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ABSTRACT
Background: Flap creation during laser refractive surgery restructures the anterior cornea, particularly the stroma, 
reducing the keratocyte cell density (KCD). This reduced density makes it challenging to completely regenerate to 
the presurgical phase. The aim of the present study was to investigate the effects of two types of artificial tear (AT) 
interventions on KCD up to 3 months after femtosecond laser-assisted in situ keratomileusis (FS-LASIK) surgery.
Methods: This prospective, double-blind, comparative, interventional, contralateral eye study recruited patients with 
myopia scheduled for FS-LASIK. Inclusion criteria were healthy individuals aged 19 – 25 years with moderate or high 
myopia, a maximum cylindrical error of - 1.25 diopters, and a maximum pupil size of 6.5 mm who had undergone FS-
LASIK and completed 3 months of follow-up. Complete optometric and ophthalmologic examinations were performed. 
Bilateral simultaneous FS-LASIK surgery was performed using the same femtosecond laser platform as in the standard 
procedure. The Research Randomizer was used to determine the eye to be treated with Systane® Hydration (Alcon 
Laboratories, Inc., Fort Worth, TX, USA) or Systane® ULTRA (Alcon Laboratories, Inc., Fort Worth, TX, USA) AT. 
KCD was examined using real-time images obtained from in vivo confocal microscopy (Heidelberg Retina Tomograph 
3 with the Rostock Cornea Module, HRT III RCM); Heidelberg Engineering GmbH, Heidelberg, Germany) at baseline 
and 1- and 3-month postoperative visits.
Results: We included 60 eyes of 30 participants with a mean (standard deviation) age of 21.34 (1.85) years and a male-to-
female ratio of 1:1 who completed 3-month post-FS-LASIK surgery follow-up. KCD did not differ significantly between 
the two groups at any visit (all P > 0.05); nevertheless, mean KCD was initially reduced up to 1 month postoperatively 
and then revealed a slight increase up to 3 months postoperatively in Systane® Hydration-treated eyes and continued to 
reduce in Systane® ULTRA-treated eyes. Intragroup comparisons revealed that the eyes treated with ATs experienced a 
significant reduction in KCD between the preoperative and 1-month postoperative visits and between the preoperative 
and 3-month postoperative visits (all P < 0.05). Treatment-related complications were not observed.
Conclusions: Overall, KCD reduced up to 3 months post-FS-LASIK surgery. Both AT types exerted a comparable 
effect on postoperative KCD up to 3 months. Future studies with a more frequent administration of ATs, longer follow-
up periods, and a control group are required before preliminary outcomes of the present study can be generalized. 
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INTRODUCTION
Femtosecond laser-assisted in situ keratomileusis (FS-LASIK) is a type of laser-refractive surgery (LRS) 
involving two approaches that use different types of femtosecond lasers. The first approach uses a femtosecond 
laser (1043-nm wavelength) to create a corneal flap, followed by an excimer laser (193-nm wavelength) to ablate 
the corneal area according to the corneal flap to correct the refractive error to the desired value [1]. Another 
type of femtosecond laser is a focusable photodisruptive laser that runs in an infrared form (1000 – 1053-nm 
wavelength) to ionize the corneal tissue for smaller cavitation and create small bubble sizes during incision for 
corneal flapping with better precision because of the shorter pulse duration [2].

Flap creation during LRS restructures the anterior cornea, particularly the stroma, reducing the keratocyte 
cell density (KCD). This reduced density makes it challenging to completely regenerate to the presurgical phase 
[3]. Thus, the structural, optical, and visual performances of the cornea are compromised [3]. In addition to flap 
creation, cell necrosis is a factor that reduces KCD [4]. Thus, a poor corneal surface and disorientation at the 
cellular level cause vision disruption from light scattering [5, 6]. 

Because these unintended effects of LRS on KCD and corneal epithelial healing are paramount in regaining 
the best vision [7], using artificial tears (ATs) has been suggested for corneal healing or as a protective 
approach because of their direct impact on the corneal epithelium layer [8]. The epithelial wound healing rate, 
re-epithelialization time, and speed were significantly improved by the topical instillation of AT drops [7]. 
Although the mechanism of re-epithelialization remains unclear, ATs provide lubrication to reduce friction, 
some resistance, and nourishment and strengthen cell junctions [9]. 

The aim of the present study was to evaluate the effects of two types of AT interventions in promoting 
keratocyte regeneration post-FS-LASIK surgery.

METHODS
This prospective, double-blind, comparative, interventional, contralateral eye study was conducted at the 
Optometry Clinic of the International Islamic University Malaysia (IIUM), Kuliyyah of Allied Health Sciences, 
IIUM Pahang, Malaysia, from January to June 2019. Patients with myopia who had been scheduled for FS-
LASIK surgery were recruited. Ethical approval was obtained from the IIUM Research Ethics Committee 
(IREC; approval code: IIUM/504/14/11/2/IREC 2019-KAHS [U]), and the study conformed to the tenets 
of the Declaration of Helsinki. All participants were provided with adequate information regarding the methods 
and risks of the study. Participation was voluntary, and written consent was obtained from each participant 
before recruitment. 

Inclusion criteria were: healthy individuals; age of 19 – 25 years; spherical refractive error ranging from - 3.00 
diopters (D) to - 5.00 D (moderate myopia) or > - 5.00 D (high myopia); maximum cylindrical error of - 1.25 D 
of cylinder (DC); maximum pupil size of 6.5 mm; history of FS-LASIK with completion of 3 months of follow-
up. Exclusion criteria were: abnormal tear film [10]; corneal irregularity-related conditions, such as pterygium 
and keratoconus [11]; ocular surface abnormalities due to dry eye [12, 13]; history of ocular trauma or ocular 
pathology; systemic diseases [14]; use of systemic steroids; and lactating or breastfeeding women. Participants 
who wore soft contact lenses within 2 weeks of the measurements or rigid gas-permeable contact lenses for 4 
weeks were excluded [15-17]. Figure 1 illustrates the CONSORT flow diagram of the interventional study.

All eligible participants underwent complete optometry and ophthalmology examinations [18, 19] before 
commencement of the study. The included patients underwent bilateral simultaneous FS-LASIK surgery 
using the same femtosecond laser platform, the Zeiss MEL® 90 excimer laser (Carl Zeiss Meditec AG, Jena, 
Germany) [20], using the standard procedure described in detail elsewhere [21], which was performed by 
a single consultant laser refractive surgeon (K.M.K.) blinded to the group assignment. Both eyes underwent 
similar treatment postoperatively [22].

Two types of dual polymer ATs were used in this study: Systane® Hydration (Alcon Laboratories, Inc., Fort 
Worth, TX, USA) and Systane® ULTRA (Alcon Laboratories, Inc., Fort Worth, TX, USA). Research Randomizer 
[23] was used to determine the eye to be treated with Systane® Hydration or Systane® ULTRA AT. The patients 
and examiners were blinded to the group assignments.

KCD was examined using real-time images obtained from in vivo confocal microscopy (IVCM; Heidelberg 
Retina Tomograph 3 with the Rostock Cornea Module, HRT III RCM; Heidelberg Engineering GmbH, 
Heidelberg, Germany). A 63 × objective lens with a numerical aperture of 0.9 and a close working distance 
relative to the applanating TomocapTM (Heidelberg Engineering GmbH, Heidelberg, Germany) was used to 
ensure that the images were of good quality. The IVCM field of measurement was set as 400 × 400 µm with a 
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1-µm laser beam spot to ensure better coverage of measurement. The optical resolution for the two-dimensional 
digital image was 384 × 384 pixels. Live imaging of the cornea was performed using a charge-coupled device 
camera attached to a microscope to enable the examiner to determine the exact location for examination. KCD 
was measured with IVCM preoperatively and 1 and 3 months postoperatively by a single expert technician 
blinded to the group assignment. Only 10% of the anterior stromal layer was examined and analyzed, as described 
previously [14]. 

Before the IVCM procedure, a drop of genteal gel (GentealTM Gel; Alcon Pharmaceuticals Ltd., Switzerland) 
was applied onto and over the objective tip, as was instilled at the tip of the microscope objective lenses, to 
provide cushioning and eliminate bright reflection before positioning the objective lens in front and at the 
center of the cornea to obtain a flat field image. A scanning process called confocal microscopy through-focusing 
(CMTF) was used together in this machine for image capturing. CMTF scans were performed by scanning the 
image from the endothelium to the epithelium using a lens moving at a constant speed, and simultaneously, the 
image was collected using the HRT built-in software [24].

Data were analyzed using IBM SPSS Statistics for Windows (version 25.0; IBM Corp., Armonk, NY, USA). 
Normality of data distribution was evaluated using the Shapiro – Wilk test. The independent t-test was used to 
compare differences between Systane® Hydration and Systane® Ultra ATs in regenerating KCD. The repeated-
measures analysis of variance was used to compare the progression of KCD after AT instillation preoperatively 
and 1 and 3 months postoperatively. The mean values of the 1- and 3-month postoperative KCD were compared 
with the baseline in each group using the paired t-test. A P-value < 0.05 was considered to indicate statistical 
significance.

Figure 1. CONSORT flow diagram of the study process showing allocation of participants to group 1 or 2. Abbreviations: N, 
numbers; AT, artificial tear. Note: Eyes in group 1 received Systane® Hydration (Alcon Laboratories, Inc., Fort Worth, TX, USA) 
artificial tear (AT), and eyes in group 2 received Systane® Ultra (Alcon Laboratories, Inc., Fort Worth, TX, USA) AT.
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Lost to follow-up (N = 0) 
All the patients attended at 1- and 3-month postoperative 
visits with no complications noted.  

Follow-Up 

Lost to follow-up (N = 0) 
All the patients attended at 1- and 3-month post-operative 
visits with no complications noted.  
  

Analyzed (N = 30 eyes)  
• Excluded from analysis (N = 0) 

Analysis 

Analyzed (N = 30 eyes)  
• Excluded from analysis (N = 0) 
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RESULTS
We included 60 eyes of 30 participants with a mean (standard deviation [SD]) age of 21.34 (1.85) years and 
a male-to-female ratio of 1:1 who completed 3-month post-FS-LASIK surgery follow-up. KCD did not differ 
significantly between the two groups at any visit (all P > 0.05; Table 1 and Figure 2); nevertheless, the mean KCD 
reduced up to 1 month postoperatively in both groups and then slightly increased to 3 months postoperatively in 
group 1 but continued to decrease in group 2 (Table 1 and Figure 2). 

Intragroup comparisons revealed that the eyes treated with either ATs significantly reduced in KCD between 
preoperative and 1-month postoperative visits and between preoperative and 3-month postoperative visits (all 
P < 0.05; Table 1). No treatment-related complications were observed during the follow-up.

DISCUSSION
The impact of ATs on KCD was evaluated with the notion that the corneal flap process can generally reduce KCDs 
[3]. KCD was significantly reduced at 1 and 3 months postoperatively compared to the baseline mean values 
in both groups. The mean KCD did not differ significantly between the two groups at any postoperative visit. 
However, the mean KCD had slightly increased in Systane® Hydration-treated eyes at 3 months postoperatively 
compared to 1 month postoperatively; nevertheless, in Systane® Ultra-treated eyes, this was reverse. 

The corneal healing process involves a series of complex sequential processes, such as activation of keratocytes 
called fibroblasts, the action of immune cells, and cell migration and proliferation in stromal framework cells 
[25]. HA can be divided into high-molecular-weight hyaluronic acid (HMW HA) and low-molecular-weight 

Figure 2. The line graph shows the trend of keratocyte cell density (cell / mm2) changes at all visits for groups 1 and 2. 
Abbreviations: cells/mm2, cells per square millimeter. Note: Eyes in group 1 received Systane® Hydration (Alcon Laboratories, 
Inc., Fort Worth, TX, USA) artificial tear (AT), and eyes in group 2 received Systane® Ultra (Alcon Laboratories, Inc., Fort Worth, 
TX, USA) AT; Both AT types exerted a comparable effect on postoperative KCD up to 3 months.

Table 1. Intragroup and intergroup comparisons of keratocy cell density

Time Point Variable Group 1 (n = 30) Group 2 (n = 30) Intergroup P-value

Baseline, Mean ± SD KCD (cell / mm2) 500.3 ± 69.8 516.3 ± 51.5 0.589

1-month post-op, Mean ± SD
KCD (cell / mm2) 305.6 ± 51.0 368.0 ± 83.9

0.079
Intragroup P-value 0.001 0.014

3-month post-op, Mean ± SD
KCD (cell / mm2) 315.3 ± 45.8 350.7 ± 72.7

0.234
Intragroup P-value  < 0.001 0.008

Abbreviations: n, number of included eyes; KCD, keratocytes cell density; cells / mm2, cells per square millimeter; SD, standard 
deviation; post-op, postoperative visit. Note: P-values < 0.05 are shown in bold; Intergroup P-value, P-value for comparing KCD 
between two groups at each visit; intragroup P-value, P-value for comparing KCD at each postoperative visit with baseline values 
in group 1 or 2; Eyes in group 1 received Systane® Hydration (Alcon Laboratories, Inc., Fort Worth, TX, USA) artificial tear (AT), 
and eyes in group 2 received Systane® Ultra (Alcon Laboratories, Inc., Fort Worth, TX, USA) AT.
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hyaluronic acid (LMW HA) [26], and Systane® Hydration contains LMW HA [27]. HA-containing ATs, 
such as Systane® Hydration, support corneal cell migration and wound healing [28]. The presence of HA as a 
component in the formulation [27] could impart anti-inflammatory and antioxidant properties [29]; thus, HA 
may play a role in wound healing induced by surgery and ocular injuries. Although HA has been noted to rapidly 
increase cell migration compared to other cell culture approaches [30], its role in inflammation differs based 
on its molecular weight. HMW HA displays anti-inflammatory activity, whereas LW degradation products 
of HA can induce inflammation [27, 31, 32]. Considering the presence of LMW HA in Systane® Hydration 
formulation and slight improvement in KCD 3 months postoperatively in the treated eyes necessitate further 
investigation on this AT and other available ATs that contained LMW HA, such as Zolag (Laboratories Grin, 
Mexico D.F., Mexico), Hyabak (Thea Pharmaceuticals, Keele, Newcastle-under-Lyme, UK), and Thealoz Duo 
(Thea Pharmaceuticals) [27] to discover their exact effects and underlying mechanism on recovering of KCD 
after KRS. 

Sodium hyaluronate (SH) containing ophthalmic solutions are the gold standard method for treating dry 
eye disease [33]. Both ATs used in this study contained SH [34]. The presence of SH in Systane® Hydration 
was better than Systane® Ultra in terms of keratocyte regeneration 3 monthly postoperative; nevertheless, the 
difference did not reach statistical significance. This could be because of its ingredients, based on non-sulfated 
glycosaminoglycan, which retains and binds to water molecules [35, 36]; nevertheless, the validity of this 
justification should be tested further.

We measured KCD of 10% of the anterior stroma layer. Groups 1 and 2 had comparable mean (SD) values of 
500.3 (69.8) and 516.3 (51.5) cell / mm2 preoperatively, respectively, 305.6 (51.0) and 368.0 (83.9) cell / mm2 
1 month postoperatively, respectively, and 315.3 (45.8) and 350.7 (71.7) cell / mm2 3 months postoperatively, 
respectively. Using the same instrument, Alvani et al. [37] reported a mean (SD) anterior KCD of 910 (38) 
cell / mm2 in the eyes with normal virgin corneas. Li et al. used a similar instrument and selected two high-
quality scans in the central cornea from the layer in the cap or flap 10 µm anterior to the interface (pre-IF) 
and two from the layer in the stroma 10 µm posterior to the interface (post-IF) to count the KCD [38]. The 
mean (SD) values for mean KCD in pre- and post-IF regions in the FS-LASIK-treated eyes at baseline were 230 
(26.6) and 221.2 (28.6) cells / mm2 preoperatively, respectively, 174.0 (46.1) and 138.2 (30.3) cells / mm2 at 1 
month postoperatively, respectively, and 150.6 (39.5) and 135.1 (30.0) cells / mm2 at 3 months postoperatively, 
respectively. Despite using the same instruments, mean values differed among studies, which could arise from 
differences in the exact area of measurement due to depth-dependent changes in KCD [39, 40] or different racial 
backgrounds of the study population. Niederer et al. used IVCM in the eyes with keratoconus and observed a 
significant difference in cell density when the groups were subanalyzed for ethnicity [41]. Future studies that 
define the precise depth of measurement in different ethnic groups are required to verify our results. 

KCD reduced significantly from the preoperative value to the 1-month postoperative value and from the 
preoperative value to the 3-month postoperative value in the eyes treated with ATs. Likewise, Li et al. noted 
an immediate decrease in pre- and post-IF KCD after FS-LASIK surgery and found no signs of recovery at the 
6-month follow-up [38]. In the 15 eyes of 15 healthy individuals who had undergone myopic LASIK surgery, 
Moilanen et al. found a statistically significant decreasing trend in anterior KCD at 3 months, 6 months, and 
2 years postoperatively [42]. Canadas et al. used a similar instrument in the 31 eyes of 31 patients who had 
undergone FS-LASIK surgery and found a reduction in KCD throughout the stromal flap (flap average) and 
in the stromal bed at 15 months compared to that at 3 months postoperatively and controls. It remained stable 
afterwards and did not differ significantly between the KCD measured 15 months and 3 – 5 years postoperatively 
[43]. These findings indicate that the KCD values and rate of regeneration differ with the follow-up duration. 
Therefore, a similar interventional study with a longer follow-up period may reveal the effects of ATs on KCD 
regeneration.

This study found comparable outcomes in postoperative KCD using two types of ATs, and the measurements 
were performed in real time with good accuracy. KCD was significantly reduced at 1 and 3 months postoperatively 
compared to the baseline mean values in both groups. However, this study has some limitations. First, the low 
frequency of drops may have affected the outcome, as a single drop may have been inadequate. Second, selecting 
the surgical approach was limited because we only included FS-LASIK-treated eyes. Third, a control group was 
lacking to compare the outcome of both interventions with the eyes that did not receive ATs to interpret whether 
or not the observed trend in KCD resulted from a natural postoperative recovery trend or instilled ATs. Finally, 
the effects could be extended to a longer postoperative period to evaluate the recovery. Future trials addressing 
these limitations are necessary before generalizing the research outcomes.
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CONCLUSIONS
Overall, the eyes in both treatment groups experienced a reduction in KCD up to 3 months post-FS-LASIK 
surgery compared to baseline. Both ATs had a comparable effect on postoperative KCD up to 3 months 
postoperatively without complications. Future studies with more frequent administrations of ATs, longer 
follow-up periods, and the addition of a control group are required before the preliminary outcomes of the 
current study can be generalized.
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