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Abstract: Purpose: To show how a private eye care center in Turkey initiated Six Sigma principles to reduce the number
of complications encountered during and after femtosecond laser-assisted LASIK (IntraLase) surgeries.

Method: Data were collected for five years. To analyse the complications among 448 surgeries, main tools of Six
Sigma’s Define-Measure-Analyze-Improve-Control (DMAIC) improvement cycle such as SIPOC table, Fishbone Diagram
and, Failure, Mode and Effect Analysis were implemented. Sources and root causes of seventeen types of complications
were identified and reported.

Results: For a successful IntraLase surgery, experience of the refractive surgeon, patient’s anatomy and calibration of
laser power were determined to be the “critical few” factors whereas, patient’s psychology, sterilization and hygiene, and
suction-ring’s pressure were found to be the “trivial many” factors. The most frequently occurring complication was found
to be subconjunctival haemorrhage.

Conclusion: The process sigma level of the process was measured to be 3.3547. The surgical team concluded that
sixteen complications (out of seventeen) should be significantly reduced by taking the necessary preventive measures.
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INTRODUCTION

Laser in situ keratomileusis (LASIK) is currently the
most popular and satisfactory refractive surgery
procedure in the world. Solomao et al. [1] conducted a
literature search for the years 1988 to 2008 and
reported that the patient satisfaction rate after myopic
LASIK was 95.3%, and after hyperopic LASIK was
96.3%.

The critical step of LASIK surgery is the creation of
the corneal flap [2]. The two most common ways to
create the flap are with a femtosecond (FS) laser or
mechanical microkeratome, both of which have
different mechanisms of action to create corneal
resections [3]. The safety of mechanical
microkeratomes has improved remarkably over the
years but complications still occur, especially in
patients with thin, flat or steep corneas [2]. In addition,
the mechanical nature of the cut can be unappealing
for the patient. Preparation of the corneal flap with a FS
laser appears to overcome these problems [4]. Thus, in
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recent years, FS laser flap creation is rapidly gaining
popularity because both surgeons and patients realize
the increased accuracy and safety of these instruments
over mechanical microkeratomes [5]. By 2010, over
50% of the LASIK procedures in the United States
were performed with the FS laser [6].

The FS laser represents a significant progress in
the field of refractive surgery [6]. The list of its
applications is expanding and the benefits in terms of
improved safety and efficacy is making the FS
technology the gold standard in some surgical
techniques [7]. Moreover, since the introduction of the
FS laser and its approval by the FDA for patient use in
2001, several technological advances have been
implemented, have reduced flap creation times and
allowed for reduced energy levels [6].

Compared to mechanical microkeratomes, FS
lasers create flaps with exact size, shape and depth,
with more predictable, desirable planar configuration
and uniform thickness [8]. They are also capable of
creating more predictable, more vertical and desirable
side-cut profiles and allow the surgeon to specify the
side-cut angle [6].
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Refractive surgeons need to be aware of the types
of complications that can occur, how to refrain from
them and how to manage them to ensure the best
possible outcomes. Many of the complications such as
buttonhole or freecaps, anterior chamber penetration,
flap displacement and epithelial ingrowth are reported
to have been eliminated or reduced to lower levels by
the use of the FS laser [6]. However, an increase in
Diffuse Lamellar Keratitis and other entities such as
Transient Light Sensitivity Syndrome and rainbow glare
have been described [6]. Possible other complications
occuring during or after the IntraLase surgery were
given to be iatrogenic keratectasia, flap tears, irregular
astigmatism, flap wrinkling, transient light sensitivity
syndrome, anterior chamber bubble formation, vertical
gas breakthrough, the opaque bubble layer, dry eye
and rainbow glare [9-11].

Haft et al. [12] reported that less than 0.92% of the
eyes in his study had direct and indirect complications
due to FS flap creation and added that 0.42% of the
eyes had developed DLK; 0.25% had had TLSS;
0.17% had had premature gas breaktrough; 0.06% had
had incomplete flaps due to suction loss; and 0.02%
had had irregular flap due to previous corneal scar. In
another study by Davison and Johnson [13], in the
3009 consecutive IntraLaser surgeries from August
2002 through July 2009, eleven (0.37%) intraoperative
complications occurred. Eight of these were suction
breaks; one of them was incomplete flap; two cases of
adherent flap were reported to be adherent flap.

The FS lasers have a particular range of adjustable
parameters that can be controlled by the refractive
surgeon. However, as with any surgical procedure,
there is a learning curve associated with using the FS
laser. Thus, a thorough understanding of the common
parameters and their impact on flap creation is
necessary for a surgeon to optimize the FS laser
settings. The important parameters are flap thickness,
bed energy, flap diameter, spot size and separation,
pocket profile, side cut angle/energy, and hinge
location. As the refractive surgeon gains more
interoperative experience, fine-tuning adjustments can
be made with various parameters to minimize side
effects and facilitate flap creation [6].

The use of Six Sigma, as a quality improvement
method, can improve the surgical safety, efficiency and
accuracy of many ophthalmic surgeries [14]. Originally
initiated by Motorola, Honeywell and General Electric
[15], Six Sigma is a powerful performance improvement
tool that is changing the face of modern healthcare

delivery today [16]. Although it was initially introduced
for the manufacturing processes, it is being
implemented in diagnostic imaging processes [17],
emergency room [18], paramedic backup [19],
laboratory [20], cataract surgery [14], radiology [21],
surgical site infections [22], microkeratome assisted
LASIK surgery [23], strabismus surgery [24] and stent
insertion [25] as a cost-effective way to improve quality,
performance and productivity [16].

A Six Sigma process produces 3.4 defective parts
per million opportunities (DPMO) [26]. As a method to
eliminate errors, Six Sigma uses a structured
methodology called DMAIC to find the main causes
behind problems and to reach near perfect processes.
DMAIC is useful to analyze and modify complicated
time-sensitive healthcare processes involving multiple
specialists and treatment areas by identifying and
removing root causes of errors or complications and
thus minimizing healthcare process variability [16].

In this study, a Six Sigma infrastructure was
developed for a private Turkish eye center in order to
improve the outcomes of their IntraLase surgery
process. In addition, sigma level of each type of
complication are calculated and reported.

ANALYSIS

Application of Six Sigma’s DMAIC for IntraLase
Surgery

DMAIC is a data-driven quality strategy for
improving healthcare processes, and is an integral part
of the healthcare institution’s Six Sigma Quality
Initiative [16]. It is an acronym for five interconnected
phases: Define, Measure, Analyze, Improve, and
Control [16]. Each step in the cyclical DMAIC Process
is required to ensure the best possible results. First, the
problem, objectives, core process and Critical-to-
Quality issues are defined. Next, the data are collected
to measure the defect rate. Then, they are analyzed
and root causes of defects and opportunities for
improvement are determined. Following this, the
current process is improved by designing a new
process to fix and prevent problems. An
implementation plan is developed and deployed.
Finally, the improvements to keep the process on the
new course are continuously monitored, controlled and
institutionalized.

The eye care center decided that Six Sigma was the
best way to achieve their goals. A surgical team was
assembled and trained in the methodology. Committed



128 International Journal of Statistics in Medical Research, 2014, Vol. 3, No. 2

Sahbaz et al.

and consistent leadership to overcome the
complications was assured by this team. The surgical
team firstly generated a SIPOC (Supplier, Input,
Process, Output and Customer) Table for IntraLase
surgery process (Table 1).

The surgical team defined the performance
objective as patients with corrected refractive error
after nearly perfect IntraLase procedures; or as
patients with “Emmetropia” after perfect IntraLase
procedure, i.e. no refractive error. They also defined a
complication as any unwanted outcome inhibiting the
patient to be cured and stable. It compounds the illness
and decreases the patient’s quality of life or prolongs
the planned hospital stay [25]. To achieve the
performance objective, the surgical team first
determined CTQ factors by brainstorming. The CTQ
factors were those factors that might have had an
influence on the objective.

The surgical team determined the metrics to
measure existing process. The metrics chosen for the
Six Sigma study were:

1. Total number of IntraLase surgeries performed in
the eye care center,

Table 1: SIPOC Table for IntraLase Surgery

2. Number of complications.

Data were collected for a period of 5-years. In this
period, IntraLase surgeries were performed on 448
eyes. Complications had been noted as they occurred.
The surgical team identified seventeen types of
complications and classified them as how soon they
occur, i.e. acute and/or sub-acute (Table 2). Sources
(Table 3) and root-causes (Table 4) of these
complications are tabulated by type.

The incidence of complications depends on multiple
sources (variables). Measurement variables, surgeon
variables, staff variables, patient variables, suction-ring
variables, and laser variables were all evaluated to
assess the root-cause of a complication (Tables 3 and
4).

The surgical team analysed the occurrence
frequency of each complication (Table 4) and related
them with the root-causes on Table 4. The analysis
revealed that Type I, Il and lll were the three most
frequently occurring complications in the IntraLase
surgeries (Table 4). Then, they classified the CTQs as
“vital few factors” and “trivial many factors” according to
how frequent they caused the complications. The “vital

SUPPLIER INPUT PROCESS OUTPUT CUSTOMER
Ocular examination (i.e. acuity testing, refraction, computerized
videokeratography, wave front analysis if available, slit-lamp
Refractive ) examination, retinal evaluation, eye dominance testing, and ) )
surgeon Patient evaluation for monovision when appropriate), Emmetropia Patient
Measurement of pupil size,
Schirmer test
Biomedical L Biometric measurements, Corrected
technician aser Corneal topography. refractive error
Nurse Microscope Evaluation by refractive surgeon
Room setup,
JOyStiCk, Dlsplay Laser Setup’
panel, Keyboard, Procedure programming (depth, size, hinge),
Laser console, Laser Patient preparation
aperture and loading prep ’
deck, Head positioning,
Beam delivery Center or Offset treatment,
Laser device, Suction Ring Assembly,
technician
Control panel, Applanation,
Articulated arm,
Edge release,
Pre-sterilized single- .
use, disposable Lifting of Fhe flap,
applanation cones, Ablation,
Suction rings Syringe Repositioning of the flap,
Irrigation.
Discharge
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Table 2: Complications Experienced (May 2008 — December 2013)

Complication Intra-Operative Post-Operative Acute Sub-Acute
Type | Subconjunctival haemorrhage X X X
Type Il Photophobia X X X
Type I Punctate Epitheliopathy X X
Type IV Overcorrection X X X
Type V Incomplete flap X X
Type VI Undercorrection X X X
Type VIl Chemosis X
Type VIl Sidecut inefficiency (use of scissors) X X
Type IX Sidecut ineﬁ?ciency X X
(use of syringe)
Type X Lamellar Keratitis at peripheral flap borders X
Type XI Flap wrinkling X
Type Xl Dry eye X
Type XIlll Diffuse Lamellar Keratitis X X
Type XIV Decenteralised flap X X
Type XV Suction loss X X
Type XVI Interface debris X X
Type XVII Tear in flap X X
Table 3: Sources of Complications
Measurement Surgeon Staff Patient Suction-ring Laser
Type | X
Type Il X
Type I
Type IV X X X
Type V X
Type VI X X X
Type VII X
Type VIl
Type IX
Type X X X
Type XI X X
Type Xl X
Type Xl X X
Type XIV X
Type XV X X
Type XVI
Type XVl X
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Table 4: Root-Causes of Complications

Experience

Calibration
(Laser Power)

Sterilization
And
Hygiene

Patient’s
Anatomy

Patient’s
Psychology

Suction
Ring’s
Pressure

Type |

X

Type Il X

Type

Type IV X X

Type V

Type VI X

Type VIl

Type VIII X

Type IX X

Type X

Type XI X

Type XIl

Type Xl

X | X | X | X

Type XIV

Type XV

Type XVI

X | X | X | X|X

Type XVII

few” factors, i.e. the factors that had the most impact
on the success of IntraLase surgery were determined
to be the experience of the refractive surgeon, patient’s
anatomy and calibration of laser power. The other
factors, i.e. patient's psychology, sterilization and
hygiene, and suction-ring’s pressure were the “trivial
many”.

DISCUSSION

To measure the current sigma level of a
complication, surgical team calculated the current
Defects per One Million Opportunities (DPMO) and
sigma levels for each complication type (Table 5). For
this, two distinct datasets are required:

A = Total number of IntraLase surgeries performed.
B = Total number of complications occurred.

The DPMO formula is:

DPMO = B x 1,000,000/A

Normal distribution underlies Six Sigma’s statistical
assumptions [14]. An empirically-based 1.5 sigma shift
is introduced into the calculation [14]. A higher sigma

level indicates a lower rate of complications and a more
efficient process [25].

The highest sigma level was obtained for Type XVII.
The lowest sigma level was found to be belong to Type
I. Taner et al. [25], determined a sigma level of 4.00 as
the cut-off for being a complication to be significantly
reduced.

The surgical team also calculated the process
sigma level as the arithmetic average of seventeen
complications and found to be 3.3547.

Risk assessment of the IntraLase surgery was
achieved by the failure mode and effect analysis
(FMEA). Utilization of the FMEA involved break down
the process into individual steps: potential failure
modes (i.e. complications), severity score, probability
score, hazard score, criticality and detection, so that
the surgery team could look at key drivers in the
process based on the past experience.

Complication trends and their consequences over a
five-year period had been monitored and recorded.
Surgical team prioritized the complications according to
how serious their consequences were (i.e. severity
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Table 5: Cumulative Frequency, DPMO and Sigma Levels

Count Frequency (%) DPMO Sigma Level
Type | 358 79.91 799107 0.66
Type Il 62 13.83 138393 2.59
Type Il 44 9.82 98214 2.79
Type IV 16 3.57 35714 3.30
Type V 12 2.67 26786 3.43
Type VI 12 2.67 26786 3.43
Type VI 12 2.67 26786 3.43
Type VI 10 2.23 22321 3.51
Type IX 9 2.00 20089 3.55
Type X 8 1.78 17857 3.60
Type XI 8 1.78 17857 3.60
Type Xl 8 1.78 17857 3.60
Type Xl 7 1.56 15625 3.65
Type XIV 6 1.33 13393 3.71
Type XV 4 0.89 8929 3.87
Type XVI 3 0.66 6696 3.97
Type XVII 1 0.22 2232 4.34

score), how frequently they occurred (i.e. probability
score) and how easily they could be detected. Hazard
analysis was employed in order to identify failure
modes and their causes and effects. The surgery team
determined the severity of each complication and
assigned scores for them. The severity of each
complication was scored from 1 to 4 (Table 6).

For each complication type, the hazard score was
calculated by multiplying the severity score with the
probability score. Consequently, an FMEA table was
drawn (Table 7). Being not an important complication
individually for any patient but the most frequently
occuring one by far, Type | yielded the highest hazard
score. Type V and VI were equally hazardous
complications and so were Type X and Xll. According
to FMEA, Type XVII was the least hazardous
complication.

The surgical team developed preventive measures
for each type of complication in order to bring the
overall IntraLase process under control. They also
noted that there had still been limited progress in
understanding the basic mechanisms underlying the

Table 6: Severity Scores

complications such as Type X and Xlll. Nonetheless,
they implemented the following corrective action plan to
reduce and/or eliminate other complications.

It is underlined that proper laser room environment
is critical for the surgical success of IntraLase and that
it required proper cleaning, assembly and accurate
calibration and setup of the laser. Appropriate humidity,
temperature, and air purification must be present in the
laser room at all times. Proper and periodic
maintenance of the FS laser by the technician is also
an obligation.

It is suggested that complications related directly to
the FS laser are largely preventable if the laser is
working properly and its beam centration, fluence and
beam quality are evaluated critically prior to surgery.
Energy fulence and beam quality of the FS laser must
be routinely calibrated and evaluated.

Since intraocular pressure is increased during the
IntraLase surgery, it is suggested that care must be
taken to minimize fixation and applanation times and
that incomplete applanation may result in thin or non-
uniform flap thickness.

Severity Score 4

3

Permanent harm

Severity of Complication

Temporary harm

Bias No harm
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Table 7: FMEA Table

Complication Type Hazard Analysis Decision Tree Analysis
Severity Probability Hazard
Score Score Score Critical? Detectable?
Type | 1 0.7991 0.7991 No Yes
Type Il 3 0.1383 0.4149 Yes Yes
Type Il 2 0.0982 0.1964 No Yes
Type IV 4 0.0357 0.1428 Yes Yes
Type V 4 0.0267 0.1068 Yes Yes
Type VI 4 0.0267 0.1068 Yes Yes
Type VI 1 0.0267 0.0267 No Yes
Type VI 3 0.0223 0.0669 Yes Yes
Type IX 3 0.0200 0.0600 Yes Yes
Type X 3 0.0178 0.0534 Yes No
Type XI 4 0.0178 0.0712 Yes Yes
Type XIl 3 0.0178 0.0534 Yes Yes
Type Xl 4 0.0156 0.0624 Yes No
Type XIV 2 0.0133 0.0266 Yes Yes
Type XV 2 0.0089 0.0178 Yes Yes
Type XVI 2 0.0066 0.0132 No Yes
Type XVII 4 0.0022 0.0088 Yes Yes

The surgical team determined that incomplete flaps
occured due to the contaminated or damaged
applanation cone and suggested its replacement.

It is proposed that prior to surgery, refractive
surgeons give information to patients on the risks of the
laser and overall surgery. In addition, the refractive
surgeon counsels patients to be co-operative during
the surgery. To avoid blefarospasm, patients are asked
to relax during the surgery.

The need to appropriately train the refractive
surgeons on the use of the FS laser, adequate use of
suction-ring and proper cleaning of cornea to avoid
contamination in the lamellar interface is also
discussed.

RESULTS

FS laser is the latest innovation in the field of
ophthalmology with a great future. With its ever-
expanding repertoire of uses, it will soon be used in
almost every aspect of ophthalmic science. It is
expected to completely revolutionize the minimally
invasive ophthalmic surgery and offer new possibilities
in the field of refractive surgery in next five years with
wider range of applications.

Thus, the effectiveness and safety of the FS laser
use in LASIK to correct refractive errors are important

issues. In this study, authors show that seventeen
types of complications are encountered in the eye care
center while performing IntraLase surgeries. The
analysis showed that the IntraLase complications in the
eye care centre had equally occurred both
intraoperatively and postoperatively. Postoperative
complications were almost always related to events
that had occurred during surgery.

It is found that refractive surgeons are in a key
position to eliminate the complications. Their
experience is of utmost importance. Many
complications were related to the learning curve
associated with FS laser use. These complication rates
were reduced as refractive surgeons gained
experience and was trained on how to identify,
minimize or eliminate the sources and root-causes of
the complications.

The process sigma level of the overall process (i.e.
IntraLase surgeries made in 5-years) was measured to
be 3.3547. Sixteen of the more frequently occuring
complications need to be significantly reduced by
taking the necessary preventative measures.
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