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Correlation between subretinal
tissue plasminogen activator and
air injection rates with pressure in a
retina mimicking model

Na Hee Kim?, Minsub Lee?, Hyewon Chung?, Hyung Chan Kim? & Hyungwoo Lee***

By investigating the correlation between the injection rate and pressure of subretinal tissue
plasminogen activator (tPA) and air using a standard Viscous Fluid Control (VFC) system with a
38-gauge cannula, we aimed to establish guidelines for stable injections. We fabricated a retina
mimicking model (RMM) with 0.25% agarose solution and an aluminum plate, and substituted
submacular hemorrhage (SMH) and tPA with blood-mimicking fluid (BMF) and balanced salt solution
(BSS), respectively. The diameter of the pre-bleb mimicking SMH in RMM was 1.30+ 0.16 cm,
increasing to 1.98 + 0.24 cm and 1.83 + 0.22 cm after bleb propagation with BSS and air, respectively.
BSS injection rates were 2.86 + 0.04 pl/sec, 6.74 + 0.48 pl/sec and 8.55 4+ 0.16 pl/sec at 8, 12, and 16 psi,
respectively. Air injection rates were 37.98 + 3.11 pl/sec, 79.01 + 5.13 pl/sec and 156.06 &+ 13.72 pl/sec
at 2, 3 and 4 psi, respectively. By experimenting with different pressures in the RMM, we found 12 psi
to be the minimum for proper BSS injection and 2 psi for air. These findings provide crucial parameters
for safer surgery to prevent irreversible damage.

Extensive submacular hemorrhage (SMH) is a rare but detrimental complication of several retinal diseases, most
commonly age-related macular degeneration (AMD), retinal arterial microaneurysm, ocular histoplasmosis,
trauma, and high, myopia, which can lead to irreversible retinal changes and vision loss without treatment-2.
Therefore, intervention for SMH is needed to improve its prognosis.

Subretinal injection of tissue plasminogen activator (tPA) in combination with air for the treatment of SMH
in AMD is widely used by retinal specialists and has proven to be an effective technique*>. The surgical procedure
consisted of a 25-gauge vitrectomy and subretinal injection of tPA to liquefy coagulated SMH, followed by
injection of filtered air to displace the liquefied hemorrhage downward. During the procedure, the surgeon
can inject tPA or air by manually pushing the syringe plunger with the assistance of an assistant. In contrast,
the surgeon holds the syringe body connected to the vitrectomy cannula to be steady at the subretinal space.
However, a manual injection is difficult to precisely control and exclude variables, such as significant shaking by
the surgeon and assistant?. Furthermore, there is a possibility of sudden injection during the procedure, which
could lead to the risk of causing damage to the retina. Several previous studies in pig or monkey eyes have shown
that fast injection rates are associated with significant loss of RPE and photoreceptors in the retina>®.

To overcome these shortcomings, a method has been developed using a 1 ml syringe connected to a 38-gauge
cannula with a standard Viscous Fluid Control (VFC) system using a foot pedal?. A MicroDose Injection Kit’
(MedOne Surgical, Inc., Sarasota, FL) can be used in surgery. However, there is a problem that the product is
not available worldwide, especially in South Korea, so a substitute for a MicroDose Injection Kit is needed. Also,
as the standard pressure or rate of injection of tPA and air is not fully established, there is still a risk of sudden
injection leading to significant damage to the retina. Therefore, it is necessary to investigate the correlation
between the injection rate and pressure of subretinal tPA and air injection using a standard VFC system with
a 38-gauge cannula. In addition, guidelines for stable injection without a MicroDose Injection Kit should be
established. Since it was not feasible to perform experiments in real patients, we performed experiments using
simulated models that mimic the actual retinal structure, the retina mimicking model (RMM).

In this study, we aimed to elucidate subretinal injection rate of tPA solution and air at different pressures
using a 38-gauge cannula with a controlled injection system in a retina mimicking model.
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Materials and methods

Fabrication of the retina mimicking model (RMM)

Based on previous research, agarose has been used in artificial retina studies®, we fabricated a retina mimicking
model (RMM) by using agarose (Agarose LE Analytical Grade, Promega). As the artificial retinal layer was
composed of 2% agarose gel in the preliminary study®, we first tried to fabricate the RMM with 2% agarose
solution. However, it was observed that 2% agarose solution had excessive viscosity, making it challenging to
inject the material smoothly without experiencing regurgitation. Moreover, previous studies have indicated that
the minimum pressure required for subretinal injection in monkey retinas is 6 psi®, with the mean minimum
pressure observed in clinical settings approximating 6 psi (5.8 psi)®. Based on these findings, we tested various
RMMs with varying concentrations of agarose solution to identify the appropriate concentration of agarose
solution that would facilitate the formation of blebs at a minimum pressure of 6 psi. Consequently, the final
concentration of agarose solution for the RMM was established at 0.25%.

The retina mimicking model (RMM) consisted of a 0.25% agarose solution poured along the inner surface
of the aluminum plate (LabPlasti, Republic of Korea) (Supplementary Fig. Sla online), which has an inner
diameter of 72 mm. Immediately after the agarose solution was poured into the aluminum plates, the plates
were floated in a water bath at 25°C for drying. It was observed that excessive drying time over 30 min makes
the agarose brittle. To prevent the loss of a proper viscosity similar to that of the retina, the time from model
fabrication to experiments was limited to a maximum of 30 min. In addition, the proper thickness of dried
agarose was required, taking into account the depth of needle penetration and the actual thickness of the retina.
By experimenting with different amounts of agarose, the volume to be poured along the inner surface of the
aluminum plate was determined to be 6 ml (Supplementary Fig. S1b online). To ensure standardization of
the fabrication process, all RMMs were prepared by pouring the same amount of agarose solution, prepared
simultaneously, onto identical aluminum plates and subjecting them to an identical cooling period.

Preparation of blood-mimicking fluid (BMF)

In order to mimic the conditions of SMH, it was imperative to find appropriate blood substitutes that could
faithfully reproduce the environment of SMH. We adopted the concept of “blood-mimicking fluid (BMF)” from
previous hemodynamic research. Based on the study, we developed BMF by mixing glycerol with balanced salt
solution (BSS; Alcon, Fort Worth, TX ) in a 44:56 ratio'?.

Creation of SMH-like structure in the retina mimicking model (RMM)

BMF was subsequently injected into the fabricated retina mimicking model (RMM) (Supplementary Fig. S1b
online) to replicate the SMH environment. To create a pre-bleb by SMH, a 1 ml insulin syringe (BD Ultra-Fine
IT Insulin Syringe, Becton Dickinson Korea) was used to inject 0.1 ml of BMF to create a bleb. In detail, the
needle of insulin syringe was bent at an angle of 45 degrees at the midpoint of its total length, with the bevel
oriented downward. When inserting the needle into the RMM, the bevel was positioned slightly to the side. The
bent portion of the needle was then gently pressed using a cotton swab while the BMF injection was performed
(Supplementary Video S1 online). The amount of BMF injected was arbitrarily set as 0.1 ml, because formed
bleb in RMM was stable without significant leakage in this volume. This procedure was performed manually by
the surgeon (HL), not by the foot pedal-assisted control with a 38-gauge cannula because the needle was easily
obstructed due to the viscosity of glycerol.

Subretinal injection with foot pedal system

To quantify the injection rates of tPA and air, we used an Alcon Constellation Viscous Fluid Control (VFC)
syringe (Fig. 1a), typically used in surgery, connected to a 38-gauge cannula (inner diameter: 41 gauge) (PolyTip,
MedOne Surgical, Sarasota, FL, USA) (Fig. 1b)!!. By pressing the foot pedal, we injected fluid and air into the
retina mimicking the model with known injection pressure and measure the injection rates.

With the limited availability of tPA solution, we tested the similarity between tPA solution and BSS. BSS-
based tPA solution (12.5 ug/0.1 ml) (Actilyse, Boehringer Ingelheim) and BSS were filled in the VFC syringe,
and injected with 16 psi in the air. The injection rates of tPA solution and BSS were 8.12+0.30 pl/sec and
8.50+0.15 pl/sec, respectively, and were not significantly different (N=3, P=0.20). Based on this result, we
substituted tPA with a balanced salt solution (BSS; Alcon, Fort Worth, TX).

The air injection rate was determined by the time it took to release 1 ml of air filled in the syringe, while the
tPA solution injection rate was determined by the time it took to release 0.4 ml of BSS.

Prior to the main experiment, we need to establish the proper range of injection pressure based on the
previous study with monkey eyes®. In the study, it was demonstrated that the minimum pressure required to
perform subretinal injection was 6 psi, and 20 psi of high injection pressure was shown to cause damage to RPE
and photoreceptor®.

In addition, as it has been reported that a continuous flow of fluid is produced in the range of 12-16 psi, we
initially tried the subretinal injection of BSS at 8 psi. However, the measured injection rates at 8 psi were too slow,
causing the investigator to hold the syringe too long (approximately 140 s to inject 0.4 ml of BSS), which could
lead to a significant shaking of the syringe by the investigator and a risk of low stability of the injection. Also,
our experiment showed that 12 psi and 16 psi of injection pressures produce a stream of droplets rather than a
continuous flow of fluid.

We performed the measurements at pressures of 8, 12 and 16 psi for BSS, and 2, 3 and 4 psi for air. Although
the initial injection rate was observed to be at a very slow rate of 8 psi, it was essential to evaluate the injection
rate at 8 psi, as the relatively slower rate at this pressure could provide significant insights. Therefore, we included
the measurement of the BSS injection rate at 8 psi in our experiments. The injected materials such as BMF and
BSS were visualized by the food dye (Eltin food color; Lgreentech, Republic of Korea). A BMF was visualized on

Scientific Reports |

(2024) 14:26203 | https://doi.org/10.1038/s41598-024-77518-z nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

{Smm

Figure 1. Pictures of materials for injection. (a) An Alcon Constellation Viscous Fluid Control (VEC) syringe
directly connected to a 38-gauge cannula. (b) A 38-gauge cannula (MedOne Surgical, Inc., Sarasota, FL, USA).

Figure 2. Pictures of formed bleb. (a) BMF representing SMH with pink food coloring. (b) After the injection
of BSS with blue food coloring into the bleb formed by BME. (c) Injection of air 1 m] after the injection of BMF
(0.1 ml) and BSS (0.4 ml).

the retina mimicking model with a pink food coloring (Fig. 2a). To contrast with the previously injected BME, a
blue food dye was added to the BSS (Fig. 2b).

All injections were performed by the same retinal specialist (HL). Measurement of the target volume was
performed by the same investigator (NHK). To ensure the accuracy of the experiments, all experiments were
repeated ten times.
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A case report of a patient who was diagnosed with SMH and treated by subretinal injection according to
this experiment was conducted at Konkuk University Medical Center. The study protocol was approved by the
Institutional Review Board (IRB) of Konkuk University Medical Center (IRB number: KUMC 2024-09-020),
and was conducted following the tenets of the Declaration of Helsinki. Due to the retrospective nature of the
study, Institutional Review Board (IRB) of Konkuk University Medical Center waived the need of obtaining
informed consent.

Statistical analyses

Statistical analysis was performed using IBM SPSS Statistics for Windows (version 23.0;IBM-SPSS, Armonk, NY,
USA). The sizes of the blebs formed after injection of BME, BSS, and air, and the injection rates of BSS and air at
different pressure were compared using the Kruskal-Wallis test (Post hoc analysis using Mann-Whitney U test,
statistically significant P <0.05/3=0.017 by Bonferroni correction).

Results

Formation of submacular hemorrhage (SMH) by blood-mimicking fluid (BMF)

The regularity of the size of the formed bleb determined a successful bleb for artificial SMH. The size of the
formed bleb was measured by its ratio to the actual size of the aluminum plate. We photographed the blebs and
analyzed the diameter of the bleb using Image] program. The diameter of the bleb was calculated based on the
measured length of the bleb. The actual sizes of the blebs and plates in the models are shown in Supplementary
Table S1 online. The diameter of pre-bleb mimicking SMH formed by 0.1 ml of BMF was 1.30+0.16 cm.
Figure 2a shows an example of a bleb for artificial SMH created by BME The models with pre-bleb mimicking
SMH were selected based on the median value of the diameter of the bleb.

Injection of BSS into the bleb formed by BMF

The injection rate of 0.4 ml BSS under different injection pressures is shown in Table 1. The injection rates of
BSS into the retina mimicking model, followed by the injection of BMF, were measured to be 2.86+0.04 pl/
sec at 8 psi, 6.74+0.48 pl/sec at 12 psi, and 8.55+0.16 pl/sec at 16 psi (Table 1). Increasing the pressure from 8
psi to 12 psi resulted in a 2.36-fold increase in injection rate, and increasing the pressure from 12 psi to 16 psi
resulted in a 1.27-fold increase in the injection rate (Fig. 3). After the successful injection of BSS, the color was
changed because of a blue food dye mixed into the BSS (Fig. 2b, Supplementary Video S2 online). There was also
a significant difference in size after bleb expansion with injection of BSS (P <0.001; Fig. 4, Supplementary Table
S1 online). There was a significant difference in the injection rate of BSS 0.4 ml from the three different pressures
(P<0.001). There was a significant difference in injection rates between the two specific pressure conditions (all
P<0.001, after Bonferroni correction; Table 1).

Injection of air into the mixed solution of BMF and BSS
After injection of both BMF and BSS, the injection rates of air were measured to be 37.98+3.11 ul/sec at 2
psi, 79.01+5.13 pl/sec at 3 psi and 156.06+13.72 ul/sec at 4 psi (Table 1, Supplementary Video S3 online).
Increasing the pressure from 2 psi to 3 psi resulted in a 2.08-fold increase in injection rate, and increasing the
pressure from 3 psi to 4 psi resulted in a 1.98-fold increase in the injection rate (Figs. 2c and 5). There was no
significant difference in size after bleb expansion with injection of air (P=0.116 after Bonferroni correction;
Fig. 4, Supplementary Table S1 online). However, compared with the initial status of bleb form by BMF, there
was a significant difference in size after the injection of BSS and air into the BMF compared to be the initial bleb
with BMF (P <0.001; Supplementary Table S1 online, Fig. 4). There was a significant difference in the injection
rate of air 1 ml from the three different pressures (P <0.001). In addition, there was a significant difference in
injection rates between the two specific pressure conditions (all P <0.001, after Bonferroni correction; Table 1).
In addition, it was observed that when the VFC syringe was filled with more than 8 ml of air, the plunger
inside the syringe was pushed back due to the reactive force caused by the filled air.

Group 1 Group 2 Group 3 P P P
(N=10) (N=10) (N=10) P 1vs.2 |1vs.3 |[2vs.3
Pressure to inject 8 12 16

0.4 ml of BSS (psi)

Injection rate (ul/sec)

2.86+0.04 |6.74+0.48 |8.55+0.16 <0.001 | <0.001 | <0.001 | <0.001
(mean + SD)

Pressure to inject

1 ml of air (psi) 2 3 4

Injection rate (pl/sec)

37.98+3.11 | 79.01+5.13 | 156.06+13.72 | <0.001 | <0.001 | <0.001 | <0.001
(mean + SD)

Table 1. Summary of injection rates among the 3 groups. P indicates the P value comparing the means of

3 groups. P 1vs. 2, 1 vs. 3 and 2 vs. 3 denote the P values between groups of the specified number (Post hoc
analysis using Mann-Whitney U test, statistically significant P <0.017 by Bonferroni correction). BSS balanced
salt solution, psi pounds per square inch, SD standard deviation.
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Figure 3. Change in injection rate of BSS 0.4 ml as a result of variation in injection pressure.
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Figure 4. Comparison of size of formed blebs after injection of BME, BSS, and air. The mean, median, and
standard deviation of size of formed blebs are provided in Supplementary Table S1. After subsequent injection
of BSS and air into the BMF pre-bleb, the sizes have significantly changed. ***P < 0.05/3 = 0.017.
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Figure 5. Change in injection rate of air 1 ml as a result of variation in injection pressure.

Discussion

Subretinal macular hemorrhage (SMH), a severe and potentially irreversible complication of age-related macular
degeneration (AMD)), is typically treated with tissue plasminogen activator (tPA) and air injections during pars
plana vitrectomy (PPV) with foot-pedal assisted control'->*. However, manual injection using a VFC syringe and
a 38-gauge cannula can result in shaking and sudden high-pressure injections, which may potentially damage
photoreceptors and the retinal pigment epithelium (RPE). While the MicroDose Injection Kit” can be used,
its limited availability, particularly in South Korea, necessitates the development of a stable procedure using a
VEC syringe and a 38-gauge cannula. We performed experiments using a VFC syringe connected to a 38-gauge
cannula assisted with foot pedal-assisted control. Furthermore, we devised a retina mimicking model (RMM) by
pouring 0.25% agarose solution into the aluminum plate and drying it.

Under the pressure of 12, and 16 psi, BSS, which was selected as a substitute for tPA, was safely injected with
the rate of 6.74 +0.48, 8.55+0.16 pl/sec, respectively, and under the pressure of 8 psi, the injection rate was too
slow to make the surgeon difficult to hold the syringe stably (Table 1). As the pressure sequentially increased
from 8 psi to 12 and 16, the injection rate increased by 2.36 times and 1.27 times. Therefore, based on these
results, it can be concluded that the minimum pressure required for appropriate BSS injection is 12 psi, with the
injection pressure potentially increasing up to a maximum of 16 psi. In addition, the injection rate did not appear
to increase proportionally as the pressure increased.

Air was stably injected at a pressure of 2, 3, and 4 psi, with the rate of 37.98+3.11, 79.01+5.13, and
156.06+13.72 pl/sec, respectively (Table 1). As the pressure sequentially increased from 2 psi to 3 and 4,
the injection rate increased by 2.08 times and 1.98 times. Based on these results, it can be concluded that
the minimum pressure required for appropriate air injection is 2 psi, with the injection pressure potentially
increasing up to a maximum of 4 psi. In addition, the injection rate of air did not indicate a non-proportional
increase as the pressure increased. As the mean injection rate of air at 4 psi was found to be 156.06 +13.72 ul/sec,
which indicates that it takes 6.41 s to inject 1 ml of air. These data suggest that the injection of air at pressures
exceeding 4 psi is likely to be inadvisable, given the short duration of the injection, which is anticipated to be less
than 6.41 s. This may potentially impair the stability of the injection, and the abrupt injection may also result in
irreversible damage to retinal structures.

Furthermore, when these methodologies were applied to a real patient with SMH, the injection of tPA and
air was successfully performed. During the surgical procedure, it was found that tPA and air were stably injected
within the vitreous cavity. The injection of tPA and air into the subretinal space with SMH was also stably
performed (Supplementary Video S4 online).
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By identifying the injection rate, we can estimate the time needed to inject a given amount of tPA and air
into the subretinal space. For example, injecting 0.4 ml of tPA requires 59.33 s at 12 psi, while 16 psi takes
46.78 s. Similarly, injecting 1 ml of air takes 26.33 s at 2 psi, 12.66 s at 3 psi, and 6.41 s at 4 psi. These data,
which emphasize time, are significant in various aspects. First, accurately administering minute doses of less
than 0.2 ml using only the VFC syringe scale can be challenging since the minimum scale increment is 0.2 ml.
In addition, during surgery, neither the surgeon nor the assistant can visually monitor the real-time change in
dose, which can lead to loss of stability, and result in irreversible damage to the retina. Quantifying the time
required for each pressure level may prevent irreversible damage caused by excessive injection rate or volume.
Furthermore, the individual nature of SMH in patients must be considered, as the amount or location of SMH
varies between patients, resulting in variable doses of tPA or air required for injection. It is difficult to determine
the preoperative amount, and surgeons typically rely on observing changes in subretinal space to determine when
to stop the injection. Consequently, they can only consider time as a variable to control. By using the injection
rates identified in the experiment and measuring the time during surgery at each pressure level, surgeons can
anticipate the amount of tPA or air that will be injected.

However, this study has several limitations. First, it is impossible to determine the exact pressure at the time of
formation of the initial bleb as we manually implemented it using an insulin syringe to simulate the environment
of SMH, despite previous studies showing that a minimum pressure of 6 psi is required to form a bleb. Second,
we did not take into account the change in blood viscosity in the actual SMH environment. In general, changes
in viscosity occur over time after a hemorrhage occurs. Therefore, it is clear that the viscosity of actual SMH
would vary depending on the time of occurrence. However, our experiment was performed using RMM rather
than actual SMH because it is not feasible to perform the experiments on the actual retina of patients with
SMH, so we could not analyze the viscosity of all real SMH. Although it will be necessary to analyze the effect
of pressure on the injection rate based on different viscosities of SMH, this experiment based on the standard
blood viscosity may provide standards when injecting tPA into the subretinal space filled with SMH. Third, we
could not exclude the ‘learning effect’ when repeating the experiments. We repeated the experiments ten times in
each condition to increase precision, which may lead to improved investigator skill, and then may result in subtle
changes in injection rates. Fourth, the experimental subretinal bleb in RMM was set as 0.1 ml. Further study
should take account for the variable volume of blebs. Furthermore, the results of the experiment may vary when
performed with a more standard tool, such as the MicroDose Injection Kit”. Given that 0.4 ml of BSS is injected
using a 10 ml VFC syringe, there is a possibility of a significant loss of tPA, which may have implications for the
efficacy of the treatment. Therefore, further studies are required to develop precise guidelines with the use of a
standard tool. Despite this limitation, given that at least one vial of tPA is employed for each patient, irrespective
of the required dose, with a minimum necessary volume of 0.4 ml, and considering that the limited availability
of the MicroDose Injection Kit in certain countries constituted one of the fundamental starting points for our
experiments, the 10 ml VFC syringe-based system is deemed to be an efficacious instrumental tool. Finally, the
experiment was not performed in animal model or real patients. Given the possibility of a discrepancy between
the RMM and the retina of animal or human, the results of this experiment may differ significantly when applied
to actual animals or human subjects. Thus, further studies are needed to prove the above results in animal model
or patients with SMH.

In conclusion, as subretinal injection is a highly delicate surgical procedure for the treatment of SMH, a
precise understanding of its physical properties significantly influences the outcome of the procedure. Therefore,
our findings suggest that retinal specialists may utilize these data as a reference. In addition, the finding that
the correlation between injection pressure and injection rate may not be linear provides insights into how
changes in injection pressure would affect the injection rate. Furthermore, while it is essential to acknowledge
the significant discrepancies between the experimental retina mimicking model (RMM) and actual clinical
conditions, this study could provide a preliminary basis for subsequent investigations on animal models or
human subjects. Additionally, this experiment remains valuable for quantifying surgical variables using time
as a parameter, potentially enabling surgeons to more accurately predict and control injection rates or volumes,
thereby reducing the risk of irreversible retinal damage due to excessive injection rates or volumes.
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Further information can be provided by the corresponding author upon request.
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