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Abstract 

Background: Corneal refractive surgery for myopia results in an oblate shift with increased postoperative aberrations 
inversely affecting the quality of vision. Aspheric ablation profiles have been introduced to minimize such a prob‑
lem. The aim of this study was to compare changes in corneal asphericity, central and mid‑peripheral pachymetry 
between the Q‑value customized and the wavefront‑optimized (WFO) ablation profiles.

Methods: A prospective, comparative non‑randomized fellow eye study was conducted. Eighty eyes of 40 eligible 
patients underwent femtosecond laser‑assisted laser in situ keratomileusis for myopia and myopic astigmatism. In 
each patient, the more myopic eye was included in the custom‑Q ablation experimental group and the other less 
myopic eye was included in the WFO control group. For the custom‑Q group, the target asphericity was set to the 
preoperative Q‑value. Corneal asphericity, central and mid‑peripheral pachymetric changes and the root mean square 
of corneal higher‑order aberrations (RMSh) were assessed 6 months following surgery. Visual and refractive outcomes 
were also evaluated in both platforms 6 months postoperatively.

Results: The mean preoperative refractive spherical equivalent was significantly more myopic in the custom‑Q group 
than in the WFO group (P = 0.001). The mean Q‑value changed from − 0.2 ± 0.1 to 0.6 ± 0.7 and from − 0.2 ± 0.1 to 
0.4 ± 0.5 in the custom‑Q and WFO groups, respectively. The oblate shift in corneal asphericity was not significantly 
different between both treatment groups (P = 0.094). The mean ablation depth at the pupillary center was signifi‑
cantly greater in the custom‑Q group (P = 0.011), while there was no significant difference at the mid‑peripheral 
pachymetry (P = 0.256). The RMSh significantly increased in both treatment profiles (P < 0.001) with no significant dif‑
ference between the two groups (P = 0.06). The uncorrected distance visual acuity (UDVA) and the manifest refraction 
spherical equivalents (MRSE) significantly improved in both treatment groups (P < 0.001).

Conclusions: The custom‑Q treatment profile with target asphericity set at the preoperative Q‑value achieved com‑
parable outcomes vs. the WFO profile in terms of postoperative corneal asphericity and mid‑peripheral pachymetry 
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Background
Myopia and high  myopia which are main causes of 
decreased unaided visual acuity are significantly increas-
ing globally [1]. It is largely accepted as an epidemic and 
thus raises the need for measures to prevent its onset and 
slow down its progression as well as promoting the access 
to appropriate and accurate refractive correction [2–4].

Normally, the cornea is aspheric in shape and changes 
in the radius of the curvature from the apex to the 
periphery is expressed numerically as the “Q-value”. 
Curvature flattening or steepening towards the corneal 
periphery has a negative or a positive Q-value, respec-
tively. In the general population, the Q-values range 
from − 0.8 to + 0.4 with a mean of − 0.2 [5, 6]. The aver-
age Q-value associated with the least spherical aberra-
tions was found to be about − 0.27 on corneal topography 
and about − 0.53 on whole eye wavefront aberrometry 
[7–10]. A midway value of about − 0.4 was suggested 
based on an aspheric eye model [11].

Unfortunately, the standard treatment of myopia with 
the conventional laser assisted in  situ keratomileusis 
(LASIK) is inevitably associated with central corneal flat-
tening and change in asphericity towards the oblate shape 
(increase in Q-value). This oblate shift is associated with 
the development of higher-order aberrations (HOAs) and 
degradation of the quality of vision, in terms of contrast 
sensitivity and night vision, despite the improvement in 
visual acuity [12, 13]. Many algorithms were introduced 
to tackle this problem, the so-called “aspheric ablation 
profiles”, such as the wavefront-guided (WFG), wave-
front-optimized (WFO) and the custom-Q factor abla-
tion profiles [14].

The WFO ablation profile was designed to pre-com-
pensate for the expected amount of HOAs induced by 
the conventional LASIK in the average eye but with-
out changing the pre-existing optical aberrations. The 
peripherally sloping cornea leads to obliquity of the angle 
of incidence of the conventional LASIK pulses, known 
as the cosine effect [15], which leads to a significant 
decrease in the efficacy of ablation and hence a decrease 
in the ablation depth intended in the cornea’s periph-
ery. The WFO profile in myopic correction significantly 
increases the depth of ablation in the mid-periphery of 
the optical zone by up to 35% than in the classic profile. 
It helps preserving the normal corneal prolateness but 

doesn’t aim for adjusting the amount of corneal aspheric-
ity [6, 14].

The aspheric ablation profile of Q-adjusted treatments 
offers the ability to obtain a desired postoperative asphe-
ricity target, through modifying the mean corneal asphe-
ricity by symmetrically adjusting the number of laser 
pulses in the mid-periphery of the optical zone [16, 17]. 
However, the Q-adjusted treatments may lead to hypo- 
or hypercorrections derived from changes in corneal 
asphericity, especially with higher errors, necessitating 
adjustments in the refractive nomogram [18–20].

Previous studies compared different aspheric ablation 
profiles with special reference to the observed changes 
in central pachymetry or pachy-apex using variably 
adjusted custom-Q ablation nomograms [21–23]. The 
aim of this study is to compare the Q-value customized 
(asphericity-guided) and WFO ablation profiles focusing 
on the observed changes in mid-peripheral pachymetry. 
We also investigated the keratorefractive outcomes of 
the custom-Q ablation platform utilizing the preopera-
tive Q-value as the target asphericity to better compare 
the impact of both ablation profiles on corneal aspheric-
ity as well as to decrease the need for custom-Q ablation 
nomograms suggested by earlier studies [19, 24].

Patients and methods
Study design and patient selection
This prospective, comparative non-randomized fellow 
eye study was conducted at Tiba Eye Center (private prac-
tice) from June 2020 to June 2021 and included 80 eyes 
of 40 consecutive patients. All patients were informed 
about the risks and benefits of the procedure and a writ-
ten informed consent was obtained. The study included 
candidates undergoing femtosecond laser-assisted laser 
in situ keratomileusis (FS-LASIK) for myopic correction 
with or without myopic astigmatism. Our inclusion cri-
teria were eyes with manifest refraction spherical equiva-
lent (MRSE) up to − 12 diopters (D), corneal thickness at 
thinnest location ≥ 500 μm with the estimated postopera-
tive residual stromal bed (RSB) of at least 60% of the thin-
nest pachymetry [25].

We excluded patients with unilateral myopia, hyperopic 
refractive error, mixed astigmatism, previous corneal sur-
gery, ocular diseases, and those with contraindications 
to keratorefractive surgery such as significant dry eye, 

despite the greater amount of ablation, the smaller optical zone, and the resulting increase in postoperative corneal 
flattening in the custom‑Q group.

Trial registration (Clinicaltrials.gov): NCT04738903, 4 February 2021‑ Retrospectively registered, https:// clini caltr ials. gov/ 
ct2/ show/ NCT04 738903
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recurrent epithelial erosions, systemic autoimmune dis-
eases and pregnant or lactating females.

In a fellow-eye study pattern, the eye that had a greater 
myopic MRSE was included in the custom-Q treatment 
group (experimental group) while the other eye with the 
less myopic MRSE was included in the WFO treatment 
group (control group). Eyes in each group were further 
stratified according to the degree of myopia into mild 
myopia (MRSE up to − 3.00 D), moderate myopia (MRSE 
from − 3.00 D to − 6.00 D), and high myopia (MRSE 
higher than − 6.00 D).

Preoperative assessment
Preoperative assessment included a detailed history tak-
ing, exclusion of contact lens use in the past two weeks 
and a complete ocular examination. Refractive assess-
ment involves measurement of the uncorrected distance 
visual acuity (UDVA), manifest refraction, corrected dis-
tance visual acuity (CDVA) using logarithms of minimum 
angle of resolution (logMAR) 4  m chart (Sussex Vision, 
Inc., Rustington, UK), and cycloplegic refraction. Slit-
lamp biomicroscopy of anterior and posterior segment, 
intraocular pressure (IOP) assessment and Schirmer I 
test were also evaluated. Corneal tomography using the 
Pentacam (Oculus Pentacam HR, Oculus GmbH, Ger-
many) was the standard tool for keratorefractive evalua-
tion. The Pentacam capture was automatically triggered 
and only captures with good quality specification were 
used. Captures of low quality such as data gaps, blink, 
model or had extrapolated data to the central 8  mm 
were omitted. The preoperative Q-value for each eye was 
determined by calculating the average of three Q-value 
readings of three good quality captures (front surface 
Q-value at 6  mm). The root mean square of corneal 
HOAs (RMSh) was extracted from Pentacam by export-
ing data from OcuLink software to the  EX500® (Wave-
Light, Alcon lab, TX, USA) and then obtained from the 
ablation profile through the Zernike icon. The mean mid-
periphery pachymetry was calculated for each eye by 
dividing the sum of 8 pachymetry points at the 4–6 mm 
zone in the pachymetry map by their numbers. One oph-
thalmologist (MM) performed all the preoperative clini-
cal and investigatory assessments.

Surgical technique
In both treatment groups, data entry in the EX500® treat-
ment planning section included the patient’s refraction, K 
readings, thinnest pachymetry and optical zone diameter. 
In addition, the custom-Q profile data involved entry of 
Q1 and Q2 values (Q-values at the horizontal and verti-
cal meridians in the topometric map of the corneal front 
at 6 mm, the average of both values is the front surface 

Q-value at 6 mm). The target postoperative Q-value was 
set the same value of the preoperative Q-value.

The target postoperative refraction was set to emme-
tropia. The only exception for intentional refractive 
undercorrection was if the assumed RSB was out of the 
safe thickness limits even with decreasing the optical 
zone to 6 mm. The Wellington nomogram was the nomo-
gram of choice implemented for both groups as recom-
mended by the manufacturer regardless of the degree of 
myopia or optical zone diameter.

All patients underwent corneal flap creation using 
the femtosecond laser WaveLight  FS200® (Alcon lab, 
TX, USA). The FS200 used a 200  kHz repetition rate, 
1030  nm wavelength, a 6  µm spot size and laser pulse 
energy set at 0.8 µJ. The flap diameter was planned to be 
9  mm in diameter with a superior hinge and a side cut 
angle of 90° in all eyes, while flap thickness ranged from 
90 to 130  μm according to the patient’s keratorefrac-
tive profile and the surgeon’s preference. Excimer laser 
for myopia and/or myopic astigmatism correction was 
then performed using WaveLight  EX500®. Postoperative 
treatment included a combination of Dexamethasone 
0.1% and Tobramycin 0.3% eye drops four times daily for 
one  week (TobraDex, Alcon) and topical lubricant eye 
drops containing Propylene Glycol 0.3% and Polyethylene 
Glycol-400 0.4% four times daily for 3  months (Systane 
Ultra, Alcon). One surgeon (MA) performed all FS-
LASIK surgeries.

Postoperative follow‑up
Follow-up visits were scheduled at the first postopera-
tive day, 2 weeks, 1 month, and 6 months postoperatively. 
Masking of the outcome assessor was applied at each fol-
low-up visit. One of the authors (who was not involved 
in the non-random contralateral eye selection, preopera-
tive assessment, and surgical intervention) performed the 
postoperative clinical and investigatory assessment using 
the same preoperative tools being masked from know-
ing the aspheric ablation platform used. At each visit, 
slit-lamp examination, UDVA, CDVA, residual refrac-
tive error with calculation of postoperative MRSE were 
documented. Pentacam was scheduled 6  months fol-
lowing surgery to assess postoperative topography, front 
surface Q-value at 6 mm, RMSh, K readings, central and 
mid-peripheral pachymetry. The actual depth of stromal 
tissue ablated was calculated by subtracting the postop-
erative pachymetry value from the preoperative pachym-
etry value.

Statistical analyses
Statistical analyses were performed using the Statisti-
cal Package for Social Science software for Windows 
version 20.0 (Armonk, NY: IBM Corp, Inc, USA). The 
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normal distribution of data was tested using the Sha-
piro-Wilk’s test. Descriptive statistics were evaluated 
to compare patients’ characteristics between groups. 
Independent samples t-test or the Mann-Whitney U 
test was used to compare the differences between the 
two treatment groups when the data were normally 
or non-normally distributed, respectively. On the 
other hand, the paired samples t-test or the Wilcoxon 
signed-rank test was used to compare the preopera-
tive and postoperative values within each treatment 
group when the data were normally or non-normally 
distributed, respectively. Spearman’s rank-order cor-
relation coefficient was used to measure the strength 
and direction of association between variables. P 
values less than 0.05 were considered statistically 
significant.

The sample size was calculated using G power  soft-
ware  v.3.1.3 utilizing t-test for comparison of differ-
ences between two means assuming effect size of 0.28. 
Alpha error probability was set at 0.05 and power of 
0.8 was used.

Results
This contralateral eye study comprised 80 eyes of 40 
patients, 16 males (40%) and 24 females (60%), with a 
mean age of 28.12 ± 7.55 years (range, 20 to 47 years). 
All patients completed their 6-month follow-up 
schedule.

Preoperative data
The preoperative values of the spherical error and MRSE 
were significantly higher in the custom-Q group than 
the WFO group, while the UDVA and CDVA were sig-
nificantly lower. Other parameters showed no signifi-
cant preoperative differences between the two treatment 
groups (Table  1). On further analysis of the refractive 
error into mild, moderate, and high myopia, there were 
significantly more myopic spherical errors and MRSEs 
(P = 0.014 and P = 0.019, respectively) in the custom-Q 
than the WFO group in the high myopia subgroup, but 
non-significant differences were observed in the mild and 
moderate myopia subgroups.

Visual outcome
The UDVA significantly improved, while the CDVA 
showed non-significant change in each of the treatment 
groups even through myopia subgrouping. However, 
both the UDVA and CDVA were significantly better in 
the WFO than in the custom-Q group in preoperative 
and postoperative follow-up (Table 2). In each of myopia 
subgroup, there were non-significant differences between 
the two treatment groups in UDVA and CDVA regard-
ing the preoperative, postoperative and the amount of 
change.

Seven eyes in the custom-Q group (17.5%) achieved 
20/20 UDVA (Fig.  1a); Four eyes in the mild myopia 
(66.7%) and three eyes in the moderate myopia sub-
group (33.3%). For the WFO group, 11 eyes (27.5%) 

Table 1 Preoperative data of both treatment groups

SE = standard error of the mean; CI = confidence interval; LB = lower bound; UB = upper bound; UDVA = uncorrected distance visual acuity; CDVA = corrected distance 
visual acuity; logMAR = logarithms of minimum angle of resolution; MRSE = manifest refraction spherical equivalent; D = diopter; K1 = flat keratometry; K2 = steep 
keratometry; Km = mean keratometry; Pachy. = pachymetry; WFO = wavefront-optimized. P values in bold indicate statistical significance

Parameter Ablation profile groups
Mean ± SE 95% CI (LB, UB)

P value

Custom‑Q profile (n = 40) WFO profile (n = 40)

UDVA (logMAR) 1.30 ± 0.03 (1.23, 1.36) 1.10 ± 0.05 (1.00, 1.20) 0.009
CDVA (logMAR) 0.28 ± 0.03 (0.22, 0.35) 0.17 ± 0.03 (0.10, 0.20) 0.010
Sphere (D) − 6.20 ± 0.48 (− 7.15, − 5.23) − 4.10 ± 0.40 (− 4.90, − 3.30) 0.001
Cylinder (D) − 1.70 ± 0.20 (− 2.10, − 1.30) − 1.50 ± 0.20 (− 1.90, − 1.10) 0.489

MRSE (D) − 7.00 ± 0.48 (− 8.00, − 6.10) − 4.90 ± 0.40 (− 5.70, − 4.0) 0.001
K1 (D) 43.30 ± 0.24 (42.80, 43.80) 43.30 ± 0.30 (42.80, 43.90) 0.967

K2 (D) 44.80 ± 0.24 (44.30, 45.30) 44.60 ± 0.30 (44.10, 45.20) 0.582

Km (D) 44.00 ± 0.24 (43.60, 44.50) 44.00 ± 0.30 (43.50, 44.50) 0.852

Q value − 0.20 ± 0.02 (− 0.25, − 0.17) − 0.20 ± 0.02 (− 0.25, − 0.16) 0.712

Pachy. pupil center (μm) 539.00 ± 4.50 (530, 548) 539.00 ± 4.50 (530, 548) 0.973

Mid‑peripheral Pachy. (μm) 572. 00 ± 4.80 (562, 582) 574.00 ± 4.70 (564, 583) 0.744

Degree of myopia, eyes n (%)

 Mild (≤ − 3.00 D)
 Moderate (− 3.00 to − 6.00 D)
 High (≥ − 6.00 D)

6 (15.0%)
9 (22.5%)
25 (62.5%)

12 (30.0%)
15 (37.5%)
13 (32.5%)



Page 5 of 13Mostafa et al. Eye and Vision            (2022) 9:43  

achieved 20/20 UDVA (Fig. 2a); Seven eyes in the mild 
myopia (58.3%) and four eyes in the moderate myopia 
subgroup (26.7%). None of the eyes achieved 20/20 in 
high myopia in either group. Collectively, for myopia 
up to − 6.00 D, 46.7% of custom-Q group and 40.7% of 
the WFO group achieved 20/20.

In the custom-Q group, one eye (2.5%) gained two 
lines and two eyes (5%) lost one line in the CDVA 
logMAR (in the high myopia subgroup), while 37 
eyes (92.5%) had their preoperative CDVA preserved 
(Fig. 1b). The two eyes in the custom-Q group were in 
the high myopia subgroup and were treated using an 
optical zone of 6  mm; they had an oblate shift of 1.00 
and 1.36, and an increase in the RMSh by 0.71 and 
1.44 µm. In the WFO group, three eyes (7.5%) lost one 
line (two in the high myopia and one in the moderate 
myopia subgroup) while 37 eyes (92.5%) had their pre-
operative CDVA preserved (Fig.  2b). Two of the three 
eyes that lost one line in the WFO group were in the 
high myopia subgroup and were treated using an opti-
cal zone of 6 mm. They had an oblate shift of 1.12 and 
0.30, and an increase in the RMSh by 0.93 and 0.42 µm, 

while the third eye had an oblate shift of 0.98 and an 
increase in the RMSh by 0.17 µm.

Seventeen eyes in the custom-Q group (42.5%) had ani-
sometropia of ≥ 3.00 D (15 eyes in the high myopia sub-
group and two eyes in the moderate myopia subgroup). 
The magnitude of anisometropia ranged from − 3.00 
to − 6.25 D (mean ± SE: − 4.1 ± 0.3  D; 95% CI: − 3.50 
to − 4.70 D). Out of these 17 eyes, there were 12 eyes 
(30% of the custom-Q group, 11 eyes in the high myopia 
subgroup and one eye in the moderate myopia subgroup) 
with suggested amblyopia as their preoperative CDVA 
were ≤ 20/32 (≥ 0.2 logMAR). They were worse than 
contralateral eyes of the WFO group by at least two lines 
with anisometropia of ≥ 3.00 D. The depth of amblyopia 
ranged from 0.2 to 0.5 logMAR lines, and it was two lines 
in five eyes, three lines in two eyes, four lines in four eyes 
and five lines in one eye. There was a weak and non-sig-
nificant correlation between the magnitudes of anisome-
tropia and the depths of amblyopia (Spearman coefficient 
r = 0.22, P = 0.499).

Spearman’s rank-order correlation was used to deter-
mine the relationship between the inter-ocular difference 

Table 2 Visual and refractive outcomes in both treatment groups

UDVA = uncorrected distance visual acuity; CDVA = corrected distance visual acuity; logMAR = logarithms of minimum angle of resolution; MRSE = manifest refraction 
spherical equivalent; WFO = wavefront-optimized. P values in bold indicate statistical significance
a P value of change between pre- and postoperative values (intra-group)
b P value of difference between custom-Q and WFO groups (inter-group)

Parameter Ablation profile groups
Mean ± SE 95% CI (LB, UB)

P value b

Custom‑Q profile (n = 40) WFO profile (n = 40)

UDVA (logMAR) Preoperative 1.30 ± 0.03 (1.23, 1.36) 1.10 ± 0.05 (1.00, 1.20) 0.009
Postoperative 0.40 ± 0.04 (0.28, 0.46) 0.20 ± 0.04 (0.14, 0.30) 0.007
Difference 0.90 ± 0.04 (0.86, 1.00) 0.90 ± 0.04 (0.84, 1.00) 0.819

P  valuea < 0.001 < 0.001
CDVA (logMAR) Preoperative 0.28 ± 0.03 (0.22, 0.35) 0.17 ± 0.03 (0.10, 0.20) 0.010

Postoperative 0.28 ± 0.03 (0.22, 0.35) 0.18 ± 0.03 (0.10, 0.20) 0.014
Difference 0.000 ± 0.006 (− 0.010, 0.010)  − 0.008 ± 0.004 (− 0.020, 0.001) 0.417

P  valuea 1.000 0.083

Optical zone 6.20 ± 0.04 (6.16, 6.32) 6.40 ± 0.03 (6.32, 6.46) 0.006
Sphere (D) Preoperative  − 6.20 ± 0.48 (− 7.15, − 5.23)  − 4.10 ± 0.40 (− 4.90, − 3.30) 0.001

Postoperative  − 0.50 ± 0.09 (− 0.60, − 0.30)  − 0.10 ± 0.05 (− 0.20, 0.01) 0.001
Difference 5.70 ± 0.40 (4.90, 6.60) 4.00 ± 0.40 (3.20, 4.80) 0.003
P  valuea < 0.001 < 0.001

Cylinder (D) Preoperative  − 1.70 ± 0.20 (− 2.10, − 1.30)  − 1.50 ± 0.20 (− 1.90, − 1.10) 0.489

Postoperative  − 0.30 ± 0.07 (− 0.45, − 0.18)  − 0.20 ± 0.05 (− 0.30, − 0.10) 0.274

Difference 1.40 ± 0.19 (0.98, 1.70) 1.30 ± 0.17 (0.90, 1.60) 0.892

P  valuea < 0.001 < 0.001
MRSE (D) Preoperative  − 7.00 ± 0.48 (− 8.00, − 6.10)  − 4.90 ± 0.40 (− 5.70, − 4.00) 0.001

Postoperative  − 0.60 ± 0.10 (− 0.80, − 0.40)  − 0.20 ± 0.06 (− 0.32, − 0.08) 0.001
Difference 6.40 ± 0.40 (5.60, 7.20) 4.70 ± 0.40 (3.90, 5.40) 0.002
P  valuea < 0.001 < 0.001
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in MRSE (magnitude of anisometropia) and the differ-
ence in preoperative CDVA, which showed a strong posi-
tive correlation (r = 0.838, P < 0.001).

Refractive outcome and optical zone
Significant improvement of spherical and cylindrical 
errors and MRSE was noted in both treatment groups, 
but a significantly smaller optical zone had to be used 
in the custom-Q group (Table  2). The preoperative and 
postoperative MRSE were significantly more myopic, and 

the amount of error corrected was significantly greater in 
the custom-Q group (Table 2).

In the mild and moderate myopia subgroups, there was 
no significant difference in preoperative, postoperative 
or the amount of error corrected, between the custom-
Q and the WFO groups. In the high myopia subgroup, 
the MRSE was significantly more myopic in the custom-
Q group, both in the preoperative visit (P = 0.019) and 
postoperative visit (P = 0.009), while the amount of error 
corrected was not significantly different between the two 
treatment groups (P = 0.065).
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In all eyes of the mild and moderate myopia subgroups, 
the optical zone was 6.5  mm. In the high myopia sub-
group, the optical zone had to be decreased to 6 mm in 
21 out of 25 eyes (84%) in the custom-Q group and in 
9 out of 13 eyes (69%) in the WFO group. Even while 
decreasing the optical zone to 6 mm, six eyes in the high 
myopia subgroup of the custom-Q treatment group had 
to be undercorrected with intended postoperative MRSE 
of − 0.50 to − 0.75 D.

Fifteen eyes (37.5%) in the custom-Q group and 28 
eyes (70%) in the WFO group were within 0.25 D of 
the intended target MRSE, and 21 eyes (52.5%) in the 

custom-Q group (Fig.  1c) and 35 eyes (87.5%) in the 
WFO group (Fig. 2) were within 0.50 D of the intended 
target MRSE. On analyzing the mild and moderate 
myopia subgroups together, 12 eyes (80%) in the cus-
tom-Q and 22 eyes (81.5%) in the WFO group were 
within 0.25 D of the intended target MRSE. In addition, 
14 eyes (93.3%) in the custom-Q and 27 eyes (100%) in 
the WFO group were within 0.50 D of the intended tar-
get MRSE.

The cylindrical error showed statistically significant 
postoperative improvement in each treatment group, 
but non-significant difference was noted between the 
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two groups in preoperative, postoperative and the 
amount of error corrected (Table 2, Figs. 1d and 2d).

Pachymetry change at pupillary center and mid‑periphery
No significant difference between the two treatment 
groups was noted in the mean mid-peripheral pachyme-
try, while pachymetry at the pupillary center showed sig-
nificantly thinner postoperative values in the custom-Q 
than WFO group (Table 3).

The mean mid-peripheral pachymetry showed non-sig-
nificant differences between custom-Q and WFO groups 
in all myopia subgroups for the preoperative, postopera-
tive and amount of change. In mild myopia, the P values 
were 0.454, 0.888 and 0.512, respectively. In moderate 
myopia, the P values were 0.788, 0.270 and 0.152, respec-
tively. In high myopia, the P values were 0.866, 0.723 and 
0.890, respectively.

In the mild myopia subgroup, the mean postopera-
tive mid-peripheral ablation depth was non-significantly 
greater in the custom-Q (23.8 ± 5.7) than the WFO 
group (18.5 ± 1.7). In the moderate and high myopia sub-
groups, the mean postoperative mid-peripheral ablation 
depth was non-significantly greater in the WFO group, 
38.0 ± 5.8 for the custom-Q group and 51.5 ± 6.4 for 
the WFO group in the moderate myopia subgroup and 
65.8 ± 3.1 for the custom-Q group and 67.7 ± 6.0 for the 
WFO group in the high myopia subgroup.

Keratometry readings
Both the custom-Q and the WFO ablation profiles led 
to a statistically significant flattening-effect on  K1,  K2 
and  Km (P < 0.001 for each). The preoperative  K1,  K2 and 
 Km readings were non-significantly different in the two 

treatment groups, but the postoperative readings showed 
a statistically significantly greater flattening in the cus-
tom-Q treatment group (Table 4).

Corneal asphericity
The Q-value showed a statistically significant oblate shift 
(P < 0.001) in each treatment group with non-significant 
difference between the mean postoperative Q-values of 
both groups (P = 0.089; Table 4, Fig. 3).

In the mild, moderate, and high myopia subgroups, 
both treatment profiles led to a statistically significant 
postoperative oblate shift, a P value of 0.027, 0.018 and 
less than 0.001, respectively in the custom-Q group, and 
a P value of 0.002, 0.001 and 0.002, respectively in the 
WFO group. However, on comparing both treatment 
profiles in each myopia subgroup, there were non-signif-
icant differences in preoperative, postoperative Q-value 
or the amount of oblate shift in mild myopia (P = 0.963, 
0.925 and 0.605, respectively), in moderate myopia 
(P = 0.928, 0.233 and 0.270, respectively) and in the high 
myopia subgroup (P = 0.295, 0.415 and 0.242, respec-
tively). The mean change in postoperative corneal asphe-
ricity showed statistically non-significant (P = 0.094) 
greater oblate shift in the custom-Q group (0.8 ± 0.1) 
than the WFO group (0.60 ± 0.08). On subgroup analy-
sis, both treatment profiles had similar amounts of oblate 
shift in the mild myopia subgroup (0.20 ± 0.05 for the 
custom-Q and 0.20 ± 0.04 for the WFO group, P = 0.6). 
In the moderate myopia subgroup, the mean oblate shift 
was non-significantly greater in the WFO group than the 
custom-Q group (0.5 ± 0.1 and 0.3 ± 0.1, respectively, 
P = 0.27). In the high myopia group, the mean oblate 
shift was non-significantly greater in the custom-Q group 

Table 3 Pachymetry changes in both treatment groups

Pachy. = pachymetry; WFO = wavefront-optimized. P values in bold indicate statistical significance
a P value of change between pre- and postoperative values (intra-group)
b P value of difference between custom-Q and WFO groups (inter-group)

Parameter Ablation profile groups 
Mean ± SE 95% CI (LB, UB)

P value b

Custom‑Q profile (n = 40) WFO profile (n = 40)

Pachy. pupil center (μm)

 Preoperative 539.00 ± 4.50 (530, 548) 539.00 ± 4.50 (530, 548) 0.973

 Postoperative 449.00 ± 7.80 (433, 464.90) 470.00 ± 7.30 (455, 485) 0.044
 Difference 90.00 ± 6.40 (77, 102.90) 69.00 ± 6.20 (57, 82) 0.011
 P  valuea < 0.001 < 0.001

Mid‑peripheral Pachy. (μm)

 Preoperative 572.00 ± 4.80 (562, 582) 574.00 ± 4.70 (564, 583) 0.744

 Postoperative 519.00 ± 6.00 (506.70, 530.90) 527.00 ± 6.10 (514.40, 539.00) 0.397

 Difference 53.00 ± 3.60 (45.90, 60.60) 46.9.00 ± 4.40 (38.00, 55.70) 0.256

 P value a < 0.001 < 0.001
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than the WFO group (1.2 ± 0.1 and 1.0 ± 0.2, respectively, 
P = 0.24).

Root mean square of corneal HOAs (RMSh) at 6 mm zone
There was a statistically significant increase in the post-
operative RMSh in both treatment groups (P < 0.001, 
Table  4). There was no significant difference between 
the two treatment groups regarding the preoperative 
(P = 0.658), postoperative (P = 0.133) and the amount of 
increase in the RMSh (P = 0.06).

The amount of increase in the RMSh, although 
non-significant, was greater in the custom-Q group 
than the WFO group (0.50 ± 0.06 and 0.31 ± 0.04  μm, 
respectively, P = 0.06). In the mild myopia subgroup, 
we found a non-significant greater increase in RMSh 
in the WFO than the custom-Q group (0.16 ± 0.02 
and 0.10 ± 0.01  μm, respectively, P = 0.08). The RMSh 
also showed a non-significant greater increase in the 
WFO group than the custom-Q group (0.29 ± 0.06 and 
0.17 ± 0.08  μm, respectively, P = 0.055) in the moder-
ate myopia subgroup. In the high myopia subgroup, the 
custom-Q group had a non-significantly greater increase 

than the WFO group (0.73 ± 0.06 and 0.50 ± 0.10  μm, 
respectively, P = 0.069).

Subgroup analysis excluding eyes with amblyopia
A subgroup analysis was conducted and involved only 
eyes without amblyopia, where both treatment groups 
were compared. The results showed no significant dif-
ference in preoperative, postoperative and the amount 
of change in the UDVA, CDVA, optical zone, MRSE, 
pachymetry at pupillary center, mid-peripheral pachyme-
try, keratometry readings, corneal asphericity and RMSh. 
For corneal asphericity, the amount of oblate shift was 
almost equal in both groups as it was 0.6 ± 0.1 in the cus-
tom-Q and 0.60 ± 0.08 in WFO group with P = 0.901.

Correlations
A Spearman’s rank-order correlation was performed to 
assess the relationship between the preoperative MRSE 
and the postoperative Q-value in both custom-Q and 
WFO treatment groups. A strong, negative, statistically 
significant correlation in both treatment groups was found 

Table 4 Keratometry, Q‑value and root mean square changes in both treatment groups

K1 = flat keratometry; K2 = steep keratometry; Km = mean keratometry; RMSh = root mean square of corneal higher-order aberrations; WFO = wavefront-optimized. P 
values in bold indicate statistical significance
a P value of change between pre- and postoperative values (intra-group)
b P value of difference between custom-Q and WFO groups (inter-group)

Parameter Ablation profile groups
Mean ± SE 95% CI (LB, UB)

P  valueb

Custom‑Q profile (n = 40) WFO profile (n = 40)

K1 (D) Preop 43.30 ± 0.24 (42.80, 43.80) 43.30 ± 0.30 (42.80, 43.90) 0.967

Postop 39.00 ± 0.44 (37.80, 39.60) 40.20 ± 0.40 (39.40, 40.90) 0.014
Difference 4.60 ± 0.40 (3.80, 5.40) 3.20 ± 0.40 (2.40, 3.90) 0.007
P  valuea < 0.001 < 0.001

K2 (D) Preop 44.80 ± 0.24 (44.30, 45.30) 44.60 ± 0.30 (44.10, 45.20) 0.582

Postop 39.20 ± 0.40 (38.40, 40.10) 40.60 ± 0.40 (39.80, 41.30) 0.026
Difference 5.60 ± 0.40 (4.80, 6.40) 4.10 ± 0.40 (3.30, 4.80) 0.003
P value a < 0.001 < 0.001

Km (D) Preop 44.00 ± 0.24 (43.60, 44.50) 44.00 ± 0.30 (43.50, 44.50) 0.852

Postop 39.00 ± 0.44 (38.00, 39.80) 40.40 ± 0.40 (39.60, 41.10) 0.014
Difference 5.10 ± 0.40 (4.40, 5.90) 3.60 ± 0.40 (2.90, 4.40) 0.003
P  valuea < 0.001 < 0.001

Q‑value Preop − 0.20 ± 0.02 (− 0.25, − 0.17) − 0.20 ± 0.02 (− 0.25, − 0.16) 0.712

Postop 0.60 ± 0.11 (0.41, 0.84) 0.40 ± 0.08 (0.19, 0.53) 0.089

Difference 0.80 ± 0.10 (0.63, 1.05) 0.60 ± 0.08 (0.40, 0.73) 0.094

P  valuea  < 0.001  < 0.001
RMSh (μm) Preop 0.50 ± 0.03 (0.44, 0.55) 0.52 ± 0.04 (0.45, 0.60) 0.658

Postop 1.00 ± 0.07 (0.86, 1.10) 0.83 ± 0.04 (0.74, 0.92) 0.133

Difference 0.50 ± 0.06 (0.38, 0.63) 0.31 ± 0.04 (0.22, 0.40) 0.060

P  valuea < 0.001 < 0.001
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(r = − 0.74, r = − 0.6, respectively, P < 0.001). The same 
correlation was also noticed between the preoperative 
MRSE and the depth of ablation at the pupillary center 
and the mid-periphery in both treatment groups (r = − 0.8, 
P < 0.001). The amount of increase of RMSh showed a 
strong, negative, statistically significant correlation to the 
preoperative MRSE in the custom-Q group (r = − 0.87, 
P < 0.001), and in the WFO group (r = − 0.6, P < 0.001). 
Likewise, the optical zone showed a strong, negative, sta-
tistically significant correlation to the amount of increase 
in RMSh in the custom-Q group (r = − 0.74, P < 0.001), 
but there was a weak, negative, statistically significant cor-
relation to RMSh change in the WFO group (r = − 0.3, 
P = 0.036).

Discussion
Both custom-Q and WFO aspheric treatment platforms 
work through modifying the ablation profile at the 
mid-periphery of the optical zone from that of the con-
ventional profile. Increasing the ablation depth at the 
mid-periphery to preserve prolateness is a strategy of 
the WFO profile while symmetrical adjustment of this 
increase in mid-periphery ablation is the strategy of the 
custom-Q profile [16, 17].

We compared the effect of each treatment profile on 
the mean mid-peripheral ablation depth and corneal 
asphericity when the target Q-value was set to the pre-
operative value in the custom-Q group. We found no 
significant difference between the custom-Q and the 
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WFO treatment profiles in their effect on the mean 
mid-peripheral depth of ablation or corneal asphericity 
despite the greater amount of correction and the con-
sequent greater flattening in the custom-Q group even 
when further studied in each myopia subgroup.

Unlike other studies [26, 27] that reported non-sig-
nificant preoperative differences between the custom-
Q and WFO groups, our study included eyes that were 
significantly more myopic with significantly lower vis-
ual acuities and detected amblyopia in 30% of eyes in 
the custom-Q group. Despite the significantly greater 
amount of correction in the custom-Q group, the post-
operative MRSE remained significantly more myopic 
than in the WFO group, which can be partly explained 
by aiming for undercorrection in 15% of eyes in the 
custom-Q group. However, these significant differences 
were present only in the high myopia subgroup while 
there were no significant differences in mild and mod-
erate myopia subgroups between the custom-Q and 
WFO eyes which was consistent with previous studies 
that included the same range of spherical equivalent 
[16, 26, 27].

Pachymetry at the pupillary center following surgery 
was significantly thinner in the custom-Q group than the 
WFO group. This was consistent with the significantly 
greater amount of myopic correction in the custom-Q 
group. Moreover, a significantly smaller optical zone 
had to be used to achieve such greater myopic correc-
tion in the custom-Q group without jeopardizing the 
safe RSB thickness. Previous reports did not report such 
differences between the two treatment groups [16, 26, 
27]. Unlike the tendency of the central ablation towards 
a greater depth in custom-Q group, the mid-peripheral 
pachymetry ablation depth showed non-significant dif-
ferences between the two treatment groups even with 
myopic subgroup stratification.

The flattening effect of myopic correction on kerato-
metry readings was statistically significant in both treat-
ment groups which is expected in any myopia correction 
protocol [17]. However, a significantly greater flattening 
effect in the custom-Q group was noted. This is consist-
ent with the greater myopic correction in the custom-Q 
group and supported by previous reports that found a 
linear positive correlation between the degree of central 
flattening and the depth of ablation [17, 28].

In the current study, the target asphericity was set the 
same as the preoperative Q-value for eyes in the custom-
Q group to compare the impact of both ablation profiles 
on corneal asphericity impartially. A statistically signifi-
cant postoperative oblate shift was observed in all eyes 
in both treatment groups as demonstrated by prior stud-
ies [26–28] while there was no significant difference in 

the degree of oblate shift between the two groups. Our 
results showed a non-significantly higher postoperative 
oblate shift in the custom-Q group compared with the 
WFO group that can be explained by the greater refrac-
tive correction in addition to the significantly smaller 
optical zone in the custom-Q group. Smaller optical 
zones are associated with tendency towards a more oblate 
shift as suggested by Hou et al. [29]. On further subgroup 
analysis, a non-significant greater oblate shift was noted 
in the WFO group in the moderate myopia subgroup 
which is consistent with previous reports that dealt with 
a similar range of refractive error [16, 26]. On the other 
hand, a non-significant greater oblate shift was noted in 
the custom-Q group in the high myopia subgroup. Oth-
ers reported that setting the target asphericity towards a 
more prolate target (around − 0.4) achieved a marginally 
significant lesser oblate shift in custom-Q group when 
compared with WFO [16] or WFG profile [17].

The root mean square of corneal higher-order aber-
rations (RMSh) were significantly different between the 
pre- and postoperative values in each treatment group, 
with non-significant differences on comparing the two 
treatment groups. Previous studies [30–32] supported 
our results that contradict Stojanovic et  al.’s [16] study 
who reported that RMS of HOAs did not change signifi-
cantly in both custom-Q and WFO eyes with moderate 
myopia who underwent surface ablation with a standard 
6.5 mm optical zone diameter.

The postoperative corneal asphericity, the degree of 
oblate shift, the ablation depth at corneal mid-periphery 
and the amount of change in RMSh showed non-sig-
nificant differences between the two treatment groups 
despite the significantly higher magnitude of corrected 
refractive error, greater central ablation depth, smaller 
optical zone and the more flattening effect in the custom-
Q group.

Our study had a few limitations such as the lack of ran-
domization with application of the custom-Q profile to 
the more myopic of the two eyes of each patient. Unex-
pectedly, the preoperative MRSE, anisometropia, CDVA 
and amblyopia were strongly significantly greater in the 
custom-Q group. This potential bias was partially solved 
by stratifying eyes into myopia subgroups. However, such 
a stratification had its own limitations in terms of une-
qual percentages of eyes in each myopia subgroup that 
may have resulted in a lower statistical power and poten-
tial statistical bias. On the other hand, finding out that 
the custom-Q profile has achieved comparable results to 
the WFO even when challenged with more myopic errors 
can be a worthwhile contribution. Other limitations 
include the lack of access to aberrometry and contrast 
sensitivity tools.
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Conclusions
The custom-Q treatment profile did not result in a 
more favorable outcome than the WFO ablation pro-
file in terms of corneal asphericity and mid-peripheral 
depth of ablation. However, it should be taken into 
consideration that the custom-Q profile was chal-
lenged with a more myopic refractive error, a smaller 
optical zone, and consequently led to greater central 
ablation and corneal flattening in addition to using the 
preoperative Q-value instead of a more prolate target 
asphericity.

Further, software innovations are required to upgrade 
different aspheric ablation profiles to achieve an aberra-
tion-free vision with high level of patient satisfaction fol-
lowing refractive surgery.
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