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Purpose: To determine if using different phacoemulsification (phaco) tips will impact thermal energy output utilizing calorimetry.
Methods: The Alcon Centurion was used with the Infiniti OZil handpiece and balanced, hybrid, or MST Dewey Al mini tip. Settings
were 100% power, continuous torsional or longitudinal ultrasound, 0OmmHg vacuum limit, and flow rate 12mL/min. Outflow tubing
was removed from the handpiece and inflow tubing was manually occluded. The handpiece tip was placed into the calorimeter filled
with 50mL of degassed deionized water and ultrasound was initiated for 1 minute. Temperature rise and cumulative dissipated energy
(CDE) were recorded; ten trials were performed for each group.

Results: Statistically significant differences in energy output, measured in Joules, were found between all three tips in both ultrasound
modes. Balanced tips showed the highest output, Dewey tips had the lowest. Hybrid tips had significantly increased output in
longitudinal mode, whereas Dewey tips had significantly decreased output in longitudinal mode. No significant differences were seen
in CDE between tips in either ultrasound mode, but significant increases were seen in longitudinal mode within each tip.
Conclusion: This study demonstrated differences in thermal energy production of three different phaco handpiece tips. This provides
insight into how thermal injuries occur and what might cause these differences. Our methodology provides a novel way for accurate
energy measurement at the tip, though it differs when compared to external energy production measurements. Surgeons should take
into consideration the significant variability in thermal energy created by handpiece tips.

Plain Language Summary: Modern cataract surgery employs phacoemulsification, a technique that breaks apart a cataract using
ultrasonic energy. A rare but possible complication of this technology is thermal (heat) injury. Several factors contribute to energy
generation during cataract fragmentation, such as friction at the incision site and impedance of flow rate. This study examines the thermal
energy produced at the handpiece tip, where ultrasonic movement occurs. The energy delivered to the eye from the handpiece consists of
mechanical energy in the form of kinetic and acoustic energy, leading to cavitation, mechanical disruption of the lens, and heat. It remains
unclear how the design of phacoemulsification tips influences the energy transfer from piezoelectric crystals to the mechanical energy
delivered to the eye. We used calorimetry to measure the thermal energy output, measured in Joules, between three different tips in
longitudinal (forward and backward) and torsional (side to side) ultrasound modes, using the same settings, handpiece, and machine. The
handpiece tip was submerged in the calorimetry chamber with water and operated for 60 seconds; a temperature probe measured the
temperature change. The temperature changes were converted to energy and compared, and the energy measurement generated by the
machine was recorded. We found significant differences in energy output between the three tips in both ultrasound modes, the Dewey tip
demonstrated the lowest energy output and the balanced tip had the highest, in torsional and longitudinal mode. We found the measured
energy differed significantly from the machine-generated measurement. These findings highlight the variability in energy output and
expand on the potential contributing factors to energy generation and thermal injury in cataract surgery.
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Introduction

Cataract surgery has greatly improved in efficiency and overall safety since it began in 1967. In a field marked by a relentless
focus on advancement and innovation, phacoemulsification (phaco) fits well within this context. To study the effects of phaco
and ensure its optimization, it is essential to thoroughly understand its individual components, providing patients with the best
and safest outcomes while equipping surgeons with the most efficient tools. Desired advances in the field aim to reduce
complications such as endophthalmitis, posterior capsular rupture, and corneal incision contracture (CIC) injury.'*

CIC is the result of thermal damage at the wound site during cataract surgery. Research has shown an overall low rate
of thermal wound injury;** however, when it does occur, it can result in endothelial cell damage, fistula formation, and
high magnitude post-operative astigmatism. Manufacturer recommendations advise clearing of viscoelastic material,
adequate flow rate, and ensuring an appropriate working space.’ The primary factor contributing to this complication is
the energy generated at the phaco handpiece tip. The key elements that may cause increased energy generation leading to
thermal injury include ultrasonic energy, friction between the tip and sleeve, cavitation, heat produced by the piezo-
electric crystals, viscoelasticity, and occlusion events.® These elements are influenced by the amount of ultrasonic power
used, type of ultrasound (US), fluid flow rate, and physical materials such as fluid type, the phaco handpiece, sleeve, and
tip. When studying these individual components, attention must turn to the variables directly impacting heat generation,
in this case, to the tip of the handpiece and the method of US energy delivery.

A wide variety of handpiece tips are available, differing in the shape of the tip, the angle of the bevel, and, in some
cases, the material used to make the tip. The material for tip manufacturing is primarily composed of titanium alloy,7’8
which has a low thermal conductivity ranging from 6 to 20 watts per meter kelvin (W/mK) depending on the alloy grade.
This indicates an improvement in the ability to prevent energy transfer when compared to other metals such as copper or
aluminum,’ which have thermal conductivities of 401 W/mK and 237 W/mK, respectively. The tip itself relies on US
motion to generate energy. Most machines employ a longitudinal, or forward-and-backward motion, while other
machines utilize a torsional, or a horizontal side-to-side motion. The differences between these two modes have been
evaluated, with the horizontal torsional mode demonstrating overall superiority in efficiency and safety. However, the
energy output differences between the two modes remain unclear.'*"

Historically, the phaco machine itself reported a measure of this ultrasound energy. The commonly cited measurement
for this machine is cumulative dissipated energy (CDE); however, this metric is specific to one manufacturer, and some
machines lack an energy measurement entirely.'>'* Currently, there are significant differences in energy output between
machines, handpieces, or among tips in various cases. There is variability in the findings; for example, recent studies
have indicated a significant difference in efficiency between a typical steel tip and a hybrid polymer tip.'*'¢ It remains
unknown whether differences in these tips might affect energy output during procedures.

Prior studies of energy output have employed temperature probes, infrared/thermal cameras, and blackbody film, and
have been conducted in laboratory, porcine, and human eyes.®'’?° To measure the variability in output through
a standardized method applicable across machines and materials, calorimetry has been used as an objective means of
quantifying ultrasonic energy.”' >> This novel approach has been applied to phaco, highlighting differences in CDE
relative to measured energy, and facilitates accurate and replicable assessments of temperature changes among the three
tips. The goal of the present study is to identify the differences in energy output among three distinct phaco tips as
measured by calorimetry, thus further clarifying which tips may have an increased potential for US-induced tissue
damage or direct thermal injury.

Methods

This study did not involve human subjects or animals, so Institutional Review Board approval was not required.

Phacoemulsification

All trials were conducted on the Alcon Centurion machine, utilizing the Infiniti OZil handpiece (Alcon Inc., Fort Worth,
Texas, US). The settings included 100% continuous power, 0 mmHg vacuum limit, and a minimum aspiration rate of
12 mL/min; these settings were employed in both torsional and longitudinal US modes. The inflow tubing of the
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handpiece was manually occluded with a hemostat, and the outflow tubing was removed to prevent fluid replacement
during the trials. This manual occlusion eliminated the minimum required aspiration of 12 mL/min.

Calorimetry

A double-walled aluminum calorimeter was used for all trials (Figure 1). The inner chamber was filled with 50 mL of degassed,
deionized water, which was replaced and weighed for each trial. The phaco handpiece was inserted through a central hole in the
lid of the calorimeter. Additionally, the lid featured two holes to accommodate the temperature probe and stirring rod.

Tips

Three tips were compared (Figure 2). Tip 1, the metal Dewey tip (MicroSurgical Technology [MST], Redmond, Washington,
US), featured a 0.9mm opening, a 12-degree bend, and a 30-degree bevel. Tip 2, the metal balanced tip (Alcon), had a 0.9mm
opening and a 30-degree bevel, but no bend. Tip 3, the hybrid polymer-coated tip (Alcon), featured a 0.9mm semicircular bend
and a 30-degree bevel. Each tip was equipped with the manufacturer’s recommended sleeve and included an aspiration bypass
system (ABS) hole; however, since there was no flow, this did not impact the measurements.

Trials

The trials were conducted with the tip of the handpiece fully submerged in the measured and replaced water, with the stirring
rod and temperature probe positioned around the tip. Ultrasound was activated by pressing the foot pedal to position 3 for
60 seconds, timed by an observer. After each trial, the handpiece was cooled in a separate container of water. Investigators
recorded temperature changes in degrees Celsius and machine-measured CDE for each trial. The handpiece tip was tightened
every five trials to ensure consistency throughout the evaluations and reduce the likelihood of the tip loosening due to
extensive use. A total of ten trials were performed in each ultrasound mode for each handpiece.

Figure | Experimental setup showing calorimeter, temperature probe, handpiece with hemostat, and stirring rod.
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Figure 2 Image showing the three tips utilized in the experiment. Images are labeled as follows: Dewey tip (1), hybrid tip (2), balanced tip (3).

Statistical Analysis

Microsoft Excel (version 16.60) was used for data tracking, compilation, and statistical analysis. Results were analyzed by
first converting the change in temperature to energy, as measured in Joules, by utilizing the equation g = mcAT where ¢ is the
specific heat of water (4.184), m is the mass of water as measured for each individual trial, and AT is the temperature change
in degrees Celsius. The energy changes, as well as the CDE changes, from the three tips were compared within and between
each US mode with a one-way ANOVA and Student’s 7-test. A P < 0.05 indicated statistical significance.

Results

Table 1 presents raw data illustrating overall changes in temperature, energy, and CDE for each tip. In torsional US
mode, there was a statistically significant difference in energy output between the Dewey tip and hybrid tip (P < 0.05),
the Dewey tip and balanced tip (P < 0.001), and between the hybrid and balanced tip (P < 0.001) (Figure 3A). In

Table | Raw Data of the Three Tips Grouped within Torsional or Longitudinal
Ultrasound Mode, Showing the Mean Change and Standard Deviations of
Temperature in Celsius, Energy in Joules, and Cumulative Dissipated Energy (CDE)

Ultrasound Mode and | Temperature Change (°C) | Energy (J) CDE
Corresponding Tips

Torsional Ultrasound

MST Dewey 0.40 + 0.07 82.11 + 14.09 24.16 + 0.28
Hybrid 0.50 £ 0.1 105.58 + 20.22 24.1 £0.12
Balanced 0.78 + 0.08 163.019 £ 15.14 | 23.98 £ 0.1

Longitudinal Ultrasound

MST Dewey 0.33 £ 0.04 68.66 + 8.25 59.98 + 0.58
Hybrid 0.65 + 0.08 13333 £ 14.11 60.64 + 0.99
Balanced 0.83 + 0.07 172.45 + 15.28 60.19 +0.18

488 https: Medical Devices: Evidence and Research 2025:18



Cardenas et al

A * Kk B
[ ok 1 *kk
180 — 200 f * %k 1
160 180
140 * 160 ok k
120 140
120
§ 100 ]
S S 100
o 80 o
- - 80
60 60
40 40
20 20
0 0
MST dewey Hybrid Balanced MST dewey Hybrid Balanced
***¥ P <0.001, **P<0.01, * P<0.05 *** P <0.001

Figure 3 Figures demonstrating the amount of energy output in Joules between the three tips in torsional ultrasound mode (A) and longitudinal ultrasound mode (B).

longitudinal US mode, a statistically significant difference in energy output was also observed between the dewey tip and
the hybrid tip (P < 0.001), between the Dewey tip and balanced tip (P < 0.001), and between the hybrid tip and balanced
tip (P < 0.001) (Figure 3B). When examining differences between US modes for the tips, the output of the MST Dewey
tip was statistically significantly lower in longitudinal mode compared to torsional mode (P < 0.05) (Figure 4A).
A statistically significant increase in output for the hybrid tip was noted in longitudinal mode compared to torsional
mode (P < 0.01) (Figure 4B). No statistically significant difference in output of the balanced tip between US modes was
observed (P = 0.2). In terms of machine-reported CDE, there was a statistically significant increase in CDE in
longitudinal US mode compared to torsional mode across all tips (P < 0.001) (Figure 5A and B). There was no
statistically significant difference in CDE between tips within the individual US modes.
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Figure 4 Figures demonstrating amount of energy output in Joules between torsional and longitudinal ultrasound mode for the Dewey tip (A) and hybrid tip (B).
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Figure 5 Figures demonstrating amount of CDE measured between the three tips in torsional ultrasound mode (A) and longitudinal ultrasound mode (B).
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Discussion
This study highlights the variability in energy output among various handpiece tips through the use of calorimetry,
a novel method. This investigation builds on existing research, both in our laboratory and by other

researchers,®!7:18:20-25-28

that focuses on measuring temperature changes during phaco, ultimately aiming to enhance
safety. While it is assumed that the main thermal injury that occurs in CIC is at the wound site, there are components
along both the proximal and distal end of the tip that contribute to energy production which can be harmful in the eye.
The results presented here add a new layer of understanding to energy output during phaco, showing subtle differences
that may arise when using different phaco tips. In this case, we observed significant differences among all three tips, with
the Dewey tip demonstrating the lowest energy output and the balanced tip showing the highest energy output in both US
modes (Figure 3A and B).

The decreased overall energy output of the Dewey tip may be due to its 12-degree bend, which is not observed in the
balanced or hybrid tips. The bevel angle, opening, and ultrasound frequency were identical for all three tips, leaving the
difference in stroke length, or amplitude, as the possible distinguishing factor. A previous study assessed these
differences using high-speed videography, which revealed an increased amplitude in the balanced tip compared to
a straight tip in the torsional ultrasound mode.?' These differences identified by Noguchi et al were thought to result from
the balanced tip having a larger fixed base attached to the handpiece than the base of the straight tip, a semicircular distal
tip design believed to block energy return to the tip shaft, and an increased pliability of the distal tip, given its overall
configuration. This is likely true in our study, as the increased amplitude of the balanced tip is expected to generate more
energy, whereas the slight angle of the Dewey tip, without any arc, may create a smaller amplitude that results in less
energy generation (Figure 2). The base of the Dewey tip appears to have its mass concentrated more at the base, rather
than spread further out like the balanced tip, suggesting that having the mass of the base closer to itself could decrease its
overall energy output.

The hybrid tip is designed similarly to the balanced tip, but features a polymer coating that surrounds the metal. It
showed a significantly different energy output compared to the other two tips, with this output falling within a range
between those of the other tips (Figure 3A and B). This finding may emphasize the influence of material composition
rather than the physical design of the tip. Theoretically, the polymer coating could lead to a reduction in energy
transmission, as plastics and rubbers possess exceptionally low thermal conductivity compared to metals. If the hybrid
tip had been entirely composed of polymer, the result could have been much lower; however, such a design would be
impractical for phaco because it would not be able to transmit enough ultrasonic energy to disintegrate cataracts.
Additionally, the variable weight distribution due to the polymer in the hybrid tip, compared to the balanced tip, may
affect motion and energy transfer within the system.

Within the two different US modalities, energy output differences between these tips persisted: the Dewey tip exhibited
the lowest energy output, while the balanced tip showed the highest. However, this was contradicted by the measured CDE
in the same trials (Figure SA and B). CDE did not differ significantly among the tips but did vary when comparing the two
US modes, specifically being higher in the longitudinal setting. The manufacturer defines the CDE calculation as:
(Longitudinal time x Average longitudinal power) + (Torsional time x 0.4 x Average torsional amplitude), where 0.4
represents the approximate reduction of heat dissipated at the incision compared to conventional phaco, and this calculation

3.2 Given this equation, several factors may contribute to

accounts for the total US energy with the foot pedal at position
the observed discrepancies. The CDE calculation employs a correction factor of 0.4 specifically for the torsional calcula-
tions to account for the perceived benefits of torsional US. This means longitudinal calculations will always show higher
values, irrespective of extrinsic variables such as tip choice. Additionally, it differentiates longitudinal calculations from
torsional calculations by comparing longitudinal power to torsional amplitude. Theoretically, this should show differences
between the tips in torsional mode based on the expected difference in amplitude related to tip design; however, the CDE is
essentially equal for all three. This discrepancy can also be explained by the results of a previous study.” In brief, the
longitudinal tip movement generates increased friction and heat along both the distal and proximal ends, while the
oscillating motion of the torsional US concentrates most of the energy at the distal end. Our methods include measuring

energy along the entire tip length, demonstrating overall energy changes within the system; meanwhile, CDE appears to
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specifically assess changes at the wound, disregarding variations seen at the distal end including thermal energy and
mechanical damage to anterior and posterior chamber structures, given the large distal end stroke length.

Taken together, these mechanisms may help explain several significant differences. There was an increase in the
energy output of the Dewey tip in torsional mode compared to the energy output in longitudinal mode (Figure 4A), while
the hybrid tip showed increased energy output in longitudinal mode compared to its torsional mode output (Figure 4B). It
is likely that these differences are equally influenced by the tip design itself, rather than being determined solely by the
directionality of the ultrasound modality. For instance, torsional mode appears to concentrate its energy at the tip, which
could negate the energy produced along the shaft seen in longitudinal mode due to its jackhammer mechanism. In the
case of the Dewey tip, its torsional mode trials demonstrated increased energy production. This suggests that the primary
factor contributing to this finding is the tip itself, possibly due to its 12-degree bend. In contrast, the hybrid tip, with its
relatively static design aside from the polymer coating, might be expected to depend more on the ultrasound mode, with
the less energy-efficient longitudinal motion leading to greater energy output. By measuring the thermal energy across
the entire system, rather than just at the wound site, and by recognizing the multiple contributing variables, we can attain
a more nuanced and complete assessment of all the components affecting energy generation.

Regardless of the mechanisms involved in energy generation, the absolute energy delivered to the eye varies
significantly among the different tips, while the cumulative dissipated energy (CDE) remains consistent across them.
In one instance, an inverse trend was demonstrated, where the Dewey tip displayed a higher calorimetry reading for
torsional ultrasound (Figure 4A), yet the CDE measurements were greater for its longitudinal trials (Figure SA and B).
This emphasizes the need for a more comprehensive understanding of each component involved in energy generation
during phacoemulsification. Surgeons should recognize that a CDE measurement does not serve as an absolute indicator
of energy delivery to the eye and surrounding tissues, potentially creating a false sense of security, as CDE does not fully
correlate with the energy delivered to the system.

The study was conducted in a laboratory setting, and we recommend that future research focus on the in vivo
evaluation of tip variability. For example, the heat generated by occluding inflow and outflow, along with the subsequent
measurement of wound damage, has been assessed in post-mortem porcine eyes.’’>' At this time, it is also feasible to
compare surgical outcomes and the rate of thermal injury by tip in phaco to gain a better overall understanding of thermal
injury. While this study’s methodology of calorimetry and occlusion might not be feasible in both in vivo models and
humans, differences in heat generation among tips can be measured by using non-invasive temperature probes in living
models.'® The scenario evaluated in this study was designed to be static, with a protocol established to best measure
energy output directly from the tip while controlling external variables. Although a time of 60 seconds for occluded
phaco may not be realistic, it allows for adequate measurement of energy change. A sample size of 50 mL is not
physiologic but permits proper submersion of the calorimeter and temperature probe, which is considered in the
calorimetry equation. The use of calorimetry necessitates a closed system; therefore, mass cannot be exchanged,
requiring the occlusion of the tubing, which simulates intra-operative occlusion, albeit for much longer periods. In
a physiologic setting, other significant variables also affect energy transmission, including the use of balanced salt
solution, continuous fluid replacement, ophthalmic viscosurgical devices, variability in parameters, and procedure
duration. There is also incision compression at the proximal end of the tip that was not simulated in this experimental
setup. In an in vivo model, it may be challenging to identify which of these variables affect energy transmission.
Therefore, it is crucial to understand these components ex vivo to more accurately explain the changes observed in
a living model in either an animal or human eye.

Conclusion

This study demonstrated differences in the energy production of three distinct handpiece tips during phaco. Our findings
offer additional insight into how thermal injuries may occur in cataract surgery and which aspects of phaco contribute to
variations in thermal energy production. The methods utilized in this study provide a way to accurately measure energy at
the handpiece tip. However, these measurements differ when compared to external energy production measurements,
highlighting the need for further studies on precise energy measurement. While the individual parameters used in phaco
vary, surgeons should consider the significant variability in energy produced by handpiece tips.

Medical Devices: Evidence and Research 2025:18 htps: 491



Cardenas et al

Abbreviations
ABS, aspiration bypass system; ANOVA, analysis of variance; AUC, area under the curve; CDE, cumulative dissipated
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