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Abstract

Background: Scleral cross-linking is a potential method to inhibit axial elongation of the eye,
preventing the progression of pathologic myopia. Formaldehyde releasers, which are common
preservatives found in cosmetics and ophthalmic solutions, have been shown to be not only
effective in cross-linking corneal collagen /n vitroand in vivo, but also have minimal toxicity
effects on the eye. The present study aims to evaluate the efficacy of scleral cross-linking using
sodium hydroxymethylglycinate (SMG) to inhibit eye growth using an /7 vivo rabbit model.

Methods: A cross-linking solution containing 40mM SMG was delivered to the sub-Tenon’s
space behind the equator. The application regimen included a two-quadrant injection performed 5
times over 2 weeks on New Zealand white rabbits (n=5, Group 1), and one-time injection followed
for up to 5 days on Dutch-Belted rabbits (n=6, Group 2). Group 1 was monitored serially for axial
length changes using B-scan ultrasound (US) for 5-6 weeks. Group 2 was injected with a higher
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viscosity solution formulation. Both groups were evaluated for thermal denaturation temperature
changes of the sclera post-mortem.

Results: Axial growth was limited by 10-20% following SMG treatment as compared to the
untreated eye. Thermal denaturation analysis showed increased heat resistance of the treated eyes
in the areas of injection. Overall, the SMG treatment inhibited eye growth with few side effects
from the injections.

Conclusions: Cross-linking solutions delivered via sub-Tenon injection provide a potential
method for limiting axial length growth in progressive myopia and could be used as a potential
treatment for myopia.

Precis

The application of topical cross-linking solutions containing formaldehyde releasers via sub-
Tenon’s injection in live rabbits is described. The results indicate that axial growth stunting of the
rabbit globe can be achieved without clinical side effects.

Keywords

Myopia; subtenon injection; scleral cross-linking; sodium hydroxymethylglycinate; axial myopia

treatment

BACKGROUND

By most accounts, progressive and severe near-sightedness (high myopia) and pathologic
myopia are reaching pandemic proportions. Currently, high and pathologic myopia are
leading causes of blindness worldwide. It is estimated that by 2050, 4.8 billion people

will be affected by myopia, and 939 million will have high myopia [1]. Sight-threatening
pathology associated with high myopia is as high as 70% [2-4]. Particularly in Asia and
highly educated industrialized countries, pathologic and high myopia rates are skyrocketing.
High myopia in Singapore, for example, occurs in 1 of every 12 persons [5]. The cost

of ophthalmic care for patients with myopia, which includes eye specialist visits, optical
purchases, contact lenses and LASIK surgery, is estimated at approximately US $755
million per year [6]. While these treatments are able to correct the myopic refractive error
to a certain degree, they do not slow the physiological changes associated with excessive
axial elongation [7]. There are several sight-threatening complications in the setting of high
myopia, such as foveoschisis, retinal detachments, atrophy and choroidal neovascularization
[8], and glaucoma [9], which can lead to pathologic myopia and irreversible loss of vision.
Staphyloma, which has an extremely high complication rate, occurs with an increasing
frequency as refractive error and axial length (AL) increase. Curtin’s landmark paper
reported about 5% staphyloma for AL 27.5-28.4mm, with the rate increasing to 33% for
AL 29.5-30.4mm [10]. Hsiang et al. have also reported the presence of staphyloma in

90% of patients with high myopia (>-8D) [11]. Thus, increased AL is closely tied to the
development of staphyloma (although not a requirement), which carries a significant risk of
sight-threatening complications.
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Progressive high myopia is potentially treatable through scleral cross-linking, a theory
supported by the fact that blockage of enzymatic collagen cross-linking results in increased
levels of form-deprivation (FD) induced myopia [12]. El Sheikh and Phillips have recently
discussed the feasibility and potential of using riboflavin photochemistry, commonly known
as collagen cross-linking (CXL) [as has been used on the cornea for the treatment of
keratoconus (KC)], for posterior scleral stabilization to halt axial elongation [13]. Although
successfully used for treating destabilization of the anterior globe surface, that is, the corneal
ectasia that develops in KC, treatment of the posterior globe with scleral cross-linking
requires surgical access to the region, which has its own set of associated issues. Previous
attempts at scleral cross-linking (i.e. sTXL=scleral therapeutic tissue cross-linking) using
CXL were also reported, although difficulty accessing the posterior sclera with a UV light
source was a concern [14], as well as changes in ERG amplitudes following CXL with UV
A light in rabbit sclera [15]. More recently, the CXL approach has been successfully used to
halt axial elongation in visually form-deprived rabbits (achieved by tarsorrhaphy), although
multiple regions of the posterior sclera required separate irradiation zones [16]. Currently,
the only clinically-available modality that can stabilize and reduce the axial growth of the
eye (at 2 years) with minimal myopic rebound effect is topical atropine [17] [18].

Despite advancements in photochemical methods for scleral stabilization, a topical

approach may provide advantages. In this report, sclera treatment with sodium
hydroxymethylglycinate (SMG) was evaluated in live rabbits. This is the first report of using
SMG in live animal sclera, as compared to previous literature regarding these compounds
for scleral cross-linking which were all performed in ex vivo systems [19 20]. SMG

is a compound from a class known as formaldehyde-releasing agents (FARs). FARs are
widely used as chemical preservatives in cosmetics and other personal care products such

as shampoos and conditioners. As these compounds are often in contact with the human
body, their safety profiles have been evaluated prior to their usage. Given the proper
conditions, FARs will release formaldehyde to variable degrees [21]. Curiously, although
formaldehyde itself is a known carcinogen, the literature also supports the fact that FARs are
non-mutagenic and non-carcinogenic [22]. SMG has found significant commercial use as a
chemical preservative and is used in a variety of products that include eyedrop formulations
for use in dry eye therapy (Blu-Gel A, Sooft, Italy). SMG’s relatively smaller size and potent
cross-linking effects justified its selection as a candidate corneal cross-linking compound for
evaluation in live animals, as reported herein. SMG is an amine-based N-formal compound,
a potent formaldehyde-releasing agent, which consequently introduces significant collagen
cross-linking. We have studied the use of a number of different FARS as potential tissue
cross-linking agents for both the cornea and sclera and have published several papers on the
topic [19 21 23 24].

Thus, the present study was undertaken in order to evaluate the potential of using SMG
cross-linking solutions as a potential treatment for progressive myopia due to axial growth
lengthening. Specifically, we examine the effect of SMG on eyes undergoing physiologic
growth as a proof-of-principle /n vivo study.
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MATERIALS AND METHODS

Animal care and experimentation

All animal’s experimental procedures were carried out in accordance with the ARVO
Statement for the Use of Animals in Ophthalmic and Vision Research, and approved

by the Institutional Animal Care and Use Committee (IACUC) of Columbia University.
Animal experiments were conducted in 2 groups (total of 11 animals). The first group

(G1) consisted of 5 rabbits (10 eyes) employed to elucidate the long-term effect of SMG
solution on stunting AL and altering the sclera, as assessed by thermal denaturation using
differential scanning calorimetry (DSC). The second group (G2) utilized 6 rabbits (12 eyes),
to assess the ability of a higher viscosity SMG solution in enhancing the short term, targeted
effects on thermal denaturation. Sample size was determined by the researchers and animal
availability.

Rabbits were obtained from Covance (Princeton, NJ), aged 14-18 weeks old, weighing 1.0 to
1.5 kg, Dutch Belted (DB) for G2 and approximately 2 months younger New Zealand White
(Nzw) for G1. After a 1-week acclimatization period, a pre-treatment baseline evaluation
was completed in order to ensure that no signs of ocular inflammation or gross abnormalities
were present. The animals were housed in standard cages in a light-controlled room at a
temperature of 23°C £ 2°C at a relative humidity of 60% + 10% and a 12-hour light-dark
cycle (6 AM to 6 PM). Rabbits were given food and water ad /ibitum. Rabbits were
examined for up to 6 weeks after the treatment for G1 (long-term effect group) and up to

5 days for G2 (short-term, higher viscosity group). NZW and DB rabbit breeds were found
to have no discernible difference in terms of scleral properties at baseline or after SMG
treatment.

Topical anaesthesia was applied using 0.5 % proparacaine (Akorn, Illinois). Intraocular
pressure (I0OP) and pre-injection B-mode ultrasound (US) measurements (Quantel CineScan
10MHz, Quantel Medical, France) were obtained with the animals fully awake with topical
anaesthetic applied. For the cross-linking treatment procedure, the animals were sedated
with an intramuscular injection of ketamine and xylazine. Euthanasia was performed with an
overdose of sodium pentobarbital (Euthasol, Virbac, Fort Worth, TX) through the marginal
ear vein. All procedures were performed by the same researchers (QVH, QW, RHS, MZ).

STXL procedure for G1

The rabbits underwent baseline B-scan US AL recordings (range: 13.3 to 14.1 mm) before
the start of experiments. The animals were injected in the sub-Tenon (sT) space 5 times
over 2 weeks in two quadrants, superonasal (SNQ) and inferotemporal (ITQ) and AL

was followed over 5 weeks. The interval between injections was 3-5 days with the last
injection administered at day 19 of treatment. ST injections were delivered with a sharp
needle (Precision Glide 30 G - 1/2 gauge, Becton Dickinson & Co, Franklin Lakes, NJ).
The “max allowed” SMG concentration of 0.5% (39.06mM), according to the European
Committee on cosmetic standards [25], was prepared for injection. This number was
rounded to 40mM of SMG for ease of computation and communication. Collagen cross-
linking agent, SMG solution (Suttocide A, Ashland Inc. Columbus, OH, USA 40 mM, pH
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9.0), was injected in the right sT space and an isotonic phosphate buffer solution (identical
in composition, pH and osmolarity to the right eye, but without the SMG) in the left eye
as a negative control. The total volume administered per ST injection per eye was 600-750
pL. Indirect ophthalmoscopy was performed immediately after the ST injection, the next
day and subsequently on a weekly basis. Following the procedure, a pea-sized amount of
erythromycin ophthalmic ointment USP 0.5% was applied to the injection site. Slit-lamp
biomicroscopic examination of the eyes were performed daily to ensure no conjunctival
or tenon’s scarring developed (with all tissue remaining mobile relative to the underlying
sclera). US was performed weekly to assess AL up to week 5. Intermediate measurement
time points were not identical across animals, but initial and post-injection time points were
acquired for all rabbits. The percentage of right eye vs left eye (untreated) growth was
calculated using the formula below:

Change in treated eye AL

Change in sham eye AL X 100%

Treated eye growth vs sham eye growth (%) =

Axial length was measured 4 times (via B-mode US) and was averaged to arrive at the mean
axial length for a given eye at each time point. The standard deviation of the mean was less
than 1% of the axial length (and on average < 0.04%).

STXL procedure for G2

Right eyes were injected with the cross-linking (SMG) solution, whereas left eyes were
injected with a control solution (identical to the cross-linking solution, except for the
absence of SMG). Solutions were prepared using 1.1-4.4% of hydroxymethylcellulose
(HPMC, CAS #9004-65-3, 15cP Sigma-Aldrich, St. Louis, MO, USA). Sub-Tenon’s
injections were administered as described above.

The precise location of the cannula insertion sites on the sclera was stained with a surgical
marker at about 2mm behind the limbus. sT injection was performed as described for G1

in the SNQ or superotemporal quadrant (STQ). Immediately after injection, light reflex and
IOP were appreciated 5, 10, 15 and 30 minutes following the injection. At the same time,

US scan was performed to confirm the location of the injected solution via identification of a
“T-sign”[26]. Both eyes were treated on the same day with a 15 min interval.

Differential scanning calorimetry (DSC)

Following the euthanasia, eye globes were excised. For G2, 6 mm scleral punches

were taken from each eye. A minimum of five scleral punches were taken from the
superior part of the globe (injection side) and contralateral, non-injected side from each
eye. Pieces were processed as previously described [27]. In this way, we determined

the denaturation temperature for each scleral punch independently. Averages of thermal
denaturation temperatures of scleral punches were compared between corresponding areas
from the cross-linked eye and contralateral-paired control eye.

Peak thermal denaturation temperature (Tm) was measured using a Perkin-Elmer DSC 6000
Autosampler (Waltham, MA, USA). The difference in thermal denaturation temperature
(ATm) between the cross-linked sample and contralateral-paired control sample was

Br J Ophthalmol. Author manuscript; available in PMC 2023 June 01.
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determined using the Pyris software (version 11.0; Perkin-Elmer, Waltham, MA, USA) as
previously reported [28].

To further assess for the depth and spread of treatment from a single SMG treatment that
might damage surrounding tissues, histology was performed on all rabbits treated in G2.
Following euthanasia, the eyes were removed for post-mortem processing. Tissue pieces
from the eyelids, extraocular muscles, lacrimal and Harderian glands were fixed in 10%
formalin solution, and paraffin-embedded sections were stained with H&E.

Statistical analysis

RESULTS

Analyses were performed with Stata Software (StataCorp LLC, College Station, Texas) The
outcome measures are reported as the mean+SD. A Student’s t-test was used for statistical
analysis of independent variables. Statistical significance was considered as a p-value of less
than 0.05.

Axial length/Thermal denaturation — efficacy evaluation

G1 US measurements demonstrated that the treated eyes, as compared to the contralateral
saline-injected control, displayed a lower average amount of AL growth over 5-6 weeks of
follow-up, indicating physiologic eye growth was stunted. (Figure 1). Baseline AL values
were 13.78 +0.10 and 13.70 +0.10 for treated and untreated eyes, respectively (P=0.597,
t-test). On average, right eye ALs grew only 81.3 + 22.2 % (n = 5) at week 2 as compared
to the untreated left eye (Table 1). After a treatment was completed at week 2, the right eye
AL percentage growth was 92.9 + 15.2 % (n = 3) that of the left eye at week 3. Further
follow-up post-injection showed persistent stunting of right eye physiologic AL growth,
which had grown approximately 13 to 15% less than the contralateral control eyes (85.1
+2.3% (n=4)and 87.8 + 2.7 % (n = 3) at week 4 and 5 respectively). It should be

noted that the rabbits included in this study were not all from the same birth cohort, and
therefore rabbits were treated and evaluated at different times (i.e., not simultaneously as a
single cohort). Statistical significance was not reached at the intermediate time points but
was reached at the week-5 final time point where treated right eyes had grown 1.05 +/- 0.05
mm versus 1.19 +/- 0.05 mm in the control left eye (P=0.018).

HPMC was added into the SMG solution when treating G2 to evaluate the effect of higher
viscosity (with reduced diffusion) on the collagen crosslinking. As shown in Figure 2, Tm
shift was calculated based on the intraocular difference of Tm in comparable regions in
the SMG-injected treatment eye versus the sham-injected contralateral control eye. DSC
data of the non-injected inferior scleral region did not show much Tm shift (0.2 + 0.5°C).
In contrast there was a significantly higher Tm shift of 1 + 0.8° in the injected superior
sclera region (P=0.011). Also, the Tm shift for eyes treated with SMG solution containing
1.1-1.4% HPMC (1 £ 0.8°) was greater than that found with SMG solution that did not
contain HPMC (0.17 + 0.11°, P=0.048).

Br J Ophthalmol. Author manuscript; available in PMC 2023 June 01.
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Ocular reactions — Toxicity evaluation

All rabbits were monitored for 5 days after injections for any signs of treatment toxicity. Eye
examination performed right after the injection revealed chemosis in all eyes regardless

of the injected solution. Conjunctival redness was routinely observed on both eyes as

well. These findings persisted on the treated eye for one day after treatment and subsided
subsequently. Direct and indirect ophthalmoscopy findings did not indicate any change in
any rabbits during follow-up observations.

As shown in Figure 3, IOP was found to be higher in treated and control eyes of all rabbits
right after the injection and persisted for up to 30 min (day 0 on the graph), although with

a significant variation between rabbits. IOP was also measured for the G1 group (data not
shown) with no sustained IOP elevations observed. 0P subsided by the next day to values
slightly lower than the baseline and returned to the pre-treatment measurements after the
second day. To examine if there was any cellular damage in the vicinity of an SMG injection
area, we carried out histology with adnexal tissues found no significant defference in the
appearance of the SMG-treated tissues (Figure 4) compared to sham-treated controls (not
shown).

DISCUSSION

In this study, the “max allowed” concentration of SMG was used to investigate the effect
of SMG in sTXL on the inhibition of physiologic eye growth. There were no apparent
clinical side effects on the retina, sclera and adnexal tissues in any SMG-treated rabbits as
judged by gross observation, slit-lamp biomicroscopy, and an ophthalmoscope by trained
ophthalmologists (MZ, QVH), although its effects on human patients need to be evaluated
thoroughly.

SMG treatment resulted in about 15% stunting of the physiologic eye growth that persisted
for at least 5 to 6 weeks of life (approximately 3 to 4 weeks post-treatment). Although the
short-term effect was pronounced and seen just after the end of the treatment period, there
were also long-term effects noted as well, which may reflect alterations in the natural scleral
remodelling that occurs during physiologic growth [29].

Wollensak previously described the use of a sT injection using glyceraldehyde (a chemical
cross-linking agent similar in concept to the FARs used in the present work) for stiffening
the rabbit sclera [30], and genipin has been shown to limit AL in FD guinea pigs [23 28 30
31]. These investigators have demonstrated the advantage of using a chemical agent over the
CXL technique for the purpose of stabilizing the posterior sclera. The thermal denaturation
of scleral collagen at different locations of the eye was determined using the phase transition
temperature from DSC measurement. The denaturation temperature is correlated with the
stiffness of the tissue or the extent of the collagen cross-linking (from SMG or other external
factors). Specifically, in the DSC analysis for G2 rabbits, right eyes were treated with SMG
in the superior posterior region. Thus, several different locations in the posterior region

were measured using DSC. The sclera of the treated eye had a higher transition temperature
compared to fellow control eyes in all rabbits. While this effect was minimal, it suggests that
the increased collagen resistance to heat was due to a cross-linking effect.

Br J Ophthalmol. Author manuscript; available in PMC 2023 June 01.
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As shown in our previous work, SMG it is a potent cross-linking compound that is capable,
at the right concentration, to stiffen collagenous tissue with minimal toxicity effect. The
spectrum of the potential application of SMG as a tissue cross-linker is wide and expanding.
One of the clinical uses of SMG is on ectatic corneal diseases such as keratoconus, where

it can be used in a variety of moadilities such as topical drops, gel, and a corneal reservoir
[32]. In addition, the natural function of SMG as a preservative also allows it to be used to
treat a variety of bacterial pathogens [33 34].

In this study, SMG was able to inhibit the growth of the eye’s AL without any apparent side
effects or obstruction of the tissue remodeling processes, suggesting that SMG is a potential
collagen cross-linking agent to prevent the progression of myopia. Also, a posterior ST
injections of the chemical cross-linking agent is a readily-accessible, potentially localized,
and minimally invasive procedure. Injection via sT’s space of a soluble and diffusible

agent is advantageous as it can contact the scleral surface uniformly. sT’s injection is a
well-known technique used extensively in clinical eye surgery as an anaesthetic application.
It has several advantages over other similar types of regional anaesthetic ocular blocks, such
as subconjunctival and retrobulbar techniques. Injection of fluid into ST space tracks behind
the globe to open up the posterior sT space [35] and thus, such an injection could be ideal
for inducing a change in the post-equatorial sclera, the location of axial elongation and
remodeling. Another major advantage of an injection approach (versus photochemical) is the
relative ease of re-application if repeated treatments are required. However, future studies
that optimize various factors such as reagent formulation, dosage, and injection frequency,
with an animal model are needed to assess the feasibility of SMG for myopic treatment.

It should be noted that employing an injection method for treatment does expose the eye

to non-trivial risks that are associated with sT injections, such as an injection into the
choroidal or retinal circulation, globe perforation, conjunctival hemorrhage, and infection.
A risk-benefit ratio will have to be evaluated carefully before any clinical application is
considered.

There are a few limitations of the study, including a low number of observation and
inconsistent and relatively short follow-up (including only n=3 at the 5 week time point

for G1 rabbits), potentially influencing the significance of the results. Moreover, a thermal
denaturation assay is an indirect method of assessing cross-linking efficacy. The present
study examined the effect of SMG on eyes undergoing physiological growth, as a proof-of-
principle in vivo study. The results did not invalidate the potential of SMG treatment with
myopia, and future experiments are planned with employing established myopia models
(e.g. form-deprivation myopia) to evaluate the effect of SMG on myopia-induced eye growth
under controlled conditions, in order to further test the clinical potential of SMG [16].

The effect of SMG in our study was evaluated with AL measurements and thermal
denaturation temperature difference. Both methods indirectly assess the effect of cross-
linking, with DSC being the most accepted and reliable method to measure cross-linking
effects in collagenous tissues. We have previously used thermal denaturation (as thermal
shrinkage temperature) to reliably measure chemically and UVA-riboflavin-induced cross-
linking of collagenous tissue

Br J Ophthalmol. Author manuscript; available in PMC 2023 June 01.
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In summary, administration of a collagen cross-linker, SMG, demonstrated a possibility of
stunting of physiologic eye growth in growing rabbits with no apparent clinical side effects,
suggesting that SMG is a promising candidate modality for scleral stiffening to prevent
myopic progression
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AL axial length

CXL corneal collagen cross-linking = riboflavin UVA photochemical
cross-linking

DB Dutch-belted rabbits

ECM extracellular matrix

ERG electroretinogram

FAR formaldehyde releaser

FD form-deprivation

H&E hematoxylin and eosin

KC keratoconus

I0P intraocular pressure

IT inferotemporal

LASIK laser-assisted in situ keratomileusis

NzZW New Zealand white rabbits

PP posterior pole

SCXL scleral cross-linking (riboflavin-UVA photochemical technique)

SMG sodium hydroxymethylglycinate

SNQ superonasal quandrant

STQ superotemporal quandrant

ITQ inferotemporal
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Figure 1.

Effect of SMG on G1 physiologic eye growth (as expressed by the ratio of right eye axial
length growth as compared to the contralateral control left eye axial length growth) followed
over the course of 5-6 weeks after the sT injections. Injection times are represented by black
circles and ultrasound measurements by red circles with number of observations for each

measurement above.
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Figure 2.

Difference in denaturation temperature (4Tm) of the difference top versus bottom G2 sclera
punches and average ATm after treatment with 40 mM SMG containing HPMC (15 cP).
Each set of bars represent an individual rabbit (1360, etc., labeled accordingly below) and
is the Tm difference between right (treated) and left (control) globes. The average of all 6
animals is shown to the right. Rabbit identification numbers are indicated on the x-axis.
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Figure 3.
10P of the G2 treated right eye (TRX) as compared to the untreated left eye (CTRL) after

the 40mM SMG containing HPMC (15cP) treatment.
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Figure 4.
Histology of adnexal tissues after SMG injection. SMG at 40mM was injected into the sT

and the eye fixed at 5 days after the injection. Paraffin sections of adnexal tissues with H/E
staining are shown. A, eyelid, B, Harderian gland, C, lacrimal gland, D, superior oblique
muscle, E, superior rectus muscle, F, nictitating membrane, Bar, 200 um in panel A, 100 um
in all other panels.
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Table 1.

Axial Length Changes After Sub-Tenon Injection of Crosslinking Agent

Right Eye (Treated)
Mean +/- SD (n)

Right Eye (Sham)
Mean +/- SD (n)

P-value

Baseline Axial Length on Day 0 (in mm)  13.78 +/- 0.1 (n=5)
Change in Axial length (mm)

At Day 13 (n=5) 0.34 +/-0.14
At Day 19 (n=3) 0.65 +/- 0.12
At Day 27 (n=4) 0.80 +/- 0.12
At Day 35 (n=3) 1.05 +/-0.05

13.7 +/- 0.1 (n=5)

0.40 +/-0.10
0.73 +/-0.23
0.94 +/-0.13
1.19 +/- 0.05

0.60

0.42
0.64
0.15
0.02*

Bold font and asterisk denote statistical significance at p < 0.05. Baseline axial length was measured on Day 0 (defined as the first day of
treatment). mm = millimeters. n = sample size. SD = standard deviation.
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