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ABSTRACT.

Purpose: The purpose of the study was to compare ultrasound (US) consumption

and central macular thickness (CMT) and volume changes with manual and

femtosecond laser (FSL)-assisted cataract nucleus workup.

Methods: Sixty patients scheduled for immediate sequential bilateral surgery under-

went a prospective randomized intraindividual comparison of nucleus sector fragmen-

tation performedmanually in one eye andwith low-energyFSLassistance in the partner

eye, followed by high-fluidics phacoaspiration with a maximum US power of 30%.

Ultrasound (US)energyconsumptionandmacular thicknessandvolumewerecompared

as measured by intraoperative effective phacoemulsification time (EPT) and high-

resolution spectral domain optical coherence tomographypre- and 1 week, 3 weeks and

6 weeks postoperatively. Results are presented asmeans � SDormedians [min;max].

Results: Fifty-two patients completed the full follow-up. For the manual and FSL-

assisted groups, nuclear hardness was almost identical with a mean LOCS III grade

of 2.44 � 1.08 and 2.50 � 1.00 (p = 0.371). Median EPT was 1.40 [0.2; 8.3] and

1.25 [0.2; 9.4] seconds. Median preoperative CMT was 276.50 [263.25; 289.75] µm
and 276.00 [262.00; 290.00] µm. Median postoperative CMT was 278.00 [260.50;

288.00] versus 275.50 [264.00; 290.50] µmat 1 week, 279.50 [266.75; 292.25] versus

280.00 [266.50; 294.50] µm at 3 weeks and 280.50 [268.00, 293.75] versus 279.50

[264.75; 295.25] µm at 6 weeks. Differences in CMT and total macular volume

between the groups were not statistically significant at any point in time.

Conclusion: Femtosecond laser (FSL) prefragmentation of the nucleus into six

sectors did not reduce US energy consumption compared with manual splitting of

the nucleus into four quadrants in this particular surgical setting. Sectorial FSL-

prechopping with the low-energy FSL used had no additional impact on

postoperative macular thickness and volume.
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Introduction

Since its introduction in 1968, pha-
coemulsification (phaco) has quickly
spread to become the dominating tech-
nology for cataract removal. By refin-
ing nucleus division techniques and
fully exploiting the potential of fluidics
and ultrasound (US) modulation, US
energy consumption has been largely
reduced over time. Today, phaco chop
and torsional or longitudinal high-
fluidics phaco are considered state of
the art providing optimum efficiency
and safety (Storr-Paulsen et al. 2008;
Menapace & Di Nardo 2010; Vasavada
et al. 2010).

Femtosecond lasers (FSLs) have been
introduced in cataract surgery to achieve
a perfectly shaped and centred anterior
capsular opening and to make nucleus
workup easier and reduce the consump-
tion of potentially hazardous US energy.
Effective phaco time (EPT) is the most
common measure for US energy con-
sumption. Laser cataract surgery (LCS)
with FSLs has been shown to potentially
reduce EPT for nuclear workup com-
pared with manual cataract surgery
(MCS) alone, with the amount of sav-
ings depending on the fragmentation
pattern (Conrad-Hengerer et al. 2012;
Abell et al. 2013a,b; Dick & Schultz
2017; Uy et al. 2019). However, EPT is
the mere product of US time and US
power. High US power released in a
short time and low US power released
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over a longer time period resulting in the
same EPT may have a significantly
different damage potential to intraocular
tissues.

A phacoemulsification tip oscillating
at US frequencies generates cavitation
bubbles through the phenomenon of
sonolysis, which directly causes disin-
tegration of water molecules and for-
mation of hydroxyl radicals. Free
radical dispersion increases in propor-
tion to the amount and duration of the
US power used (Cameron et al. 2001;
Gardner & Aust 2009). Free hydroxyl
radicals are among the most reactive of
all oxygen species and may provoke
endothelial cell damage, blood–aque-
ous barrier (BAB) failure and changes
in macular thickness, volume and
structure, which may ultimately result
in cystoid macular oedema (CME)
(Takahashi 2005). The actual damage
potential depends on the total laser
energy depleted in the anterior segment
and on the energy of the individual
laser shot.

Laser cataract surgery aims at reduc-
ing such damage by replacing US
energy consumption for nuclear
workup by FSL energy. However,
FSL energy as such may also poten-
tially cause collateral damage to
intraocular tissues by provoking release
of prostaglandins (Schultz et al. 2013)
and other inflammatory cytokines
(Wang et al. 2016), chemokines and
growth factors (Chen et al. 2015) as
well as acidic shift (Rossi et al. 2015)
and temperature rise (Mencucci et al.
2015) in the aqueous.

Endothelial cell loss (ECL) has most
often been used as a parameter to
quantify potentially harmful effects on
ocular tissues. A significant reduction
in ECL has been reported for LCS
compared with MCS (Abell et al.
2014). However, apart from radicals
in the aqueous, ECL is largely depen-
dent on the direct mechanical impact of
nucleus pieces set free during nucleus
workup and carried along with the
fluid stream (Miyata et al. 2002) and is
thus highly influenced by the surgical
technique, fluidic settings and oph-
thalmic viscoelastic devices used by
the individual surgeon. Postoperative
flare has also been used for comparison
of MCS and LCS (Abell et al. 2013a,b;
Liu et al. 2019). Laser flare photometry
(LFP) provides accurate and repro-
ducible quantification of subclinical
alterations in the blood–ocular barrier

(Tugal-Tutkun & Herbort 2010). How-
ever, phacoemulsification releases fine
nucleus material into the anterior
chamber, which may mimic flare and
circulating cells postoperatively. This
may partly explain the inconsistency in
the published results (Abell et al.
2013a,b; Liu et al. 2019).

In contrast to the aforementioned
parameters, macular thickness and vol-
ume changes are not influenced by any
direct mechanical impact of seques-
tered or emulsified nuclear material
circulating in the aqueous. Optical
coherence tomography (OCT) has
evolved into a highly precise and
reproducible technique to quantify
macular thickness and volume changes.

Macular swelling is a remote effect
of inflammatory mediator release in the
anterior segment. Apart from the
aforementioned radical formation dur-
ing phacoemulsification, such release is
also caused by mechanical injury of the
anterior lens epithelium (Nishi et al.
1992) during laser capsulotomy. This
has been shown to be the main inducer
of the significant increase in prosta-
glandin and interleukin levels in the
aqueous reported for high-energy pulse
lasers (Schultz et al. 2013, 2015). For
the particular low-energy laser used in
the present study, however, we have
demonstrated that no such increase in
the inflammatory mediator level occurs
after laser capsulotomy and nucleus
sectioning (Schwarzenbacher et al.
2020). Thus, potential differences in
cytokine release–related postoperative
macular swelling in this study should
solely mirror differences in tissue stress
and trauma during nucleus workup
with and without FSL pretreatment.

Differences in the surgical technique
and nucleus hardness, anterior cham-
ber depth and the multitude of other
individual parameters add to the vari-
ability in the reported results. Due to
the multifactorial dependencies, excep-
tionally large study populations would
be necessary to make statistically sig-
nificant differences meaningful (Chang
2017). The number of eye required can
be largely reduced by comparing eyes
intraindividually, matching for nuclear
hardness and using a standardized
surgical technique.

We investigated the impact of FSL-
assisted cataract surgery on US con-
sumption and on the macula. For
optimal comparability, we performed
the study with a best possible

standardized approach regarding the
surgical technique in an immediately
sequential bilateral surgery setting.
Effective phacoemulsification time
(EPT) was used to quantify US energy
consumption with the US power lim-
ited to 30%. Because of its sensitivity
and reproducibility, we chose macular
thickness and volume as measured by
high-resolution OCT as parameters to
assess intraocular tissue stress or
trauma exerted by the cataract proce-
dure. Optical coherence tomography
(OCT) measurements were performed
preoperatively and at 1, 3 and 6 weeks
postoperatively according to the delay
in the appearance of macular swelling
and cystoid macular oedema after
cataract surgery. In a previous study,
we have already used this method to
detect and assess potential harmful
effects of additionally performing a
primary posterior capsulorhexis for
after-cataract prevention (Stifter et al.
2008).

Materials and Methods

One hundred and twenty eyes of 60
patients were included in this prospec-
tive, randomized clinical trial for
intraindividual comparison. The study
was performed at the Department of
Ophthalmology at the Vienna General
Hospital (Medical University of
Vienna, Austria). The inclusion criteria
were bilateral age-related cataract, age
40 and older, visual potential of 20/30
or better in both eyes and no medical
conditions such as rheumatic diseases
or previous artery or vein occlusion in
medical history and physical examina-
tion. The exclusion criteria were a
history of ocular disease, preceding
ocular surgery or trauma, relevant
other ophthalmic diseases (macular
degeneration or oedema, pseudoexfoli-
ation, etc.), diabetes and any intraop-
erative complication. The study was
approved by the Local Ethics Commit-
tee of the Medical University of
Vienna, Austria (EK 1053/2018). All
the research and measurements fol-
lowed the tenets of the Declaration of
Helsinki, and informed consent was
obtained from all subjects in this study.

An experienced certified physician
performed a preoperative grading
according to the Lens Opacities Clas-
sification System III (LOCS III) (Chy-
lack et al. 1993). Nuclear opalescence
was estimated and compared between
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partner eyes using a Haag-Streit BQ
900 biomicroscope with the slit lamp
set at maximum intensity and a fixed
angle. Participating patients were ran-
domized into two groups at the screen-
ing date to receive either MCS or LCS
in a randomized order. Before the
investigation started, a randomization
list was generated with Datinf Randlist
software A (version 2.0, Datinf GmbH,
T€ubingen, Germany). Patients and
investigators were masked to the sur-
gery. A sealed envelope containing the
randomization of each patient was
handed to the surgeon in the operating
room on the day of surgery to undergo
either MCS or LCS. The examiner was
unaware which type of surgery was to
be performed on a given eye. All
patients were operated by the same
experienced surgeon (R. M.) using the
same standardized technique. The same
fluidics and longitudinal mode pha-
coemulsification settings were used for
both procedures. To compensate for
the weakness of EPT as the mere
product of time and US power inde-
pendent for the latter, linear US power
release was limited to a maximum of
30%. Manual cataract surgery (MCS
and LCS techniques were identical with
the only difference that with LCS
limbal incisions, circular opening of
the anterior capsule and nucleus sec-
tioning were performed by the FSL,
whereas with MCS, manual blade inci-
sions, needle capsulorhexis and nucleus
division were done.

With MCS, a temporal 2.2 mm
posterior limbal incision was created
with a bevel-up metal blade and the
aqueous exchanged by hydroxymethyl-
cellulose 2%. Two paracenteses were
made supero- and inferotemporally,
and a digital image-guided 5.0–
5.5 mm capsulorhexis centred on the
1st Purkinje image was performed with
a bent needle. Hydrodissection and
rotation of the nucleus were followed
by manual fragmentation into four
sectors and sector aspiration.

For nucleus workup, a special phaco
needle was used (easyTip�2.2, in com-
bination with an OS4 phaco machine,
Oertli, Switzerland), which was
designed to minimize US energy con-
sumption by fully exploiting the poten-
tial of maximum fluidics (‘ultrasound-
assisted forced fluidics phacoaspira-
tion’) (Menapace & Di Nardo 2010).
The phaco needle features a swollen tip
with a 45° bevel and a slim 0.75-mm

shaft with a small 0.45-mm bore, both
connected by a conical transition zone.
The strong bevel of the tip increases the
size of the orifice and thus the hold-
ability. The stepped internal transition
of the large tip orifice into the small
shaft bore increases the frontal projec-
tion plane and thus the energy transfer
to attached nuclear material. Due to
the increased internal flow resistance,
the small shaft bore acts as an inbuilt
surge break, thus allowing for maxi-
mum vacuum settings. The slim shaft
conversely augments the cross-section
of the infusion mantle along the sleeve.
The resulting decrease in infusion flow
resistance allows for maximum flow
rates and thus followability. The sleeve
openings are positioned in the plane of
the bevel. Fluid pathways and US
energy emission are thus directed into
the same plane.

The manual phacoemulsification
technique used in the MCS cases is
described in the following: In the eye,
the tip bevel is oriented horizontally.
First, the nucleus is impaled by guiding
the tip directly down into its core. With
the full vacuum reached, a special
phaco spatula (Bausch+Lomb REF
55485 nucleus divider) is introduced
alongside the phaco needle tip and the
nucleus split into two halves by extend-
ing the distal crack proximally (“ab
interno nucleus cracking”, Menapace
& Di Nardo 2010). The nucleus is then
rotated by 90 and 270° and the halves
impaled and split into quadrants. For
optimal workup of the fully separated
quadrants, the flow rate of the peri-
staltic pump is increased to 60ml/min
for ready occlusion of the trumpet-
shaped mouth of the tip and a fast
vacuum rise and the vacuum limit
650 mmHg to maximize linear US
power coupling and aspiration force.
After refilling the anterior chamber and
capsular bag with methylcellulose 2%,
the phaco needle orifice is positioned at
the tip or flank of the quadrants. Upon
activation of the pump, the nucleus
chunk is quickly attracted and readily
occludes the needle orifice. With the
high flow rate used, vacuum quickly
rises to the maximum. Linear US
power delivery is chosen. Maximum
US power is locked at 30% of the
power range provided by the machine
and the US power actually recalled by
the surgeon limited to the minimum
required to establish full occlusion and
then to keep nucleus aspiration

running should the aspiration needle
be clogged by nucleus material. With
the nucleus workup completed, cortex
remnants are aspirated and a foldable
hydrophobic acrylic intraocular lens
(IOL) is injected into the capsular bag
filled with a hyaluronic acid 1%. The
latter is aspirated and the surgery
finalized by hydration of the incisions
and injection of 0.1ml cefuroxime 1%
for intraocular infection prophylaxis.

Laser cataract surgery (LCS) was
performed with the Femto LDV Z8
platform (Ziemer Ophthalmic Systems
AG, Switzerland) with the surgeon
sitting at the side of the patient’s head.
After docking the handpiece with its
integrated laser optics to the eye, a
5.2 mm pupil-centred capsulotomy was
created at a resection height of 0.6 mm
and 90% laser power. The nucleus was
then cut into six sectors using a safety
distance to the capsule of 0.5 mm
posteriorly and 0.4 mm peripherally
as well as anteriorly and a laser power
of 130%. A 2.3 mm clear corneal tem-
poral incision and two 0.7 mm para-
centeses were finally created supero- and
inferotemporally with the FSL. The
laser handpiece was removed and the
operating microscope swung into posi-
tion. The incisions were opened with a
blunt-tip spatula and the aqueous
exchanged for hydroxymethylcellulose
2%. The excised anterior capsule disc
was extracted with capsulorhexis for-
ceps. With the bevel of the pahco tip
again turned sideward, the nasal sector
of the nucleus was impaled from the
centre and the radial FSL precut fully
extended down to the posterior capsule
and towards the equator using the
spatula specified before. The lens was
consecutively rotated by 60°, and the
manoeuvre repeated until all six sectors
were completely freed from residual
posterior adhesions. The sequestered
nucleus sectors were engaged and aspi-
rated using the same high fluidics with
minimum linear phaco power as with
MCS. Cortex remnants were aspirated
and the same type of IOL implanted.
Intracameral cefuroxime prophylaxis
concluded the surgery.

As a postoperative regimen, a com-
bination of dexamethasone and gen-
tamicin sulphate drops (Dexagenta,
Ursapharm, Germany) were prescribed
three times daily for 1 week and
ketorolac drops (Acular, Pharm-
Allergan, Austria) three times daily
for 3 weeks. The primary end-point of
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the study and basis for sample size
calculation was the change of central
macular thickness (CMT) at 1 week,
3 weeks and 6 weeks postoperatively.
Secondary outcomes were EPT, and
central macular volume (CMV) and
total macular volume (TMV) changes
at 1 week, 3 weeks and 6 weeks post-
operatively. The time frame of 6 weeks
was chosen to match the 4–10 week
delay in the development of macular
swelling and appearance of cystoid
macular oedema (Flach 1998; Bertel-
mann et al. 2012). A 512 9 128 mac-
ular cube scan was measured by a
CIRRUS HD-OCT (ZEISS, Jena, Ger-
many) and OCT images screened for
changes in macular morphology and
cystoid edema formation. Once evalu-
ated as healthy, Spectral Domain OCT
images were obtained through dilated
pupils with Spectralis OCT (Spectralis
Family AcquisitionModule, V 6.16.6.0;
Heidelberg Engineering, Heidelberg,
Germany) with Heidelberg Eye
Explorer (V 1.10.4.0; Heidelberg). A
raster horizontal 20° 9 20°, 49 B scans,
with a reciprocal distance of 118 µm,
and 15 frames averaged per B scan,
adjusted on the fovea was obtained for
both eyes of each patient to obtain
CMT, CMV and TMV. The follow-up
function of Heidelberg Eye Explorer
software was used to measure the same
area of interest in each follow-up visit.

Statistical evaluation

Statistical analysis was performed
using SPSS V.23.0.0.3. Sample size cal-
culation including dropouts suggested
120 eyes or 60 patients considering
differences in macular thickness after
MCS, as reported by Gharbiya et al.
(2013), after 1 day and 1, 2, 4, 8, 12 and
24 weeks after MCS. According to
these authors, the standard deviation
of CMT is around 5.2 µm. A change in
the mean of 2 µm (0.4 SD) is the
minimal relevant difference we would
be able to detect. With 80% power, a
difference of 0.4 SD can be found with
a paired t-test at two-sided significance
level alpha=0.05 if the group size is at
least 45 eyes per group. A surplus of 15
eyes was added to compensate for
possible dropouts.

We defined three outcome parame-
ters: CMT, CMV and TMV. We
assessed normal distribution by his-
tograms. If normally distributed, we

investigated correlations between those
parameters using Pearson’s correlation,
otherwise by Spearman correlation.

We then calculated individual linear
mixed models with CMT, CMV or
TMV as the dependent variable. For
each of these models, we specified two
random factors (RFs) to account for
intrapatient correlation (=2 eyes from
the same patient) and intraeye correla-
tions (=multiple visits from the same
eye). The RF for the eye was thus
nested in the RF of the patient.
Method, time point, axial length,
LOCS grading (nuclear opalescence),
EPT, age and the baseline value either
of CMT, CMV or TMV, were defined
as fixed factors. The interactions LOC-
S*EPT, age*LOCS, axial
length*CMT/CMV/TMV at baseline
and method*EPT were primarily
included in the models. Residuals of
the models were assessed for normal
distribution by histograms.

To eliminate the expected strong
association of the dependent parame-
ters with their respective baseline value,
we investigated CMT, CMV and TMV
as change of each visit to baseline as
the dependent parameter (week 1 to
baseline; week 3 to baseline; week 6 to
baseline) and, if normally distributed,
we investigated correlations between
these parameters using Pearson’s cor-
relation. For each of these parameters
we calculated a linear mixed model
with the same RF as described in the
previous models (RF for eye nested in
RF for the patient). Method, time
point, axial length, LOCS grading,
EPT and age were defined as fixed
factors. The interactions LOCS*EPT,
age*LOCS, axial length*CMT/CMV/
TMV and method*EPT were primarily

included in the models. Residuals of
the models were assessed for normal
distribution by histograms.

Results

No surgical complications occurred. Of
the 60 randomized participants, 52
patients (36 female and 24 male
patients) aged 71.0 � 7.0 years com-
pleted the full follow-up, whereas 55
patients had at least one follow-up visit
after the baseline assessment and sur-
gery. Thus, these 55 patients were
included in the statistical model which
accounts for missing values. Results are
presented as means�sd or medians
[min; max]. According to the distribu-
tion of measured values, LOCSIII
grading values were preferentially
expressed as means, and EPT and
CMT data as medians. Nuclear hard-
ness according to the LOCS III classi-
fication was comparable in both groups
(MCS: mean 2.44 � 1.08, LCS: mean
2.50 � 1.10, p = 0.371, Fig. 1).

Figure 2 shows US energy consump-
tion as EPT values for the MCS and
LCS groups. Median EPT was
1.40 seconds, range 0.2 to 8.3 in the
MCS and 1.25 seconds, range 0.2 to
9.4 in the LCS group. The difference
was not statistically significant
(p = 0.847). The US power applied
never exceeded 30 percent of the
machine’s possible maximum.

Median preoperative CMT was
276.50 [263.25; 289.75] µm in the
MCS and 276.00 [262.00; 290.00] µm
in the LCS group. Median preoperative
TMV was 8.37 [8.23; 8.51] mm3 in the
MCS group and 8.37 [8.23; 8.51] mm3

in the LCS group and thus identical.

Fig. 1. Nuclear hardness according to LOCS III classification.
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Respective median postoperative
CMTs were 278.00 [260.50; 288.00]
versus 275.50 [264.00; 290.50] µm after
1 week, 279.50 [266.75; 292.25] versus
280.00 [266.50; 294.50] µm after
3 weeks and 280.50 [268.00, 293.75]
versus 279.50 [264.75; 295.25] µm after
6 weeks. Respective median postoper-
ative TMVs were 8.46 [8.34; 8.62]

versus 8.49 [8.35; 8.63] mm3 after
1 week, 8.58 [8.44; 8.72] versus 8.57
[8.43; 8.71] mm3 after 3 weeks and 8.60
[8.46; 8.74] versus 8.61 [8.47; 8.75] mm3

after 6 weeks. Figures 3 and 4 depict
the course CMT and TMV over the full
follow-up period. Mean preoperative
CMT was 276.1 � 21.1 µm in the
MCS and 275.7 � 22.4 µm in the

LCS group. Respective mean postop-
erative CMTs were 275.9 � 22.0 µm
versus 275.7 � 22.6 after 1 week,
280.0 � 22.7 versus 279.8 � 23.1 µm
at 3 weeks, and 282.2 � 23.5 versus
281.5 � 24.2 µm at 6 weeks. There
was no statistically significant differ-
ence found between LCS and MCS in
CMT or TMS in any time point
(p = 0.31 and p = 0.69). Central
macular thickness (CMT) and CMV
were highly correlated (R = 0.99,
p < 0.001); however, CMT and TMV
showed only a moderate correlation
(R = 0.4, p < 0.001). We therefore
omitted CMV as it was too similar to
CMT. With change to baseline calcu-
lations, parameters were normally dis-
tributed, and the correlation between
change of CMT and change of TMV
improved (R = 0.74; p < 0.001). We
then calculated four models: (1)
CMT, (2) change of CMT, (3) TMV
and (4) change of TMV, omitting CMV
due to the high correlation with CMT.
The interactions LOCS*EPT, age*-
LOCS and axial length*CMT/TMV
were not significant in any model and
did not improve the model perfor-
mances based on the corrected Akaike
information criterion (cAIC). Thus,
these interactions were omitted for the
final models. The interaction metho-
d*EPT was not significant in any
model but increased model perfor-
mance and therefore remained within
the final models. Results of each model
are shown in Tables 1-4. Residuals
were normally distributed for each
individual model. Interestingly, CMT
remained stable without significant
change from baseline to week 1
(p = 0.63) (Table 1), whereas TMV
increased already between baseline
and week 1 (p < 0.001) (Table 2). Fur-
ther continuous increase in both CMT
and TMV was found after week 1 (all
p < 0.001).

Each individual OCT was also
screened for morphological changes.
No case of structural irregularities or
signs of CME formation was observed.

Discussion

The US energy required for nucleus
workup during cataract surgery largely
depends on the hardness of the nucleus
and the surgical approach. To assess
the true benefit of FSL-assisted com-
pared with conventional manual

Fig. 2. Ultrasound energy consumption displayed as EPT.

Fig. 3. Central macular thickness (CMT) development depicted as box plots. CMT in µm from

preoperative (0), 1 week, 3 weeks and 6 weeks in the LCS and MCS group. p-Values pooled for the

total cohort are shown from preoperative to 1 week, 3 weeks and 6 weeks, respectively.

LCS = Laser cataract surgery; MCS = Manual cataract surgery.
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phacoemulsification, differences in
nuclear hardness and variations in the
surgical approach must be minimized.
In this study, one surgeon performed all
surgeries using a standardized surgical
technique with fixed fluidic settings and
identical nucleus sectioning techniques
within bothe the MCS and LCS groups
to workup medium hard nuclei as
judged by an experienced examiner
based on the LOCS III classification
system. LCS and MCS were performed
bilaterally in one session, and the type of
surgery on the first eye was randomized.

The potential impact of an FSL to
save US time and its possible side-
effects depend on the laser technology.
With the Ziemer Z8 LVD platform

used for this study, the laser optics are
integrated in the application handpiece.
Compared with other machines with
the laser optics separated from the
suction device, this technology inher-
ently reduces the focus length of the
laser optics by a factor of 10 to 1cm
while correspondingly augmenting the
angle of aperture. As a result, the laser
spot size is reduced to less than 2µm
(Pajic et al. 2017) compared with
10 µm (Friedman et al. 2011) and the
pulse energy to nanojoules compared
with microjoules with conventional
FSL platforms. Accordingly, the cavi-
tation bubble size decreases (Ripken
2007). To still allow time-efficient tissue
cutting, the laser spots are delivered at

a frequency of megahertz, instead of
kilohertz, which compensates for the
reduced spot separation. Smaller size
and overlapping localization of these
low-energy spots result in much
smoother edges of the tissue cuts (Wil-
liams et al. 2016) while producing less
gas and reducing other side effects.
These advantages of Z8 LDV low-
energy high-frequency pulse laser tech-
nology have been substantiated in lab-
oratory, animal and clinical studies.
Low-energy pulses resulted in less lens
epithelial cell death along capsulo-
tomies (Mayer et al. 2014) and less
collagen fibre damage (Riau et al. 2014)
as well as reduced stromal cell death
and inflammatory cell infiltration along
corneal tissue cuts (de Medeiros et al.
2009).

With the low-energy laser platform
used in our study, prostaglandin and
other inflammatory aqueous cytokine
levels remain low (Liu et al. 2019;
Schwarzenbacher et al. 2020), whereas
with conventional lasers working with
comparably high-energy pulses at a low
frequency, cytokine levels have been
shown to increase by a multiple
(Schultz et al. 2013).

Macular thickness is a well-defined
parameter and a highly sensitive sensor
for assessing tissue trauma by intraoc-
ular surgical procedures. Macular swel-
ling develops in response to free radical
formation which causes release of
inflammatory cytokines and break-
down of the BAB. Significant anterior
segment trauma may result in struc-
tural changes and oedema of the mac-
ula. Published findings on the impact
of LCS and MCS on macular thickness
and morphology vary. In a large
prospective cohort case series compar-
ison comprising 833 LCS and 458 MSC
eyes, Ewe et al. (2015) using the Cirrus
SD-OCT (Zeiss, Jena, Germany) found
a fourfold higher CME rate of 0.8% in
the laser group compared to 0.2% in
the conventional group, and others
reported similar CME rates (Conrad-
Hengerer et al. 2014) using the Topcon
3D OCT-2000 (Topcon Corporation,
Tokyo, Japan). Different acquisition
protocols in the studies mentioned
before may explain the varying results.
However, we do believe that the study
results are comparable even though
different devices were used. Anterior
chamber flare, a clinical consequence of
BAB breakdown, was higher in the
MCS group in a study by Abell et al.

Fig. 4. Total macular volume (TMV) development depicted as box plots. TMV in mm3 from

preoperative (0), 1 week, 3 weeks and 6 weeks in the LCS and MCS group. p-Values pooled for the

total cohort are shown from preoperative to 1 week, 3 weeks and 6 weeks, respectively.

LCS = Laser cataract surgery; MCS = manual cataract surgery.

Table 1. Results for the linear mixed model with CMT as the dependent variable.

Parameter Estimate p-value Lower 95% CI Upper 95% CI

Method (LCS) 1.02 0.31 �0.98 3.03

Axial length 0.17 0.56 �0.41 0.76

LOCS �0.22 0.48 �0.84 0.4

EPT 0.35 0.28 �0.28 0.99

Age �0.01 0.9 �0.1 0.09

CMT baseline 1.02 <0.001 0.99 1.05

Week 1* �0.27 0.63 �1.37 0.83

Week 3* 4.71 <0.001 3.61 5.82

Week 6* 6.19 <0.001 5.07 7.3

Interaction method*EPT p = 0.73.

CMT = central macular thickness; EPT = effective phacoemulsification time; LCS = laser

cataract surgery; LOCS = lens opacities classification system.

* Compared with CMT baseline.
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(2013a,b) but higher in the LCS group
in the study by Liu et al. (2019). The
latter reported that the LCS eyes,
despite using a low-energy pulse laser,
also exhibited higher levels of free
radicals than the MCS group when
not inhibited by preoperative NSAID
medication.

Regarding the impact of LCS on
CMT, published results also vary.
Nagy et al. (2012) reported a signifi-
cantly lower macular thickness in the
inner retinal ring after one week for the

laser group. This study, however, was
small with only 13 MCS and 12 LCS
eyes of different patients included. In a
much larger study comparing 100 LCS
and 76 MCS eyes, Abell et al. (2013a,b)
observed an increase in outer zone
macular thickness in both groups with
a smaller increase in the laser group. In
an intra-individual comparison of 101
patients, Conrad-Hengerer et al. (2014)
found no change or difference in CMT
up to 6 months postoperatively. In all
three studies, a high-energy pulse laser

was used, and nucleus hardness or
nucleus workup technique and phaco
machine specifications were not
detailed, which limits the conclusive-
ness of the results.

We used a maximally standardized
approach aiming at minimizing the
energy input during laser pre-
fragmentation and phacoemulsification
by using a low-energy pulse FSL and a
surgical technique combining an effi-
cient nucleus sectioning with an US-
saving high fluidics phacoaspiration
technique. Effective phacoemulsifica-
tion time (EPT), CMT and TMV were
chosen as outcome measures.

Regarding EPT, studies have
reported a significant reduction follow-
ing FSL pre-fragmentation with the
amount depending on the fragmenta-
tion pattern used (Conrad-Hengerer
2012; Uy et al. 2019). Interestingly,
additional FSL pretreatment was not
effective in reducing EPT in our study.
Median EPTs were as low as 1.40 and
1.25 seconds in the manual and laser-
assisted groups even though not using
phaco-chop and torsional phaco
known to reduce US time and energy
compared with nucleus cracking or
longitudinal phaco (Storr-Paulsen
et al. 2008; Vasavada et al. 2010).
Effective phacoemulsification times
(EPTs) also favourably compare with
the reported respective EPT of
4.9 � 2.3 and 3.3 � 1.4 seconds for
MCS and LCS when using torsional
phaco through a 2.7-mm incision for
softer 1.9 � 1.0 and 1.6 � 0.6 mean-
grade nuclei as reported by Liu et al.
(2019). As in the latter study, the
increase in the free radical level during
phacoemulsification was shown to be
significantly correlated with EPT, its
reduction to minimum levels should
help avoid macular swelling and CME
formation.

This demonstrates the efficiency of
ab interno cracking with an adapted
spatula and forced fluidics sector aspi-
ration (Menapace & Di Nardo 2010)
for nucleus workup. While manual
cracking fully separates the nucleus
into sectors in one step, FSL prefrag-
mentation has to leave a contiguous
posterior lens plate untouched to avoid
cutting into the posterior capsule. Also,
the lens periphery outside the pupil
margin cannot be presectioned. Thus,
FSL prefragmentation still requires a
second manual step to extend the cut to
the posterior and equatorial capsule.

Table 3. Results for the linear mixed model with CMT change to baseline as the dependent

variable.

Parameter Estimate p-value Lower 95% CI Upper 95% CI

Method (LCS) 1.45 0.29 -1.23 4.13

Axial length 0.36 0.35 -0.40 1.12

LOCS -0.24 0.57 -1.06 0.59

EPT 0.53 0.22 -0.32 1.37

Age -0.02 0.77 -0.15 0.11

Change to week 3* 4.98 <0.001 3.84 6.12

Change to week 6* 6.49 <0.001 5.33 7.64

Interaction method*EPT p = 0.073.

CMT = central macular thickness; EPT = effective phacoemulsification time; LCS = laser

cataract surgery; LOCS = lens opacities classification system.

* Compared with CMT change between baseline and week 1.

Table 4. Results for the linear mixed model with TMV change to baseline as the dependent

variable.

Parameter Estimate p-value Lower 95% CI Upper 95% CI

Method (LCS) 0.01 0.70 �0.05 0.07

Axial length �0.001 0.88 �0.02 0.02

LOCS �0.004 0.67 �0.02 0.01

EPT 0.003 0.73 �0.01 0.02

Age �0.002 0.14 �0.005 0.0007

Change to week 3* 0.09 <0.001 0.07 0.12

Change to week 6* 0.13 <0.001 0.10 0.15

Interaction method*EPT p = 0.75.

EPT = effective phacoemulsification time; LCS = laser cataract surgery; LOCS = lens opacities

classification system; TMV = total macular volume.

* Compared with TMV change between baseline and week 1.

Table 2. Results for the linear mixed model with TMV as the dependent variable.

Parameter Estimate p-value Lower 95% CI Upper 95% CI

Method (LCS) 0.01 0.69 �0.03 0.05

Axial length �0.001 0.87 �0.01 0.01

LOCS �0.003 0.67 �0.02 0.01

EPT 0.002 0.7 �0.01 0.02

Age �0.002 0.14 �0.003 0.0005

TMV baseline 1.00 <0.001 0.96 1.04

Week 1* 0.17 <0.001 0.08 0.13

Week 3* 0.20 <0.001 0.18 0.22

Week 6* 0.23 <0.001 0.21 0.25

Interaction method*EPT p = 0.71.

EPT = effective phacoemulsification time; LCS = laser cataract surgery; LOCS = lens opacities

classification system; TMV = total macular volume.

* Compared with TMV baseline.
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The small amount of additional US
energy consumed during manual
nuclear cracking is obviously outbal-
anced by this additional manoeuvre
required to break up these residual
adherences between the sectors created
by the FSL prefragmentation. How-
ever, the profit of the additional use of
a FSL may be much greater when
combined with less efficient manual
nucleus workup techniques, particu-
larly when using low-flow and low-
vacuum settings and classical divide-
and-conquer techniques where two
transversal grooves are sculpted in a
shaving manner with the tip bevel un-
occluded and oriented anteriorly.

Regarding macular changes in OCT,
no statistically significant difference
was found in CMT and CMV at any
point in time and no statistically sig-
nificant change during the follow-up.
Total macular volume (TMV) statisti-
cally increased from week 1 to week 6
and CMT from week 3 to week 6. Chu
et al. (2013) reported an increase in
macular thickness of more than 30% in
8% of eyes 4 weeks after phaco surgery
with significantly higher interleukin 1ß
and other inflammatory cytokine
levels. Liu et al. (2019) found that even
with a low-energy platform, FSL laser-
assisted cataract surgery was accompa-
nied by significantly higher aqueous
PGE2 levels and—though not statisti-
cally significantly—higher free radical
activity compared to manual cataract
surgery. Free radical formation was
significantly associated with EPT (Liu
et al. 2019). By reducing EPT to less
than one half with even harder nuclei
compared with the aforementioned
study, the surgical setting of our study
may per se reduce free radical forma-
tion and explain the significantly
reduced cytokine release.

The two major findings and their
clinical impact of this study may be
summarized as follows:

1. The finding that EPT was low and
not statistically different in both groups
suggests

1a. The respective median EPT of
1.40 and 1.25 seconds in both groups
for nuclei hardness with a mean hard-
ness grade of around 2.50 reflects the
high efficiency of the 2.2 mm high-
fluidics longitudinal phaco technology
in combination with the surgical tech-
nique for both manual and FSL-
assisted nucleus workup. The generally
low EPT and the lacking statistical

difference in EPT between 6-sector
FSL-precuts and manual 4-sector divi-
sion used for nuclei with a mean
nucleus hardness of 2.50 are proof of
the surgical efficiency of high fluidic
settings, which optimize followability,
occlusion, vacuum rise time and US
energy transfer under full vacuum.

1b. Manual cracking can be almost
as efficient as FSL presectioning with
its inherent need for completing sector
separation in a second step of addi-
tional manual separation before aspi-
ration. However, FSL prechopping
may still help save US energy con-
sumption with less efficient surgical
settings. Presectioning the nucleus with
an FSL inherently helps standardize
nucleus workup. In addition to presec-
tioning the nucleus into sectors, FSLs
may execute almost any fragmentation
pattern including small cubes, which
largely reduces or even obviates the
effort for manual division particularly
in very hard nuclei. This, however, will
inevitably translate into a significantly
higher laser energy input accompanied
by an increased depletion of inflamma-
tory mediators, which may not be fully
neutralized by NSAID medication (Liu
et al. 2019) and the consequences of
which on macula thickness need to be
investigated in a separate study.

2.Thefinding thatwithsimilarEPTs in
both groups, no differences were found in
central macular thickness and total mac-
ular volume between the LCS group and
the MCT group demonstrates that the
additional pretreatment with a low-
energy pulse laser including the capsulo-
tomy has no negative impact on this
sensitive intraocular structure. To com-
pensate for the inherent shortcoming
and bias of EPT by disregarding the
actual power of the US released into the
anterior chamber,USpowerwas limited
to a maximum of 30%.

A potential weakness of the study is
that lens density was subjectively graded
according to LOCS III and not objec-
tively using Scheimpflug system–based
software(e.g.,PentacamNucleusStaging
software, Oculus Optikger€ate GmbH,
Germany). However, because all study
patients were scheduled for bilateral
surgery with one eye receiving MCS and
the other LCS, the experienced examiner
could intraindividually compare theopti-
cal nuclear opalescence and colour of the
partner eyes. Furthermore, particularly
with different patients, the actual hard-
ness of the nucleus experienced during

phacoemulsification may still vary,
despite the same grading by automated
Scheimpflug image analysis. Another
minor weakness might be found in the
fact that eight patients got lost to follow-
up, resulting in 52 complete follow-up
visits. This is compensated by a rather
tolerant projected dropout rate in the
study protocol and does ultimately not
affect our statistical power.

Effective phacoemulsification time
(EPT) is calculated as the mere product
ofUStimeandUSpower independentof
the US power applied. This weakness
was counterbalanced by limiting the
retrievable US power to a maximum of
30% of the full US power range of the
machine, which significantly con-
tributed to the comparability of the
EPT values obtained within the two
groups. Another weakness is that the
study reflects the results of one specific
nucleus workup technique performed
withaspecificphacotipandhighfluidics.
AlthoughFSLprefragmentationdidnot
significantlyreduceeffectivephacoemul-
sification time in this study, thismay still
be true for harder nuclei or for less
efficient manual nucleus workup tech-
niques and phacoemulsification tech-
nologies, or other FSL technologies
and fragmentation patterns.

In conclusion: With medium hard
nuclei, manual 4-quadrant sectioning
using the particular nucleus cracking
and longitudinal high-fluidics pha-
coemulsification techniquewas similarly
effective in termsofUSenergyconsump-
tion and equally safe in terms of CMT
and volume changes compared with the
additional useof a low-energypulseFSL
for 6-sector pre-prefragmentation.
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