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Abstract
Purpose To evaluate changes in corrected distance visual acuity (CDVA), ratio of anterior and posterior corneal radii over 
the thinnest region of the cornea (ARC/PRC), and astigmatism after cross-linking (CXL) in keratoconus.
Methods Subjective refraction and ARC/PRC (using Pentacam™) were monitored over 1 year in (I) keratoconus treated 
with routine CXL (n = 53), (II) relatively stable keratoconus (n = 23), and (III) age/gender matched controls (n = 24).
Results CDVA (median, mode, interquartile range) improved significantly in group I, compared with groups II and III (p < 0.05), from 
0.45 (0.60, 0.20–0.63) to 0.80 (0.95, 0.60–0.95); change in CDVA was associated with preop CDVA (p < 0.01 at all times postop). 
ARC/PRC (mean ± sd, 95% CI) changed from 1.362 (± 0.048, 1.347–1.377) to 1.425 (± 0.073, 1.401–1.449). CDVA and ARC/PRC 
remained stable in II and III. Significant relationships were revealed between logCDVA and ARC/PRC in I and II (at 12 months, 
I rs =  − 0.464, II rs − 0.449) and logCDVA at postop(y), log CDVA at preop(x1), and ARC/PRC at preop(x2) in I (at 12 months, 
y = 0.356x1 − 1.312x2 + 1.806, r2

1 = 0.494, r2
2 = 0.203). Astigmatic power (mean ± sd, 95% CI) improved from − 3.10DC (± 1.52, − 3.55 

to − 2.66) to − 2.53DC (± 1.24, − 2.90 to − 2.17) in I, and worsened from − 1.27DC (± 1.32, − 1.81 to − 0.73) to − 1.61DC (± 1.28, − 2.13 
to − 1.09) in II. Vector analysis revealed in group I (a) the power of the surgically induced astigmatism (SIA) was linked to astigmatic 
power at preop and (b) the difference between the axis of astigmatism at preop(ø) and the axis of the SIA was linked to ø.
Conclusion CXL improved CDVA, increased the ARC/PRC ratio, and modified the association between CDVA and ARC/
PRC. The change in CDVA was linked to preop CDVA and ARC/PRC values. The association between SIA and preop 
astigmatism implies there is not a simple cause and effect relationship with CXL.

Key messages

What is already known about this subject?

Anterior radius of curvature (ARC) and posterior radius of curvature (PRC) over the cone apex 
represent the cone shape and severity.

What are the new findings? 

The ARC/PRC ratio is a powerful indicator of corrected distance visual acuity (CDVA) in keratoconus 
before CXL treatment, but CXL treatment disrupted the natural relationship between CDVA and the 
ARC/PRC ratio. 

The ARC/PRC ratio and CDVA before the CXL procedure is significantly linked to the CDVA encountered 
one year later. 

The power and axis of the surgically induced astigmatism (SIA) following the CXL procedure, without 
customization, can be predicted from the power and axis of refractive astigmatism at preop. 

Extended author information available on the last page of the article
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Introduction
Corneal cross-linking (CXL) delivers multiple effects on 
corneal tissue culminating in increased corneal stiffness 
and, consequently, arresting or slowing down progression 
in keratoconus [1]. Studies have demonstrated both flatten-
ing of the apical cone and improvement in visual acuity after 
the procedure [2–6]. Flattening of the cone, indicated by 
the lowering of maximum corneal curvature (Kmax), and 
changes in corneal astigmatism are linked with improve-
ments in both uncorrected distance visual acuity (UDVA) 
and corrected distance visual acuity (CDVA). The magni-
tude of astigmatism reduces after CXL, but changes in the 
axes have not been fully considered [3]. There is a tendency 
for the flattening of the cone to continue over a year fol-
lowing CXL treatment, and this appears to depend on the 
severity of the keratoconus at preop [7, 8].

The repeatability of Kmax is poor in keratoconus when 
compared with the healthy cornea. Discrepancies from 
0.32D to 1.62D, depending on the severity of the keratoco-
nus, have been reported [9, 10]. The Kmax value is a single 
anterior surface measurement that is not representative of 
the whole cornea in keratoconus. Changes at the posterior 
corneal surface may occur without concurrent changes at the 
anterior surface. Furthermore, CXL influences the shape of 
the anterior and posterior surfaces simultaneously but not 
by equal amounts [2–5, 11]. Thus, it would be prudent to 
monitor both corneal surfaces in all cases of keratoconus. 
The anterior radius of curvature (ARC) and posterior radius 
of curvature (PRC) are part of the ABCD Belin keratoco-
nus staging system that have been featured in the Pentacam 
(OCULUS Optikgeräte GmbH, Wetzlar, Germany) software 
since 2016. ARC and PRC values represent the curvatures 
over a 3-mm zone encompassing the thinnest region, a 
region of the cornea that excludes the rest of the cornea 
that is less affected by the keratoconic protrusion [12]. The 
ratio of these curvatures (ARC/PRC) is a single figure depic-
tion of the apical cone. Monitoring the value of this ratio 
could be a useful objective indicator of the dynamic changes 
occurring within the cone itself and perhaps visual acuity 
after CXL. Progression of the cone in keratoconus is asso-
ciated with changes in refractive astigmatism [13]. If the 
ARC/PRC ratio is representative of the cone, and the cone is 
associated with refractive astigmatism, then changes in this 
ratio should be linked to changes in refractive astigmatism.

The aim of this study was to (i) measure changes in 
CDVA, the ARC/PRC ratio, and refractive astigmatism over 
1 year after routine uncomplicated cross-linking in kerato-
conus; (ii) determine if there were any clinical associations 
between the CDVA and ARC/PRC ratio, and (iii) determine 

if there were any associations between preop refractive astig-
matism and any surgically induced astigmatism.

Materials and methods

This was a prospective, partially masked, semi-randomized, 
interventional, clinical trial, performed in Refractive Surgery 
Department at Sistina Ophthalmology Hospital in Skopje 
between April 2016 and December 2019. The study was 
approved by the Ethics committee at the Sistina Ophthal-
mology Hospital. The tenets of the Helsinki agreement were 
followed throughout. Signed consent was obtained from all 
patients after they were fully informed about the procedures, 
risks, and benefits. All the patients were examined, where 
appropriate operated, and followed up by the same clinical 
team.

Preoperative assessment and indications 
for cross‑linking

The following assessments were performed at pre- and fol-
low-up appointments:

Pentacam (OCULUS Optikgeräte GmbH, Wetzlar, Ger-
many) analysis for ARC/PRC ratios; subjective refraction; 
CDVA (Aitomu LCD Digital Vision Eye Chart, Shanghai, 
China); full biomicroscopic examination; tonometry and 
dilated pupil fundus examination. Pentacam provides ante-
rior and posterior surface topography details of the cornea 
that are derived from true surface elevation measurements 
[12, 14–17]. In every case, three consecutive Pentacam scans 
were taken and the best quality scan was selected for analy-
sis. The SimK, Kmax, thinnest pachymetry location, ante-
rior and posterior elevation over the cone area, and ARC/
PRC ratio values were sequestered from the best scan in 
each case. The keratoconus subjects were assigned to one 
of two groups: group I consisted of patients that underwent 
CXL (treated group), group II comprised of non-rapidly pro-
gressing keratoconic eyes or eyes where the patient declined 
cross-linking for personal reasons preferring to remain cor-
rected with glasses (untreated group). A third group (III) 
included age/gender matched subjects with no signs of kera-
toconus (control group). Group I subjects were keratoconus 
patients that fulfilled the criteria for CXL. They were pro-
gressive keratoconics because either the Kmax or manifest 
refractive astigmatism increased by ≥ 1D and CDVA deterio-
rated over the previous year. Exclusion criteria were corneas 
thinner than 380μ, history of previous surgical intervention, 
corneal scarring, severe infection, or other corneal diseases.

Keywords Keratoconus · Corneal cross-linking · Anterior radius of curvature · Posterior radius of curvature
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Corneal cross‑linking procedure

The CXL procedure adhered to the standard Dresden pro-
tocol. Preoperatively all the patients received topical anes-
thetic (Tetracaine HCL 0.5%, Alcon Forth Worth, Texas) 
and miotic (Isopto Carpine 2% HCl, Alcon, Forth Worth, 
Texas) drops. The fornices and the periocular region were 
cleaned with povidone 10% (Betadine 10%, Alcaloid, 
Skopje). The central 8.5–9.0-mm diameter of the corneal 
epithelium was removed with a crescent knife. Intraopera-
tive pachymetry was measured with an ultrasound hand 
held pachymeter (Pocket II, Quantel Medical, Cournon 
d’Auvergne, France). Riboflavin (Peschke D, Peschke Trade, 
Huenenberg, Switzerland) was applied every 3 min for the 
next 30 min. The cornea was subjected to UV-A radiation 
with a wavelength of 370 nm and energy of 3mW using 
UVA CXL lamp (VEGA CBM-X-Linker, Carleton Optical, 
Chesham, UK) for 30 min (6 cycles of 5 min each). The cor-
rect irradiance density (between 2.7 mW/cm2 and 3.3 mW/
cm2) and dose (5.4 J/cm2) were checked before commenc-
ing every CXL procedure [18]. After the radiation, topical 
atropine 1% (atropine sulfate, Cooper, Athens, Greece) and 
antibiotic (Tobrex, Alcon, Forth Worth, Texas) drops were 
applied and a bandage soft contact lens (Air Optix Night & 
Day Aqua, Alcon, Texas) was placed over the cornea.

Postoperative management

Postoperative therapy included a combination of antibiotic/
corticosteroid drops (Tobradex, Alcon, Forth Worth, Texas) 
instilled 4 times daily for the next 2 weeks; afterward, the 
drops were tapered off gradually over 6 weeks.

Postoperative examinations were scheduled at 1 day, 
4 days, 1 week, and 1, 3, and 6 months followed by 1 year 
postoperatively. Thereafter, the patients were advised to have 
a full ophthalmological examination on an annual basis.

Data collection and analysis

In binocular cases, only data from the right eyes were harvested 
and included in the analysis. Astigmatic data were subjected to 
vector analysis using Alpins procedure to calculate the induced 
astigmatism [19]. This would render the data more amenable to 
uncomplex statistical scrutiny. The difference (Δθ) between the 
axis of astigmatism at the start of the study and the axis of the 
induced astigmatism was also determined. This would indicate 
if there was any preferential direction (e.g., clockwise or anti-
clockwise) in any pattern of change.

The data were stored on an Excel spreadsheet (Microsoft, 
Redmond, WA) and analyzed to determine the significance 
of any differences in CDVA, ARC/PRC ratio, and astigma-
tism between groups (where appropriate Mann–Whitney U 
test or unpaired t-test) and changes occurring within each 

group (where appropriate Friedman test for repeat measures, 
1-way ANOVA for repeat measures, Wilcoxon signed-rank or 
paired t-test). If a significant change, in either CDVA, ARC/
PRC ratio, or astigmatism, was found, then the analysis would 
be extended to determine the significance of any association 
between the change in the parameter and the value at the start 
of the study (where appropriate Spearman’s rho or Pearson cor-
relation). Depending on the outcome of this analysis, the data 
would be further investigated to determine if a model could be 
constructed (linear and multiple regression) to predict the likely 
CDVA or astigmatism after CXL (group I) or after 1 year in 
untreated cases (groups II and III).

Non-parametric tests were applied when data were not 
normally distributed. Changes and differences were consid-
ered statistically significant when p˂0.05.

Results

Fifty-three patients underwent CXL (group I). There were 
12 females and 41 males of mean (± sd) age 24.0 ± 7.2 years 
(range 11–44). All attended follow-up checks up to 6 months 
postop. Thereafter, eight were lost to follow-up. The 
untreated patients (group II) consisted of 6 females and 17 
males of mean (± sd) age 27.3 ± 7.0 years (range 17–44). 
The controls (group III) consisted of 9 females and 15 males 
of mean (± sd) age 24.7 ± 7.6 years (range 17–45). Subjects 
in this group attended and were examined twice, once at the 
start of the study then 12 months later. None of the group II 
and III cases was lost to follow-up. On each occasion, the 
quality of the Pentacam scans was suitable and provided the 
sought-after information. There were significant inter-group 
differences in CDVA, the ARC/PRC ratio, and astigmatism 
at various stages throughout the study. These are shown in 
Tables 1, 2, and 3.

Table 1  CDVA (median, mode, interquartile range). Significance 
of apparent (A) differences (Mann–Whitney U test) between groups 
I, (treated group n = 53 at all sessions except at 12  months where 
n = 45) and II (untreated group n = 23) and (B) changes (Wilcoxon 
signed-rank test) in group III (control group n = 24) are shown in the 
last column. Differences between groups I and III (Mann–Whitney 
U test) at the start and end of the study were significant (p < 0.001). 
However, differences between groups II and III at the start (p = 0.208) 
and end of the study were not significant (p = 0.215)

Session Group I (treated) Group II (untreated) p

Start 0.45 (0.60, 0.20–0.63) 0.80 (1.00, 0.75–0.95)  < 0.001
1 m 0.50 (0.50, 0.28–0.68) 0.90 (0.90, 0.60–0.95)  < 0.001
3 m 0.60 (0.50, 0.43–0.83) 0.90 (0.90, 0.70–0.95)  < 0.001
6 m 0.70 (0.95, 0.50–0.90) 0.90 (0.95, 0.65–0.95) 0.055
12 m 0.80 (0.95, 0.60–0.95) 0.90 (0.95, 0.70–0.95) 0.144
Group III (control)

Start 12 months
1.00 (1.00, 0.70–1.00) 0.98 (1.00, 0.73–1.00) 1.000
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Change in, and association between, CDVA and ARC/
PRC ratio in each group

The CDVA values in all three groups are shown in Table 1, 
and the corresponding ARC/PRC ratios are shown in 
Table 2. The key findings were as follows.

Change in CDVA was significant in group I (Friedman 
test, over 6 months X2

r = 91.16, n = 53, p < 0.001, over 1 year 
X2

r = 101.8, n = 45, p < 0.001), but not in group II (p = 0.589 
over 6 months and p = 0.601 over 1 year) or III (Wilcoxon 
signed-rank test p = 1.000 over 1 year).

In group I, significant relationships were found between 
the pre- and postop log CDVA, (p < 0.001 for comparisons at 
1, 3, 6, and 12 months postop). And the difference between 
pre- and postop CDVA when compared with preop CDVA 
was significant at 6 (rs = 0.367, n = 53, p = 0.014) and 12 
(rs = 0.398, n = 45, p = 0.029) months postop.

Change in the mean ARC/PRC ratio was significant in 
group I (1-way ANOVA, over 6 months F = 13.42, n = 53, 
p < 0.001, over 1 year F = 19.79, n = 45, p < 0.001), but not in 

group II (p = 0.387 over 6 months and p = 0.401 over 1 year) 
or III (paired t-test p = 0.577 over 1 year). Table 2 shows the 
ARC/PRC ratio in group I reduced at 1 month postop then 
increased over the next 11 months. Excluding the preop, and 
1 month postop, data from ANOVA still revealed the change 
in mean ARC/PRC ratio was significant (1-way ANOVA 
between 3 and 12 months, F = 5.558, n = 45, p = 0.005).

A significant relationship was found between the pre- and 
postop ARC/PRC ratios in group I.

(p < 0.001 at 1, 3, 6 months postop and p = 0.003 at 
12  months postop). There was no significant relation-
ship between the change in ARC/PRC ratio and the ARC/
PRC ratio at the preop (p = 0.470 at 6 months and 0.472 at 
12 months postop).

After considering various permutations, a significant rela-
tionship between log CDVA and the ARC/PRC ratio was 
found in group I at preop (rs =  − 0.388, n = 53, p = 0.004), 
and 1 (rs =  − 0.332, n = 53, p = 0.015), 6 (rs =  − 0.422, 
n = 53, p < 0.01), and 12 months postop (rs =  − 0.464, n = 45, 
p = 0.006) but not at 3 months (rs =  − 0.235, p = 0.090). In 

Table 2  ARC/PRC ratio (mean ± sd, 95% CI). Significance of 
apparent (A) differences (unpaired t-test) between groups I (treated 
group n = 53 at all sessions except at 12  months where n = 45) and 
II (n = 23) and (B) changes (paired t-test) in group III (control group 

n = 24) are shown in the last column. Differences between groups I 
and III and groups II and III at the start and end of the study were 
significant (p < 0.001)

Session Group I (treated) Group II (untreated) p

Start 1.362 (± 0.048, 1.347–1.377) 1.325 (± 0.052,1.303–1.348) 0.002
1 m 1.347 (± 0.087, 1.321–1.373) 1.331 (± 0.056, 1.307–1.355) 0.220
3 m 1.379 (± 0.072, 1.358–1.406) 1.317 (± 0.094, 1.276–1.358) 0.008
6 m 1.407 (± 0.074, 1.385–1.429) 1.331 (± 0.051, 1.309–1.352)  < 0.001
12 m 1.425 (± 0.073, 1.401–1.449) 1.328 (± 0.052, 1.306–1.351)  < 0.001
Group III (control)

Start 12 months
1.228 (± 0.097, 1.188–1.267) 1.239 (± 0.030, 1.228–1.251) 0.596

Table 3  Astigmatic power by refraction (mean, ± sd, 95% CI). Sig-
nificance of apparent (A) differences (unpaired t-test) between 
groups I (treated group n = 53 at all sessions except at 12  months 
where n = 45) and II (n = 23) and (B) changes (paired t-test) in group 

III (control group n = 24) are shown in the last column. Differences 
between groups I and III and groups II and III at the start and end of 
the study were significant (p < 0.001).

Session Group I (treated) Group II (untreated) p

Start  − 3.10 (± 1.52, − 3.55 to − 2.66)  − 1.27 (± 1.32, − 1.81 to − 0.73)  < 0.001
1 m  − 3.53 (± 1.71, − 4.03 to − 3.03)  − 1.29 (± 1.41, − 1.87 to − 0.72)  < 0.001
3 m  − 3.28 (± 1.65, − 3.76 to − 2.80)  − 1.42 (± 1.43, − 2.01 to − 0.84)  < 0.001
6 m  − 2.97 (± 1.41, − 3.38 to − 2.56)  − 1.62 (± 1.31, − 2.15 to − 1.08)  < 0.001
12 m  − 2.53 (± 1.24, − 2.90 to − 2.17)  − 1.61 (± 1.28, − 2.13 to − 1.09) 0.006
Group III (control)

Start 12 months
 − 1.40 (± 1.34, − 1.93 to − 0.86)  − 1.56 (± 1.38, − 2.11 to − 1.01) 0.673
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group II, significant correlations were also revealed between 
log CDVA and the ARC/PRC ratio at all stages (rs and p 
values at start of study, 1, 3, 6, and 12 months were − 0.528 
and 0.010, − 0.447 and 0.032, − 0.507 and 0.014, − 0.655 
and 0.007, − 0.449 and 0.032) but not in group III (rs and p 
values were 0.011 and 0.960 at start of study, − 0.195 and 
0.363 at 12 months).

In group I, multiple linear regression revealed significant 
correlations between log CDVA at postop (y), log CDVA at 
preop (x1), and ARC/PRC ratio at preop (x2). The form of 
the associations between y,  x1, and  x2 at 6 and 12 months 
postop were, respectively:

In group II, multiple linear regression revealed significant 
correlations between log CDVA (y) at 6 and 12 months, log 
CDVA (x1), and ARC/PRC ratio (x2) at the start of the study. 
The form of the association between y, x1, and x2 at 6 and 
12 months were, respectively:

Change in astigmatism within each group

Details of the astigmatic powers in the three groups over the 
course of the study are shown in Tables 3 and 4. The mean 
axis of astigmatism did not change significantly in any one 
of the three groups.

Powers

The key findings were as follows.
In group I, there was a significant change in the astig-

matic power determined by refraction (1-way ANOVA, 
over 6 months F = 2.863, n = 53, p = 0.039, over 1 year 
F = 7.576, n = 45, p < 0.001). At 1 month, the mean (± sd, 
95%CI) power of the surgically induced astigmatism (SIA) 
was − 2.45DC (± 2.42, − 3.20 to − 1.74). This mean power 
did not change after 1 month postop (p = 0.264). The power 
of the SIA was significantly correlated with the preop 
astigmatic power at 6 (r2 = 0.097, n = 54, p = 0.023) and 
12 months (r2 = 0.125, n = 45, p = 0.017) postop but not 

(1)y = 0.423x1 − 0.356x2 + 0.458
(

r
2
log preop CDVA = 0.726, p < 0.001;r2 preop ARC∕PRC ratio = 0.137, p = 0.006

)

(2)y = 0.356x1 − 1.312x2 + 1.806
(

r
2
log preop CDVA = 0.494, p < 0.001;r2preop ARC∕PRC ratio = 0.203, p = 0.002

)

(3)y = 0.608x1 − 0.930x2 + 1.127
(

r
2
log start CDVA = 0.584, p < 0.001;r2start ARC∕PRC ratio = 0.366, p = 0.002

)

(4)y = 0.542x1 − 0.371x2 + 0.410
(

r
2
log start CDVA = 0.456, p = 0.004;r2start ARC∕PRC ratio = 0.221, p = 0.024

)

at 1 (p = 0.182) and 3 months (p = 0.789). The change in 
astigmatic power determined by refraction was significantly 
correlated with the preop astigmatic power at all postop ses-
sions (p = 0.026, 0.010, 0.008 and < 0.001 at 1 to 12 months 
postop respectively).

In group II, the changes in both mean astigmatic power 
determined by refraction and mean power of the induced 
astigmatism were significant (1-way ANOVA; mean astig-
matic power by refraction, over 6 months F = 5.109, n = 23, 
p = 0.003, over 1 year F = 4.506, n = 23, p = 0.002; mean 
induced astigmatic power, over 6 months F = 8.714, n = 23, 
p < 0.001, over 1 year F = 7.468, n = 23, p < 0.001).

The power of the induced astigmatism was significantly 
correlated with the astigmatic power by refraction at the start 
of study, at 1 (r2 = 0.218, n = 23, p = 0.026), 3 (r2 = 0.394, 
n = 23, p = 0.001), and 12 (r2 = 0.201, n = 23, p = 0.032) 
months but not at 6 months (p = 0.058).

The change in astigmatic power by refraction was not cor-
related with the astigmatic power found at the start of study 
at any stage over the year (p = 0.057, 0.192, 0.686, and 0.152 
at 1 to 12 months postop respectively).

In group III, the apparent change in mean astigmatic 
power determined by refraction was not significant (paired 
t-test, p = 0.105).

Axes

The key findings were as follows.
In group I, there were significant correlations between 

the axis (°) of astigmatism determined by refraction at preop 
(x) and the axis (°) of the SIA (y) at all postop sessions. 
At 12 months postop, the association between these axes is 
represented by:

There was a significant association between Δθ (the 
difference between the axis of astigmatism determined by 

(5)y = 0.835x + 16.82
(

r
2 = 0.393, n = 45, p < 0.001

)

.
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refraction at preop (x) and the axis of the SIA) and x. At 
12 months postop, the association between Δθ and x is rep-
resented by:

In group II, there was a weak though significant corre-
lation between the axis (°) of astigmatism determined by 
refraction at the start of the study (x) and axis (°) of the 
induced astigmatism at 12 months (y). The association 
between these axes is represented by:

There was a significant association between Δθ (the 
difference between the axis of astigmatism determined 
by refraction at the start of the study (x) and the axis of 
the induced astigmatism) and x. At 1 year, the association 
between Δθ and x is represented by:

In group III, there was no significant correlation between 
the axis of astigmatism at the start of the study and the axis 
of any induced astigmatism at 12 months or Δθ (the differ-
ence between the axis of astigmatism determined by refrac-
tion at the start of the study (x) and the axis of the induced 
astigmatism).

In group 1, multiple linear regression revealed a signifi-
cant correlation between the power of the SIA at 6 months 
postop (y), power (x1), and sine of the axis (x2) of the astig-
matism determined by refraction at preop. The form of the 
association between y, x1, and x2 was:

In group II, multiple linear regression revealed a sig-
nificant correlation between the power of the astigmatism 
revealed by refraction at 6 months (y), power (x1), and sine 
of the axis (x2) of the astigmatism determined by refraction 
at the start of study. The form of the association between y, 
x1, and x2 was:

(6)Δθ = −0.0001x3 + 0.0344x2 − 3.6781x + 123.53
(

r
2 = 0.214, n = 45, p < 0.001

)

.

(7)y = 0.409x + 66.27
(

r
2 = 0.176, n = 23, p = 0.046

)

.

(8)Δθ = 0.00007x3 − 0.0136x2 + 0.2739x + 27.257
(

r
2 = 0.213, n = 23, p = 0.027

)

.

(9)y = 0.406x1 + 3.077x2 − 2.911
(

r
2
preop power = 0.097, p = 0.023;r2sine of preop axis = 0.108, p = 0.017

)

(10)y = 0.894x1 + 0.101x2 − 0.424
(

r
2
power at start = 0.841, p < 0.001;r2sine of axis at start = 0.204, p = 0.031

)

Discussion

Change in, and an association between, CDVA 
and ARC/PRC ratio in each group

CDVA improved in the treated group and remained 
unchanged in the two untreated groups. This improvement 
validates previous reports [20–24]. Furthermore, on four out 
of five occasions, the CDVA was highly correlated with the 
presenting ARC/PRC ratio. It would be speculative to pro-
pose why a significant correlation was not found at 3 months 
postop. This may have been a statistical anomaly resulting 
from the variance in the data harvested at that time. Never-
theless, Eqs. 1 and 2 show the improvement in CDVA at 6 
and 12 months postop was linked, on a case-by-case basis, 
to the preop ARC/PRC ratio and CDVA. Earlier investiga-
tions did not show the change in acuity was predictable on 

a case-by-case basis [20–24]. For a preop CDVA of 0.2 and 
ARC/PRC ratio of 1.31, the predicted CDVA values at 6 and 
12 months postop are 0.50 and 0.70. When the ARC/PRC 
ratio is 1.41, the predicted CDVA values are 0.46 and 0.51 
respectively. Thus, the lower the ARC/PRC ratio at preop, 
the greater the estimated improvement in CDVA. Turning 
to Eqs. 3 and 4, in the untreated keratoconus group with 
similar starting conditions (CDVA of 0.2 and ARC/PRC 
ratio of 1.31), the predicted CDVA values are 0.31 and 0.36. 
Compared with the treated group, the untreated group was 
more heterogeneous consisting of non-rapidly progressing 

keratoconus and some cases that declined cross-linking. The 
differences between these two groups at the start of the study 
are highlighted in Fig. 1a and b. A quick comparison of 
the linear trends, and glancing over the distribution of data 
points, emphasizes the dissimilarities between the groups 
at the start and end of the study. In addition, Tables 1 and 
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2 show the differences between the two groups in terms of 
CDVA, ARC/PRC ratios at key points throughout the study. 
Despite the differences and minor similarities, the predicted 
change of the CDVA is much higher in the treated group.

Table 2 shows a consequence of the treatment, and heal-
ing was an initial fall in the ARC/PRC ratio and then a rise 
over the remaining year. The changing ARC/PRC ratio indi-
cates that the relationship between the anterior and posterior 

corneal surfaces over the cone apex had not settled by 1 year 
postop. In contrast to this, the ARC/PRC ratio did not change 
significantly in both untreated groups over the year. Kita-
zowa et al. advocate the areas over the anterior and posterior 
corneal surfaces can be useful for the analysis of keratoco-
nus [25, 26]. They suggest that an increase in the area over 
the posterior corneal surface occurs before a change over 
the anterior surface area during the early stage of kerato-
conus. Thus, a protrusion of the posterior cornea precedes 
any change at the anterior corneal surface. If the posterior 
corneal surface protrudes before the anterior surface, and at 
a greater pace, then the ARC/PRC ratio should be higher in 
keratoconus compared with healthy corneas. This was con-
firmed by Kitazowa et al. using best-fit spheres over the cen-
tral 5 mm to 7 mm of the cornea [25]. The results in Table 2 
also show the ARC/PRC ratio is higher in keratoconus 

Table 4  Induced astigmatic powers (mean ± sd, 95% CI). Significance 
of apparent (A) differences (unpaired t-test) between groups I (treated 
group n = 53 at all sessions except at 12 months where n = 45) and II 

(n = 23) are shown in the last column. Differences between groups I 
and III and groups II and III at 12 months were significant (p < 0.001)

Start & Group I (treated) Group II (untreated) p

1 m  − 2.45 (± 2.42, − 3.20 to − 1.74)  − 0.31 (± 0.53, − 0.53 to − 0.10)  < 0.001
3 m  − 2.24 (± 1.86, − 2.78 to − 1.70)  − 0.54 (± 0.52, − 0.80 to − 0.37)  < 0.001
6 m  − 2.05 (± 1.76, − 2.56 to − 1.53)  − 0.75 (± 0.60, − 1.00 to − 0.50)  < 0.001
12 m  − 2.44 (± 1.46, − 2.90 to − 2.01)  − 1.06 (± 0.94, − 1.47 to − 0.68)  < 0.001
Group III (control) between start and 12 months − 0.34 (± 0.40, − 0.50 to − 0.18)

Fig. 1  a Log CDVA and ARC/PRC ratio in group I (CXL-
treated cases). Results at preop are represented by filled cir-
cles, results at 1  year postop by empty circles. NB, some data 
points overlap. The equations of the linear trendlines are preop 
(solid line) y = 1.819 − 9.210ln(x), 1  year postop (dashed line) 
y = 0.257 − 1.693ln(x). b Log CDVA and ARC/PRC ratio in group 
II (untreated keratoconus cases). Results at start of study are repre-
sented by filled circles and results 1 year later by empty circles. NB, 
some data points overlap. The equations of the linear trendlines are 
start (solid line) y = 0.717 − 3.392ln(x), 1  year later (dashed line) 
y = 0.456 − 2.347ln(x)

Fig. 2  Induced change in astigmatism observed at 12 months. Group 
I (CXL-treated cases, empty circles, hatched line), positive value 
means that astigmatism had reduced. The equation of the linear trend-
line is y = 0.124x − 0.166. Group II (untreated keratoconus cases, 
filled circles, solid line), negative value means that astigmatism had 
increased. The equation of the linear trendline is y = 1.329 − 0.342x 



 Graefe’s Archive for Clinical and Experimental Ophthalmology

1 3

(groups I and II) compared with normal controls (group III) 
when assessed over the 3-mm thinnest region of the cornea. 
Checking the ARC/PRC ratio over the 3 mm of the cone 
apex is a simple, probably a more convenient and precise, 
process compared to using the best-fit sphere method over 
the central 5 to 7 mm.

Figures 1a and b show the ARC/PRC ratio is a powerful 
indicator, a determinant, of CDVA in keratoconus before 
CXL treatment. Lower ratios in healthy normal corneas are 
linked to good CDVA, and higher ratios in keratoconus are 
associated with poor CDVA. The best fit line in Fig. 1b and 
steeper line in Fig. 1a imply that reducing the ARC/PRC 
ratio should improve CDVA. The CXL treatment clearly 
improved CDVA with concomitant rise, not reduction, in 
the ARC/PRC ratio. Clearly, the CXL treatment disrupted 
the relationship between CDVA and the ARC/PRC ratio. 
Stiffening, and flattening, of the corneal tissue after the CXL 
procedure is predominantly located in the anterior 2/3rds of 
the cornea. This is confirmed by the location of the demarca-
tion line that was observed after CXL [27, 28]. The increase 
in the ARC/PRC ratio in the treated group likely resulted 
from a greater flattening of the anterior surface compared 
with any change at the posterior surface.

Change in manifest astigmatism within each group

Previous studies reported falls in astigmatism of less 
than 1DC after CXL [20, 29]. Turning to Tables 3 and 
4, in the treated group, the magnitude of astigmatism 
increased in the first month following CXL then gradu-
ally declined over the year. By the end of the first year, 
the mean decrease in astigmatism was about 0.6DC and 
this supports previous findings [20, 29]. Paradoxically, 
the surgically induced change in the astigmatic power 
exceeded this value by a factor of four. The SIA can 
be substantial when a change in the axis of astigmatism 
occurs without any change in astigmatic power. Thus, the 
imbalance between the change in magnitude of astigma-
tism by refraction and the magnitude of the SIA power 
must be related to changes in the axis of astigmatism 
revealed during refraction.

There was a significant association between SIA and 
preop astigmatic powers at 6 and 12 months postop, but not 
at 1 and 3 months. Thus, refraction has not yet settled before 
6 months after the CXL treatment.

The induced astigmatism was, as expected, much higher 
in the treated group (I) compared to the untreated group (II). 
The induced astigmatism contributed to an overall decrease 
in astigmatism by refraction in group I and an increase in 
group II. Figure 2 has been constructed to highlight the dif-
ferences between groups I and II. The group I cases with 
high preop astigmatism experienced greater amounts of SIA, 

and this contributed to an overall decrease of astigmatism by 
refraction. The group II cases with high astigmatism were 
also prone to greater amounts of induced astigmatism lead-
ing to an increase of astigmatism by refraction.

Figure 3a shows the association between the axis of the 
SIA and axis of astigmatism according to refraction at preop 
in group I. The axis of the SIA closely matched the axis of 

Fig. 3  a Group I (CXL-treated cases), comparison between the 
axis of induced change in astigmatism at 12 months postop and the 
axis of astigmatism at preop. The equation of the linear trendline 
is y = 0.835x + 16.818. b Group I (CXL-treated cases), difference 
between the axis of astigmatism determined by refraction at preop (x) 
and the axis of the SIA (Δθ). Data points above the solid line are the 
cases where the difference was in the clockwise direction, below the 
line show the opposite. Hatched lines highlight the axes between 70° 
and 110°. Δθ tended to be lower when the axis of preop astigmatism 
was in the 70°–110° range i.e., predominantly against-the-rule. The 
equation of the polynomial trendline is y =  − 0.0001x3 + 0.0344x2 − 3
.6781x + 123.53
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the preop astigmatism when the obvious outliers are ignored. 
Interestingly, Fig. 3b shows the association between the dif-
ference (Δθ) between the axis of the preop astigmatism and 
the axis of the SIA. There was a greater mismatch between 
the axes when the preop axis was predominantly “with-the-
rule.” This may be a statistical anomaly resulting from the 
cumulative errors in subjective refraction or a genuine phe-
nomenon. The astigmatism measured by subjective refrac-
tion in keratoconus depends on the position of the cone and 
the extent of corneal irregularity [30, 31]. Putting that to 
one side, all group I cases received the same, identical, CXL 
treatment. Therefore, it is reasonable to expect the same, near 
identical, response in all cases. This was not the case as dem-
onstrated by the data shown in Fig. 3b and Eqs. 5 and Δ6. 
The SIA depends on the magnitude and axis of astigmatism 
revealed by refraction at preop. In addition, Eq. 9 predicts 
for a preop astigmatism of − 4.00DCx180 the power of the 
predicted SIA at 6 months postop is − 4.54DC. For preop 
astigmatism of − 4.00DCx90, the predicted SIA is − 1.46DC. 
Clearly, the magnitude of the SIA is axis dependent when 
the actual CXL treatment is not. At this stage, it would be 
speculative to propose why the magnitude of the SIA is axis 
dependent. Meridional variations in corneal structure and 
healing, shifts in epithelial thickness distribution, eye rub-
bing and cumulative pressures from the adnexa during blink-
ing and sleeping are factors that may contribute to this axis 
dependency.

Customized cross-linking has been valuable in cases 
of corneal ectasia [32]. The best-fit equations can be used 
to predict the magnitude and axis of the SIA that can be 
expected in an individual case without further customization.

In group II, the magnitude of astigmatism increased 
slightly over the course of the study. Equation 10 predicts 
the change in astigmatism by refraction at 6 months is negli-
gible. However, Eq. 7 predicts a greater divergence between 
the axis of the induced change and axis of the correction 
when the astigmatism is predominantly with-the-rule. In 
group III, the apparent changes in astigmatism were negli-
gible and fell within the typical error associated with subjec-
tive refraction [33].

Conclusion

Cross-linking in accordance with the Dresden protocol 
improves CDVA and augments the ARC/PRC ratio. The 
CDVA at postop is dependent upon the preop CDVA and 
ARC/PRC ratio. In each case, the actual SIA is reliant upon 
the power and axis of the astigmatism determined by refrac-
tion at preop. There is no simple cause-and-effect relation-
ship between the treatment and change in either CDVA, 
ARC/PRC or astigmatism.
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