direct
v. 207 J. Neurophysiol

il

19 vision therapy references via other

20

sources

2 OEPF

16 COVD (titles searched in
PubMed)

1 E-Cronicon

/

Title review n= 28680

of interest/did not meet inclusion

criteria.
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Figure 1: Flowchart showing the procedure followed during the systematic review.

Discussion

According to the results of this systematic review, strabismus
affects many areas of an individual’s brain. These areas include
inter alia: the lateral geniculate nucleus located in the thalamus
which is the principal pathway for visual perception and location
[5], the intra-areal connections of V1 and V2 and inter- blob zones
found in layers II-I1], IV-B, IV-C-a and V located in the visual cortex
and receive stimuli activity by orientation, and the velocity and
direction of movement [9] and layer 4 in V1 which is responsible
for stereopsis. Abnormalities in layer 4 may result in poor or even
no stereoscopic vision a result which is characteristic in most
forms of strabismus. Additionally, the binocular connections of the
ocular dominant columns in the visual cortex are also influenced
and reduced whereas the monocular ones are maintained [4].
Moreover, the oculomotor system and the brain centers that
control the eye movements are affected as well. These centers are:
the superior colliculus in the midbrain which plays a major role in
saccadic eye movements, the cerebellum for eye movement control
and nystagmus, the extrastriate visual areas in the “dorsal” and
“ventral” stream which play a major role in saccadic, pursuit and
the vergence eye movements to visual targets and the vestibulo-
ocular reflex which moves the eyes in opposite direction from the
head movement [5]. Furthermore, the presence of suppression
in strabismus when the two eyes are open appears to relate to

altered cortical binocular integration and interocular inhibitory
interactions in V1 [10] a result closely associated with past visual
experiences and attention of the strabismic subject [11].

The aforementioned areas in the brain are possibly affected
simultaneously, depending on the severity of an individual’s
condition and the age of onset of the symptoms. Nevertheless,
diversity among strabismic cases is present and each case is a
unique combination of abnormalities, severity of dysfunctions and
affected brain areas. For example, some cases may present fusion
capabilities in particular gaze positions, while others sufficient
vergence eye movements which can be functional up to a certain
point, in a few cases suppression might not be deeply rooted as an
inhibitory visual mechanism whereas other cases maynotshowhead
and postural imbalance control. Therefore, certain patients may
display good diagnostic characteristics which may enable the best
possible VT result, whereas other patients may demonstrate severe
conditions and abnormalities affecting the efficacy and methods of
treatment used in vision therapy. There is one mechanism that is
almost always present among the different encountered cases and
that is suppression which is not affected by the angle and direction
of deviation and, as mentioned before, it may or may not be deeply
rooted as an inhibitory mechanism. However, studies have shown
that suppression is much stronger in the nasal hemiretina of the
esotropic eye [10]. Having mentioned the parameters that affect the
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severity of strabismus cases, it is equally important to focus on any
potential identifiable aspects that enable the normal development
of the brain and the changes that are provoked by strabismus while
the brain is developing. The binocular synapses of the visual system
prenatally are connected, already developed up to a certain pointand
ready to receive input when the eyes are opened for the first time.
The binocular circuitry and cortical networks form and rearrange
new synapses, connections and maintain the network by receiving
continuous stimuli [3], disparity sensitive error signals which guide
the orthoptic eye alignment [5] and molecular guidance cues [12].
When the received stimulus is poor or lost, the connections and
synapses are reduced or even obliterated, disparity error messages
are absent and eye alignment maintenance is affected, resulting in
abnormal signals to the extraocular muscles and ultimately in the
misalignment of the eyes. The various possible causes of such an
abnormal function between the eyes and the brain, are extensively
discussed on the “Origins of strabismus” review, written by Quoc
and Milleret in 2014. This review describes in detail a considerable
number of possible errors and abnormalities in the visual pathway
which pave the way to scientists for additional research towards
the understanding of the binocular disruption. However, it remains
unknown what happens first; the loss of binocular fusion or the eye
misalignment? This is a question that, if answered, will certainly
shed light on the main causes of strabismus which will probably
make strabismus treatment more specific and hopefully more
efficient for both adults and children.

In the meantime, and before answers to the aforementioned
questions are justifiably delivered, a promising solution is the
exploitation of the brain’s unique capacity of neural plasticity and
the exceptional ability of the visual system to create new synapses
and connections with proper guidance and stimulation. This is why
VT is considered to be a more promising alternative solution to
strabismic cases since it is based on the continuous brain activity
and its ability to re-build the lost connections and also re-train
the brain to keep the orthoptic eye alignment by maintaining
sensory and motor memory. This can be enhanced when the
stimulation received from the various activities is repetitive up to
the point of internalisation and automation. Scientific reviews also
present the effect of strabismus in other areas of the brain which
may result in abnormal head and body posture, orientation and
balance. Consequently, it is logical to combine eye exercises with
body, posture, balance, vestibular and orientation exercises. The
combination of these exercises features VT as a promising holistic
treatment approach of strabismus. The said treatment may result
in improving a child’s life when it comes to school performance and
other activities, such as sports in which the effective coordination
of the eye movements is crucial. To this end as recommended,
future research studies may focus on the observation of the brain
areas that are affected in strabismus before and after vision therapy
by using technological means of brain imaging, such as fMRI and
other techniques. The results will most probably show the efficacy
of VT treatment compared to other passive treatments, such as

surgery, patching in strabismic amblyopia cases and Botinulum
toxic use and will provide both information and clarity on the
causes and mechanisms that stimulate strabismus as well as the
relevant alterations in the brain. As far as the vision therapy study
reviews is concerned, a variety of visual therapy programmes is
presented in Table 7 describing different cases of eye deviation and
concomitant eye dysfunctions, focusing mainly on the application
of antisuppression, eye movement, peripheral, monocular fixation
in a binocular field (MFBF) and fusion exercises. Each researcher-
therapist utilises a different sequential protocol of exercises
depending on the age of the patient (infant, children or an adult),
the age of onset of the problem, the characteristics of the visual
system, the diagnosis and the co-existence of further abnormalities
that accompany strabismus. The severity of these abnormalities
will affect the treatment protocol in VT. Another consideration
for the selection of procedures in a VT programme is the patient’s
cognitive capacity; for example, a 3-year-old is not ready to read
and execute mathematical problems comparing to a 7-year old
child. Furthermore, key factors for a successful VT programme are
connected with the cooperation of the child in the office treatment,
compliance with office and home therapy and willingness of the
parents to follow and implement the instructions given by the
optometrist. A successful VT programme depends a lot on these
parameters and an uncooperative patient makes the treatment
process difficult for implementation and leads to uncertain results.

In infants, the therapy is passive focusing on peripheral
activation, movement activities including the body, stimulation of
labyrinth/proprioceptive and kinesthetic systems, monocular and
binocular fixation activities with saccade and pursuit movements
using fixation targets that keep the interest of the infant [13].
Stimulation of the vestibular-ocular reflex and post-rotary
nystagmus is also a practice that is used in infants according to Bell
(2018). In children from 5 to 13 years of age, the standard vision
therapy procedures may be implemented along with games and
computer orthoptics. However, a vision therapy sequence must be
carefully selected as at this age various abnormalities may have
been developed and rooted in the visual system such as suppression
and abnormal retinal correspondence. If ARC is deeply rooted, a VT
programme focusing on antisuppression techniques will not bring
good results, but rather intractable diplopia. Hence, the therapist
has to consider key differential diagnostic factors in order to deal
with the strabismus abnormalities that can be solved aiming to
establish functional vision. Also, fusion is the ultimate and final
goal of a vision therapy programme. According to Press (1997),
“Brock did not accept the patient for treatment, if he believed that
the patient could not possess the capacity to achieve fusion”. Fusion
is a differential diagnostic factor when examining the patient for
the first time, because if the patient possesses this capacity even in
specific position of gaze and preferably in Randot stereo test, then
the optometrist may be able to bring out the optimal VT result of
functional binocular vision.
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A generic sequential programme of vision therapy for children
with strabismus and normal retinal correspondence would
initially include activities focusing on antisuppression, ocular
motility, accommodation, convergence and divergence, peripheral
awareness and fusion, monocular, MFBF and later biocular and
binocular activities to achieve fusion. If strabismus is the first
diagnosis and another dysfunction is present and detected as
secondary, such as accommodative insufficiency, then activities that
focus on the improvement of accommodative facility and amplitude,
such as monocular loose lens rock, Hart chart, aperture rule, Brock
string can also be included in the primary care of strabismus [14].

Older studies which describe orthoptic treatment techniques
lack the holistic approach of today’s vision therapy procedures.
Guibor’s 1934 and McGillivray’s 1942 reviews focus mainly on the
procedures of overcoming suppression and re-aligning the eyes by
achieving only a degree of fusion. The antisuppression techniques
of these studies are based on increasing illumination before the
suppressed eye, using coloured filters and prism slip-overs causing
diplopia. The recommendation of the authors on the binocular
macular perception and stereopsis enhancementis to use the Weels,
Sattler and Guibor charts. In addition to this, the synoptophore and
fusion targets increase the fusion amplitude [15,16]. Lundlam’s
review in 1961 comes closer to modern techniques and philosophy
of vision therapy encompassing ocular motility, eye-hand
coordination, accommodative, convergence and fusion training
[17]. Currently, other authors, such as Cook and Press, focus the
vision therapy treatment on peripheral fusion and monocular
fixation in a binocular field techniques. At the initial stage of
therapy of strabismus these techniques are useful stepping stones
in improving peripheral awareness. The same authors emphasise
that antisuppression and Brock string techniques shouldn’t be used
if diplopia is considered to become intractable [18,19]. Press, in his
book, commences the therapy by integrating procedures of body
movement, such as the alternate side creeping utilising hands and
knees with right and left stickers and calling out “right” and “left”
in conjunction with the movement, angels in the snow, games such
as “Therapist says” and Marsden ball with visuomotor control stick.
As the therapy progresses, the treatment shifts towards monocular
training which is the steppingstone for MFBF activities, such as
bimanual chalkboard circles, Wayne-saccadic fixator, Sherman
VT playing cards, anaglyphic tracing and Macular Integrity Tester
(MIT). The next phase incorporates biocular therapy focusing on
balancing the two eyes as much as possible. Biocular exercises
include anaglyphic TV trainer, Pierce light, Kraskin-Squinchel
technique, antisuppression, amblyoscope, pola-mirror and vis-
a-vis. At the final stage are the binocular treatment techniques
which include the mirror superimposition in space, cheiroscopic
projection in-instrument, Brock string/physiological diplopia,
expansion and integration of binocular vision. Vision therapy in
adult strabismic cases with normal retinal correspondence includes
antisuppression, convergence, divergence, fusional vergence
and computer orthoptics techniques [20]. A different approach
in therapy is necessary when abnormal retinal correspondence

is present. Leonard Press in his book “Applied concepts in Vision
Therapy” mentions the following procedures: single oblique mirror
stereoscope-macular integrity trainer (MIT), anaglyphic projection,
Flom swing technique and binasal occlusion.

Strabismus treatment programmes of vision therapy differ
between children and adults, according to Leonard Press in his
book “Applied concepts of Vision Therapy” who includes a separate
section with specific therapy activities for young children. These
are: abduction calisthenics, afterimages, the Lindsay puppet
board, Black fanner board/anaglyphic checkers, luster matching,
happy face tracking and diplopia on the run. At a first glance,
most of these activities seem like a simple game exercise, yet their
purpose is to practice the missing visual skills in an individual’s
strabismic case and reduce the symptoms of the strabismus visual
dysfunction. Young children find it often difficult maintaining
attention and focus for long periods of time. It is very helpful
when the therapist demonstrates a variety of exercises in his
quiver by which the child does not lose interest in the process. The
engagement of a child’s attention plays a significant factor in the
efficacy of VT treatment. Moreover, it is equally important that the
activities in a VT programme shall relate to the cognitive level of
the child. Adult patients are able to maintain attention on activities
that do not look as fun as those in children. The communication
between the therapist and an adult patient may differ from that
with a child; for example, an adult patient with previous visual
experiences may be more capable in describing the visual changes
that occur during an exercise. Needless to say, this is not the rule
in every adult and child case, as many are the times when the
communication between a small child and a therapist is excellent.
However, a therapy programme of a strabismic adult patient is
important to be executed with caution, careful consideration of the
involved activities and thorough diagnostic optometric evaluation.
If abnormal retinal correspondence (ARC) is present in the
strabismic eye, antisuppression activities may lead to intractable
diplopia. Hence, before commencing a VT programme, a complete
optometric evaluation provides necessary information regarding
the visual problems and abnormalities related to the strabismus of
the individual, thus helping the therapist design a taylor-made VT
treatment programme that will encounter the visual dysfunctions
and suit the visual needs of the patient. Finally, the following
treatment procedures are recommended by the author of this
review. Specifically, binasal occlusion is very helpful as an initial step
in “breaking” an esotropic deviation and potential cross-fixation.
Binasals enhance the peripheral awareness of the strabismic eye
in far and close distances. Furthermore, in cases where normal
retinal correspondence is present, antisuppression techniques may
be incorporated into the therapy programme, whereas the same
techniques must be completely avoided in patients with abnormal
retinal correspondence. When ARC is deeply rooted into the visual
system and the individual presents fusion abilities using the new
point on the retina, then the best option would be to amplify the
ARC point of fusion. An effort to “erase” the new retinal focus
point utilising antisuppression techniques may lead to intractable
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diplopia. As mentioned before, the enhancement of the ARC retinal
point of the strabismic eye along with the NRC retinal point of the
non-strabismic eye, helps to maintain fusion and avoid intractable
diplopia.

shall
awareness combined with binasal occlusion, eye movement
exercises using gross targets and engaging saccades and pursuits
and MFBF activities which are the stepping stone for biocular and
binocular procedures. At the final stage there are the biocular and
binocular activities where fusion is practiced and enhanced.

VT procedures also include binocular peripheral

Conclusion

Strabismus demonstrates a polymorphy of symptoms of
visual dysfunctions, such as amblyopia, suppression, abnormal
retinal correspondence, nystagmus, absence of stereopsis and
vergence and eye movement abnormalities. The collection of data
studied from different reviews in strabismic animals and humans
present the alteration that occurs in areas in the brain that control
binocular fusion and eye movements. Areas in V1 present deficits
in neural synapses and connections, binocular ocular dominant
columns and demonstrate abnormalities in layer 4 which is
responsible for stereoscopic vision. Oculomotor areas such as the
superior colliculus and the cerebellum which both control the eye
movements and nystagmus respectively and extrastriate visual
areas in the “dorsal” and “ventral” stream and the vestibulo-ocular
reflex are also affected.

Vision therapy procedures applied in different strabismic cases
indicate that a part or even full binocular fusion and stereopsis
may be recovered along with the orthoptic alignment of the eyes. A
variety of combination of VT activities is recommended by different
authors depending on the age of onset, the diagnostic factors, the
cognitive capacity of the patient and the cooperation with the
therapist. Furthermore, VT procedures are different in infants,
whose therapy is passive, rather than in children and adults. As far
as the differences in VT procedures in children from 6 ~ 7 years of
age and adults is concerned, a similar approach is observed by the
different authors, yet with minor variations not only in the order
of activities, but also in incorporating other exercises. Moreover,
different VT procedures apply in both adults and children, when
other abnormalities, such as amblyopia and abnormal retinal
correspondence co-exist along with the strabismus problem. VT
activities must be carefully selected when intractable diplopia
is considered to be a possible result. Hopefully, more research in
the neural mechanisms and causes of strabismus, vision therapy
procedures and studies investigating the changes in the affected
brain areas before and after vision therapy, shall occur in the future.
This will pave the way for better understanding both the strabismus

problem and the influence of VT treatment in the brain.
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