Clinical Ophthalmology

Dove

ORIGINAL RESEARCH

Optimizing Tip Diameter in Phacoemulsification
of Varying Lens Sizes: An in vitro Study

Aniket Ramshekar @®'?
Joshua Heczko @'
Ashlie Bernhisel ('
William Barlow |nr
Brian Zaugg ®'
Randall Olson ('
Jeff Pettey @'

'Department of Ophthalmology and
Visual Sciences, John A. Moran Eye
Center, University of Utah, Salt Lake City,
UT, 84132, USA; 2University of Utah
School of Medicine, Salt Lake City, UT,
84132, USA

Correspondence: Jeff Pettey

Department of Ophthalmology and Visual
Sciences, John A. Moran Eye Center,
University of Utah, 65 Mario Capecchi
Drive, Salt Lake City, UT, 84132, USA
Tel +1 801-581-2352

Fax +1 801-581-3357

Email jeff.pettey@hsc.utah.edu

Purpose: We assessed the effect of two lens cube sizes, three tip sizes, and two ultrasound
(US) approaches on phacoemulsification efficiency and chatter.

Methods: After porcine lens nuclei were soaked in formalin, we divided them into cubes
measuring 2.0 mm or 3.0 mm. We collected efficiency and chatter data for 30-degree bent 19
G, 20 G, and 21 G tips with a continuous torsional US system; and for straight 19 G, 20 G,
and 21 G tips with a micropulse longitudinal US system.

Results: The average time needed for removal was always higher for the 3.0 mm lens cube
than for the 2.0 mm lens cube. Statistically significant differences were observed between the
19 G and 21 G tips with micropulse longitudinal US using a 2.0 mm cube and a 3.0 mm
cube, and with continuous transversal US using a 2.0 mm lens cube and a 3.0 mm cube. We
did not observe significant differences between 19 G and 20 G tips with either cube size in
either US system. However, we noted identical trends for both cube sizes with both US
approaches; 19 G tips performed better than 20 G and 21 G tips.

Conclusion: Regardless of the lens size, 19 G needles were the most efficient, and had both
the fewest outliers and the smallest standard deviations.

Keywords: cataract, chatter, efficiency, tip diameter, vacuum

Plain Language Summary

Phacoemulsification (phaco) allows for safe removal of cataractous lenses before insertion of
a replacement lens. However, continued optimization of this technique is necessary to improve
surgical outcomes. In this study, we compared two lens sizes, three phaco tips, and two
ultrasound (US) approaches. Our team felt there could be a relationship between lens fragment
size and tip bore diameter to potentially limit the efficiency benefit of a larger bore.

Using techniques we previously developed, we cut pig lenses into 2.0 and 3.0 mm cubes.
We determined the efficiency and chatter for 30-degree bent 19 G tips, as well as tips that
were 20 G and 21 G, with either micropulse longitudinal ultrasound or continuous torsional
ultrasound.

Consistent with our hypothesis, we found higher mean removal times with the 3.0 mm
lens cube for each of the ultrasound variations and for all the tips. We observed no efficiency
superiority with 20 G tips compared to 19 G tips, especially with 3.0 mm cubes. For
continuous transversal US, we found that 19 G tips were more efficient than 20 G tips. We
noted significantly more chatter when removing 3.0 mm cubes using a 19 G needle in
micropulse longitudinal US compared to both 2.0 mm and 3.0 mm cubes with 20 and 21
G tips. Interestingly, we noted increased chatter with 3.0 mm cubes using 19 G needles in
micropulse longitudinal US.

Our findings about these previously unknown relationships are important for establishing

an optimal balance between efficiency, wound size, and safety.
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Introduction

Phacoemulsification (phaco) technology is utilized in
modern day cataract surgery to emulsify and aspirate the
lens of the eye, to replace aspirated fluids with irrigation of
balanced salt solution, and to maintain the integrity of the
anterior chamber.' In order to successfully complete
a cataract surgery, selection of optimal settings to balance
fluidics and ultrasound (US) power, appropriate phaco tip
size, and design are vital.

A previous study from our laboratory evaluated the
impact of phaco tip angles and phaco tip diameters on
the efficiency of removing a 2 mm lens fragment.’
However, the average cataractous lens is approximately
5 mm anteroposteriorly and 9 mm equatorially;’ and once
the lens is segmented into quadrants, the resulting lens
fragments are approximately 4-5 mm in diameter. To date,
no peer-reviewed publications have documented the effect
of tip diameter on phaco efficiency of varying lens sizes.
Therefore, the use of a porcine 3 mm lens cube in this study
would not only try to mimic clinically relevant lens fragment
sizes but also test the idea that efficiency and chatter would
be appreciably different with a larger fragment being emul-
sified, using various phaco tip sizes under continuous trans-
versal and micropulse longitudinal US power.

We postulated that larger bore needles would be more
effective at specified vacuum levels, due to their increased
surface area. Furthermore, we hypothesized that use of lar-
ger bore needles would lead to an increase in material
consumed for each cycle of tip movement; this would result
in a decreased removal time of both the 2 mm and 3 mm lens
cube regardless of phaco settings. Since the selected phaco
parameters have a great deal of impact on efficiency as well
as on chatter, we used the most efficient combination that

had been found in previously reported studies.**"

Materials and Methods

This in vitro research did not include human subjects or
animals, and did not require approval by the University of
Utah Institutional Review Board and Institutional Animal
Care and Use Committee approval.

Lens Preparation

Porcine lenses obtained from Visiontech, Inc. (Sunnyvale,
Texas, USA) were prepared as described in previous
papers.>> 7 After dissection within 48 hours of arrival,
each lens nucleus was soaked for two hours in 10 mL of
10% neutral-buffered formalin. Subsequently, for 24 hours

all the nuclei were placed in 10 mL of balanced salt
solution (BSS); this procedure increased uniformity of
formalin hardening. A lens-cutting apparatus cut each
lens into cubes that measured either 2.0 mm or 3.0 mm,
by the same person to reduce variability in lens fragment
sizes.”* These cubes were stored in a moisture chamber
filled with BSS until the experiments were conducted, no
more than 24 hours after the lenses were cut. These por-
cine lenses are comparable to both density and behavior of
human cataracts during phaco.” For random cube selection
throughout each experiment, all the lens cubes were placed
in a single container and frequently mixed.

Phacoemulsification Settings

The Whitestar machine (Abbott Medical Optics, Inc.
Johnson & Johnson Vision [J&J], Santa Ana, California,
USA) was used for these studies. We selected micropulse
longitudinal US and continuous transversal US under set-
tings already determined to be most efficient for 2 mm
cubes.>*>*? Longitudinal US was 50% power, micropulse
6 ms on-time cycle and 12 ms off-time cycle. Transversal
US was set at 50% continuous power. Both US modalities
used a 50 cm bottle height and 40 mL/min flow rate, as
well as 550 mm Hg vacuum. In addition, both of the
modalities made use of the peristaltic pump setting,
which allows independent aspiration and level control, as
previously described.” US and vacuum remained at their
maximum setting, with full pedal on.

Phacoemulsification Tips

To draw meaningful conclusions between our two lens
fragment models, we used the Ellips FX handpiece
(J&J), with tips that were similar to those used in our
previous 2 mm porcine lens model studies.>*’ In this
study, we used tips measuring 19 G, 20 G, or 21 G for
both US modalities. However, the tips used during the
continuous transversal US modality had a 30-degree
bend and tips used during the micropulse longitudinal
US modality were straight with no curvature.

Efficiency and Chatter Comparisons

We defined efficiency as the number of seconds used for
lens fragment removal by US, and chatter as the number of
lens-fragment repulsions that emanated from the tip.
Comparisons were consistent with previously described
methods.”*> One randomly selected lens cube was placed
in a rubber chamber that we filled with BSS. After the
pedal was depressed and the lens fragment occluded the
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tip, the pedal was fully depressed so as to initiate US.
A stopwatch recorded the interval from US initiation to
total fragment removal. If the cube dislodged from the
phaco tip at any time during the duration of US, then the
stopwatch was stopped. Any dislodgement was considered
a chatter event. Whenever a particle dislodged from the
tip, the pedal again was depressed to vacuum, until it was
aspirated to the tip. After the particle re-occluded the tip,
the pedal was fully depressed to the US setting, and we
resumed the timing process, thereby allowing distinction
of chatter delay time from total particle removal time.

Statistical Analysis
After efficiency times were averaged, the standard devia-
tion (SD) was calculated. Efficiency times greater than 2
SDs from the mean were designated as outliers and taken
out of the data set. Our rationale for excluding these data
points is based on previous studies, in which we observed
cases of microchatter that led to emulsification times,
which were sufficiently long that they skewed the
results.>*%723 Therefore, we removed these outlier data
points from all analyses to optimally interpret the results
of our experiments.

We calculated the modified means and SDs, and used
a paired Student’s t-test to compare efficiency times
between tip diameters for each US wvariation or
a multivariable regression to evaluate the variables that
predicted phacoemulsification performance assessed by
removal time or chatter events; significance was set at
P<0.05. Stata-17 software (StataCorp LLC, College

Station, TX, USA) was used for analyses.

Results
Influence of Lens Size and Phaco Tip

Diameter on Phaco Efficiency

The lens removal time increased as tip size decreased with
all US systems, regardless of lens fragment size (Figure 1).
These differences achieved statistical significance between
the 19 and 21 G tips, with micropulse longitudinal US,
using the 2.0 mm cube (2.0 seconds + 1.26 [SD] versus 3.1
seconds + 1.84 [SD]; P=0.04) (Figure 1A) and the 3.0 mm
lens cube (6.8 seconds + 3.62 [SD] versus 11.4 seconds +
5.61 [SD]; P=0.005) (Figure 1B), and also with continuous
transversal US using the 2.0 mm cube (1.2 seconds + 0.51
[SD] versus 1.8 seconds + 0.84 [SD]; P=0.01) (Figure 1C)
and the 3.0 mm lens cube (4.0 seconds + 1.77 [SD] versus
6.3 seconds + 2.79 [SD]; P=0.005) (Figure 1D). In

addition, there was a statistically significant decrease in
emulsification time between the 20 and 21 G tips with the
micropulse longitudinal US system using the 2.0 mm (2.0
seconds £ 1.20 [SD] versus 3.1 seconds + 1.84 [SD];
P=0.03) and the 3.0 mm lens cube (7.1 seconds + 4.10
[SD] versus 11.4 seconds + 5.61 [SD]; P=0.01). No sta-
tistically significant difference was noted in 2 mm lens
removal times between 19 G and 20 G tip, regardless of
US system. However, there was a statistically significant
emulsification time decrease for the 3 mm lens fragment
using the 19 G tip in the continuous transversal US system
when compared to the 20 G tip (4.0 seconds = 1.77 [SD]
versus 5.8 seconds = 2.88 [SD]; P=0.02) (Figure 1D).
Combining all US studies, the average lens removal time
for a 3 mm lens cube was significantly longer (P<0.0001)
compared to a 2 mm lens cube regardless of the US system
used. In addition, the 19 G tip had the most efficient
removal time regardless of lens fragment size as well as
US system. We then used the removal times for both lens
cube sizes using the three needle bores, for the micropulse
longitudinal trials (Table 1) and for the continuous trans-
versal trials (Table 2), excluding outliers, to generate
a multivariable regression model. To generate this model,
we treated phacoemulsification system as a binary variable
by assigning a value of 0 for the micropulse longitudinal
setting and 1 for the continuous transversal setting. The
model accounted for ~50% of the variance and included
the following variables: phaco settings, needle bore dia-
meter, and lens size (Table 3). The most significant pre-
dictor of removal time was lens size (P<0.001).

Influence of Lens Size and Tip Diameter

on Chatter Incidence

No statistically significant differences in chatter were pre-
sent when emulsifying a 2 mm lens fragment in micropulse
longitudinal US and when emulsifying a 3 mm lens frag-
ment in continuous transversal US, regardless of the tip
diameter (Figure 2). However, when using the 19 G tip,
a statistically significant increase in chatter events was
observed when emulsifying a 3 mm lens cube in the micro-
pulse longitudinal US setting compared to the 2 mm lens
cube (P=0.02). The chatter events for the three needle bores
for the micropulse longitudinal trials (Table 1) and for the
continuous transversal trials (Table 2), excluding outliers,
were used to generate a regression model to predict the
likelihood of a chatter event. To generate this model, we
treated chatter events as a binary variable in which we
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Figure | Comparison of mean removal time for complete phacoemulsification of 2 mm or 3 mm porcine lens model between the two phacoemulsification systems. Mean
removal times were plotted as a function of tip diameter from (A) micropulsed longitudinal US using a 2 mm porcine lens cube, (B) micropulsed longitudinal US using
a 3 mm porcine lens cube, (C) continuous transversal US using a 2 mm lens cube, and (D) continuous transversal US using a 3 mm lens cube (the two-sample t-test was not

adjusted for chatter). The error bars represent the standard error of the mean.

assigned a value of 0 when we observed no chatter events
and a value of 1 when we observed 1 or more chatter events.
We also treated phacoemulsification system as a binary vari-
able by assigning a value of 0 for micropulse longitudinal
and 1 for continuous transversal. The model only accounted
for ~6% of the variance and included the following vari-
ables: phaco setting, needle bore diameter, and lens size
(Table 4). The most significant predictor of a chatter event
occurring was lens size (P<0.01).

Discussion

Varying tip diameters and the ability to manipulate vacuum,
aspiration, and irrigation flow rates allow the user to custo-
mize settings for optimal lens removal. Poiseuille’s equation
states that flow is directly proportional to the tube radius to
the 4th power. Minor bore diameter changes lead to

a significantly large flow rate alteration. In order to preserve
the flow rate using a smaller bore needle, pumps work harder
to maintain flow,' creating a potential rate limiting step for
smaller bore tips. Additionally, as the size of the fragment
increases, more lens material potentially needs to be cleared
by the phaco tip. Taken together, these limitations make
smaller bore needles less effective in clearing larger frag-
ments and denser cataracts.

Another variable in phacoemulsification is the ability
to hold fragments through vacuum. Vacuum is condition-
ally directly proportional to the bore radius square of
a system, with higher vacuum levels corresponding to
improved efficiency in our previous studies.®®** 2% As
such, an increased tip size should be favored as vacuum
has an effect on the removal speed of lens particles
through a compressive force exerted on the piece, thereby
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Table 3 Final Multivariable Regression Model (Dependent Variable,

Removal Time)

Model R? Predictor Variables Coef.? Std. Err.P t value
Final 0.498 Constant —6.12
Phacoemulsification System —2.004 0.378 —5.31
Needle Bore Diameter 1.105 0.233 4.75
Lens Size 4976 0.378 13.18

Notes: *Coefficient; ®Standard error.

ensuring that the piece is in contact with the tip during US
delivery. However, extreme levels of vacuum pose a risk
when inadvertent contact with delicate ocular tissues is
more likely to occur secondary to the increased post-
occlusion surge.

In our previous work on tip bore, we found
a statistically significant improvement in fragment removal
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with a 20 G tip compared to a 21 G tip. There were no
significant advantages to a 19 G tip compared to either
a 20 G or a 21 G tip; however, the data demonstrated
trends that favored the 20 G tip over the 19 G tip.> We
hypothesized that there may be a relationship between the
fragment size and the tip bore which could limit the
efficiency benefit of a larger bore tip using 2 mm lens
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Figure 2 Effect of tip size on the number of chatter events for 2 mm and 3 mm lens cubes. Mean removal times were plotted as a function of the number of chatter events
for a given tip diameter from (A) micropulsed longitudinal US using a 2 mm porcine lens cube, (B) micropulsed longitudinal US using a 3 mm porcine lens cube, (C)
continuous transversal US using a 2 mm lens cube, and (D) continuous transversal US using a 3 mm lens cube. The error bars represent the standard error of the mean.
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Table 4 Final Multivariable Regression Model (Dependent Variable, Chatter Events)

Model R? Predictor Variables Coef.? Std. Err.P t value
Final 0.058 Constant 0.34
Phacoemulsification System 0.019 0.023 0.5
Needle Bore Diameter —0.021 0.038 -0.9
Lens Size 0.136 0.477 3.6

Notes: *Coefficient; *Standard error.

cubes. This theory was a driving force behind the work
performed in this study. The current study corroborated
our theory that no superiority was seen by use of the 20
G tip over the 19 G tip, particularly with the larger 3 mm
lens cubes with respect to phaco efficiency. In addition,
with 3 mm cubes the 19 G tip was more efficient versus
the 20 G tip using continuous transversal US. Taken
together, our findings suggest larger bore tips provide
greater advantages in phaco efficiency when removing
larger lens fragments.

The data presented in this paper suggest similar trends
for 3 mm and the 2 mm lens fragments. We did see that the
difference for the 3 mm cubes in going from a 19 G to a 20
G needle was much larger than the same difference with
2 mm lens cubes, which does lend support to our original
hypothesis. The main differences were the significantly
longer duration required for removal of the 3 mm lens
cube compared to the 2 mm cube. This is not surprising
given the 3.4 times larger volume of lens material to be
emulsified. In fact, the time ratio differences mirror the
lens volume. This finding supports the clinical practice of
reducing phaco energy usage through further lens debulk-
ing via chop or other mechanical techniques without wor-
rying about lens fragment size.

Interestingly, there were significantly more chatter
events when removing the 3 mm lens cube using a 19
G needle in micropulse longitudinal US compared to the
19 G run with 2 mm pieces and to the 3 mm cube size with
20 and 21 G tips. Evaluation of retained lens fragments
following phacoemulsification via vitrectomy found that
the vast majority of the retained fragments were at least 1/
3 the size of the lens nucleus and that smaller lens frag-
ments were found less often.>® The data from this study
suggest that the largest bore size combined with the larger
lens fragment creates a greater repulsion force in the
straight longitudinal phaco and may explain why the larger
lens fragments were retained and caused post-operative
complications. It has long been noted, both clinically and

2,47
b

in our previous work that longitudinal forces

contribute to chatter events. Previously, it was unknown
whether the size of the tip and lens fragment is
a significant variable affecting phaco efficiency.

The use of continuous transversal US showed similar
but not identical findings to those observed with micro-
pulse longitudinal US. For 2 mm pieces, as the needle size
decreased, the removal time increased (ie, 19 G <20 G <
21 G) with no statistically significant difference between
the 19 G compared to 20 G, or 20 G compared to 21
G. However, we did find a significant difference between
the 19 G and 21 G needle. This was similar to our previous
observation of greater efficiency with the 0.9 mm tip,
compared to the 0.7 mm tip.?

A similar pattern was seen when removing a 3 mm lens.
The efficiency was highest when using the largest diameter
needle, with 19 G being significantly more efficient than 20
G. This finding was unexpected considering that the 3 mm
piece-19 G experiments demonstrated significant chatter
events observed with micropulse longitudinal US. Another
unexpected finding emerged with the 2 mm-19 G continuous
transversal runs, which showed a significant number of
chatter events compared to all other transversal runs with
the 2 mm lens. Again, we observed a pattern of chatter
events dependent on tip size, fragment size, and US mod-
ality. While the clinical relevance of these findings is uncer-
tain, they reinforce the previously unknown and
unpredictable nature of phaco variables on chatter events.

While this study was not intended to be a direct compar-
ison between micropulse longitudinal and continuous trans-
versal US, it is noteworthy that the latter was more efficient
across all parameters. However, additional studies are
needed to confirm this for other machine settings. Finally,
it is possible that our series may have shown statistically
significant differences with improved efficiency for larger
tip sizes by powering the study with a larger number of runs
for each setting. However, the trends remain consistent with
previous work and with variable fragment size.

Limitations of our study include potential differences
between hardened porcine lenses and human cataracts. We
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feel that our previous work correlated our experimental
lenses with 3—4+ human cataracts.” Additional limitations
include that this study was an in vitro one. In a clinical
setting, it would not be possible to study the effects of any
phacoemulsification parameter on fragment size, given the
variability of fragments encountered during surgery.

Overall, our data support the idea that further mechan-
ical breakdown of a lens prior to using phaco to remove
the fragment would be beneficial in clinical settings that
utilize larger diameter needles; this may have relevance for
femtosecond laser assisted cataract surgeries and techni-
ques, such as phaco chop.

Conclusion

In summary, phaco is more efficient with larger tip dia-
meters for relatively smaller and larger lens fragments.
Understanding these previously unknown relationships
between the variables tested here is an important step in
determining the balance between efficiency of removal,
wound size, and tissue safety.
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