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A B S T R A C T

Purpose: While several advanced contact lens (CL) designs are commercially available for vision correction in
keratoconus, their visual performance and optical quality, relative to each other and controls remains unclear.
This prospective, crossover study tested the hypothesis that these CL designs would have a differential impact on
visual performance and optical quality in subjects with advanced keratoconus, but not in early to moderate
disease states.
Methods: Spatial vision (logMAR acuity and contrast sensitivity), depth vision (stereoacuity) and optical quality
(higher-order wavefront aberrations) were measured on 28 bilaterally mild to advanced keratoconics (age:
20–28yrs; 15 males), novice to CL wear, and in 10 age-matched controls using well-established psychophysical
and aberrometry techniques. All data were collected on keratoconic subjects with their spectacles and with
conventional RGP, Kerasoft®, Rose K2® and Scleral RGP® CL’s in randomized order, atleast a week apart from
each other.
Results: All outcome variables deteriorated with keratoconus severity and improved with CL wear, relative to
spectacles (p < 0.05). This improvement was smaller for Kerasoft CL (p < 0.05) and higher but comparable for
the other three CL designs (p = 0.3), across all disease severity. Visual functions and optical quality outcomes
never reached control levels for any correction modality (p < 0.05).
Conclusion: Visual performance and optical quality in keratoconus does not appear to improve commensurately
with the sophistication of CL design across disease severity. Non-visual factors like quality of CL fit, wearing
comfort and cost may therefore drive the choice of CL dispensed in keratoconus more than the performance
efficacy of these lenses.

1. Introduction

Do visual performance and optical quality vary across different contact
lens (CL) correction modalities in keratoconus? Answering this question is
critical to address another commonly encountered question in clinical
practice when managing a patient of keratoconus with CLs - which lens
would provide me with the best vision? It is well-established that visual
performance is enhanced with CL wear in keratoconus, relative to
spectacles, but there is no clear answer for the superiority of one CL
design over another in improving the patient’s visual performance.
Early forms of this disease are typically managed with spectacles or soft
toric CLs while the strategy shifts to using one of several rigid CL de-
signs with advancement in disease severity [1–6]. Of these,

conventional Rigid Gas Permeable (RGP) CLs are the mainstay man-
agement option for keratoconus but the poor wearing comfort is a
significant deterrent for their long-term usage [7,8]. The newer mod-
alities of rigid CLs (e.g. Rose-K, Kerasoft and Scleral RGP CLs) offer
improved ocular comfort and optical quality through better lens designs
and materials [3]. Given the expanded range of CLs available currently
for keratoconus management, two inter-related issues become pertinent
to answer. First, how do practitioners presently determine the final
choice of CL dispensed to the patient and, second, how is the perfor-
mance efficacy of different CL designs evaluated relative to each other?
In the end, the practitioner needs to employ a systematic evidence-
based approach for choosing one design over another as the final choice
of lens dispensed to their patient.
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The present rationale for determining the choice of CL dispensed to
the patient with keratoconus largely revolves around the anatomical fit
of the CL on the cornea/sclera, the comfort factor provided by the CL,
the ease of lens care, the cost of the lens and the patient’s quality of
vision as assessed through their monocular high-contrast visual acuity
[3]. While these are perfectly acceptable metrics to evaluate the CL’s
performance, the acuity parameter used as a surrogate for visual per-
formance does not satisfactorily represent the full complexity of the
patient’s day-to-day visual experience [9]. The assessment should ide-
ally encompass all aspects of vision including spatial, disparity, colour
and motion processing for judging the patient’s visual experience with
the disease or following treatment/management [9]. For keratoconus,
the improvement in monocular high-contrast visual acuity with CLs is
well-established but fewer reports are available on the improvement of
contrast sensitivity [10,11], binocularity [12–14] and optical quality
[10,15] with different CL modalities, all relative to spectacles. Further,
these studies do not necessarily compare the visual functions across
different CL designs in keratoconus. There is, therefore, certainly a need
for a more systematic investigation of visual functions in patients with
keratoconus across CL designs.

Comparison of the relative performance of different CL designs for
managing keratoconus in previous cross-sectional studies may not
permit a straightforward inference of the superiority of one CL design
over another [1,11]. Given the disease heterogeneity, it is practically
impossible to closely match all parameters of the keratoconic eye (e.g.
topographic changes in the cornea, the location and type of cone, etc) in
a cross-sectional study. Second, in addition to the optics, visual func-
tions may also be influenced by the subject’s neural system that may
vary in keratoconus owing to the subject’s age, disease longevity,
duration of exposure to blurred vision, etc. All these would also influ-
ence the outcomes of these cross-sectional studies. A cross-over study
wherein the outcome variables are evaluated across different CL designs
in the same subject is superior for the disease state will have a uniform
impact on all the outcome measures reported here. This study therefore
employed a cross-over study design to evaluate the visual (high-con-
trast logMAR acuity, contrast sensitivity and stereoacuity) and optical
(higher-order wavefront aberrations) performance efficacy of four
commercially-available CL designs (conventional RGP®, Rose K2 GP®,
Kerasoft IC soft® and Scleral® CLs) in the same cohort of subjects with
bilateral keratoconus.

2. Methods

2.1. Subject recruitment

The study recruitment period ranged from August 2017 to April
2019. The study adhered to the tenets of Declaration of Helsinki and it
was approved by the Institutional Review Board of the L V Prasad Eye
Institute (LVPEI), Hyderabad, India. All subjects participated after
signing a written informed consent form. All controls were recruited
from the staff or student pool of LVPEI. All subjects with a clinical di-
agnosis of keratoconus and who were novices to CL wear were recruited
from the cornea and contact lens services of LVPEI. The diagnosis of
keratoconus was established after confirmation of clinical and topo-
graphic signs [16] and disease severity grading using the Amsler-Kru-
meich classification [17]. Eyes with previous history of CL wear or
surgery, presence of an apical corneal scar or significant superficial
punctate keratitis and sensory and motor binocular vision abnormality
(e.g. tropia, receded near point of convergence, suppression and am-
blyopia) were excluded. Standard clinical management was followed
for all subjects, with no influence of the study protocol on their care.

2.2. Study protocol

Keratoconic subjects made a total of six visits to the study site. The
first two visits were allotted for finalizing the fitting of the four CLs by a

single experienced optometrist (2 CL fits were scheduled on a given
visit). Conventional RGP and Scleral CLs were sourced from Purecon
McAsfeer, Silver line laboratory Pvt. Ltd, India, Rose K2 CLs were
sourced from Menicon Co. Ltd., Nagoya, Japan and KeraSoft IC® CLs
were sourced from Ultravision international Limited, Bedfordshire, UK.
For the conventional RGP and Rose K2 CLs, the base curve of the initial
trial lens was selected based on the best-fit sphere parameter from the
topography map. The CL fit in the eye was then assessed for appropriate
centration and movement using standard clinical procedures and the end-
point of the CL fit was determined by the lens base curve and diameter that
resulted in a feathery apical touch on flourescein staining of the lens [4]. For
the KeraSoft CL, the fitting was initiated with the company re-
commended guidelines and the endpoint was determined by the lens
parameters that produced a well-centered optic zone, adequate lens
movement (no more than 3 mm in the primary gaze), minimal lag on
up-gaze, vertical orientation of the laser mark and no subjective fluc-
tuation in vision after each blink [1]. For scleral CLs, the endpoint of the
fit was determined as lens parameters that produced sufficient fluid reservoir
underneath the lens back surface along with minimal compression of the
peripheral curves of the lens on the sclera and the overlying conjunctiva
[18]. Each subject’s sphero-cylindrical refractive error with spectacles
or over-refraction with the different CL modalities was finalized using
the maximum plus for maximum visual acuity criterion of clinical
subjective refraction. The experimental data collection started after
receiving all the CLs customized for individual subjects. Data was col-
lected with one optical correction (spectacles or one of the four CLs) per
visit, with at least one week gap between visits [19]. The order of
testing of the different lenses was randomized for each subject. The
final CL was dispensed to the subject at the end of the study period free
of cost and the remaining CLs were added to the institute’s library stock
of lenses.

All psychophysical measurements were made with the subject’s
spectacle and over-refraction corrections incorporated onto trial lenses
in a trial frame. Monocular and binocular high-contrast logMAR acuity
was determined at 3 m viewing distance using COMPlog® (Clinical
Vision Measurement Systems Ltd, UK) [20]. Here, five Sloan optotypes
were randomly displayed on a LCD screen (1680 × 1050pixels) at
80 cd/m2 luminance and acuity was determined by decreasing optotype
size using a staircase thresholding algorithm until 3 out of 5 optotypes
were incorrectly identified [20]. Monocular and binocular contrast
sensitivity function (CSF) was determined using a modified version of
the quick CSF program developed in Matlab® [21]. Here, subjects
judged the orientation of a Gabor stimulus between 1.0 to 50cpd pre-
sented at two orientations on a CRT monitor (1280 × 1024pixels) at
85 cd/m2 luminance at 1 m viewing distance. The grating spatial fre-
quency and contrast varied in an adaptive thresholding manner to es-
timate the CSF, which was then quantified using the area-under-curve,
the cut-off spatial frequency, the peak spatial frequency in the CSF and
its sensitivity [22]. Stereoacuity was measured using a custom-designed
Howard-Dolman apparatus at 3 m viewing distance wherein subjects
aligned two thin rods presented in depth against a monocular-depth-
cue-free background [23,24]. The axial separation between the two
rods where subjects no longer perceived a depth difference provided a
measure of the subject’s stereoacuity [23,24]. This setup was capable of
producing disparities ranging between 1.5arc sec to 37.7arcmin for
60 mm interpupillary distance [23]. Wavefront aberrations were mea-
sured using the irx3™ wavefront aberrometer (Imagine Eyes, France)
thrice in each eye for the subject’s natural pupil diameter, scaled to
3 mm pupil diameter using standard computational techniques and
averaged [25,26]. The eye’s optical quality was described in terms of
the overall root mean squared deviation of the 3rd to 8th order wave-
front aberration terms (HORMS).

2.3. Data analyses and hypothesis

Statistical analyses were performed using SPSS® v.20.0 (SPSS,
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Chicago, IL, USA) and Matlab R2016a® (The MathWorks, Inc,
Nantucket, MA). The sphero-cylindrical refractive error data are re-
presented using cross-cylinder power vector notations of M, J0 and J45
(Table 2) [27]. The Shapiro-Wilk test indicated that the outcome vari-
ables were not normally distributed and, therefore, all data were ana-
lyzed using non-parametric statistics. Wilcoxon signed rank test de-
termined the statistical significance (p < 0.05) of the inter-ocular
difference in results of the cohort. Friedman test determined the overall
statistical significance of an outcome variable across different man-
agement options and post-hoc Wilcoxon signed rank test with Bonfer-
roni correction determined significance of subsequent pair-wise com-
parisons.

In this study, the subject’s steep keratometry value was used as a
surrogate measure for the disease severity – increasing keratometry
values indicated steeper corneas and, therefore, more severe forms of
keratoconus [17]. For monocular outcome measures, the corresponding
eye’s keratometry value was used for analysis while for binocular out-
come measures, the average of both eyes keratometry values was used.
Two types of analyses were performed in this study. The first analysis
used the entire dataset obtained across all subjects to determine if there
was a significant difference in visual performance between different
optical corrections in keratoconus. The second analysis divided the
subjects into two broad categories of mild to moderate keratoconus
(steep keratometry values ≤53D) and advanced keratoconus (steep
keratometry > 53D) in accordance with the Amsler-Krumeich classifi-
cation to determine if the CL designs tested here had a differential
impact on the subject’s visual performance and optical quality de-
pending on disease severity [17]. It was hypothesized that 1) all four CL
designs would produce better visual performance than spectacles, in-
dependent of disease severity, and 2) there would be a differential
impact of the CL design on visual performance and optical quality in
advanced keratoconus but not in mild to moderate keratoconus.

The fold-change of performance in logMAR acuity, contrast sensi-
tivity and stereoacuity with CL wear, relative to spectacles, was cal-
culated as the outcome value with CL divided by the corresponding
value with spectacles. For logMAR acuity, the data was converted into
decimal scales while the data were retained as is for contrast sensitivity
and stereoacuity. A fold-change of unity indicates no change in per-
formance with CL while a fold-change greater than unity indicates
improvement in performance with CL, all relative to spectacles.

A multiple regression analysis was further undertaken to determine
how the aforementioned monocular and binocular fold-change of per-
formance was influenced by the following factors: severity of kerato-
conus as determined by the subject’s steep keratometry value (in
diopters), modality of CL correction (coded as 1 for conventional RGP
CL, 2 for Kerasoft CL, 3 for Rose K2 CL and 4 for scleral CL), location of
the cone in keratoconus (coded 1 for central cone and 2 for paracentral
cone), self-reported duration of keratoconus (in years) and subject’s age
(in years). For monocular visual performance, results from the right and
left eyes were very similar to each other and hence data from only the
right eye is presented here. Since the location of the cone in both eyes of
keratoconic subjects were similar, the data of the right eye was con-
sidered as the independent variable in the binocular analysis.

3. Results

3.1. Overall demographics and sphero-cylindrical refraction

Twenty-eight subjects with bilateral keratoconus and 10 control
subjects participated in the study within the recruitment period. Of
these, data was successfully collected in 27 subjects with keratoconus
and in all controls. Data from one keratoconic subject was excluded as
the assessments could not be completed for all the CLs. Table 1 provides
the median (25th–75th interquartile range) of the CL parameters that
were finalized for the keratoconic subjects in this study. For the base-
line measurements, there was no statistically significant difference in

the keratometry, HORMS and the M and J0 values of the power vector
between the two eyes (Z ≥ 1.1; p ≥ 0.05) (Table 2).The J45 component
was however statistically significantly different between the two eyes
(Z = 3.9; p < 0.05) (Table 2). For over-refraction with CLs, the data
between the two eyes were not significantly different for all power
vectors (Z ≥ 1.1; p > 0.05), except J0 in conventional RGP and Ker-
asoft CLs (Z ≥ 2.1; p < 0.05) (Table 2).

There was an overall statistical significance in the M and J0 values
of over-refraction between CLs in both eyes (x2≥10.2; p ≤ 0.05)
(Table 2). The M values of Kerasoft CLs were significantly different
from all others in both eyes (Z ≥ 2.6; p ≤ 0.01) (Table 2). The J0 values
in the right eye was significantly different between the Scleral and
RGPCLs (Z = 2.1; p = 0.03) and between Scleral and Rose K2 CLs
(Z = 2.27; p = 0.02) (Table 2).The J0 component in the left eye was
significantly different between Kerasoft and all other CLs studied here
(Z ≥ 2.2; p ≤ 0.02) (Table 2).There was no statistically significant
difference in the J45 values across different CLs in the two eyes
(x2≤6.9; p ≥ 0.07) (Table 2).

3.2. Individual trends in visual performance with CLs

The logMAR acuity, area under the CSF curve and stereoacuity of
individual subjects that participated in this study is shown in Fig. 1. The
interquartile data of controls is represented as a grey band in this and
all subsequent figures. Across all outcome variables, the spectacle cor-
rection resulted in the worst performance followed by correction with
Kerasoft CLs in all subjects (Fig. 1). The visual performance with the
remaining three CLs – conventional RGP, Rose K2, and Scleral lenses –
were better than spectacles and Kerasoft CL and comparable across each
other, as suggested by their clumping relative to the other two cor-
rections in all subjects (Fig. 1). Some minor variations from this general
trend were seen, such as, the area under the CSF curve with Scleral CL
was worse than conventional RGP and Rose K2 CLs in subject 3 (panel
B), the area under the CSF curve with Rose K2 CL was similar to
spectacle correction in subject 15 (panel B) and stereoacuity with
Scleral CL was worse than conventional RGP and Rose K2 CLs in sub-
jects 6, 15, 17 and 18 (panel C).

3.3. LogMAR acuity and contrast sensitivity

Figs. 2 and 3 show the scatter diagram of the spatial vision para-
meters plotted as a function of the subject’s steep keratometry value for
the different optical corrections studied here. In general, the monocular
and binocular logMAR acuity (Fig. 2) and the area under the CSF
(Fig. 3) worsened with an increase in the keratometry value across all
correction modalities. As expected, the loss was worst for spectacles and
it was restored to different degrees with CL wear (Figs. 2 and 3). There
was a significant difference in logMAR acuity and area under the CSF
across different optical corrections (x2 = 143.3; p ≤ 0.05). The spec-
tacles data was significantly different from all four CL designs (Z ≥ 5.9;
p ≤ 0.05) and those obtained with Kerasoft CLs was significantly dif-
ferent from the other three designs (Z ≥ 5.2; p ≤ 0.05) (Figs. 2 and 3).
There was no significant difference in the outcomes obtained across
Rose K2, conventional RGP and Scleral CLs (Z ≤ 1.5; p ≥ 0.13) (Figs. 2
and 3). The same trends were observed when the data was divided into
the mild to moderate and advanced disease groups, except that the
performance of Rose K2 and Scleral CLs were significantly better than
the conventional RGP CLs in the latter cohort (Z ≥ 2.3; p < 0.02)
(Figs. 2 and 3). None of the spatial vision parameters tested here
reached the level of controls, with this effect being more obvious for the
advanced forms than the mild and moderate forms of the disease
(Figs. 2 and 3).

The fold-change in performance in logMAR acuity and area under
the CSF obtained with a given CL design, relative to spectacles, is shown
in Figs. 2 and 3, panels F to I. The results were close to unity for mild to
moderate keratoconus across all CL designs, indicating that spatial

P. Kumar, et al. Contact Lens and Anterior Eye 43 (2020) 568–576

570



vision improved only marginally with CL wear in this cohort, relative to
spectacles (Figs. 2 and 3, panels F–I). The fold-change was greater than
unity for the advanced cases, with the values being least for Kerasoft
CL, followed by Rose K2, conventional RGP and Scleral CLs (Figs. 2 and
3, panels F–I). The inter-subject variability in fold-change of the out-
come variables also increased in the advanced cases across all forms of
CL wear, partly reflecting the inter-subject variability observed in
acuity measurements with spectacle wear (Fig. 2, panel A).

3.4. Sub-analysis of the contrast sensitivity function

Shrinkage in the area under the CSF could be either due to a re-
duction in the cut-off spatial frequency or to a reduction in the sensi-
tivity of each spatial frequency that constitutes the CSF or to both. The
peak spatial frequency of the CSF obtained in this study ranged between
3 and 6cpd across all subjects and optical corrections (data not shown).
The sensitivity at the peak spatial frequency of the subject is taken as a
representative measure of how this parameter contributed to the
shrinkage of the CSF observed in Fig. 3 above. Figs. 4 and 5 indicated
that both the cut-off spatial frequency and the sensitivity of the peak

spatial frequency contributed to the shrinkage of the CSF with in-
creasing disease severity. For spectacle correction, the cut-off spatial
frequency progressively shifted to lower spatial frequencies (Fig. 4) and
the sensitivity of peak spatial frequency progressively decreased (Fig. 5)
with an increase in the subject’s keratometry values, both relative to
controls. Performance was partially restored with CL wear (cut-off
spatial frequency: χ2 = 90; p ≤ 0.05; sensitivity at peak spatial fre-
quency: χ2 = 79; p ≤ 0.05), with Kerasoft CLs producing the least im-
provement followed by comparable results between Rose K2, conven-
tional RGP and Scleral CLs (cut-off spatial frequency: Z ≥ 3.7; p ≤ 0.05;
sensitivity at peak spatial frequency: Z ≥ 3.9; p ≤ 0.05) (Figs. 4 and 5,
panels A–E). For the subgroup analysis, only cut-off spatial frequency
was significantly different between the Scleral and Rose K2 lenses in
advanced keratoconus cohort (Z = 2.32; p = 0.02). The fold-change of
improvement in the cut-off spatial frequency and sensitivity of the peak
CSF were similar to what was reported above for the area under the CSF
(Figs. 4 and 5, panels F–I).

3.5. Stereoacuity

Fig. 6 plots the stereoacuity of subjects that participated in this
study as a function of their keratometry value. The unaided stereoacuity
was immeasurable for most subjects with keratoconus while it was
measurable but significantly poor relative to healthy controls with
spectacles (Fig. 6, panel A). There was also a trend for the stereoacuity
to worsen with an increase in the subject’s keratometry value with
spectacles (Fig. 6, panel A). Stereoacuities significantly improved with
all CL designs (χ2 = 73; p ≤ 0.05), with the values reaching the level of
controls for the mild to moderate disease cohort (χ2 = 40.2; p ≤ 0.05)
(Fig. 6, panel B–E). For the advanced cohort, Rose K2, conventional
RGP and Scleral CLs produced a greater improvement in stereoacuity
than the Kerasoft CL (Z ≥ 3.62; p ≤ 0.05) (Fig. 6, panel B–E). This
trend was also well reflected in the fold-change of stereoacuity relative
to spectacles being greater with the Rose K2, conventional RGP and
Scleral CLs than with Kerasoft CLs (Fig. 6, panel F–I).

3.6. Multiple regression analysis

The multiple regression analysis indicated that the fold-change in
predicted monocular logMAR acuity with CLs was equal to -0.86 + 0.04
(steep keratometry) + 0.05 (CL modality) – 0.03 (location of kerato-
conus cone) – 0.02 (duration of keratoconus) + 0.006 (age of patient)
[r2 = 0.38, F(5, 101) = 12.42, p < 0.001]. The fold-change in pre-
dicted area under curve of CSF was equal to −0.09 + 0.04 (steep
keratometry) + 0.04 (CL modality) – 0.18 (location of keratoconus
cone) + 0.02 (duration of keratoconus) −0.01 (age of patient)
[r2 = 0.34, F(5, 100) = 10.27, p < 0.001]. For both logMAR acuity
and area under curve of CSF, other than the regression coefficient for
steep keratometry (t ≥ 4.9; p < 0.001 for both), all other independent
variables were not statistically significant (p ≥ 0.06).

For binocular visual performance, the fold-change in predicted
logMAR acuity was equal to -0.72 + 0.04 (interocular average kerato-
metry) + 0.05 (CL modality) – 0.01 (location of keratoconus cone) –
0.05 (duration of keratoconus) – 0.01 (age of patient) [r2 = 0.40, F(5,
102) = 17.09, p < 0.001]. Only the regression coefficients

Table 1
Median (25th–75th interquartile range) base curve (BC), back-vertex power (BVP), diameter and vault values for the four different CLs that were finalized across the
keratoconic subjects that participated in this study. All scleral lenses used in this study had a central base curve of 8.0 mm and a diameter of 16.0 mm.

BC (mm) BVP (D) Diameter (mm) Vault (mm)

RGP CL 7.0 (6.6–7.3) −5.0 (–7.6 to –3.6) 9.1 (8.9–9.20) NA
Rose K2 CL 6.8 (6.4–7.15) −6.0 (–10.5 to –4.0) 8.9 (8.70–9.10) NA
Kerasoft CL 8.0 (7.9–8.4) −5.5 (–9.0 to –3.25) 14.5 (14.5–14.75) NA
Scleral CL 8.0 −3.0 (–6.5 to –2.0) 16.0 4.9 (4.8–5.2)

Table 2
Overall demographics along with the median (25th–75th interquartile range)
keratometry, HORMS, uncorrected subjective refraction and over-refraction
with different CL options in both eyes of subjects that participated in the study.
The subjective refraction and over-refraction values are represented as M, J0
and J45 power vector components.

Overall population (n = 27)

Age (yrs) 24 (20–28)
Duration of keratoconus (yrs) 3 (2–5)
Male: Female 15:12

RE LE
Steep keratometry (D) 53 (50–58.7) 52 (48.9–65.1)
Flat Keratometry (D) 47 (45.9–52.4) 48 (44.4–56.5)
HORMS at 3 mm pupil (μ) 0.40 (0.23 to 0.52) 0.34 (0.22 to 0.50)
Uncorrected subjective refraction
M (D) −6.00 (–9.25 to

–2.00)
−4.12 (–12.25 to
–2.25)

J0 (D) −0.47 (–1.53 to
1.00)

−0.65 (–1.53 to 0.34)

J45 (D) 1.44 (0.85–2.21) −1.12 (–1.72 to
–0.01)

Kerasoft CL over-refraction
M (D) −0.62 (–1.12 to

0.00)
−0.50 (–1.37 to
–0.12)

J0 (D) 0.08 (–0.25 to 0.37) 0.24 (0.12 to 0.58)
J45 (D) 0.00 (–0.08 to 0.00) −0.01 (–0.21 to 0.49)
Rose K2 CL over-refraction
M (D) 0.00 (–0.62 to 0.00) −0.18 (–0.62 to 0.00)
J0 (D) 0.00 (0.00 to 0.01) 0.00 (0.00 to 0.01)
J45 (D) 0.00 (0.00 to 0.00) 0.00 (0.00 to 0.00)
RGP CL over–refraction
M (D) 0.00 (–0.40 to 0.06) 0.00 (–0.50 to 0.12)
J0 (D) 0.00 (0.00 to 0.12) 0.00 (−0.18 to 0.00)
J45 (D) 0.00 (0.00 to 0.01) 0.00 (0.00 to 0.00)
Scleral CL over-refraction
M (D) −0.01 (–0.5 to 0.00) −0.25 (–0.75 to 0.00)
J0 (D) 0.00 (0.00 to 0.00) 0.00 (0.00 to 0.00)
J45 (D) 0.00 (0.00 to 0.00) 0.00 (0.00 to 0.02)
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corresponding to interocular average of steep keratometry (t = 7.7;
p < 0.001) and self-reported duration of keratoconus (t=-2.6;
p = 0.01) were statistically significant. The fold-change in predicted
area under curve of CSF was equal to 0.51 + 0.08 (interocular average
keratometry) + 0.05 (CL modality) – 0.01 (location of keratoconus
cone) – 0.006 (duration of keratoconus) – 0.02 (age of patient)
[r2 = 0.61, F(5, 101) = 14.59, p < 0.001]. Only the regression coef-
ficient corresponding to interocular average of steep keratometry was
statistically significant (t = 9.8; p < 0.001). For stereoacuity, only the
y-intercept was statistically significantly different from zero (β = 12.5;
t = 3.7; p < 0.001) but none of the independent variables successfully
predicted the fold-change (p > 0.1).

3.7. Higher-order wavefront aberrations

Of the total 27 subjects that participated in the study, higher-order
wavefront aberrations could be captured only in 19 subjects (i.e. 38
eyes). Subjects on whom data could not be collected all belonged to the

advanced keratoconus cohort, as the corneal distortion was outside the
operating range of the aberrometer used in this study. The mean ± 1SD
pupil diameter over which the wavefront aberrations were captured
was 5.1 ± 0.7 mm under unaided condition, 5.1 ± 1.1 mm with
Kerasoft lenses, 4.9 ± 1.2 mm with conventional RGP lenses,
5.3 ± 1.3 mm with Rose K2 lenses and 5.7 ± 0.8 mm with scleral
lenses. The wavefront aberrations were then scaled to a constant dia-
meter of 3 mm to maintain consistency in the data across subjects. The
HORMS tended to increase with an increase in the subject’s keratometry
value under unaided viewing conditions (Table 3). The HORMS values
reduced significantly with all form of CLs compared to unaided con-
ditions (χ2 = 81; p ≤ 0.05). Relative to the unaided state, the magni-
tude of reduction in HORMS with Kerasoft CL was significantly lesser
compared to the other forms of CLs (Z ≥ 3.2; p ≤ 0.05). HORMS re-
mained comparable between RGP, Rose K2 and Scleral CLs in the mild
to moderate and the advanced keratoconus cohorts (Z ≥ 1.6; p ≤ 0.05)
(Table 3).

Fig. 1. Data of binocular logMAR acuity (panel
A),area under the CSF (panel B) and stereoa-
cuity (panel C) for all 27 subjects on whom
data was successfully collected in this study.
Each coloured symbol represents data from a
given type of correction, in the order of spec-
tacles, Kerasoft CL, Rose K2 CL, conventional
RGP CL and Scleral CL. Data from the un-
corrected condition are not included here as
they were significantly poorer than the data
with correction and, including them will ob-
scure the differences observed across various
correction modalities. An increase in the ordi-
nate values for logMAR acuity (panel A) and
stereoacuity (panel C) indicates performance
loss while an increase in the ordinate value for
area under CSF curve indicates performance
gain (panel B). The ordinate axis of panels A
and B are plotted in linear scale while that of
Panel C is plotted in logarithmic scale.

Fig. 2. Scatter diagram of monocular (right eye: circles; left eye: triangles) and binocular (squares) logMAR acuity obtained with spectacles (panel A), Kerasoft CL
(panel B), Rose K2 CL (panel C), conventional RGP CL (panel D) and Scleral CL (panel E) plotted as a function of the subject’s keratometry value. The gray band in
panels A–E represents the interquartile range of the data of age-matched controls. An increase in the ordinate values of logMAR acuity in panels A–E indicates
performance loss. Panel F to I plot the fold-change in logMAR acuity obtained with each of the CLs, relative to spectacles.The black horizontal unity line in each of
these panels indicates no change in logMAR acuity with a given CL correction, relative to spectacles.
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4. Discussion

4.1. Overall clinical implications of the results

To the best of our knowledge, no clear guidelines are available for
the choice of CL to be used to correct a given severity of keratoconus.
The prevailing clinical wisdom is to correct mild and moderate kera-
toconus using conventional RGP or Kerasoft lenses and reserve the more
complex lens designs like Rose K2 or Scleral CLs for advanced cases. [3]
This strategy is also driven by the clinical observation that the quality of
CL fit achieved and the wearing comfort to the patient may be better
with advanced CL designs for more complex disease forms [3]. The
study therefore hypothesized that the difference in visual performance
and optical quality across CL designs would be minimal for mild to
moderate keratoconus and it would become more obvious as the disease
advances in severity. The results only partly supported this

hypothesis – the visual performance and optical quality across CL
designs remained largely similar across all disease severities, barring two
small exceptions of the logMAR acuity and contrast sensitivity being
slightly better with Rose K2 and Scleral CLs, relative to conventional RGP
CLs (Figs. 1–6). The number of subjects with advanced keratoconus was,
however, small in this study (n = 9) and the trends reported here may
show some differences if the cohort size were to increase. Keratoconus is a

complex disease with various factors potentially determining the extent of
improvement in visual performance that could be achieved with spectacle
or CL wear [3]. The multiple regression analysis overall revealed only the
severity of the disease, as determined by the steep keratometry of the
subject, to significantly predict the fold-change in visual performance
while all other independent variables were not significant. The results of
the CL modality not having a statistically significant influence on the fold-
change of visual performance matches well the rest of the results showing
no dramatic difference in visual performance of keratoconic subjects
across different CL correction modalities (Figs. 2–6). For stereoacuity,
only the y-intercept of the multiple regression analysis was significant,
indicating that there was an overall magnitude of improvement in ste-
reoacuity with CL wear in these subjects, but without any trends across
the independent variables tested.

These results suggest that the choice of CL dispensed to the kerato-
conic patient may be determined more by non-visual factors like the
quality of the CL fit, wearing-comfort and the cost of the lens, than by the
magnitude of improvement in visual functions afforded by each lens de-
sign. Fig. 7 summarizes this by graphically representing the various fac-
tors that needs consideration while dispensing a pair of CLs to the kera-
toconic patient. The visual functions and optical quality aspect of this
figure are generated from the data collected in this study and the non-
visual factors are generated from the qualitative clinical experience of

Fig. 3. Scatter diagram of the area underCSF (AUC-CSF) obtained under monocular and binocular viewing conditions with spectacles (panel A) and different CL
designs (panels B–E) plotted as a function of the subject’s keratometry value. An increase in the ordinate values of AUC-CSF in panels A–E indicates an improvement
of performance. Panel F to I plot the fold-change in AUC-CSF obtained with each of the CLs, relative to spectacles. All other details are same as Fig. 2.

Fig. 4. Scatter diagram of the cut-off spatial frequency of the CSF curve obtained under monocular and binocular viewing conditions with the spectacles (panel A)
and different CL designs (panels B – E) plotted as a function of the subject’s keratometry value. An increase in the ordinate values of the cut-off spatial frequency in
panels A–E indicates an improvement of performance. Panel F to I plot the fold-change in the cut-off spatial frequency obtained with each of the CLs, relative to
spectacles. All other details are same as Fig. 2.
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optometrists fitting these lenses at the study site (LVPEI, Hyderabad,
India). The cost reflects the relative cost-price at which these CLs are
sourced from the vendors at the study site. From a visual functions and
optical quality standpoint, the performance of Kerasoft CLs is slightly
worse than the other three designs (Fig. 7). From the ease of lens fitting
and the wearing comfort perspective, Scleral CLs fare better than Rose K2
and conventional RGP CL (Fig. 7). From a cost angle, conventional RGP’s
are the cheapest and Scleral CLs are the most expensive – there is about a
10 to 12-fold difference in cost price between convention RGP and Scleral
CLs and about a 5-fold difference in cost price between convention RGP
and Rose K2/Kerasoft CLs. Full-length scleral lenses like the Prosthetic
Replacement of Ocular Surface Ecosystem (PROSE) lenses were not in-
cluded as part of the study protocol primarily due to their cost and the
logistic challenges posed in procuring them from the manufacturer (∼3–4
weeks for the lenses to reach study site from Boston Foundation for Sight,
Boston, MA, USA) [28]. Given that PROSE lenses are typically re-
commended for very severe keratoconus where other CLs are likely to fail,
there is therefore little in the form of comparative analysis of visual
performance and optical quality that can and needs to be performed.
Additionally, the scleral lenses studied here have been shown to be op-
tically as competent as the PROSE lenses and therefore the present results
may be extrapolated to the latter as well [29].

4.2. Magnitude of improvement in visual performance with CLs

On an average, the improvement from spectacle-level performance
was in the order of 1.5 to 2-fold for the mild to moderate keratoconus
cohort and it increased to approximately 4 to 5-fold for the advanced
cohort (Figs. 2–6, panels F–I). These results support the general clinical
observation that patients with more advanced forms of the diseases
tend to benefit more from CL wear than those with the milder forms of
the disease. For stereoacuity, the improvement from spectacle-level
performance was in the order of 8 to 10-fold for the conventional RGP,
Rose K2 and Scleral CL designs, indicating a greater benefit for depth
perception in keratoconic subjects by wearing these designs of CLs.
These results are in line with Nilagiri et al et al. who observed greater
improvement in stereoacuity of keratoconic subjects with CLs than the
improvement for logMAR acuity, both relative to spectacles [13]. Pos-
sible reasons for these results including an improvement in disparity
detection and oculomotor stability with improved optical quality of the
eye are discussed in Nilagiri et al. [13] and Metlapally et al. [12]. There
is a possibility, albeit remote, that the orthoptic parameters of patients
with keratoconus were worse than those of controls and this could have
contributed to poorer stereoacuity in the former cohort. Only the pre-
sence of gross oculomotor abnormalities were excluded in the present

Fig. 5. Scatter diagram of peak spatial frequency of the CSF curve’s sensitivity obtained under monocular and binocular viewing conditions with spectacles (panel A)
and different CL designs (panels B–E) plotted as a function of the subject’s keratometry value. An increase in the ordinate values of the peak spatial frequency’s
sensitivity in panels A–E indicates an improvement of performance. Panel F to I plot the fold-change in the peak spatial frequency’s sensitivity obtained with each of
the CLs, relative to spectacles. All other details are same as Fig. 2.

Fig. 6. Scatter diagram of stereoacuity obtained with spectacles (panel A) and different CL designs (panels B–E) plotted as a function of the subject’s keratometry
value. An increase in the ordinate values of stereoacuity in panels A–E indicates a deterioration of performance. Panel F to I plot the fold-change in the peak spatial
frequency’s sensitivity obtained with each of the CLs, relative to spectacles. All other details are same as Fig. 2.

P. Kumar, et al. Contact Lens and Anterior Eye 43 (2020) 568–576

574



study. This issue needs further investigation.
Interestingly, the visual performance with none of the CL correc-

tions in keratoconic subjects reached the level of age-matched controls
(Figs. 2–6, panels A–E). There could be two possible reasons for this
finding. First, the optical fidelity of keratoconic eyes with CLs may not
have reached the level of controls, as indicated from the magnitude of
wavefront aberrations with CL wear, relative to controls, in this study
(Table 2). Secondly, the slow and progressive nature of the disease may
have resulted in some form of amblyopia in these subjects that may
impose a limit on the magnitude of improvement in visual performance
with CL correction [30,31]. Further studies involving a more complete
correction of the eye’s higher-order wavefront aberrations need to be
conducted to test this hypothesis [30].

4.3. Inter-subject variability in the results

In addition to the overall improvement in spatial and depth-vision
across CL designs, vis-à-vis, spectacles (Figs. 1–6), there was also a re-
duction in the inter-subject variability of visual performance with these
lenses (see, distribution of data points in Figs. 1–6). This was most
obvious for contrast sensitivity and least obvious for stereoacuity. These
results are similar to the findings of Nilagiri et al. for high-contrast
logMAR acuity and stereoacuity between spectacles and conventional
RGP CLs in keratoconic eyes. [13] The wide inter-subject variability in
visual performance with spectacles possibly reflects the heterogeneity

of the disease manifestation in the keratoconus cohort recruited for this
study. An improvement in the results along with a reduction in the
inter-subject variability indicates that the visual performance becomes
better and more predictable across subjects with CL wear. This may
allow CL practitioners to set more realistic expectations about the visual
functions outcomes for a given CL design in keratoconic subjects. This
reduction in inter-subject variability is perhaps achieved from the re-
storation of regularity of the cornea surface and associated improve-
ment in the eye’s optical quality with CL wear in these eyes. This idea is
supported by the overall reduction in the magnitude and inter-subject
variability of wavefront aberrations seen in this study following CL
wear, relative to spectacles (Table 2).

A direct comparison between the magnitude of reduction in wave-
front aberrations and improvement in visual functions, however, cannot
be made as the measurement conditions for these outcome variables
were not uniform in this study. For instance, all visual functions were
measured with the subject’s natural pupil size between 5–6 mm under
mesopic viewing conditions) while the wavefront aberration measure-
ments were all made over a constant 3 mm pupil diameter. Further,
psychophysical measures of visual performance could be influenced by
neural factors that will not be captured in measures of optical quality
derived from the aberration measurements. No attempt was made to
equalize the viewing conditions for these measurements, as, such a
correlation between optical structure and visual functions was not the
primary focus of the study. Lastly, there was no definitive trend for the

Table 3
Median (interquartile range) HORMS obtained over 3 mm pupil diameter for controls and in the keratoconus cohort under unaided viewing conditions and with
different CL designs. Data are shown for the overall population and separately for the mild to moderate and advanced keratoconus cohorts. For the overall popu-
lation, the average and interocular difference (IOD) in HORMS between the two eyes are also shown.

Mild to Moderate keratoconus Advanced keratoconus Overall population

Average HORMS (μ) IOD (μ)
HORMS at 3 mm pupil (μ) Controls NA NA 0.07 −0.01

(0.04 to 0.14) (−0.02 to 0.01)
Unaided 0.32 0.43 0.4 −0.02

(0.21 to 0.50) (0.0.36 to 0.54) (0.23 to 0.51) (−0.08 to 0.16)
Kerasoft 0.17 0.25 0.21 −0.02
CL (0.13 to 0.25) (0.20 to 0.30) (0.14 to 0.26) (−0.06 to 0.08)
Rose K2 0.14 0.1 0.13 0.02
CL (0.10 to 0.20) (0.08 to 0.15) (0.09 to 0.18) (0.00 to 0.05)
RGP 0.13 0.1 0.12 0.02
CL (0.09 to 0.16) (0.08 to 0.17) (0.09 to 0.16) (0.0 to 0.06)
Scleral 0.15 0.13 0.13 0.03
CL (0.12 to 0.19) (0.12 to 0.18) (0.12 to 0.18) (0.0 to 0.07)

Fig. 7. Summary chart describing the visual performance (HCVA, contrast sensitivity and stereoacuity), optical quality (higher-order wavefront aberrations) and non-
visual parameters that define lens wear with different optical corrections in subjects with mild to moderate (left panel) and advanced keratoconus (right panel), all
relative to controls. The performance of each mode of optical correction is represented as a gray-scale value, with darker shades indicating poorer performance and
lighter shades indicating better performance, relative to controls. The gray-scale ratings assigned to each optical correction for visual performance and optical quality
are based on the data reported in this study (Figs. 1–6) while the gray-scale ratings of the non-visual parameters are based on clinical acumen gathered from
experienced CL practitioners at the study site.
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inter-subject variability to reduce more with one CL design than an-
other in this study (Table 2), further indicating a similar in visual
performance across CL designs. In this study, the wavefront aberrations
are reported for 3 mm pupil diameter, representing the average mesopic
of young adults. The magnitude of these aberrations, their differential
impact on retinal image quality and the loss in visual performance with
the different CL designs are therefore likely to be greater when the
pupils dilates under low mesopic to scotopic viewing conditions [25].

4.4. Study limitations

First, the cross-over design plus the range of parameters measured
here on multiple occasions made the study rather lengthy and cum-
bersome for the participant. Participant fatigue and learning effect
could have therefore adversely affecting the results presented here. The
study however minimized these effects by allowing sufficient breaks for
the participant as desired and by randomizing the order of CLs tested to
even distribute any impact of fatigue or learning effect across CLs.
Second, the lack of differences in visual performance across CL designs
in the advanced keratoconus cohort could be related to the smaller
sample size (n = 9), relative to the mild to moderate keratoconus co-
hort (n = 18). While every attempt was made to recruit subjects in this
cohort, the cumbersome nature of the study was not attractive to many
participants thus resulting in an uneven sample size. Third, this study
did not include subjects with unilateral keratoconus or dissimilar se-
verities of keratoconus in the two eyes. Previous studies have observed
differences in binocular spatial-vision and depth-vision strategies be-
tween the bilateral and the unilateral disease cohorts [13]. The results
observed here may therefore apply only to the bilateral keratoconus
cohort. Any extrapolation to the unilateral cohort must be done with
caution. Fourth, the claims of non-visual parameters playing a sig-
nificant role in the decision-making process for the CL dispensed to the
subject come from a rather qualitative and unstructured analysis
(Fig. 7). Future studies could use more structured patient-reported
outcome measures to provide evidence for such claims [32].

4.5. Conclusions

Visual performance and optical quality in bilateral keratoconus
improves with CL wear, relative to spectacles, but there appears to be
no dramatic differences in the performance of the four CL designs tested
here. The performance efficacy of Kerasoft CL is somewhat inferior to
those of conventional RGP, Rose K2 and Scleral CLs, across disease
severity. Non-visual factors such as the quality of CL fit, wearing
comfort and cost may therefore drive the choice of CL dispensed in
keratoconus more than relative performance efficacy of these lenses.
Visual performance of keratoconic subjects remain poorer than age-
matched controls even with the advanced designs of CLs available
commercially.

Acknowledgements

The authors would like to thank all the participants of this study and
members of the Bausch & Lomb Contact lens Centre, L V Prasad Eye
Institute, Hyderabad for their inputs during the initiation of the project.
The authors would like to thank Dr Robert Rosen for providing us the
contrast sensitivity function testing program for this study. The authors
would also like to thank Professor Chris Hull and Dr Peter Campbell
from City, University of London and colleagues from the Brien Holden
Institute of Optometry and Vision Sciences, L V Prasad Eye Institute for
valuable feedback on the manuscript. This study was supported by a
grant from the Cognitive Science Research Initiative, Department of
Science and Technology, Govt. of India to Shrikant R. Bharadwaj
[Grant#: SR/CSRI/189/2013 (G)].

References

[1] F.J. Fernandez-Velazquez, Kerasoft IC compared to Rose-K in the management of
corneal ectasias, Cont Lens Anterior Eye 35 (4) (2012) 175–179.

[2] H. Hashemi, N. Shaygan, S. Asgari, F. Rezvan, S. Asgari, ClearKone-Synergeyes or
rigid gas-permeable contact lens in keratoconic patients: a clinical decision, Eye
Contact Lens 40 (2) (2014) 95–98.

[3] P.S. Mandathara, F.J. Stapleton, M.D.P. Willcox, Outcome of keratoconus man-
agement: review of the past 20 years’ contemporary treatment modalities, Eye
Contact Lens 43 (3) (2017) 141–154.

[4] P. Mandathara Sudharman, V. Rathi, S. Dumapati, Rose K lenses for keratoconus–an
Indian experience, Eye Contact Lens 36 (4) (2010) 220–222.

[5] C. O’Donnell, C. Maldonado-Codina, A hyper-Dk piggyback contact lens system for
keratoconus, Eye Contact Lens 30 (1) (2004) 44–48.

[6] M.M. Schornack, S.V. Patel, Scleral lenses in the management of keratoconus, Eye
Contact Lens 36 (1) (2010) 39–44.

[7] K.H. Weed, C.J. Macewen, C.N. McGhee, The Dundee University Scottish
Keratoconus Study II: a prospective study of optical and surgical correction,
Ophthalmic Physiol Opt 27 (6) (2007) 561–567.

[8] K. Zadnik, J.T. Barr, T.B. Edrington, D.F. Everett, M. Jameson, T.T. McMahon, et al.,
Baseline findings in the collaborative longitudinal evaluation of keratoconus (CLEK)
study, Invest Ophthalmol Vis Sci 39 (13) (1998) 2537–2546.

[9] B.A. Wandell, Foundations of vision, Sinauer Associates, Inc., Sunderland,
Massachusetts, 1995.

[10] K. Negishi, T. Kumanomido, Y. Utsumi, K. Tsubota, Effect of higher-order aberra-
tions on visual function in keratoconic eyes with a rigid gas permeable contact lens,
Am J Ophthalmol 144 (6) (2007) 924–929.

[11] J.C. Montalt, E. Porcar, E. Espana-Gregori, C. Peris-Martinez, Visual quality with
corneo-scleral contact lenses for keratoconus management, Cont Lens Anterior Eye
(2018).

[12] S. Metlapally, S.R. Bharadwaj, A. Roorda, V.K. Nilagiri, T.T. Yu, C.M. Schor,
Binocular cross-correlation analyses of the effects of high-order aberrations on the
stereoacuity of eyes with keratoconus, J Vis 19 (6) (2019) 12.

[13] V.K. Nilagiri, S. Metlapally, P. Kalaiselvan, C.M. Schor, S.R. Bharadwaj, LogMAR
and Stereoacuity in Keratoconus Corrected with Spectacles and Rigid Gas-perme-
able Contact Lenses, Optom Vis Sci 95 (4) (2018) 391–398.

[14] H. Sherafat, J.E. White, K.W. Pullum, G.G. Adams, J.J. Sloper, Anomalies of bino-
cular function in patients with longstanding asymmetric keratoconus, Br J
Ophthalmol 85 (9) (2001) 1057–1060.

[15] K. Gumus, A. Gire, S.C. Pflugfelder, The impact of the Boston ocular surface pros-
thesis on wavefront higher-order aberrations, Am J Ophthalmol 151 (4) (2011)
682–690 e2.

[16] B.B. Jack, J. Kanski, Kanski’s clinical ophthalmology: a systematic approach,
Kanski’s clinical ophthalmology: a systematic approach, Elsevier, 2015, pp.
213–216.

[17] J.H. Krumeich, J. Daniel, A. Knulle, Live-epikeratophakia for keratoconus, J
Cataract Refract Surg 24 (4) (1998) 456–463.

[18] S.J. Vincent, D. Alonso-Caneiro, M.J. Collins, The temporal dynamics of miniscleral
contact lenses: Central corneal clearance and centration, Cont Lens Anterior Eye 41
(2) (2018) 162–168.

[19] A. Jinabhai, C. O’Donnell, H. Radhakrishnan, Changes in refraction, ocular aber-
rations, and corneal structure after suspending rigid gas-permeable contact lens
wear in keratoconus, Cornea 31 (5) (2012) 500–508.

[20] D.A. Laidlaw, V. Tailor, N. Shah, S. Atamian, C. Harcourt, Validation of a compu-
terised logMAR visual acuity measurement system (COMPlog): comparison with
ETDRS and the electronic ETDRS testing algorithm in adults and amblyopic chil-
dren, Br J Ophthalmol 92 (2) (2008) 241–244.

[21] L.A. Lesmes, Z.L. Lu, J. Baek, T.D. Albright, Bayesian adaptive estimation of the
contrast sensitivity function: the quick CSF method, J Vis 10 (3) (2010) 1–21 17.

[22] R. Rosen, L. Lundstrom, A.P. Venkataraman, S. Winter, P. Unsbo, Quick contrast
sensitivity measurements in the periphery, J Vis 14 (8) (2014) 3.

[23] P.K. Bandela, P. Satgunam, P. Garg, S.R. Bharadwaj, Corneal transplantation in
disease affecting only one eye: does it make a difference to habitual binocular
viewing? PLoS One 11 (3) (2016) e0150118.

[24] H.J. Howard, A test for the judgment of distance, Trans Am Ophthalmol Soc 17
(1919) 195–235.

[25] C.E. Campbell, Matrix method to find a new set of Zernike coefficients from an
original set when the aperture radius is changed, J Opt Soc Am A Opt Image Sci Vis
20 (2) (2003) 209–217.

[26] N. Visser, T.T. Berendschot, F. Verbakel, A.N. Tan, J. de Brabander, et al.,
Evaluation of the comparability and repeatability of four wavefront aberrometers,
Invest Ophthalmol Vis Sci 52 (3) (2011) 1302–1311.

[27] L.N. Thibos, W. Wheeler, D. Horner, Power vectors: an application of Fourier
analysis to the description and statistical analysis of refractive error, Optom Vis Sci
74 (6) (1997) 367–375.

[28] I. Baran, J.A. Bradley, F. Alipour, P. Rosenthal, H.G. Le, D.S. Jacobs, PROSE
treatment of corneal ectasia, Cont Lens Anterior Eye 35 (5) (2012) 222–227.

[29] D. Fadel, Modern scleral lenses: mini versus large, Cont Lens Anterior Eye 40 (4)
(2017) 200–207.

[30] R. Sabesan, G. Yoon, Visual performance after correcting higher order aberrations
in keratoconic eyes, J Vis 9 (5) (2009) 1–10 6.

[31] R. Sabesan, G. Yoon, Neural compensation for long-term asymmetric optical blur to
improve visual performance in keratoconic eyes, Invest Ophthalmol Vis Sci 51 (7)
(2010) 3835–3839.

[32] S.P. Khadka J, K. Pesudovs, Development of a keratoconus-specific questionnaire
using Rasch analysis, Optom Vis Sci 3 (March) (2017) 395–403.

P. Kumar, et al. Contact Lens and Anterior Eye 43 (2020) 568–576

576

http://refhub.elsevier.com/S1367-0484(20)30052-7/sbref0005
http://refhub.elsevier.com/S1367-0484(20)30052-7/sbref0005
http://refhub.elsevier.com/S1367-0484(20)30052-7/sbref0010
http://refhub.elsevier.com/S1367-0484(20)30052-7/sbref0010
http://refhub.elsevier.com/S1367-0484(20)30052-7/sbref0010
http://refhub.elsevier.com/S1367-0484(20)30052-7/sbref0015
http://refhub.elsevier.com/S1367-0484(20)30052-7/sbref0015
http://refhub.elsevier.com/S1367-0484(20)30052-7/sbref0015
http://refhub.elsevier.com/S1367-0484(20)30052-7/sbref0020
http://refhub.elsevier.com/S1367-0484(20)30052-7/sbref0020
http://refhub.elsevier.com/S1367-0484(20)30052-7/sbref0025
http://refhub.elsevier.com/S1367-0484(20)30052-7/sbref0025
http://refhub.elsevier.com/S1367-0484(20)30052-7/sbref0030
http://refhub.elsevier.com/S1367-0484(20)30052-7/sbref0030
http://refhub.elsevier.com/S1367-0484(20)30052-7/sbref0035
http://refhub.elsevier.com/S1367-0484(20)30052-7/sbref0035
http://refhub.elsevier.com/S1367-0484(20)30052-7/sbref0035
http://refhub.elsevier.com/S1367-0484(20)30052-7/sbref0040
http://refhub.elsevier.com/S1367-0484(20)30052-7/sbref0040
http://refhub.elsevier.com/S1367-0484(20)30052-7/sbref0040
http://refhub.elsevier.com/S1367-0484(20)30052-7/sbref0045
http://refhub.elsevier.com/S1367-0484(20)30052-7/sbref0045
http://refhub.elsevier.com/S1367-0484(20)30052-7/sbref0050
http://refhub.elsevier.com/S1367-0484(20)30052-7/sbref0050
http://refhub.elsevier.com/S1367-0484(20)30052-7/sbref0050
http://refhub.elsevier.com/S1367-0484(20)30052-7/sbref0055
http://refhub.elsevier.com/S1367-0484(20)30052-7/sbref0055
http://refhub.elsevier.com/S1367-0484(20)30052-7/sbref0055
http://refhub.elsevier.com/S1367-0484(20)30052-7/sbref0060
http://refhub.elsevier.com/S1367-0484(20)30052-7/sbref0060
http://refhub.elsevier.com/S1367-0484(20)30052-7/sbref0060
http://refhub.elsevier.com/S1367-0484(20)30052-7/sbref0065
http://refhub.elsevier.com/S1367-0484(20)30052-7/sbref0065
http://refhub.elsevier.com/S1367-0484(20)30052-7/sbref0065
http://refhub.elsevier.com/S1367-0484(20)30052-7/sbref0070
http://refhub.elsevier.com/S1367-0484(20)30052-7/sbref0070
http://refhub.elsevier.com/S1367-0484(20)30052-7/sbref0070
http://refhub.elsevier.com/S1367-0484(20)30052-7/sbref0075
http://refhub.elsevier.com/S1367-0484(20)30052-7/sbref0075
http://refhub.elsevier.com/S1367-0484(20)30052-7/sbref0075
http://refhub.elsevier.com/S1367-0484(20)30052-7/sbref0080
http://refhub.elsevier.com/S1367-0484(20)30052-7/sbref0080
http://refhub.elsevier.com/S1367-0484(20)30052-7/sbref0080
http://refhub.elsevier.com/S1367-0484(20)30052-7/sbref0085
http://refhub.elsevier.com/S1367-0484(20)30052-7/sbref0085
http://refhub.elsevier.com/S1367-0484(20)30052-7/sbref0090
http://refhub.elsevier.com/S1367-0484(20)30052-7/sbref0090
http://refhub.elsevier.com/S1367-0484(20)30052-7/sbref0090
http://refhub.elsevier.com/S1367-0484(20)30052-7/sbref0095
http://refhub.elsevier.com/S1367-0484(20)30052-7/sbref0095
http://refhub.elsevier.com/S1367-0484(20)30052-7/sbref0095
http://refhub.elsevier.com/S1367-0484(20)30052-7/sbref0100
http://refhub.elsevier.com/S1367-0484(20)30052-7/sbref0100
http://refhub.elsevier.com/S1367-0484(20)30052-7/sbref0100
http://refhub.elsevier.com/S1367-0484(20)30052-7/sbref0100
http://refhub.elsevier.com/S1367-0484(20)30052-7/sbref0105
http://refhub.elsevier.com/S1367-0484(20)30052-7/sbref0105
http://refhub.elsevier.com/S1367-0484(20)30052-7/sbref0110
http://refhub.elsevier.com/S1367-0484(20)30052-7/sbref0110
http://refhub.elsevier.com/S1367-0484(20)30052-7/sbref0115
http://refhub.elsevier.com/S1367-0484(20)30052-7/sbref0115
http://refhub.elsevier.com/S1367-0484(20)30052-7/sbref0115
http://refhub.elsevier.com/S1367-0484(20)30052-7/sbref0120
http://refhub.elsevier.com/S1367-0484(20)30052-7/sbref0120
http://refhub.elsevier.com/S1367-0484(20)30052-7/sbref0125
http://refhub.elsevier.com/S1367-0484(20)30052-7/sbref0125
http://refhub.elsevier.com/S1367-0484(20)30052-7/sbref0125
http://refhub.elsevier.com/S1367-0484(20)30052-7/sbref0130
http://refhub.elsevier.com/S1367-0484(20)30052-7/sbref0130
http://refhub.elsevier.com/S1367-0484(20)30052-7/sbref0130
http://refhub.elsevier.com/S1367-0484(20)30052-7/sbref0135
http://refhub.elsevier.com/S1367-0484(20)30052-7/sbref0135
http://refhub.elsevier.com/S1367-0484(20)30052-7/sbref0135
http://refhub.elsevier.com/S1367-0484(20)30052-7/sbref0140
http://refhub.elsevier.com/S1367-0484(20)30052-7/sbref0140
http://refhub.elsevier.com/S1367-0484(20)30052-7/sbref0145
http://refhub.elsevier.com/S1367-0484(20)30052-7/sbref0145
http://refhub.elsevier.com/S1367-0484(20)30052-7/sbref0150
http://refhub.elsevier.com/S1367-0484(20)30052-7/sbref0150
http://refhub.elsevier.com/S1367-0484(20)30052-7/sbref0155
http://refhub.elsevier.com/S1367-0484(20)30052-7/sbref0155
http://refhub.elsevier.com/S1367-0484(20)30052-7/sbref0155
http://refhub.elsevier.com/S1367-0484(20)30052-7/sbref0160
http://refhub.elsevier.com/S1367-0484(20)30052-7/sbref0160

	Do visual performance and optical quality vary across different contact lens correction modalities in keratoconus?
	Introduction
	Methods
	Subject recruitment
	Study protocol
	Data analyses and hypothesis

	Results
	Overall demographics and sphero-cylindrical refraction
	Individual trends in visual performance with CLs
	LogMAR acuity and contrast sensitivity
	Sub-analysis of the contrast sensitivity function
	Stereoacuity
	Multiple regression analysis
	Higher-order wavefront aberrations

	Discussion
	Overall clinical implications of the results
	Magnitude of improvement in visual performance with CLs
	Inter-subject variability in the results
	Study limitations
	Conclusions

	Acknowledgements
	References




