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Purpose: To compare endothelial cell density (ECD), percentage of hexagonal cells (%Hex) and coefficient of variation (CV) in cell 
size following lens cataract surgery with phacoemulsification performed using Continuous Curvilinear Capsulorhexis (CCC) or 
Precision Pulse Capsulotomy (PPC).
Patients and Methods: Sixty-seven subjects were randomly assigned to undergo lens cataract removal with the capsulotomy step 
performed using either CCC or PPC. Specular microscopy images were obtained pre-operatively, 1 month and 3 months after surgery. 
ECD, %Hex and CV were analyzed in a masked fashion by an independent reading center.
Results: The mean percentage ECD loss at 1 month was 11.5% in the CCC group and 12.3% in the PPC group (P = 0.818; t-test). At 3 
months, the mean percentage ECD loss was 11.7% in the CCC group and 12.4% in the PPC group (P = 0.815; t-test). The mean %Hex 
at 1 month was 54.3% in the CCC group and 54.7% in the PPC group (P = 0.695; t-test). At 3 months, the mean %Hex was 56.2% in 
the CCC group and 54.7% in the PPC group (P = 0.278; t-test). The CV at 1 month was 34.4% in the CCC group and 34.3% in the PPC 
group (P = 0.927; t-test). At 3 months, the CV was 32.7% in the CCC group and 33.4% in the PPC group (P = 0.864; t-test).
Conclusion: No differences in ECD loss, %Hex and CV were observed between patients who received CCC or PPC. PPC use during 
cataract surgery does not result in any increased endothelial cell loss beyond that normally associated with this surgery.
Keywords: automated capsulotomy, zepto, corneal endothelium

Introduction
Corneal endothelial cells are critical for proper corneal stromal hydration and tissue transparency through the physio
logical action of their ionic pumps.1 Unfortunately, this critical cell population does not have regenerative potential, and 
significant endothelial cell loss through disease or trauma may trigger compensatory responses of cellular enlargement 
and/or migration of the remaining cells.2 Endothelial cell density (ECD) normally declines with age from 4000 cells/mm2 

in childhood to a range of approximately 2250–2500 cells/mm2 by 80 years of age.3

Lens cataract surgery with phacoemulsification is associated with a 5–20% loss of corneal endothelial cells at 1–3 
months after surgery.4–16 (Also reviewed in17) This endothelial cell loss is believed to be related to the ultrasound energy 
delivered during lens phacoemulsification and to fluidic turbulence during surgery.8,18,19 The ECD loss after cataract 
surgery typically does not pose a problem for the patient. However, more extensive endothelial cell loss resulting in an 
ECD of 600–800 cells/mm2 is associated with corneal decompensation and edema and is a serious complication that may 
require physician and surgical intervention such as penetrating or endothelial keratoplasty.2,3

The successful creation of an anterior capsulotomy provides the foundation for subsequent lens cataract removal and 
intracapsular lens implantation. Capsulotomy is currently typically performed using CCC, a manual procedure in which 
a capsular tear created by the surgeon is carefully extended in a circular pattern to create the desired opening.20,21 Given 
the skill required to create an appropriately sized and well-centered capsulotomy with even-spaced capsular overlap, 
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laser-based capsulotomy methods22–27 as well as non-laser-based capsulotomy technologies such as Precision Pulse 
Capsulotomy (PPC) have been introduced to the market after FDA clearance.28–36

PPC is performed using an intraocular device comprising a small flexible suction cup that is used to secure an 
embedded nitinol capsulotomy ring onto the anterior lens capsule. Capsulotomy creation utilizes a short sequence of 12 
energy pulses lasting a total of 4 milliseconds applied to the capsulotomy ring to create the rapid phase transition of water 
molecules in capsular tissue to create a tissue cutting force.28 The near-instantaneous creation of the entire circular 
capsulotomy opening has led to its proposed utility in difficult cases with intumescent white cataract where uncontrolled 
capsular extensions can lead to the Argentinian flag sign.37 Laboratory studies have demonstrated that PPC is associated 
with an intraocular temperature increase of only 2–3°C lasting for only 1–2 seconds that is unlikely to induce any 
endothelial cell damage. However, as with any cataract surgery instrument that delivers energy into the eye, endothelial 
cell safety must be clinically demonstrated. The present study was undertaken to test the hypothesis that cataract surgery 
with lens phacoemulsification performed using either CCC or PPC do not differ in post-operative ECD loss and other 
metrics of endothelial cell condition such as the percentage of hexagonal cells (%Hex) and the co-efficient of variation 
(CV) in cell size.38

Materials and Methods
Study Design
The current study was undertaken to determine whether PPC had deleterious effects on endothelial cell viability beyond 
that normally observed following routine lens cataract surgery with phacoemulsification. The study was designed as 
a prospective, randomized, multisite clinical trial with subjects receiving lens cataract surgery for age-related lens 
cataract removal randomly enrolled into either the PPC (interventional) or CCC (control) arms. A statistical power of 
80% was set to test the hypothesis that ECD loss at 3 months following PPC cataract surgery was not greater than that 
following CCC cataract surgery, with a non-inferiority (NI) delta of 7.5% and an assumed standard deviation of 0.12.

Study data were obtained from specular microscopy images of the central corneal endothelium. Images were acquired 
at baseline prior to surgery and at 1 month and 3 months after surgery, all of which were read by an independent, third- 
party reading center. The primary endpoint was endothelial cell density loss at 3 months after surgery. Secondary 
endpoints included ECD loss at 1 month after surgery, as well as %Hex and CV at baseline, 1 month and 3 months. The 
1- and 3-month time points were selected for analysis as ECD loss after cataract surgery manifests primarily during the 
first 3 months after surgery.39 The clinical study protocol used adhered to the basic principles of the Declaration of 
Helsinki and specifically to the tenants governing clinical research. The study protocol was reviewed and approved by 
WCG IRB (Puyallup, WA.) (Study Number 1309679). Informed written consent was obtained from all study subjects 
prior to participation in the study. This study was registered at ClinicalTrials.gov. under ID # NCT04882189. Study 
conduct was overseen by a contract research organization (Sierra Clinical Services; Wellington, FL.). Individuals 
interested in de-identified participant study data may contact the authors.

Subject Selection and Randomization
Subjects aged 50 years or older with age-related lens cataract with planned lens cataract removal with phacoemulsifica
tion were eligible to be enrolled. Subjects were excluded from enrollment for pre-existing corneal endothelium 
pathology, the presence of guttae, narrow angle glaucoma or advanced glaucoma, pseudoexfoliation, zonular abnormal
ities, corneal endothelial cell density less than 1800 cells/mm2, uveitis, anterior chamber depth less than 2.5mm or greater 
than 3.75mm, cataract grade LOCS II > 3, posterior polar cataract, prior ocular surgery in the study eye, history of 
medications with potential corneal endothelial cell toxicity, and participation in the prior 6 months or currently in another 
clinical study.

Subjects who were successfully screened were assigned to either the PPC (interventional) or CCC (control) arm using 
a computer-generated block randomization list maintained by a study coordinator masked to subject screening data. 
Subjects were assigned to the study arm according to the pre-specified block randomization list in the sequential order in 
which they passed the screening process.
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Surgical Procedure
All surgeries were performed using a 2.4 mm primary corneal incision and the Centurion Vision System Phacomachine 
(Alcon, Inc.). DuoVisc (Alcon) was used as the Ophthalmic Viscosurgical Device in all surgeries. For subjects who 
received a CCC capsulotomy, a manual capsulorhexis was performed using capsulorhexis forceps. For subjects who 
received PPC capsulotomy, the PPC hand piece was prepared for surgery according to manufacturer’s instructions. The 
PPC silicone suction cup and nitinol ring were then inserted into the eye by the surgeon and suction applied through the 
PPC console to oppose the nitinol ring onto the anterior lens capsule. Energy was then applied using the console and the 
capsulotomy was created. Suction was then reversed, and the hand piece suction cup and nitinol ring removed from the 
eye. The remainder of the procedure including lens mobilization, lens phacoemulsification and IOL implantation was 
performed in a fashion duplicating that for subjects in the CCC arm according to the customary practice of the individual 
surgeon. In none of the cases did any instrument touch the endothelium nor was there any other type of endothelial 
trauma. The surgeries were conducted by three surgeons. Surgeon 1 with 25 years of experience in cataract surgery and 
more than 2000 cases using PPC, Surgeon 2 with 20 years of experience in cataract surgery and more than 1000 cases 
using PPC, Surgeon 3 with 30 years of experience in cataract surgery and approximately 100 cases using PPC.

Specular Microscopy
Specular microscope images were obtained prior to surgery, at 1 month and at 3 months after surgery for all study 
subjects. Specular microscopy was performed using a Konan specular microscope KSS-400 Series with image capture 
software Version 1.14. For each subject at each specular microscopy session, 3 central corneal images were obtained and 
submitted to the reading center (see below). The specular microscope and the technicians were certified by the reading 
center following acceptance of calibration images from each study site.

Specular Microscopy Image Reading Center
The analysis of specular microscopy images was performed by the Corneal Image Analysis Reading Center (CIARC) at 
the Case Western Reserve University and University Hospitals Cleveland Medical Center. CIARC utilizes a dual-grading 
reading method and all images were read and analyzed by two separate readers and adjudicated by a third reader as 
necessary, to ensure the validity of the image analysis.40–42 Study images were provided by the study sites to CIARC 
without identifying information through a web-based image management system.

Statistical Analysis
Biometric, demographic and other continuous data were summarized with descriptive statistics (N, mean, standard 
deviation, minimum, median, and maximum). Categorical variables were summarized with N and percentage. Point 
estimates and associated confidence intervals were also used. Categorical data between CCC and PPC groups were tested 
using the Chi-Square test, while the testing of means between CCC and PPC groups was performed using the appropriate 
t-test. Regression analysis was performed to test the relationship between ECD loss and cumulative dispersed energy 
(CDE). All analyses were performed using SAS software version 9.4. 95% confidence intervals (CI) were calculated for 
the mean ECD loss at 1 month and at 3 months for both the PPC and CCC groups.

Results
Patient Demographics
A total of 67 subjects who met the inclusion and exclusion criteria were enrolled in this study. Thirty-three subjects were 
randomly assigned to the CCC (control) arm and 34 assigned to the PPC (Interventional) arm. The mean age of the 
subjects in the CCC arm was 71.39 ± 7.99 years, while that of the PPC arm was 70.65 ± 5.66 years (P = 0.660; t-test). In 
the CCC group, 45.45% of subjects were female and 54.55% were male. In the PPC group, 47.06% were female and 
52.94% were male (P = 0.895; Chi-Square).
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Clinical Data and Visual Outcomes
The cataract grade for each subject was classified according to the LOCS II system. Within the CCC group, the 
breakdown was 6.1% grade 1, 63.6% grade 2, and 30.3% grade 3. Within the PPC group, the breakdown was 5.9% 
grade 1, 58.8% grade 2, and 35.3% grade 3. No statistically significant differences were found for the percentage of 
subjects with cataract grades 1, 2 or 3 between the CCC and PPC groups (P = 0.909, Ch-Square). The mean anterior 
chamber depth (ACD) (from the corneal endothelial surface to the anterior lens capsule) in the CCC group was 3.17 
±0.38 mm (range 2.6–4.1mm), while that in the PPC group was. 3.07±0.38mm (range 2.16–3.75 mm) (P = 0.303, t-test). 
The mean LogMAR uncorrected visual acuity (UCVA) and best corrected visual acuity (BCVA) for the CCC and the 
PPC groups at pre-op, 1 month, and 3 months were not significantly different from each other (Table 1).

Endothelial Cell Density
There was no difference in the pre-operative mean ECD of subjects in the CCC arm compared to the PPC arm (CCC: 
2534 ± 335 cells/mm2; PPC: 2522±345 cells/mm2), (P=0.0.8183, t-test). At 1 month, a mean ECD loss of 11.5% was 
observed in the CCC group and a mean ECD loss of 12.3% was observed in the PPC group (P = 0.818, t-test) (Table 1). 
At 3 months, a mean ECD loss of 11.7% was observed in the CCC group and a mean ECD loss of 12.4% was observed in 
the PPC group (P = 0.815, t-test) (Table 1). The percentage of ECD loss for both CCC and PPC subjects in the 25th, 50th 

Table 1 Cataract Grade, ACD, UCVA and BCVA

Cataract Grade 
(LOCS II)

CCC PPC Chi-Square

Grade 1 6.1% 5.9% P=0.909

Grade 2 63.6% 58.8%

Grade 3 30.3% 35.3

ACD Mean (mm) SD (mm) Range (mm) T-test

CCC 3.17 0.38 2.57–4.13 P=0.303

PPC 3.07 0.38 2.16–3.75

UCVA LogMAR Mean SD Range T-test

Pre-op CCC 0.59 0.43 0.18–2.0 P=0.338

PPC 0.68 0.34 0.10–1.40

1-month CCC 0.14 0.16 0.00–0.70 P=0.655

PPC 0.16 0.14 0.00–0.60

3-months CCC 0.12 0.15 0.00–0.60 P=0.310

PPC 0.16 0.19 0.00–0.60

BCVA LogMAR Mean SD Range T-test

Pre-op CCC 0.36 0.39 0.00–2.00 P=0.645

PPC 0.33 0.22 0.00–1.00

1-month CCC 0.03 0.07 −0.10–0.30 P=0.081

PPC 0.07 0.132 −0.10–0.54

3-months CCC 0.012 0.06 −0.10–0.10 P=0.068

PPC 0.06 0.13 −0.12–0.54
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and 75th percentiles were similar at both 1 and 3 months (Table 2). The upper bound of the 95% CI for ECD loss at 3 
months after PPC was less than the NI delta of 7%; supporting the hypothesis that ECD loss at 3 months following PPC 
cataract surgery was not inferior to (ie, greater than) that observed following CCC cataract surgery.

ECD Loss as a Function of CDE
The percentage of ECD loss at 1 month in both the CCC and the PPC groups was linearly related to the CDE used for 
lens cataract removal. The mean CDE associated with the cataract surgeries performed using CCC was 5.23 ± 1.8 (range 
2–10.2), while the mean CDE associated with the cataract surgeries performed using PPC was 6.24 ± 3.48 (range 2–17). 
There was no statistically significant difference found between the CDEs from the CCC and PPC groups (P = 0.149, 
t-test, 2-tailed, equal variance). Regression analysis revealed a linear relationship between the percentage of ECD loss at 
1 month and CDE for both CCC and PPC cases with a linear regression equation of −1.5817*CDE (Standard Error 
0.5629, t value 12.81, P = 0.0065). Based on this regression analyses, each unit increase in CDE is predicted to give rise 
to an approximately 1.6% increase in ECD loss at 1 month.

Percent Hexagonal Cells
The mean %Hex in specular images of the corneal endothelium obtained at pre-op, 1 month, and 3 months were not significantly 
different between the CCC and PPC groups (Table 3). The %Hex in the current study ranged from a pre-op value of ~58% to the 1 
month and 3-month values that range from 54% to 56% and are in general agreement with that reported in the literature in 
a normal population and following cataract surgery with phacoemulsification.6,11 Separate analyses revealed no significant 
differences in the %Hex results obtained for the CCC group and the PPC group at pre-op, 1 month, and 3 months (Table 3).

Coefficient of Variation of Cell Size
The CV in cell size determined from specular images of the corneal endothelium obtained at pre-op, 1 month, and 3 
months were not significantly different between the CCC and PPC groups (Table 3). The CV in cell size in the current 

Table 2 ECD Loss at 1 and 3 Months After Cataract Surgery Using CCC or PPC

Observation 
Period

Group ECD Loss 
(Mean)

T-test 95% CI SD  
(Cells/mm2)

25th 
Percentile 
ECD Loss

50th 
Percentile 
ECD Loss

75% 
Percentile 
ECD Loss

1 month CCC (n=33) 11.5% P=0.818 (7.0–16.0) ±335 3.5 9.8 16.4

PPC (n=33) 12.3% (7.2–17.3) ±345 2.3 8.8 20.8

3 months CCC (n=33) 11.7% P=0.815 (7.7–15.7) ±295 4.6 8.5 15.7

PPC (n=33) 12.4% (7.5–17.4) ±337 2.0 7.0 20.1

Table 3 The Mean Percentage of Hexagonal Cells and CV in Cell Size at Pre-op, 1 Month, and 3 
Months in CCC and PPC Groups

Observation 
Period

Capsulotomy 
Method

% Hexagonal 
Cells

T-test CV T-test

Pre-Op CCC (n=33) 58.0 P=0.826 32.8 P=0.1309

PPC (n=33) 58.3 34.0

1 month CCC (n=33) 54.3 P=0.695 34.3 P=0.9270

PPC (n=33) 54.7 33.8

3 months CCC (n=33) 56.2 P=0.278 32.4 P=0.864

PPC (n=33) 54.6 33.5
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study ranged from a pre-op value range of ~32–36 and 1 month and 3-month values in the range of 32–36. These values 
are in general agreement with that reported in the literature in a normal patient population and following cataract surgery 
with phacoemulsification.6,11,43

Discussion
Cataract surgery with phacoemulsification is known to be associated with an average ECD loss in the range of 5.5% to 20% 
at 1 to 3 months after surgery.4–16 ECD loss after cataract surgery typically does not have major clinical sequelae when 
there is sufficient cellular reserve to maintain corneal health. However, as endothelial cells do not regenerate, greater cell 
loss resulting in ECDs of 600–800 cells/mm2 will cause endothelial dysfunction and lead to corneal decompensation. As 
ECD loss after cataract surgery is thought to arise in large part from the use of ultrasound energy during phacoemulsifica
tion, new cataract surgical technology such as PPC that involves energy delivery to the eye should be examined for 
endothelial cell safety. Results from the current prospective, randomized study using an independent image reading center 
demonstrated that the ECD loss after PPC capsulotomy during cataract surgery was no different to that observed when CCC 
was used as the capsulotomy method. Subjects in both the PPC and CCC study arms had a mean ECD loss of 11–12% ECD 
loss at 1 and 3 months after surgery, in line with results from published studies4–16 (Table 4).

Insults to the corneal endothelium may lead to a decrease in the percentage of hexagonally shaped endothelial cells 
and an increase in the CV of cell size amongst the remaining cells as they enlarge to compensate for lost cells.1 In the 
current study, no differences were noted in both the %Hex and in CV between the CCC and PPC groups at any of the 
time points analyzed. These findings lend further support to the hypothesis that PPC automated capsulotomy by itself 
does not have any effects on EC condition and survival after cataract surgery. This is consistent with results from 
a previous laboratory study demonstrating that the energy delivered during PPC resulted only in a peak temperature 
change of +2°C lasting for a few seconds in the region of the corneal endothelium.28 This magnitude of temperature 

Table 4 Literature Survey with Mean Percentage of ECD Loss at 1 
and 3 Months After Cataract Surgery with Phacoemulsification

Study Observation Period ECD Loss (Mean)

Acar et al 2011 1 mo 5.5%

3 mo 9.2%

Hwang et al 2015 2 mo 11.3%

Dewan et al 2019 1 mo 22%

3 mo 22.8%

Kim and Kim 2010 1 mo 7.9%

3 mo 8.5%

Gogate et al 2010 1.5 mo 18%

Teoh et al 2017 3 mo 19.4%

Tsuneoka et al 3 mo 9.5%

Reuschel et al 2010 3 mo 7.2%

Mahdy et al 2012 3 mo 16.7%

Current Study 1 mo 11.5% (CCC)
12.3% (PPC)

3 mo 11.7% (CCC)

12.4% (PPC)
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change was not expected to have any deleterious effects on cell viability and is in line with the results from the current 
prospective study in human subjects.

Conclusion
The percentage of ECD loss following cataract surgery performed using PPC was not statistically different to that found 
after cataract surgery performed with CCC at either the 1 or 3 month postoperative time points. Other parameters of EC 
health such as %Hex and CV of cell size were also not different between the 2 capsulotomy methods at these time points. 
PPC as an automated capsulotomy method has a demonstrated EC safety profile equivalent to CCC during cataract surgery.
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