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The pathophysiology and 
pathomorphology of corneal ectasia
Part 4: Developments in corneal cross-linking therapy broaden its applications

By Lisa Stewart, PhD; 
Reviewed by Dr Omid Kermani 
and Prof. Farhad Hafezi 

Prof. Hafezi began his presentation 
by explaining that there are three 
essential components for every cor-
neal cross-linking (CXL) procedure: 
UV light, riboflavin and oxygen. 
When CXL was first developed in 
the early 2000s, it involved corneal 
epithelial cell debridement (making 
it an “epi-off” procedure) to enable 
riboflavin to be applied to the cor-
nea and saturate the stroma. 

This was followed by the delivery 
of UV, total dose (fluence) 5.4 J/cm2, 
by irradiating the stroma with 3 
mW/cm2-intensity light for 30 min-
utes. This is known as the Dresden 
protocol.

One of the basic laws of photo-
chemistry is the Bunsen–Roscoe 
law of reciprocity. If all reagents 
are in excess, then the amount of 
reaction that occurs depends solely 

on fluence—not the speed at which 
the light energy is delivered. Under 
these conditions, doubling light in-
tensity and halving the irradiation 
time should have the same effect. 

But would this principle hold 
true in CXL? Prof. Hafezi’s group 
tested the biomechanics of several 
different accelerated CXL protocols 
(Figure 1) and found a 10-minute 
protocol that, although it induces 
significantly less corneal stiffen-
ing than the Dresden protocol, is 
enough to stabilise a keratoconus in 
most cases.1 

Prof. Hafezi explained that “the 
reason that increasing acceleration 
of the cross-linking reaction results 
in decreasing stiffening effects is 
that the speed of oxygen diffusion 
into the stroma is the rate-limit-
ing factor in cross-linking. If the 
cross-linking reaction is too fast, 
the oxygen cannot diffuse in fast 
enough and efficacy is lost, unless 
intensity is increased to compen-

sate.” If there is no oxygen in the 
cornea, no stiffening occurs at all.2

Until recently, Prof. Hafezi 
always reverted to the 30-minute 
Dresden protocol for particularly 
aggressive forms of keratoconus, 
such as in a young child or an 
ectasia after LASIK. However, he 
has now developed and published 
an accelerated epi-off protocol 
that compensates for the acceler-
ation-related loss of stiffness by 
increasing fluence (Figure 2). This 
new protocol achieves the same 
stiffness as the Dresden protocol 
while saving the surgeon 20 min-
utes of time.3

Epi-on
“The holy grail for cross-linking 
would be a truly effective epi-on 
procedure,” Prof. Hafezi said. Leav-
ing the epithelium intact would 
mean faster healing, less haze and 
an even lower infection risk. “The 
quest for good, efficient epi-on 
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has been going on for more than a 
decade. What do we need to make 
it work?”

If the epithelium remains in 
place, then the UV irradiation 
needs to be increased because the 
epithelium blocks around 15–20% 
of the light. This is relatively easy; 
it can be done by increasing the 
fluence from 5.4 to 7.2 J/cm2.

The next element is riboflavin. 
Riboflavin is a relatively large 
molecule, so transporting it through 
the tight junctions of the epithelium 
is not easy. One method is ionto-
phoresis, which uses an electrical 
current to encourage transport.

The third factor is oxygen diffu-
sion. The presence of the epithelium 
forms yet another barrier to oxygen 
diffusion into the cornea. It has been 
proposed that pulsing the light on 
and off might be effective: the idea is 
that oxygen is consumed when the 
light is on, so the oxygen can re-dif-
fuse during the light’s off period.

The next question was: what 
happens with a slow procedure? 
Irradiating for 1 hour, instead of 
30 minutes, with half the intensi-
ty, produces very efficient epi-on 
cross-linking.4 Prof. Hafezi said, 
“This was a proof of principle, and 
as a scientist I am happy—but as a 

clinician I don’t want to spend an 
hour in the operating room.”

One approach to increasing the 
amount of oxygen in the cornea 
during CXL, goggles that are fed a 
continuous stream of 100% oxygen, 
was proposed 2–3 years ago. Howev-
er, Prof. Hafezi was not keen: “This 
makes sense. It should work. I don’t 
like it. Why? Because it is additional 
technology and I want to simplify 
the procedure, not make it more 
complicated and more expensive.”

“It is not necessary to have 100% 
oxygen surrounding the eye; what 
is needed is enough oxygen in 
the stroma for the cross-linking 

FIGURE 1. Comparison of corneal stiffening achieved with different epi-off CXL irradiation 
protocols: blue is the Dresden protocol (30 minutes at 3 mW/cm2); red is 10 minutes at 9 mW/
cm2; green is 5 minutes at 18 mW/cm2; purple is control with no cross-linking. (Image courtesy 
of Prof. Farhad Hafezi, adapted from Hammer et al. 20141)
FIGURE 2. Comparison of stiffening results from different epi-off cross-linking protocols (Image 
adapted from Abrishamchi et al. 20213)
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reaction to proceed effectively. 
What was needed was an intelligent 
combination of everything we have 
learned so far.” 

There is now a published epi-on 
protocol that consists of normal air 
(no oxygen boost), iontophoresis 
to push riboflavin into the cornea, 
pulsed light, gentle acceleration, 
high fluence, and there are 3-year 
follow-up clinical data showing that 
it is effective.5

The next question was, could 
epi-on CXL be undertaken without 
iontophoresis? Prof. Hafezi’s group 
has been assessing the ability of 
penetration enhancers to get ribo-
flavin to pass through the epithelial 
cell tight junctions, spending almost 
a year at the Swiss Federal Institute 
of Technology using multiphoton 
microscopy to assess the extent of ri-
boflavin penetration, in order to find 
a penetration enhancer combination 
that achieves a stromal riboflavin 
concentration that is similar to that 
achieved with epi-off CXL.

This means there is now a gently 
accelerated high-fluence epi-on 
protocol, which takes approximate-
ly 30 minutes in total (including 
15 minutes of irradiation), that can 
be performed at the slit lamp. This 
protocol is currently undergoing 
clinical evaluation.

Thin corneas
Prof. Hafezi reminded the audience 
that the original Dresden protocol 
required a minimum stromal thick-
ness of 400 µm in order to protect  
the corneal endothelium from 
being exposed to potentially dam-
aging levels of UV irradiation. His-
torically, surgeons have artificially 
increased the corneal thickness 
prior to treatment, either by swell-
ing the cornea with hypo-osmolaric 
riboflavin6 or through the use of  
a riboflavin-soaked contact lens.7

However, these methods have 
disadvantages. The amount of 
swelling achieved by the hypoos-
molar riboflavin is unpredictable, 
and, because contact lenses form 
an additional barrier to oxygen 
diffusion, their use reduces the stiff-
ening efficacy by around 30%.

What Prof. Hafezi proposes now 
is what he describes as individ-
ualised cross-linking. Previously, 
surgeons adapted the cornea to the 
CXL protocol; now the technique 
can be adapted to each patient’s 
cornea. His research group mod-
elled the interaction of oxygen, UV 
light, riboflavin and the stroma, 
and made an algorithm to predict 
the extent of cross-linking based on 
these parameters.8 

Using this, they developed the 

“sub400” protocol, which uses mea-
surements of the thinnest point of 
the cornea to calculate the optimal 
duration of a 3 mW/cm2 intensity 
irradiation (via a simple look-up 
table) in an otherwise standard 
epi-off CXL protocol that leaves the 
same un-cross-linked stromal safety 
margin as the Dresden protocol to 
avoid harming the endothelium. 

Clinical results have been very 
encouraging, with around 80% of 
corneas having successful preven-
tion of ectasia progression after 1 
year, even in corneas as thin as ~200 
µm that would otherwise have gone 
on to require keratoplasty.9

This opens up a possibility for 
a new indication for CXL, kerato-
globus. Prof. Hafezi has published 
a case report of sub400 CXL being 
used to successfully halt disease 
progression.10

Describing his aims, Prof. Hafezi 
said, “We developed the sub400 
protocol and epi-on for one reason: 
we want to democratise access to 
cross-linking, moving away from 
an expensive infrastructure toward 
equipment we all share, which is the 
slit lamp, and this is why we devel-
oped the C-eye device” (EMAGine 
AG; Figure 3).

According to Prof. Hafezi, the 
device is “small but high-tech. It 

FIGURE 3. The C-eye portable cross-linking device in use. (Images courtesy of Prof. Farhad Hafezi)
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can treat at the slit lamp with more 
than 11 different protocols—for 
keratoconus, for refractive, for ker-
atitis—so if you ask me how often I 
go back to the laying position, I do, 
but only for special cases such as 
patients that are not compliant or 
who require general anaesthesia.” 
Figure 4 shows the view through 
the slit lamp.

Treatment at the slit lamp
What about riboflavin distribution 
when treating at the slit lamp: is 
it affected by gravity? Prof. Hafezi 
said, “The short answer is yes but 
it takes an hour before the first 
changes become apparent, which is 
more than enough time to perform 
cross-linking”.11

With regards to fixation, it is 
much better with an upright patient 
who is comfortable and has a fixa-
tion light on the other eye so they 
know where to look. However, is the 
Dresden protocol, which takes half 

an hour, achievable? “We don’t need 
to [perform this],” explained Prof. 
Hafezi. “Most cross-linking proce-
dures take around 10–12 minutes; 
PACK [photo-activated chromo-
phore for keratitis] cross-linking for 
keratitis takes around 6 minutes, 
and that’s easily feasible, especially 
if you give the patient the surgeon’s 
chair so they are really comfortable 
and spend 30 seconds at the begin-
ning to make sure that the height is 
well adjusted.”

He added: “The last question  
is the most important: can we leave 
the operating room for the proce-
dure room or even the examination 
room? Yes, we can. With epi-on 
there is no question at all: the epi-
thelium is on. With epi-off, you do 
not only stiffen the cornea but also 
sterilise it, so the answer is yes.”

The trend of the past 4 or 5 
years has been for office-based 
procedures. Intravitreal injections12 
and cataract surgery13 have been 

shown to be safe performed  
in the procedure room, or even 
the examination room, with no 
increased risk for endophthalmitis, 
so cross-linking in the procedure 
room should be possible. Prof. 
Hafezi concluded his presentation 
by reiterating that cross-linking  
at the slit lamp broadens access to 
the procedure.14 It is suitable for all 
indications—epi-on, epi-off, kerato-
conus, PACK cross-linking—and is 
available to patients with a variety 
of special needs.

The debate
Following Prof. Hafezi’s presenta-
tion, its content was debated with 
the chairs and other presenters—Dr 
Omid Kermani (Germany), Dr Georg 
Gerten (Germany), Prof. Damien 
Gatinel (France), Prof. Renato 
Ambrósio Jr. (Brazil), Prof. Dan 
Reinstein (UK) and Dr Tim Archer 
(UK)—and with members of the 
online audience.

FIGURE 4. Surgeon’s view of 
the cornea through C-eye 

during slit lamp cross-linking.  
(Images courtesy of Prof. Hafezi)
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Prof. Kermani: It seems that 
we are coming to a time when 
cross-linking can be performed in 
the practice room. I am sure our 
audience wants to learn a little bit 
more about this technology. How 
do you soak the cornea when the 
patient is sitting upright? And how 
do you make sure that, due to the 
position of the patient, the lower 
cornea is not soaked with more 
riboflavin than the upper cornea? 

My second question is just to 
clarify epi-on or epi-off: do you do 
epi-on cross-linking with the C-eye 
device? How do you avoid the ne-
cessity of doing iontophoresis?

Prof. Hafezi: This procedure 
is like any type of surgery and 
comprises multiple steps that come 
one after the other. We looked at 
each step and tried to predict the 
potential obstacles.

We instil riboflavin when the pa-
tient is in a simple reclining chair at 
an angle of around 20°. The patient 
then comes to the slit lamp and is 
positioned vertically: we showed 
about 4 years ago15 that we have 60 
minutes from the moment when 
the cornea becomes vertical until 
you see the first gradient between 
upper and lower cornea. You are 
right that a gradient develops and 
more riboflavin accumulates in the 
lower cornea but the difference af-
ter 1 hour is 2%, so you have plenty 
of time.

The third thing is that we should 
not change too many paradigms at 
the same time, so the C-eye device 
is created to make the procedures 
simple and efficient and to democ-
ratise access; any type of epi-off 
procedure can be performed.

We thought about how to remove 
the epithelium at the slit lamp 

for a long time because, even if a 
surgeon has been doing this with 
the hockey knife for years with the 
patient horizontal, the movement of 
the hand needed to do it when the 
patient is upright is very different 
due to the curvature of the cornea. 
It can be quite hard to remove the 
epithelium without cutting into 
Bowman’s layer.

We eventually developed a 
process in which we tap the cornea 
with freshly prepared 40% ethanol 
on the tip of a cotton pad. After 70 
seconds there is a beautiful erosion 
of 8 mm, with no harm to the cor-
nea, and this can be done by any 
beginner in the field.

The way we avoid iontophoresis 
in epi-on was to go back to earlier 
studies16 on mixing penetration 
enhancers and modify the osmo-
larity of the solution to increase the 
paracellular transport within the 
epithelium, so the riboflavin can 
pass through the epithelial cell tight 
junctions directly into the stroma.

Dr Gerten: Regarding the therapy 
of keratoconic patients: when they 
walk into our office they do not 
say, “Doctor, please cross-link my 
cornea.” They say, “Doctor, how can 
I see better?”

You showed us these sub400 pro-
tocol patients and I fully agree that 
it makes a lot of sense to cross-link 
these keratoglobus or almost pel-
lucid marginal degeneration cases 
you showed us. After that, these 
patients often have huge astigma-
tisms. Would it be possible, after 
cross-linking, to use intra-corneal 
rings and so combine cross-linking 
and other procedures?

Prof. Hafezi: You are absolutely 
right; cross-linking might make 
sense to stabilise the tissue but 

then we have to improve on vision. 
Especially in thin corneas, this is 
a question we get a lot: what is the 
use of cross-linking a cornea if the 
patient cannot see afterwards?

We are in the lucky situation in 
Switzerland to have three manufac-
turers of scleral lenses within 50 ki-
lometres and I have seen cases that 
came from transplantation waiting 
lists with a cornea of 200 µm of 
residual stroma, huge epithelial 
compensation, K readings of 160 D. 
After cross-linking, they obtain a vi-
sual acuity of 0.7 with a scleral lens. 
So even extreme cases can now 
profit, and the best cornea is your 
own: the longer you can preserve 
your own cornea the better.

For the other aspects, I have 
been performing wavefront-guid-
ed PRKs on much less extreme 
cases for a number of years now, to 
regularise the corneas to improve 
corrected distance visual acuity, 
and epithelial mapping makes my 
Trans-PRK much more precise.

Dr Gerten: Damien, how do you 
treat thin corneas?

Prof. Gatinel: I think for optical 
restoration there is nothing better 
than a contact lens. So, when I 
have a patient with keratoconus, I 
fight on two fronts: the cessation of 
eye rubbing—I give them a patch 
at night, send them to the allergy 
specialist, ask them to make sure 
that they do not rub any more, 
etc.—and for visual rehabilitation, 
I am disappointed sometimes with 
surgical procedures. They may be 
satisfying for the surgeon, but the 
patient is eventually dissatisfied 
because he does not really see the 
improvement.

I would go for a hard contact 
lens. I do not really use cross-link-
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ing because, again, when patients 
stop rubbing, they do not progress.

That is the time to do PRK on 
those who have just a minor astig-
matism to correct. As long as I am 
sure that they do not rub any more 
I am happy to do PRK or fi t contact 
lenses. I am very conservative in 
terms of surgery with those kerato-
conus patients.

Prof. Ambrósio: I agree that eye 
rubbing is very bad for anyone. For 
rehabilitation of vision we have to 
go through the sequence of glasses 
and contact lenses. Imaging can 
help tremendously with the scleral 
lens, but some cases need surgery, 
which means rings, and patients 
are disappointed because they have 
very high expectations.

The fi rst thing in treating kerato-
conus is patient education, which 
includes not rubbing the eye but 
goes very far beyond that. You 
have to tell them about the disease, 
what they may expect and the pos-
sible need for transplant. I agree 
that even with a very thin cornea, if 
you cross-link it a transplant has a 
higher chance to be more stable in 
the future.

This has not been proven by a 
scientifi c study, but we see a lot 
of post-op patients late after 
transplants even though they may 
have some residual ectasia in the 
periphery. I think cross-linking 
is a very good thing even for a 
pre-transplant case. A lot of people 
would debate this, because it may 
make the cornea harder, but I think 
ectasia should be treated as a spe-
cialty and we have to respect the 
disease and not to oversimplify.

Even though eye rubbing is 
bad for everybody I think many 
patients still progress; I cannot 

explain how but no explanation 
does not mean it does not happen. 
I have seen many patients progress 
who promise they do not sleep 
on the eye and do not rub the eye. 
These cases have to be prognosti-
cally detected early because they 
need cross-linking very early; as 
soon as possible in many cases. 
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