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Purpose: It has been promoted that disturbance of ocular proprioception may play a role in the pathogenesis of concomitant
strabismus and other types of oculomotor anomalies. The aim of the study was to obtain knowledge about how surgical foreshortening
of the myotendinous region potentially affects the proprioceptors that resides in this area of the muscles and to test the hypothesis that
avoiding disruption of ocular proprioceptors result in a more favorable long term postoperative result.

Patients and Methods: The distal end of the lateral and medial rectus muscles from patients with manifest concomitant strabismus
with a deviation of >15 prism diopters (PD) were collected during strabismus surgery and processed for light microscopy by standard
histochemical techniques. Histological analysis served to differentiate between the tissue samples containing pure tendon, versus
samples containing the myotendinous junction. Criteria for successful outcome was defined as a residual angle of deviation less than
10 PD. The binocular status of the patient was measured pre- and post-operatively at 6-months of follow-up.

Results: Tissue samples from 43 patients (median age 19 years old, range 3—58 years) were collected during surgery. Twenty-six of
the samples contained pure tendon, while 17 contained muscle fibres. The evolution of the post-operative result revealed a moderate
reduction in the residual angle of deviation in patient-samples containing pure tendon. In contrast, the residual angle of deviation
clearly increased in patient-samples containing muscle fibres. The difference between the two groups reached statistical significance
after 6 months. Successful outcome was found to be more than three times more likely in cases where surgery was performed in pure
tendon, compared to muscle fibres.

Conclusion: The current study supports the hypothesis that avoiding disruption of ocular proprioceptors, located in the distal
myotendinous region, results in a more favorable postoperative result.
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Introduction

Proprioceptive input from the extraocular muscles is suggested to play an important role in the ocular alignment control,
spatial orientation, postural control and in the development of binocular vision."® There is a growing consensus in the
recent literature that nerve terminals, located at the myotendinous junction, constitute one of the principal sources of
ocular proprioception. Dogiel was the first to describe these structures and designated them palisade endings in his
publication from 1906.° His observations have been confirmed by other workers in a variety of other frontal eyed
mammals.'®'? Palisade endings in more recent literature have been referred to as “innervated myotendinous cylinders
(IMCs)” which describes how the innervated distal tip of some muscle fibers is encapsulated by a cylindrical fibrous
sheet of collagen.'® The horizontal recti seem to contain larger numbers of these structures compared with the vertical
recti and oblique muscles.'? The highest density is usually observed in the medial rectus, which arguably supports the
notion that palisade endings play an important role for convergence eye movements in frontal-eyed species.'*'> There
seem to be a modest number of IMCs in muscle samples obtained from infant subjects, compared to the number observed
in adults, which indicate that there might be a postnatal development of these structures.'®!” The neural element,

assumed to be sensory, is exclusively associated with the distal end of non-twitch multiply innervated muscle
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fibres.'*'®'* Most of the multiply innervated muscle fibres and their associated end organs are found in the global layer
of the muscles.'® This layer constitutes muscle fibres that run adjacent to the eye, terminate on the scleral canopy, and
participate in rotation of the globe.? In contrast, the muscle fibres in the orbital layer insert in the fibroelastic Tenon’s
capsule, forming a circular configuration of collagen, referred to as the pulley or pulley sleeve.’'*> The extraocular
muscle direction of pull is believed to be influenced by the position of the pulley.?’ Pulley activity may hence constitute
yet another important parameter that could have implications for the outcome of eye muscle surgery. The orbital layer is
richly endowed with muscle spindles, which puts them in a position to monitor pulley activity.”> Yet, the muscle spindle’s
ability to provide such a function has been questioned by some authors.***

Accumulation of evidence from the research cited above supports the notion that the structural and functional
organization of human extraocular muscles is complex, and that ocular proprioception may facilitate more aspects of
ocular alignment and coordination than previously assumed. Several authors now believe that a disturbance of ocular
proprioception in the myotendinous junction may play a role in the pathogenesis of a variety of oculomotor anomalies,
including concomitant strabismus.?®*® Furthermore, disruption in the proprioceptive signal is also believed to potentially
influence the strabismus surgery outcome.>**

Yet, some uncertainty remains. Hence, the primary aim of the study was to obtain knowledge about how surgical
foreshortening of the myotendinous region potentially affects the proprioceptors that reside in this area of the muscles.
The secondary aim was to test the hypothesis that avoiding disruption of ocular proprioceptors result in a more favorable
long-term postoperative result.

Materials and Methods

A prospective study was conducted. The study population consisted of patients operated for strabismus at the Republican
Clinical Hospital “Timofei Mosneaga” and Children Clinical Hospital “Emilian Cotaga”, Chisinau, Republic of Moldova,
between January 2017 and June 2019. The inclusion criteria were manifest concomitant strabismus with a deviation of
>15 prism diopters (PD), operated by muscle resection or combine surgery recession/resection. Patients with nystagmus,
intermittent, paralytic or restrictive strabismus, neurological problems, cognitive problems, language barrier or mental
conditions limiting the proper understanding of their role in the study were excluded.

Based on a reported postoperative residual angle of deviation of 6PD with SD 4.9,?° a sample size of 16 in each group
was estimated as sufficient to unveil a large effect size (Cohen’s d >1.0) of measured differences between the groups,
with a statistical power of 80%.

The research was conducted in compliance with recognized international standards and the principles of the
Declaration of Helsinki. The study was approved by the Medical Ethics Board of the State University of Medicine
and Pharmacy “Nicolae Testemitanu”, Chisinau, Republic of Moldova. A similar approval was obtained from the
Norwegian Regional Ethical Committee for histochemical processing of the material in the biomedical research lab at
the University of South-East Norway, Kongsberg, Norway.

Ophthalmological and Orthoptic Examinations

All patients underwent a full ophthalmological and orthoptic examination before and directly after surgery which was
performed by main investigator. They were further examined after 10 days and at 1, 3 and 6-months of follow-up. The
patients' best corrected visual acuity (BCVA) was assessed monocularly by using a Snellen chart at 6 m. Refractive errors
were determined by retinoscopy 25 minutes after the instillation of 1 drop of 1% Tropicamide (Mydriacyl, Alcon Lab.
Inc.) twice at 5 minute intervals.>*>' The angle of deviation was determined by prisms and alternating-cover test at
distance (6 m) and near (33 cm) with accommodative target fixation both pre and postoperatively. An additional near
measurement was obtained after 1 h mono-ocular occlusion of the non-dominant eye, or by habitually deviating the eye
to measure the largest angle of deviation. Post-occlusion near measurement was obtained with an additional +3.00
D sphere over each eye before permitting the patient to regain binocular fusional ability. The angles of deviation when
gazing above, below, left, and right were measured in all the patients. For uncooperative patients (2 patients aged 3 and 4
years old), a modified Krimsky method was used. Ocular motility examination was performed. Binocular sensory status
was examined by means of the Bagolini test and classified as binocular single vision (BSV), monocular suppression or
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alternating suppression. Stereopsis was evaluated by Titmus stereo test (Stereo Optical Inc., Chicago, IL, USA) at 30 cm.
In 2 cases, we were not able to appreciate the BV status due to the patients’ age. Post-operative result was defined as

successful if the deviation was <10 PD, while a deviation of >10 PD was defined as unsuccessful.”*>%>?

Surgery and Tissue Preparation

Strabismus correction by unilateral R&R procedure was done by the same surgeon (A.P.), under peribulbar block or
general anesthesia, using standard procedure proposed by Parks et al.** Surgical dosage was based on the maximal
deviation angle. In our cases, we preferred to limit recessions and resections up to 8 mm. Large recessions or resections
cause alteration in the palpebral aperture of the eyes and eye motility, including lateral incomitance.*® The full width strip
of rectus muscles excised during strabismus were immediately immersed in a fixative solution of 2.5% glutaraldehyde
and stored in a refrigerator at a temperature of 10 C in the Human tissue Bank in Chisinau, Moldova, for a minimum of 1
week before further preparation.

After washing, muscle samples were immersed in a 1% solution of unbuffered Osmium Tetroxide for 1 hr., then
dehydrated in graded ethanol, cleared in Xylene, and embedded in Araldite. Serial transverse sections were cut on an
ultramicrotome with a thickness of 0.75 pm, then mounted on glass slides and stained with Toluidine blue. The initial cut
was obtained from the distal end of the tissue (containing pure tendon), and advanced towards the proximal end of the
tissue (containing muscle fibres). Every 5 to 8 sections were examined until reaching the first evidence of muscle fibres
and thereafter complete serial sections through all identified neuromuscular structures.

Histological Analysis

All tissue samples were examined under a light microscope (ZEISS Axio Lab.Al with led illumination) with
a magnification ranging from 200 to 1000x. Histological features and biometric characteristics were documented by
a customized system for image analysis (global lab image and Imaris).

Based on histological analysis, the tissue samples were identified as containing pure tendon (Figure 1), versus
samples containing the myotendinous junction. The latter defined as the presence of muscle fibres (Figure 2) with
positive identification of at least one myotendinous cylinder (Figure 3).

The data obtained by this method was cross-referenced with muscle samples from non-strabismus subjects. The latter
material, constituting full-length post-mortem material from 4 medial rectus muscles (range 4—74 years), was obtained
from stock in the biobank in Norway. The material was used to observe potential histological dissimilarities between
strabismus and non-strabismus muscle material. It also enabled histological examination of other type of receptors in
a more proximal region of the muscle. This confirmed the location of muscle spindles and verified the absence of
spindles in the resected material (Figure 4).

Data analyses of the patients’ demographic data, clinical characteristics and surgery outcome were performed with
commercial software, Statistical Package for Social Sciences (SPSS IBM SPSS Statistics for Windows, version 28.0.

Figure | Micrograph showing a transverse section of tendon obtained from a temporal rectus muscle, displaying an small artery enveloped by collagen and fibrocytes. No
evidence of muscle fibres. Section stained with Toluidine blue.
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Figure 2 Micrograph showing a transverse section of human extraocular muscles displaying the diversity in the fibre population. The light staining muscle fibres have large
diameters and well-developed sarcoplasmic reticulum. The darker staining muscle fibres have smaller diameters and scares amounts of sarcoplasmic reticulum. Section
stained with Toluidine blue.

Figure 3 Micrograph showing a transverse section of human extraocular muscles displaying the preterminal distal end of a small dark staining muscle fibre where contractile
elements are encapsulated by a few surrounding sheets of connective tissue (arrow). Section stained with Toluidine blue.

Figure 4 Micrograph showing a transverse section of human extraocular muscles displaying a muscle spindle with 5 intrafusal fibres encapsulated by a capsule of perineural
tissue. Stained with Toluidine blue.
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IBM Corp.). Descriptive statistics were expressed as mean and standard deviation (SD) or median, interquartile range
(IQR); categorical data are presented as percentages. Mann Whitney U and f-test was used for comparing groups.
Statistical significance was defined as p < 0.05 (two-sided).

Results

Forty-eight patients were initially enrolled into the study. Five of the patients were later excluded because the muscle
samples obtained during surgery were found to be inadequate for histological analysis. Demographics and clinical
characteristics are presented in Table 1.

The post-surgical outcome measured after 6 months was found to be successful in 24 (55.8%) of the 43 resections
performed on the horizontal rectus muscles. The remaining 19 (44.2%) was unsuccessful (based on the 10 PD criteria).
Histological analysis revealed that 20 (76, 9%) out of the 26 samples containing pure tendon were clinically successful,
while this was true for only 4 (23.5%) out of 17 of the samples containing muscle fibres. Hence, in the current study
successful outcome was found to be 3.3 times more likely in cases where surgery was performed in pure tendon,
compared to surgery performed in muscle fibres. The evolution of the surgical outcome is presented in Table 2 and
Figure 5.

The evolution of the post-surgical deviation showed a mean reduction of 3 PD in the samples containing pure
tendon. In contrast, the samples containing muscle fibres showed an increase in the post-surgical deviation by a mean of
8 PD. Comparison between the two groups showed an opposite and statistically significant difference at the 6-months
follow-up (p < 0.001).

Table | General Demographics and Preoperative Clinical Characteristics of Subjects Included in the Study

(n=43) Samples Containing Sample Containing Muscle
Tendon Fibers
Gender [n (%)]
Female 14 (66.7) 7 (33.3)
Male 12 (54.5) 10 (45.5)
Age (yr) [median] 16 20
Range 4-58 3-51
Refraction — Sph.equivalent (D) [median;
range]
RE 0.94 (-3.38; 4.75) 0.50 (-5.75; 3.38)
LE 1.88 (—5.00; 4.50) 0.38 (—4.75; 4.50)
BCVA (Snellen) [mean (SD)]
RE 0.84 (0.30) 0.93 (0.19)
LE 0.80 (0.30) 0.90 (0.23)
Strabismus frequency and angle of deviation
Exotropia [n (%)] 21 (48.8) 4 (19) 17 (81)
Angle of deviation (PD) [median (IQR)] 33 (30-35) 38 (32-45)
Range 30-35 25-58
Esotropia [n (%)] 22 (51.2) 22 (51.2) 0(-)
Angle of deviation (PD) [median (IQR)] 35 (30-38)
Range 22-55
Binocular status [n (%)]
BSV 3 (42.9) 4 (57.1)
Monocular suppression 17 (73.9) 6 (26.1)
Alternating suppression 5 (45.5) 6 (54.5)
Stereoacuity [n (%)]
Nil 22 (64.7) 12 (35.3)
Gross 1 (25) 3 (75)
Bifixation 2 (66.7) I (33.3)
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Table 2 Angle of Deviation Evolution According to Identified Type of Tissue Sample (Mann—Whitney U-Test)

Tissue Sample Containing Pure | Tissue Sample Containing P value
Tendon (n=26) Muscle Fibers (n=17)
Preoperative angle of deviation (PD) [Median (IQR)] 35 (30-38) 38 (32-45) 0.97
Postoperative angle of deviation (PD) [Median (IQR)]
10 days follow-up 10 (6~14) 7 (5-14) 0.52
| month follow-up 9 (6-12) 10 (8-15) 0.31
3 month follow-up 8 (6-10) 12 (8-16) 0.12
6 month follow-up 7 (6-10) 15 (12-18) <0.001

Binocular sensory status is displayed in Figure 6. The post-operative results showed an increase in frequency
of BSV, by 38.5%, in the samples containing pure tendon. In contrast, the samples containing muscle fibres
showed an increase of less than 11.8%. The difference between the two groups was statistically significant
(p = 0.01).

The associations between the type of deviation (convergent or divergent) and surgical interference with the
myotendinous region is displayed in Figure 7. Seventeen out of 21 resection procedures performed on the medial rectus
muscle to correct exotropia, implicated the myotendinous region. This stands in contrast to the resections on the lateral
rectus muscle to correct convergent deviations, where none of the cases (22 lateral muscle) implicated the myotendinous
region.

Resections of the medial rectus muscle, beyond the length of 5.5 mm, increases the likelihood of disrupting the
myotendinous region where the receptors reside. Whereas resections on the lateral rectus muscle can be performed up to
7mm without disruption of the myotendinous region (Figure 8).
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Figure 5 Angle of deviation evolution at 6 month follow-up.
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Discussion

Results from the current study revealed that successful outcome of strabismus surgery, according to 10 PD criteria, was
3.3 times more likely in those cases where resection was performed in pure tendon, compared to surgery performed
involving muscle fibres. A similar ratio of likelihood of success was found for postoperative BSV, ie, an increase of 40%
associated with resection performed in pure tendon vs 12.5% associated with resection performed in muscle fibres.
However, it is important to mention that a large percentage of participants in both groups 48.8% still did not regain
binocular single vision after strabismus surgery which can be due also to longstanding strabismus. Almost all of our
patients were operated after vision maturation age (>9 years old)*® (83.7%).

There are various options in the management of strabismus, and the procedures differ in how they affect the
neuromuscular arrangement including Botulinum toxin injection®’ and Bupivacaine.>® However, it has been suggested
that botulinum toxin induce ultrastructural changes in the myotendinous nerve endings and that the toxin temporarily
affects proprioceptive feedback from palisade endings.**** The effect of Bupivacaine on extraocular muscle propriocep-
tion remains unclear and further animal studies are required.

Muscle fibres in human extraocular muscles are highly specialized, innervated by different pools of motor neurons
and arranged in layers with different physiological functions.*' Furthermore, it has recently been promoted that there is
a compartmental innervation of extraocular muscles which suggests that segment of both the orbital and global layer can
contract, on an individual basis.?*** Such a structural organization indicates a wider division of labor between muscle
segments than previously assumed, which in turn should require a highly structured and specific neural feedback. This
imposes a variety of challenges for the surgeon because it is difficult to alter the strength of a muscle, or its direction of
pull, without interfering with the proprioceptive signal. There is a certain consensus in the ophthalmic literature regarding
the potential sources of proprioception. In contrast to extraocular muscles in other mammals, human extraocular muscles
do not contain Golgi tendon organs therefore the only remaining reputable sources are muscle spindles and palisade
endings/myotendinous cylinders.'® Their different locations, in the orbital and global layers, respectively, and their
structural organization indicate that they provide different types of afferent information. The muscle fibres in the orbital
layer, constituting nearly half the total, insert onto the orbital side of the fibroelastic Tenon’s capsule, while circling each
muscle to form a pulley or pulley sleeve.?'**** Contraction of orbital fibres will hence affect the position and activity of
the pulleys, which in turn will influence the muscle’s direction of pull.>' However, histological analysis of the material
put to use in the current study clearly indicates that even the longest resections did not interfere with the region of the
muscle containing muscle spindles. Spindles were only identified in the post-mortem material and, consistent with
previous observation, had a remote location in relation to the distal myotendinous junction.>'®***> The global fibres, on
the other hand, insert onto the globe and provide the contractile force required to perform ocular rotations. Many of the
multiply innervated muscle fibres in this layer were associated with structures with proprioceptive features (the IMCs).
The potential proprioceptive capacity of these structures is not fully resolved, yet the results from the current study
indicate that the best post-operative result was obtained in those patients where the surgical procedures did not interfere
with the myotendinous region (where the structures reside). Furthermore, the oculomotor status of these patients
improved gradually during the 6 months follow-up period. It seems legitimate to argue that this was caused by the
oculomotor system's ability to restore ocular alignment through tuning of the efferent signal, a function that arguably
relies on proprioceptive feedback from the extraocular muscles about eye position. It is of interest that all patients with
undisrupted receptors seemed to have the ability to gradually reduce their postoperative deviation during the follow-up
period, regardless of their numerical age. This indicates that there is a certain plasticity and ability to restore binocular
functions throughout the various stages of life. This seems to apply even in mature patients, where the extraocular
muscles are known to contain various signs of age-related degenerative changes.'®

In the current study, the resection performed on the lateral rectus muscles was approximately equal to the resections
performed on medial rectus muscles. Yet, histological analyses revealed that muscle fibres were only observed in the
tissue obtained from medial rectus muscles. This reflects the difference between the short tendon of the medial rectus
muscles compared to the long aponeurosis of the lateral rectus muscle. The latter muscle approaches the posterior aspect
of the globe from an angle and must follow an arcuate path for some distance before it terminates, which is why the
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length of the lateral rectus tendon is claimed to be the double of that of the medial rectus.*> The rough estimate by these
workers is consistent with our findings. Resections up to 7 mm of the temporal rectus could be performed without
implicating the myotendinous junction, while resections of more than 5.5 mm on the medial rectus did so.

The patients with undisrupted myotendinous junction had a better successful motor outcome at 6 months follow-up,
compared to patients where the muscle resection implicated muscle fibres. These results indicate that the evolution of the
post-operative residual angle of deviation is highly influenced by the quality of the proprioceptive signal. It seems
legitimate to argue that proprioception is an influencing factor of the surgical success. Proprioception may arguably also
be implicated in the difference of surgical outcomes between manifest exotropia and esotropia. Resection of the medial
rectus muscles, which contains the highest number of receptors, will arguably disrupt the proprioceptive signal more than
a resection on the lateral rectus. Furthermore, proprioception is also believed to arise from receptors in the smooth
muscle of the ciliary body, which arguably facilitate the required co-contraction of smooth and cross striated muscles
during accommodation.*® Disruption of receptors in the medial rectus muscles may arguably interfere with this
relationship.

Based on the current results, it seems advantageous to perform binocular surgeries in cases with large angles of
deviations instead of large monocular muscle resection. Reducing the amount of resection in one extraocular muscle, by
performing recession on the antagonist, may preserve the myotendinous area where the IMCs reside. However, further
studies comparing surgical procedures are warranted.

The current study has some limitations related to sample size, as including more tissue samples in the study would
have strengthened the statistical analysis. Another limitation is associated to the quality and the size of the tissue samples.
The histological analysis was primarily based on observations of resected material which could not provide information
about the full complement or distribution of receptors. Furthermore, it is difficult to obtain the same quality when
processing tissue obtained through surgical procedures compared to tissue obtained through post-mortem dissection.
However, the notion that histological details have been missed or misinterpreted due to low resolution seems unlikely and
does not undermine the value of the following conclusion.

Conclusions

The current study supports the hypothesis that avoiding disruption of ocular proprioceptors, located in the distal
myotendinous region, results in a more favorable postoperative result, both regarding the angle of deviation and
binocular vision.

Abbreviations

EOM, extraocular muscle; LRM, lateral rectus muscle; MRM, medial rectus muscle; ET, esotropia; XT, exotropia; IMCs,
innervated myotendinous cylinders; BSV, binocular single vision; PD, prism diopter; BCVA, best corrected visual acuity;
D, diopters; R&R, recession—resection.
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