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Medium to long term follow up
study of the efficacy of cessation
of eye-rubbing to halt progression
of keratoconus

Adrien Mazharian, Roxane Flamant, Sina Elahi,
Christophe Panthier, Radhika Rampat and Damien Gatinel*

Centre d'Explorations et de Recherche en Optique Visuelle (CEROV), Hopital Fondation Rothschild,
Paris, France

Purpose: To study the progression of keratoconus after cessation of eye rubbing
with a minimum follow up of three-years.

Design: Retrospective, monocentric, longitudinal cohort study of keratoconus
patients with a minimum of 3 years follow-up.

Participants: One hundred fifty three eyes of seventy-seven consecutive patients
with keratoconus were included.

Methods: Initial examination consisted of anterior and posterior segment
evaluation using slit-lamp biomicroscopy. At the initial visit, patients were
thoroughly informed of their pathology and instructed to stop rubbing their eyes.
Eye rubbing cessation was assessed at all the follow-up visits at 6 months, 1year,
2 years, 3 years, and yearly afterward. Corneal topography using the Pentacam®
(Oculus®, Wetzlar, Germany) was used to obtain maximum and average anterior
keratometry readings (Kmax and Kmean), as well as thinnest pachymetry
(Pachymin, pm) in both eyes.

Main outcome measures: The main outcomes measured were maximum
keratometry (Kmax), mean keratometry (Kmean), and thinnest pachymetry
(Pachymin) values at various time points to assess for keratoconus progression.
Keratoconus progression was defined as a significant augmentation of Kmax
(>1D), Kmean (>1D), or significant diminution of Pachymin (>5%) throughout the
total follow-up duration.

Results: One hundred fifty three eyes of seventy-seven patients (75.3% males) aged
26.4 years old, were followed for an average of 53 months. Over the course of the
follow-up, there was no statistically significant variation of AKmax (+0.04+0.87;
p=0.34), A Kmean (+0.30+0.67; p=0.27) nor APachymin (—-4.36+11.88; p=0.64).
Among the 26 of the 153 eyes which had at least one criterion of KC progression,
25 admitted continuing eye rubbing, or other at-risk behaviors.

Conclusion: This study suggests that a significant proportion of keratoconus
patients are likely to remain stable if close monitoring and strict ARB cessation are
achieved, without the need for further intervention.

eye-rubbing, keratoconus, cornea, ectasia, corneal topography, progression
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1. Introduction

Keratoconus (KC) is characterized by a progressive, asymmetric
deformation of the cornea associated with central or paracentral
corneal thinning, usually first diagnosed in adolescents or young
adults. The condition results in ectasia, which can lead to significant
visual impairment, sometimes severe enough to require corneal graft
surgery (1).

The reported prevalence of eye-rubbing in KC patients is between
66% et 73% (2, 3). Although many different pathways such as
biochemical, genetic, environmental, mechanical or multi-factorial
origin have been investigated, the specific underlying cause of this
condition is not fully understood (4).

Some hypothesized that repetitive, external, biomechanical stress
can induce weakening and deformation of the cornea (5-7). Gatinel
put forth the conjecture that KC is not a dystrophy of unknown
genetics and biomolecular substratum, but rather a syndrome caused
by eye rubbing, resulting in the progressive deformation and thinning
of the corneal wall, the hallmarks of the disease (8, 9). If eye rubbing
is an indispensable circumstance, then removing this mechanical
stress could lead to stabilization of the induced corneal deformation
(10, 11). This mechanical stress is often in the form of repetitive eye
rubbing. Other at-risk behaviors (ARB) such as incorrect sleeping
position (12-15) and applying overnight pressure on the cornea, may
also play a role to some extent. While eye rubbing and allergy have
recognized associations (16) with keratoconus, their precise causative
relationship and contribution to disease progression is still debated.
This study aimed to determine if eye rubbing, and other ARB cessation
alone, may be effective in stabilizing keratoconus.

2. Materials and methods

2.1. Study design

This was a single-center retrospective cohort study of naive
keratoconus patients with a minimum of 3 years follow-up at the
Rothschild Foundation, Paris, France.

The initial examination consisted of anterior and posterior slit
lamp examination, corneal topography, maximum and mean
keratometry (Kmax and Kmean, respectively), as well as thinnest
pachymetry (Pachymin) (Pentacam®, Oculus®, Wetzlar, Germany).
Objective refractive measures (Sphere and cylinder) recorded at initial
visits were not included in the follow-up visits due to poor repeatability
demonstrated in keratoconus patients (17). The study was conducted
in accordance with the tenets of the 1964 Declaration of Helsinki.
Informed consent was obtained from all the study subjects when
anonymization was impossible.

2.2. Inclusion/exclusion criteria

Patients with keratoconus aged between 12 and 40 years old at the
first visit were included based on the « Global consensus on
keratoconus and corneal ectasia 2015 » criteria, defined as abnormal
posterior ectasia, clinical non-inflammatory corneal thinning and
abnormal corneal thickness distribution (18). Examinations were
performed 3 days after soft contact lens and 2 weeks after rigid/scleral
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contact lens removal. Patients with consultations preceding their
referrals often had missing or inconsistent data, clinical information,
or underwent investigations using other imaging methods with poor
comparability; the reference point (baseline) was defined as the first
visit to our center. Patients with prior cross-linking, or surgical
intervention were excluded as well as patients with factors leading to
compulsive eye-rubbing (19) or poor compliance such as autism,
Tourette’s syndrome, and Down Syndrome, a history of infectious
corneal pathology, or presence of any inflammatory corneal condition,
except for ocular allergies.

2.3. Outcome measures

The primary outcome measured was the absence of keratoconus
progression, based on Wittig-Silva et al’s criteria (20) of a significant
increase in Kmax or Kmean (> 1.0D) or decrease in Pachymin (> 5%)
over the course of the follow-up (defined as AKmax, AKmean, and
APachyMin). The standard criteria are variations over a one-year
duration, but we restricted our study to the same criteria over the
course of the entire follow-up duration to ensure that slowly-
progressing eyes (i.e., <1D progression per year) do not falsely meet
the absence of progression criteria.

2.4. Follow-up

Patients were examined and underwent topographic measurements
at 6months, 1year, 2years, 3 years, and yearly afterwards.

Most patients had multimodal imaging using several
topographers, but the Pentacam® was chosen for this study because
of its repeatability and reproducibility, as described in the literature
(17,21, 22). A subgroup of 100 anonymized patients consented to
make their medical records, with clinical photographs and
available on the website: https://

investigation reports

defeatkeratoconus.com (23).

2.5. Evaluation of at-risk behaviors

To evaluate the presence and extent of ARB, a detailed history was
taken to establish the presence, frequency, and specific manner
(frequency, intensity, dominant hand, time of day) of eye rubbing and
other ARB, often aided by interrogation of family members and close
relatives in patients suspected of anosognosia. This was repeated at
each visit, and the importance of ARB cessation was reinforced.
Patients describing ocular itch or discomfort were prescribed topical
antihistamines and/or ocular lubricants. Patients with potentially
damaging sleeping positions (prone or side-sleeping position with
ocular compression) were systematically offered a rigid eye shields as
nighttime protection and encouraged to modify their sleeping
position (12-15).

Only repeated and daily eye-rubbing with the testimony of
relatives was considered pathological. We have collected all of these
testimonials, including making case reports with photos by putting
them on the following site: https://defeatkeratoconus.com/ (23).

We have yet to find another way to characterize this behavior,
which remains mainly based on the patient’s declaration.
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Sleeping with either eyes dug in the pillow or nocturnal
eye-rubbing was considered pathological. Sleeping on the back or the
opposite side was not counted as an ARB. Therefore, a patient
reporting a predominant right-sided sleeping position had only the
right eye included in the ARB group.

2.6. Statistical analysis

Results were reported as mean + standard deviation (SD). AKmax,
AKmean, APachymin were defined as the difference between the
values at the latest visit and the baseline.

A statistically significant difference between means and between
timepoints was determined using paired or unpaired Student ¢-test, as
well as a categorical pairwise comparison using Tukey’s method. value
of ps <0.05 were considered statistically significant. All statistical
analyses were performed using Stata software (v14.0 StataCorp, TX,
United States).

3. Results
3.1. Baseline patient characteristics

Out of 396 patients diagnosed with keratoconus during the
studied period, 176 met the inclusion criteria, and 77 completed the
3-year follow-up. The study included 153 eyes (77 patients, 75.3%
males) with keratoconus over a follow-up of 53 +20.8 months. The
average age was 26.4years (range 12-40years). Table 1 displays
demographic and baseline characteristics. Figure 1 shows the
distribution of dominant hand in the studied population. Table 2
displays demographic and baseline characteristics in each studied
sub-group:: absence of At-Risk Behavior (ARB) or Recurrent
Eye-Rubbing (RER), presence of ARB only, presence of RER only and
presence of both ARB and RER.

3.2. Keratometry measures (Kmax and
Kmean)

The variation in keratometry at various time points is presented
in Tables 3, 4. There is no statistically significant difference between

TABLE 1 Baseline characteristics of patients.

‘ Value ‘ SDor %

Total of patients 77 0
Number of KC eyes 153 0

Age (years) 26.4 +7.3
Male, n (patients) 58/77 75.32%
Follow-up (months) 53.0 +20.8
Kmax 51.6 +6.1
Kmean 45.5 +32
Pachymin (pm) 479.3 +41.9

KC, Keratoconus; Kmax, Maximal keratometry reading; Kmean, Mean keratometry reading;
PachyMin, Minimal corneal thickness measurement; SD, Standard Deviation.
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AKmax means at all time points, as displayed on Table 3. Similar
results were observed for AKm with almost no significant difference
at all time points except between year 2 and year 3 (0.09+0.86 vs.
0.56 £1.97, p=0.03) (Table 4). The variation in keratometry at various
time point has also been analyzed in 4 sub-groups: absence of At-Risk
Behavior (ARB) or Recurrent Eye-Rubbing (RER), presence of ARB
only, presence of RER only and presence of both ARB and RER. They
are summarized in Tables 5, 6. There is a statistically significant
difference of Kmax variation in the “RER only” sub-group from
month from year 2 until end of follow-up for Kmax (+1.48, p=0.04,
+2.32, p<0.01, +4.01, p<0.01 and + 1.60, p<0.01) (Table 5) and year
3 until end of follow-up for Kmean (+1.14, p<0.01, +3.58, p<0.01
and+1.17, p<0.01) (Table 6). Other sub-groups show no significant
variation in both Kmax and Kmean during follow-up, except for “ARB
and RER” sub-group regarding Kmean criteria at more than 48 months
follow-up (+0.60, p=0.02) (Tables 5, 6).

3.3. Minimal pachymetry

Variations in Pachymin are reported throughout Table 7 and
show a statistically significant difference between APachymin at year
2 and year 3 (—0.24+10.26 vs. -4.38 + 14.18, p=0.02). The variation
in Pachymin at various time point has also been analyzed in 4
sub-groups: no At-Risk Behavior (ARB) nor Recurrent Eye-Rubbing
(RER), ARB only, RER only and both ARB and RER. They are
summarized in Table 8. “Only RER” sub-group shows statistically
significant difference in Pachymin variation from year 2 to year 4
(=7.33, p=0.01, —15.34, p=0.03 and-22.46, p<0.01). “ARB and
RER” sub-group presents significant Pachymin variation at year 2
and 4 (+5.38, p=0.01 and+6.20, p<0.01). As this variation is
positive, it cannot be associated with keratoconus progression. Other
sub-groups display no statistically significant difference in Pachymin
(Table 8).

3.4. Progression analysis

3.4.1. Primary outcome: Kmax>1D

Out of the 153 studied eyes, 21 (13.73%) showed progression
according to the AKmax criteria, 20 of which (95.23%) admitted that
they could not stop their ARB.

Figures 2A,B compare AKmax at the end of the follow-up between
patients who have kept both ARB and RER, one of each and patients
who have managed to stop.

3.4.2. Secondary outcome: Kmean

Out of the 153 eyes, 16 (10.46%) showed progression according to
the AKmean secondary criteria, all of which (100%) failed to stop
ARB over the course of the follow-up.

Figures 3A,B compare AKm at the end of the follow-up between
patients who have kept both ARB and RER, one of each and patients
who have managed to stop.

3.4.3. Secondary outcome: PachyMin

Out of the 153 eyes, 7 (4.58%) showed progression according to
the APachyMin secondary criteria, all of which (100%) failed to stop
ARB during the follow-up.
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TABLE 3 Maximal Keratometry! variations at different timepoints.

Mean SD N Joli

Baseline 0 0 153

A M6 0.01 1.01 78 091
A M12 —0.16 0.72 107 0.23
A M24 —0.05 1.81 90 0.56
A M36 0.57 2.76 116 0.07
A M48 0.46 3.18 72 0.83
A>M48 0.04 0.87 51 0.34

FIGURE 1

I Right-handed I Left-handed

Distribution of dominant hand in the cohort.

TABLE 2 Baseline characteristics of patients in each sub-group.

ARB & p-value

RER
Total of 44 15 18 10
patients
Number of 80 28 28 17
KC eyes
Age (years) 26.5 26.7 27.4 30.1 0.7
Follow-up 46.6 41.0 53.0* 55.1* <0.01
(months)
Kmax 522 50.3 51.0 50.5 0.44
Kmean 46.1 45.2 44.9 44.1 0.06
Pachymin 475.7 475.0 496.9 484.5 0.20
(um)

ARB, At-Risk Behavior; RER, Recurrent Eye-Rubbing; KC, Keratoconus; Kmax, Maximal
keratometry reading, Kmean, Mean keratometry reading; PachyMin, Minimal corneal
thickness measurement, *Indicates statistical significance in this sub-group (p <0.05).

Figures 4A,B compare APachymin at the end of the follow-up
between patients who have kept both ARB and RER, one of each and
patients who have managed to stop.

Out of 153 eyes, 26 had at least one progression criterion, and
among these, 23 continued ARB.

3/26 patients had disease progression despite positively denying
any form of ARB. When comparing progressive and non-progressive
populations, there was no statistically significant difference in terms
of baseline age, Kmax, Kmean or pachymin as shown in Table 9.
Table 10 details the percentage of progression for each positive criteria,
in all pre-cited sub-groups. The “RER only” sub-group shows the
highest progression rate for each criteria (35.71 and 21.43% for Kmean
and Pachymin respectively), except for Kmax>1D: “RER and ARB”
sub-group ranks first in this category (41.18% vs. 39.29% for “RER
only) as displayed in Table 10.

4. Discussion

This retrospective study describes the relationship between ARB
(especially eye rubbing) and KC progression, and the possibility that
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M, Months; SD, Standard Deviation. ‘Unpaired Student’s ¢-test comparing the statistically
significant difference from the previous timepoint. *Indicates statistical significance
(p<0.05). 'Stand for Kmax.

TABLE 4 Mean Keratometry? variations at different timepoints.

Mean SD N p valuet

Baseline 0 0 153

A M6 0.04 0.76 86 0.52
AMI2 —0.04 0.48 110 0.39
A M24 0.09 0.82 90 0.18
AM36 0.56 1.97 120 0.03*
A M43 0.66 248 84 0.75
A>M48 0.30 0.67 61 027

M, Months; SD, Standard Deviation. *Unpaired Student’s t-test comparing the statistically
significant difference from the previous timepoint. *Indicates statistical significance
(p<0.05). *Stand for Kmean.

solely preventing the corneas to suffer repetitive mechanical stress,
may be sufficient for long-term disease stabilization (or delay in
progression), thereby avoiding the risks of potentially unrequired
treatments. Multiple studies have reported a higher prevalence of
eye-rubbing in keratoconus patients compared to the normal
population (2, 4, 6, 24-29), and the implication of eye-rubbing in
development and progression of keratoconus is well-described in the
literature (30-33). Eye-rubbing has been shown to be the most
significant cause of keratoconus in multivariate analysis (34). However,
whether eye-rubbing is merely a risk-factor, or rather a sine-qua-non
condition for the disease to appear and progress, is a question that
remains yet debated (8, 9, 35).

The results of this study show disease progression (according
to any of the three defined criteria) in 16.9% (26/153) of the eyes.
Almost all were explained by the self-admitted persistence of
ARB. Only 1 of these (0.65%) showed progression in the absence
of ARB. Careful and thorough evaluation of the files and clinical
data did not permit to identify ARBs or risk factors explaining the
progression. Due to the nature of the ARBs, which are most often
subconscious and can even occur overnight while unconscious,
we believe that there is a probability of anosognosia. Objective
confirmation of this hypothesis is unlikely to be proven until
technology makes continuous
ARB possible.

Ferdi et al. systematic review and meta-analysis (11,529 eyes)

objective monitoring of

(36) studying keratoconus’ natural progression found a significant
Kmax progression of 0.7D at 12 months follow-up with significant
variation depending on age and ethnicity. A significant Kmean
progression was measured at 0.4D during the same period. Their
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TABLE 5 Maximal Keratometry! variations at different timepoints for each
sub-group: no ARB nor RER, ARB only, RER only and both ARB and RER.

10.3389/fmed.2023.1152266

TABLE 7 Minimal pachymetry outcomes in keratoconus patients.

ARB, At-Risk Behavior, RER, Recurrent Eye-Rubbing, M, Months, ‘Unpaired Student’s t-test
comparing the statistically significant difference from the previous timepoint, *Indicates
statistical significance in this sub-group (p <0.05). 'Stand for Kmax.

TABLE 6 Mean Keratometry? variations at different timepoints for each

Mean SD N p

Baseline 0 0 153

AMG6 —0.42 9.563 86 0.59
Baseline 0 0 0 0 AMI12 —0.81 8.41 110 0.76
A M6 -0.17 0.26 —0.18 —0.89 78 0.07 A M 24 —0.24 10.26 90 0.67
AMI2 -0.23 —0.34 0.01 -0.20 107 0.68 AM 36 —4.38 14.18 120 0.02*
A M24 —0.53 1.48* —0.26 0.04 90 0.04 A M 48 —3.25 15.52 84 0.59
A M36 0.07 2.32% 0.38 —0.06 115 <0.01 A>M48 —4.36 11.88 61 0.64
A M48 —-0.18 4.01% —-0.03 —0.54 72 <0.01 M, Months, SD, Standard Deviation. *Unpaired Student’s ¢-test comparing the statistically
AsMdg 031 Lot o0 L2 5 001 Z}i}g:(i)ﬁg;lt difference from the previous timepoint. *Indicates statistical significance

TABLE 8 Minimal pachymetry outcomes in keratoconus patients for each
sub-group: no ARB nor RER, ARB only, RER only and both ARB and RER.

APachyMin \[e)

sub-group: no ARB nor RER, ARB only, RER only and both ARB and RER. (um) ARB/
RER
¥

AEB N pva lue Baseline 0 0 0 0

RER AM6 1.51 -158 | —441 | 750 = 86 0.07
Baseline 0 0 0 0 AMI2 0.34 —2.64 -1.72 —2.00 110 0.32
A M6 -0.07 —0.10 0.08 —0.10 86 0.39 AM24 —0.34 —7.33% 227 5.38% 90 0.01
A M12 —0.04 —0.01 —0.10 0.00 110 0.96 AM 36 0.03 —15.34* —4.82 —4.38 119 0.03
A M24 —0.12 0.76 0.23 0.17 90 0.07 AM48 0.44 —22.46% —2.23 6.20%* 84 <0.01
A M36 0.34 1.14%* 0.39 0.16 119 <0.01 A>M48 —4.65 -0.25 0.67 —-3.33 62 0.76
A M48 0.66 3.58% 0.31 —0.13 84 <0.01 ARB, At-Risk Behavior, RER, Recurrent Eye-Rubbing, M, Months, ‘Unpaired Student’s ¢-test

comparing the statistically significant difference from the previous timepoint, *Indicates

A>M48 0.05 L17% 0.07 0.60* 62 0.02 statistical significance in this sub-group (P<0.05).

ARB, At-Risk Behavior, RER, Recurrent Eye-Rubbing, M, Months, ‘Unpaired Student’s ¢-test
comparing the statistically significant difference from the previous timepoint, *Indicates
statistical significance in this sub-group (p <0.05). *Stand for Kmean.

meta-analysis model predicted a gradual reduction in the
progression of Kmax and Kmean over the years. When comparing
a control-group with a cross-linking group, Wittig-Silva et al.
(20) reported a mean Kmax variation of 1.20 vs. -0.72D at
12months and 1.75D vs. -1.03D at 36 months, respectively.
Minimal pachymetry reduction at 36 months was 17.01 vs.
19.52 pm in the control and cross-linking groups, respectively.

Finally, a systematic review and meta-analysis of two
techniques of crosslinking (transepithelial versus epithelium-off)
(37) reported a KMax variation of-0.06D at 12 months in the
transepithelial cross linking group (440 eyes) compared to-0.54D
in the epithelium-offt group (486 eyes). Kmean progression was
measured at-0.62D and-1.48D at 12 months and progression at
12 months was 7 and 2% in the trans-epithelial and epithelium-oft
groups, respectively. Significant complications such as corneal
melt, persistent corneal ulcer, or visually significant stromal haze
were seen in 2 and 4% of eyes in the trans-epithelial and
epithelium-oft groups, respectively.

Our patients showed a mean Kmax progression of-0.16D
and +0.57D at 12 et 36 months, respectively, which is better than the
natural progression reported by Ferdi et al. meta-analysis (36) and
Wittig-Silva et al. control-group (20). We report a Kmean variation
of-0.16D and+0.53D at 12 et 36months, respectively, which
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outperforms Ferdi et al. meta-analysis (36) again. Regarding the
pachymin criteria, we demonstrate a loss of 0.42 pm and 4.4 pm at 12
and 36 months, respectively, which surpasses both Ferdi et al. (36) and
Wittig-Silva et al. (20) groups.

Our cohort thus demonstrates fewer variation in all progression
criteria compared to natural keratoconus progression as defined by
Ferdi et al. large meta-analysis (36) and Wittig-Silva et al. control-
group (20).

Regarding crosslinking data, both Wittig-Silva et al. (20) and Nath
et al. (37) reported a significant Kmax flattening which seems to
persist up to 36 months follow-up and outperforms our results.
However, our keratoconus progression rate (1.96% in the absence of
reported eye-rubbing or ARB at 53 months mean follow-up) equals if
not supersedes Nath et al. (37) two cross-linking groups (2 and 7% at
12 months follow-up). One could discuss that cross-linked populations
usually present more aggressive forms of keratoconus, resulting in a
selection bias in those cohorts. But one should remember that our
patients were all showing progression when referred to our
department. On the other hand, one should also consider the
significant complications rate observed by Nath et al. systematic
review and meta-analysis (37), compared to their absence in our
conservative approach.

In conclusion, our conservative treatment performs well with
regards to keratoconus progression rate, in comparison to both its
natural evolution and cross-linked populations. It can be described
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* p<0.01

AKMax by groups

No ARB / RER RER only ARB only ARB + RER

FIGURE 2

(A) Comparison of Kmax variation for each eye, depending on presence or absence of at-risk behaviors (ARB) and recurrent eye-rubbing (RER) - Box
and whiskers for each sub-group. (B) Comparison of Kmax variation for each eye, depending on presence or absence of at-risk behaviors (ARB) and
recurrent eye-rubbing (RER) - “Scattered-Dot" Plots Graph for each sub-group.
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FIGURE 3

(A) Comparison of Kmean variation for each eye, depending on presence or absence of at-risk behaviors (ARB) and recurrent eye-rubbing (RER) - Box
and whiskers for each sub-group. (B) Comparison of Kmean variation for each eye, depending on presence or absence of at-risk behaviors (ARB) and
recurrent eye-rubbing (RER) - “Scattered-Dot" Plots Graph for each sub-group.
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as a safe and efficient first-step treatment of keratoconus, which
resolves most keratoconus progression cases. More invasive
procedures, such as cross-linking can be indicated as second-step
treatment if progression persists despite good compliance
to recommendations.

When asked about performing anticipated cross-linking in
pediatric patients, in absence of progression proof, we think that
recent literature shows controversy in terms of cross-linking efficacy
and safety, especially in pediatric populations. On one hand, Ferdi
et al. (36) meta-analysis predicts an annual 1.5D Kmax progression in
under 17 years old patients and McAnena et al. (38) meta-analysis and
systematic review recommends cross-linking in pediatric keratoconus
cases. On the other hand, Or et al. (39) five year follow-up suggests
that there a no emergency to perform cross-linking in underaged
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patients in absence of progression proof, and Achiron et al. (40) meta-
analysis observes a rough 10% keratoconus progression risk after
cross-linking in this same population. As therapists, we feel that
performing a procedure carrying significant risks without proof of
progression is aggressive.

Our approach would rather favor patient education to their
chronic disease, removal of causative factors and close monitoring of
high-risk populations such as the pediatric one. If progression is
observed, further treatment such as cross-linking is more promptly
and aggressively suggested, according to McAnena et al. (38)
conclusions.

Regarding data, our cohort contains some young patients.
Twenty-six patients were younger than 18 at diagnosis and were
included in this study. When comparing progression criteria in this
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(A) Comparison of Pachymin variation for each eye, depending on presence or absence of at-risk behaviors (ARB) and recurrent eye-rubbing
(RER) - Box and whiskers for each sub-group. (B) Comparison of Pachymin variation for each eye, depending on presence or absence of at-risk
behaviors (ARB) and recurrent eye-rubbing (RER) - "Scattered-Dot” Plots Graph for each sub-group.

TABLE 9 Characteristics of patients with and without progression.

TABLE 10 Percentage of progression according to positive criteria in
each sub-group.

Progression KMAX KM (>1D) PACHYMIN
(>1D) (>5%)

No ARB/RER 1/80 (1.25%) 0/80 (0%) 0/80 (0%)

RER only 11/28 10/28 6/28 (21.43%)
(39.29%) (35.71%)

ARB only 2/28 (7.14%) 4/28 1/28 (3.57%)

(14.29%)

ARB & RER 7117 2/17 0/17 (0%)

(41.18%) (11.76%)

General Progressing Non p-
progressing = value
Total of
77
patients
Number of 153 26 (16.99%) 127 (83.01%)
KC eyes
Age (years) 26.4 24.83 26.70 0.24
Male
(percentage 75.82% 69.23% 77.13% 0.39
of patients)
Follow-up
53.04 57.74 52.08 0.21

(months)
Kmax 51.6 53.47 51.16 0.08
Kmean 45.5 46.02 4543 0.39
Pachymin 479.3 474.35 480.32 0.51
(um)

KC, Keratoconus; Kmax, Maximal keratometry reading, Kmean, Mean keratometry reading;
PachyMin, Minimal corneal thickness measurement.

subgroup to the older patients, there was progression in 5/26 (19.23%)
compared to 16/127 (12.60%) (p=0.37). Of the 5 young patients
progressing, 4 admitted continuing daily eye rubbing despite
the recommendations.

We hypothesize that young people are less compliant with the
recommendations, probably because of poor understanding of the
possible seriousness of their condition. We believe that if these
patients developed keratoconus at an early age, it is because of
more aggressive eye-rubbing habits, which are more difficult to
give up.

Conversely, allergic conjunctivitis was more often reported in
those patients’ files than in older ones. Topical treatment was key to
helping them eradicate their eye-rubbing habits, and thus
keratoconus progression.
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ARB, At-Risk Behavior; RER, Recurrent Eye-Rubbing; Kmax, Maximal keratometry reading;
Kmean, Mean keratometry reading; PachyMin, Minimal corneal thickness measurement.

Finally, there is also known physiologic evidence that Maillard
reaction enhances cornea rigidity in aging corneas (41). As younger
patients do not benefit from this protective factor, we believe that
shear-stress caused by eye-rubbing tends to be more impactful on
their corneas, leading to more progress.

Mechanical models have shown that keratoconus progresses
under environmental stresses, but only when there is an initial
defect, especially a thinning defect such as that induced by
continual eye rubbing (42). McMonnies (6) extensively reviewed
the possible mechanisms for the association between chronic
habitual eye rubbing and the development of keratoconus.
He described several potential factors, including temperature
increase from eye rubbing (2, 43-45), leading to increased
activity of inflammatory mediators and enzymes; hydrostatic
pressure increases combined with enzyme activation
“tenderizing” the cornea; reduction of corneal shear strength;
reduction of proteoglycan viscosity and displacement of
proteoglycans from the corneal apex; and induction of keratocyte
apoptosis from eye rubbing. It has been shown that healthy
patients who rub their eyes mainly use the pulps of their fingers,
producing a weak force equivalent to 0.45cmkg/2.54%, while

keratoconus patients tend to use their knuckles, along with more
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frequent and prolonged rubbing, producing a force greater than
4.5 cmkg/2.54% (46). Indeed there are many anecdotal reports in
the literature which support a mechanical hypothesis, with
reports of keratoconus associated with repeated and vigorous
eye-rubbing alone in patients without a family history of KC
(33, 47-50).

In addition, the mechanical hypothesis is consistent with the well-
recognized association between allergy and keratoconus. In certain
countries such as Israel (51), Lebanon (52), and Saudi Arabia (53), the
association with allergy is even stronger. Patients with ocular allergy
are more often subject to itch, therefore more likely to rub their eyes
and induce further progression of keratoconus. Keratoconus has been
shown to be more likely to progress in patients with ocular allergy
(53, 54).

It is increasingly recognized that the development and
progression of keratoconus is highly likely in the presence of
external triggers, particularly repetitive vigorous corneal trauma
such as eye-rubbing, compression of the globe during sleep (15),
heat (43) and induced inflammation, atopy, and allergy, which
may be or may not be associated with a coexisting genetic
predisposition which renders the cornea more susceptible to
trauma. This is then responsible for a cascade of biochemical
events culminating in the development of keratoconus. Notably,
only 6 patients in our study had a family history of keratoconus,
while all patients admitted vigorous eye-rubbing, and indeed a
specific genetic factor for keratoconus has proven difficult to
identify. Although certain familial cases and genetic studies favor
a genetic origin (55), no specific gene mutation has been clearly
identified, and discordance for keratoconus in monozygotic twins
have been reported (56).

One of the alarming issues with studies pertaining to
keratoconus is the lack of consensus regarding the definition of
disease progression, which often relies on the interpretation of
multiple parameters such as subjective refraction, uncorrected
and best-corrected visual acuity, and corneal topographies.
Despite its important flaw of limiting the disease to just a focal
corneal measurement, an increase in the maximum keratometry
(=1 D) remains the most frequently reported index of disease
progression (18, 21, 22). However, a rising trend among corneal
specialists suggests several criteria, especially non-focal ones, may
prove more reliable (57).

We acknowledge that our study has limitations. Although
patients are encouraged to maintain their follow-up, significant
loss to follow-up occurred in the initial population. This is likely
explained by the nature of the center, a specialized tertiary center
in a capital city that receives many referrals from patients with long
commutes who may prefer local care after the initial first
specialized visits. This might explain the statistically significant
difference in AKmean and APachyMin at one specific timepoint
(year 3) with a loss of significance at later time points. The absence
of further treatment escalation, such as an intervention date, in
addition to the seemingly simplistic therapeutic approach proposed
(in the eyes of the patients), may also have undermined the
importance of regular follow-up in a population composed of
young and active individuals with professional obligations. It has
been observed that cross-linking studies are susceptible to loss of
follow-up of between 6 and 15% depending on the duration of
study (58). The loss of follow-up may have biased the results of this
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study by excluding patients with relatively mild to moderate forms
of stabilized keratoconus. In our experience, the present cohort
illustrates a more pessimistic view of keratoconus progression than
what one actually sees in daily practice.

The design of our study, which is based on retrospective self-
reported behaviors, inevitably leads to recall bias. However, we did not
find other better ways to assess and monitor patients’ behavior.
Progress in objective hand gesture detection and eye rubbing through
monitoring devices such as smartwatches, as developed during the
covid-pandemic to detect eye-or nose-touching (59), might be a
solution in the future.

Meanwhile, eye-rubbing and its associated behaviors are, from
our experience, often unconscious habits, and patients require
time and awareness to detect and eradicate them. We take time
with them during medical consultation, including listening to the
testimonies of their relatives with them. We are aware of the risk
that eye rubbing could represent for them, as well as being more
careful not to perform this gesture. They are then often
underestimated by the patient at their first appointment and later
estimated more realistically either by the patient or their close
ones. They often admit to having underestimated their
unconscious habit at their second appointment.

The baseline was defined as the first consultation at the center,
which ignores previous investigations and consultations in other
centers and makes evaluating previous progression rates impossible.
All patients were progressing at the time of referral to our tertiary
center. Patients were referred either after initial diagnosis due to visual
loss or because of progression observed by their referring
ophthalmologist. We acknowledge that this fact, combined with the
study’s monocentric and retrospective nature, may lead to a partial
selection bias which may hinder the generalization of our results to
other populations.

However, the inclusion criteria and the outcome measures are
comparable to non-pediatric studies evaluating long-term efficacy and
tolerance after corneal cross-linking (CXL) (20, 57, 60).

The robust methods in our study and the use of objective
judgment criteria and multimodal imaging with good repeatability
also limit this potential bias. As the outcome measures were objective
and quantitative, with measurements taken by independent operators,
the influence on results is limited.

By further analyzing the patient’s profile of progressing eyes, eye
rubbing continuation despite recommendations predominated.
However, careful follow-up must be maintained for all patients, and
treatment escalation might be offered if progression is detected despite
good compliance with recommendations.

Larger studies and longer follow-ups are needed to support
our findings. While the relationship between mechanical trauma
from eye rubbing and disease progression in keratoconus remains
incompletely understood, based on these results, we believe that
cessation of eye-rubbing is an important first step toward halting
the progression of this condition in keratoconus patients. Our
study demonstrates stable Kmax, Kmean, and Pachymin
following cessation of eye-rubbing over a 3-year follow-up
period. This highlights the importance of screening for
eye-rubbing during patient evaluations, and our results suggest
that definitive cessation of eye rubbing alone (albeit difficult) can
be successful in limiting progression or achieving stabilization of
keratoconus in the long-term in almost all eyes.
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