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Abstract
Purpose To compare outcomes 1 year after accelerated cross-linking (CXL) between keratoconus eyes with central cones to
those with paracentral cones.
Methods In this post hoc analysis of data from a prospective multicentre study, consecutive progressive keratoconus eyes
treated with accelerated CXL were included. Preoperative and 1 year post CXL manifest refraction, corneal cylinder,
maximal keratometry (Kmax), central corneal thickness and coma were assessed. Central and paracentral cones were defined
as cones within the central 3 mm and those between 3 and 5 mm, respectively. Eyes with apical scarring and peripheral cones
(>5 mm) were excluded. The primary outcome measures were changes in best spectacle-corrected visual acuity (BSCVA)
and Kmax.
Results Overall, 314 eyes (n= 314) with a mean age of 27.5 ± 7.7 years were included. At baseline, the central cone group
was younger (p < 0.001), had lower corneal astigmatism (p= 0.03) and coma (p= 0.02). At 1 year post CXL, after adjusting
for baseline characteristics (age, BSCVA, corneal astigmatism, Kmax and coma), the central cone group showed a greater
reduction in myopia (mean difference 1.27 ± 0.60D, p= 0.04) and more improvement in BSCVA (mean difference 0.08 ±
0.02 logMAR, p < 0.001) compared to the paracentral group. There was no significant difference in progression rates
between the central and paracentral groups (ΔKmax > 2D, 6.7% vs. 6.5%, respectively, p= 0.83).
Conclusions This large-scale study of keratoconus eyes 1 year after accelerated CXL indicates that compared to those with
paracentral cones, central cones have on average almost one additional line improvement in BCSVA and 1.27 D more
reduction in myopia.

Introduction

Keratoconus is a non-inflammatory corneal ectasia of the
central or paracentral region leading to corneal thinning,
steepening and scarring [1]. In 2003, Wollensak et al. first

introduced corneal collagen cross-linking (CXL) using
riboflavin and ultraviolet A (UVA) as a new potential
treatment for progressive keratoconus [2]. Several reports
have demonstrated the efficacy of CXL in halting or
delaying keratoconus progression by increasing corneal
biomechanical stability [3–7].

Keratoconus is defined as central when the steepest point
of the cornea is located in the central 3 mm zone, and
paracentral when the steepest point is located outside of the
central 3 mm zone. There have been conflicting reports as to
whether cone location is a factor effecting CXL outcomes in
keratoconus patients [5, 8–11]. Greenstein et al. reported
that cone location was not associated with postoperative
maximum keratometry (Kmax) [8]. Similarly, Toprak et al.
reported that cone location had no effect on change in Kmax
[5]. These were followed by a prospective study performed
by Wisse et al. who reported an association between pre-
operative cone eccentricity and Kmax outcomes following
CXL [9]. Afterwards, in a larger retrospective study, Koc
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et al. refuted such an association [10], while Sarac et al.
reported an association [11].

To the best of our knowledge, no previous study has
assessed the role of cone location in outcomes of CXL using
an accelerated protocol using prospectively collected data.
The purpose of the current study is to compare outcomes of
accelerated CXL between keratoconus eyes with central
cones to those with paracentral cones in this large cohort.

Methods

Study participants

The data for this post hoc analysis were extracted from a
study that was approved by the University Health Network,
Sunnybrook Health Sciences Centre, and the University of
Toronto Research Ethics Boards, and written informed
consent had been obtained from all participants [12].

This post hoc analysis included consecutive participants
aged 14 and above, that underwent CXL for the treatment of
progressive keratoconus between June 2013 and March
2015, and that had follow-up data available at 1 year.
Excluded were patients with apical scarring, previous cor-
neal surgery, peripheral marginal degeneration and clinically
significant ocular comorbidities, such as history of chemical
injury or delayed epithelial healing, any retinal or optic
nerve disease that could potentially affect visual acuity [12].

Data collection

The following data were included in the analysis: logMAR
best spectacle-corrected visual acuity (BCSVA), Scheimp-
flug Corneal tomography (Pentacam, Oculus Instruments,
Wetzler, Germany) and ultrasonic pachymetry (PacPen
Pachymeter 24-5, Accutome, Malvern, USA). The follow-
ing preoperative data were collected for both eyes: age,
gender, history of ocular allergies, BSCVA, Kmax, manifest
refractive astigmatism, corneal cylinder, central corneal
thickness (CCT), minimal corneal thickness (MCT), sphe-
rical equivalent (SEQ) and coma aberration (Nidek OPD,
Nidek Co., Japan). The postoperative 1-year data included:
BSCVA, Kmax, manifest refractive astigmatism, corneal
cylinder, CCT, MCT, SEQ and coma.

Central and paracentral cones

Central cones were defined as cones that were located
within the central 3 mm. Paracentral cones were defined as
cones within the 3–5 mm region. Peripheral cones (n= 2)
were defined as cones >5 mm and were excluded from
analyses as no meaningful analyses could be performed for
this group of eyes and there was a concern that they may in

fact represent pellucid marginal degeneration (PMD). For
subjects in which both eyes had CXL, only one eye was
randomly selected [13]. Corneal tomographies of eyes with
paracentral cones were reviewed by two independent clin-
icians (MM and TT) to confirm that these were indeed cases
of inferior keratoconus and not PMD. Corneal tomographies
with a crab claw pattern in the sagittal curvature maps and
typical band-like inferior corneal thinning and protrusion
above the thinning were categorized as suspicious for PMD
and excluded [14, 15].

Definitions of progression

In order to assess progression following CXL, progres-
sion after CXL was defined as an absolute increase in Kmax
>2 D at 1 year.

Cross-linking technique

A standardized alcohol-assisted epithelium off accelerated
protocol (9 mW/cm2 UVA, 365 nm, 10 min, cumulative
dose of 5.4 J/cm2) was performed in all patients as pre-
viously described by our group (Table 1) [12].

Sample size calculation

Assuming an effect size of 0.50, an alpha error of 0.05, a
power of 0.80 and an allocation ratio of 0.20 (between

Table 1 Characteristics of the cross-linking method used in this study
according to the recommended standardized terminology and protocol
nomenclature.

Parameter Variable

Treatment target Keratoconus

Fluence (total) J/cm2 5.4

Soak time and interval
(minutes)

30 (q2)

Intensity (mW) 9

Treatment time (minutes) 10

Epithelium status Off

Chromophore Riboflavin

Chromophore carrier 5% dextran (20% if CCT <400
micron)

Chromophore osmolarity Iso-osmolar (Hypo-osmolar if CCT
<400 micron)

Chromophore concentration 0.1%

Light source [UV-X system: IROC science AG,
Zurich, Switzerland]

Irradiation mode (interval) Continuous

Protocol abbreviation in
manuscript

A-CXL (9 × 10)

A-CXL accelerated corneal cross-linking.
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paracentral and central cones) a required minimum sample
size of 38 and 190 was calculated for the paracentral and
central cones, respectively.

Statistical analysis

Data were analyzed with the Minitab Software, version 17
(Minitab Inc, State College, PA). For comparison of
continuous and categorical data the Student’s t test and
chi-square test were used, respectively. To compare 1-
year outcomes, for continuous data and categorical data,
general linear model and binary logistic regression
were used respectively to account for differences in
baseline between the central and paracentral groups. For
comparison of preoperative and postoperative continuous
data within groups the paired t test was used. A two-sided
p value of < 0.05 was considered as statistically
significant.

Results

Overall, 314 eyes of 314 subjects with a mean age of 27.5 ±
7.7 years (range, 14.2–61.0) of which 70.4% (n= 221) were
male were included in the analyses. Central cones were
identified in 85.4% (n= 268) of the eyes and the remainder
(n= 47) were paracentral. One of the paracentral eyes was
excluded from all analysis after being categorized by both
reviewers as suspicious for PMD, whereas the rest (n= 46)
were classified as paracentral keratoconus (100% agreement
between reviewers).

Central and paracentral group baseline
characteristics

Table 2 depicts a comparison of baseline characteristics
between the central and paracentral cone groups. Briefly,
the central group was younger (26.6 ± 7.1 years vs. 32.4 ±
9.2 years, p < 0.001), had less corneal astigmatism (3.3 ±
2.0 D vs. 4.0 ± 1.9 D, p= 0.03) and coma (2.88 ± 1.75 vs.
3.63 ± 1.85, p= 0.02). There were no significant differ-
ences in terms of seasonal or environmental allergies
(38.1% vs. 37.0%, p= 0.89) or keratoconus grading
(p= 0.98).

Comparison of 1 year outcomes between groups

Table 3 depicts a comparison of outcomes at 1 year between
the central and paracentral cone groups before and after
adjusting for baseline differences between groups (age,
BSCVA, corneal astigmatism, Kmax and coma). The cen-
tral group had a lower mean spherical equivalent (−2.84 ±
3.75 D) compared to the paracentral group (−3.66 ± 4.88D)

(p= 0.28), for a mean difference of 1.27 ± 0.60 D (p=
0.04) after adjusting for baseline differences. The central
group also had a better mean BSCVA (0.21 ± 0.19 log-
MAR) compared to the paracentral group (0.31 ± 0.25
logMAR) (p= 0.02), for a mean difference of 0.08 ± 0.02
logMAR (p < 0.001) after adjusting for baseline differences.
There was no significant difference in Kmax progression
(>2 D) rates at 1 year (6.7% vs. 6.5%, p= 0.83, adjusted
p= 0.83).

Change in outcomes at 1 year

Table 4 depicts change in outcomes at 1 year between the
central and paracentral cone groups. There was a sig-
nificant reduction in spherical equivalent only in the
central group (0.68 ± 2.93, p < 0.001) and this reduction
was significantly greater than the paracentral group (p=
0.05). In addition, the central group only had an
improvement in BSCVA (−0.05 ± 0.16 logMAR, p <
0.001) and this was also significantly larger than the
paracentral group (p= 0.04). Both groups remained stable
at 1 year in terms of Kmax (p= 0.66 and p= 0.99,
respectively).

Table 2 Comparison of baseline parameters between the central
(3 mm) and paracentral (>3 mm) cones.

Parameter Central
(n= 268)

Paracentral
(n= 46)

ap value

Age (years) 26.6 ± 7.1 32.4 ± 9.2 <0.001

Male (%) 69.4% 76.1% 0.36

Eye (% right) 42.9% 37.0% 0.45

Caucasian (%) 43.3% 54.4% 0.16

Allergies (%) 38.1% 37.0% 0.89

Amsler–Krumeich
grading

0.98

Grade 1 79% 80%

Grade 2 8% 9%

Grade 3 3% 2%

Grade 4 10% 9%

SEQ (D) −3.52 ± 3.89 −3.27 ± 4.50 0.72

Astigmatism (D) 2.97 ± 1.93 3.50 ± 2.00 0.10

BSCVA (logMAR) 0.26 ± 0.23 0.29 ± 0.25 0.50

CCT (μ) 489.0 ± 47.0 485.4 ± 48.7 0.65

MCT (μ) 472.2 ± 45.1 457.3 ± 49.4 0.06

Corneal astigmatism (D) 3.31 ± 1.96 4.01 ± 1.90 0.03

Kmax (D) 55.90 ± 8.27 56.96 ± 9.45 0.48

Coma (μ) 2.88 ± 1.75 3.63 ± 1.85 0.02

SEQ spherical equivalent, BSCVA best spectacle-corrected visual
acuity, CCT central corneal thickness, MCT minimal corneal
thickness, Kmax maximum keratometry.
aStudent’s t test and chi-square.
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Discussion

This large-scale study compared outcomes of CXL in ker-
atoconus eyes with central versus paracentral cones. Sub-
jects with central cones were younger, had lower corneal
astigmatism and lower coma values. There was a modest
improvement (less than one line) in BSCVA, as well as a
reduction in myopia in the central cone group only. There
were no significant differences between the central and
paracentral cone groups with respect to progression rates.
This is to the best of our knowledge the largest study to
compare central versus paracentral cones in keratoconic
eyes after CXL and the first prospective study to do so with
an accelerated CXL protocol (Table 5).

The location of the steepest point of the cone in kera-
toconus was first reported by Ertan et al. [16]. They reported
that younger patients had a vertical bowtie pattern, while the
middle and older aged patients had an inferior global cone
or inferotemporal global cone pattern, respectively [16].

Indeed, in the current study the paracentral cone group was
significantly older than the central cone group. Considering
that non-central keratoconus, particularly in older patients,
may in fact represent overlooked PMD, all cases originally
categorized by the investigators as keratoconus with a
paracentral cone were reviewed to confirm they were not in
fact PMD. All but one were confirmed to be paracentral
keratoconus and not PMD.

In the current study, following CXL, there was a sig-
nificant improvement in BSCVA in the central cone group
only. After controlling for baseline differences, the central
cone group had a four-letter improvement (0.08 logMAR)
compared to the paracentral cone group. This is supported
by the findings of Greenstein et al. who reported the greatest
improvement in BSCVA in central cones following CXL
[17]. Although they reported a significant improvement in
both central and paracentral cones, the magnitude of the
difference between both groups was somewhat similar to
that of our study (0.06 logMAR) [17]. Similarly, Toprak

Table 3 Comparison of 1-year
outcomes between the central
(3 mm) and paracentral
(>3 mm) cones.

Parameter Central Paracentral ap value bp value

SEQ (D) −2.84 ± 3.75 −3.66 ± 4.88 0.28 0.04

Astigmatism (D) 3.00 ± 2.04 3.94 ± 2.05 0.006 0.24

BSCVA (logMAR) 0.21 ± 0.19 0.31 ± 0.25 0.02 <0.001

CCT (μ) 489.7 ± 47.8 479.2 ± 57.4 0.24 0.15

MCT (μ) 468.2 ± 48.6 455.9 ± 57.9 0.18 0.38

Corneal astigmatism (D) 3.25 ± 1.96 3.93 ± 1.82 0.03 0.72

Kmax (D) 56.0 ± 8.0 57.0 ± 9.6 0.50 0.99

Coma (μ) 2.84 ± 1.59 3.37 ± 1.72 0.07 0.76

%Progression > 2D 6.7% 6.5% 0.96 0.83

SEQ spherical equivalent, BSCVA best spectacle-corrected visual acuity, CCT central corneal thickness,
MCT minimal corneal thickness, Kmax maximum keratometry.
aStudent’s t test and chi-square.
bAdjusted for age, baseline BSCVA, corneal astigmatism, baseline kmax and coma with regression analysis.

Table 4 Comparison of change
in outcomes at 1 year between
the central (3 mm) and
paracentral (>3 mm) cones.

Central Paracentral ap

Parameter Mean ± SD bp value
(vs. baseline)

Mean ± SD bp value
(vs. baseline)

Between
groups

Delta SEQ (D) 0.68 ± 2.93 <0.001 −0.36 ± 3.34 0.48 0.05

Delta astigmatism (D) 0.03 ± 1.72 0.76 0.39 ± 1.59 0.10 0.17

Delta BSCVA (logMAR) −0.05 ± 0.16 <0.001 0.02 ± 0.21 0.62 0.04

Delta CCT (μ) 0.4 ± 38.7 0.85 −6.3 ± 49.0 0.39 0.38

Delta MCT (μ) −3.9 ± 22.6 0.005 −0.5 ± 29.5 0.92 0.46

Delta corneal astigmatism (D) −0.08 ± 0.83 0.13 −0.11 ± 1.37 0.58 0.87

Delta Kmax 0.05 ± 1.78 0.66 0.00 ± 1.65 0.99 0.85

Delta coma (μ) 0.01 ± 0.56 0.76 −0.08 ± 0.46 0.29 0.28

SEQ spherical equivalent, BSCVA best spectacle-corrected visual acuity, CCT central corneal thickness,
MCT minimal corneal thickness, Kmax maximum keratometry.
aStudent’s t test.
bPaired t test.
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et al. reported a significant improvement in BSCVA in the
central group only (0.13 logMAR) whereas there was no
significant improvement in the paracentral group (0.03
logMAR) [5]. In a multivariate analyses that assessed the
correlation between cone eccentricity and change in
BSCVA, no significant correlation was found between the
two [9, 10]. It can be speculated that the minor difference in
improvement in BSCVA between central and paracentral
cones is likely due to the involvement of the visual axis and
likely to be statistically significant in studies with larger
numbers.

Discrepancies in findings have been reported regarding
whether cone location is a predictor of change in Kmax
following CXL. In the current study, there were no sig-
nificant differences in baseline, 1 year and change in Kmax
between the central and paracentral cone groups. In addi-
tion, there was no significant difference in Kmax progres-
sion rates at 1 year between groups. There was however a
significant reduction in SEQ in the central cone group only,
with the central cone group demonstrating 1.27 D greater
reduction in SEQ. Greenstein et al. initially reported more
topographic flattening in central cones [17], and later
reported that when accounting for preoperative Kmax, the
cone location no longer remained a significant predictor [8].
Several other studies reported superior Kmax outcomes in
central cones compared to peripheral cones following CXL
[5, 9, 11] with Koc et al. reporting that baseline Kmax was a
more significant predictor with a greater effect [10]. The
findings of the current study indicate that keratoconic eyes
with central cones have a greater overall flattening of the
cornea and a reduction in myopia but not necessarily a
greater reduction in Kmax.

Two previous prospective studies have addressed cone
location and its potential effects on CXL (Table 4) [8, 9].
Both of these studies reported outcomes of a 30 min Dres-
den protocol whereas the current study reports outcomes of

an accelerated 10 min protocol, one that has gained popu-
larity over recent years and has been shown to have similar
outcomes to the original Dresden protocol [18]. In addition,
the two previous studies consisted of smaller sample sizes
[8, 9] with the study from Greenstein et al. including
postoperative ectasia patients as well as keratoconus
patients, perhaps making it difficult to apply separate con-
clusions to each population [8]. Furthermore, both studies
included, for some patients, both eyes in the analysis and
although the appropriate adjustments were made to account
for this, these often come at the expense of statistical power
[19]. In the current study, only patients with keratoconus
were included and only one eye was included for each
patient. Wisse et al. (n= 102) reported that only pre-
operative visual acuity was a predictor of postoperative
visual acuity and that cone eccentricity was not a predictor
in regression analysis [9]. In the current study, the large
sample size (n= 314) enabled us to investigate more fac-
tors; the rule of thumb being that there should be a mini-
mum of 10 observations per variable entering a multivariate
model to avoid overfitting and leading to results that are not
generalizable [20]. Indeed, in the current study, which was
more sufficiently powered, cone location was a predictor of
postoperative visual acuity.

This study has several limitations. First, the findings of
this study directly apply only to accelerated epithelium off
CXL, however these findings can likely be extrapolated to
other protocols, such as standard epithelium off CXL and
epithelium on CXL [21–23]. Second, habitual eye rubbing
[24, 25] and floppy eyelid syndrome were not captured and
may have played a role in the differences in outcomes
between groups and it was not possible to quantify or
qualify its effects. We did however adjust for seasonal and
environmental allergies as a proxy measure of eye rubbing.
Third, the two groups were uneven in size with 268 central
cones and 46 paracentral cones, this is however considered

Table 5 Studies assessing cone location as a predictor of outcomes following cross-linking.

Author Eyes/pts Population aTwo eye stats MVA Methodology Protocol Cone location and main outcomes

Greenstein et al. [8] 104/NA KC, ectasia NA Yes Prospective 30 min No association with main outcomes.

Toprak et al. [5] 99/99 KC 1 eye per patient No Retrospective 30 min No association with main outcomes.

Wisse et al. [9] 102/79 KC Adjusted
statistics

Yes Prospective 30 min Eccentricity associated with Kmax outcome.
Visual outcome not associated with
eccentricity.

Koc et al. [10] 162/146 KC No adjustment Yes Retrospective 10 min No association with main outcomes.

Sarac et al. [11] 72/52 Pediatric KC No adjustment Yes Retrospective 30 min Eccentricity associated with Kmax outcome.

Mimouni et al. 314/314 KC 1 eye per patient Yes Prospective 10 min No association with Kmax outcome.
Eccentricity associated with visual outcome.
Eccentricity associated with myopia
reduction.

Pts patients, KC keratoconus, MVA multivariate analysis, NA not available.
aTwo eye stats—how authors dealt with two eyes per patient in statistical analyses.
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a normal distribution of cone location for keratoconus
patients [26]. Last, there were significant differences
between the two groups at baseline and although statistical
methods were used to adjust for these differences, they were
not likely eliminated.

In summary, this large-scale study of keratoconus eyes 1
year after accelerated CXL indicates that compared to those
with paracentral cones, central cones have on average
almost one additional line improvement in BCSVA and
1.27 D more reduction in myopia. We feel that this paper
will help surgeons use this information to counsel their
patients regarding predicted outcomes of accelerated CXL.

Summary

What was known before

● Keratoconus is a non-inflammatory corneal ectasia of
the central or paracentral region leading to corneal
thinning, steepening and scarring.

● There have been conflicting reports as to whether cone
location is a factor effecting CXL outcomes in
keratoconus patients.

What this study adds

● First study to compare outcomes of central and
paracentral cones with an accelerated CXL protocol.

● Central cones have on average almost one additional
line improvement in BCSVA and 1.27 D more reduction
in myopia.
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