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Modern ophthalmology has 
seen a number of paradigm 
shifts in the treatment of 
corneal disease, but challenges 
remain. One of these is infec-
tious keratitis. 

Microbial keratitis, whether 
of bacterial or fungal origin, is a leading global cause of blind-
ness, with an estimated several million new cases every year. 
The World Health Organization classified microbial keratitis 
as a silent epidemic in the 1990s, based on the alarming 
number of infections occurring on the Indian subconti-
nent.1-4 A broken epithelial barrier is usually required for 
microorganisms to penetrate into the corneal stroma and 
cause a corneal infection. The nature of the causative trau-
mas differs by region: Insufficient hygiene and reduced com-
pliance in contact lens wear are the main reasons in devel-
oped countries, whereas minor corneal trauma, combined 
with lack of funding and little to no access to ophthalmic 
care, is the main reason in emerging countries.5-9 (See A Tale 
of Two Scenarios for an example of each scenario.) 

The nature of infectious keratitis largely depends on geo-
graphic location. Countries with cool climates report almost 
exclusively bacterial infections, whereas in subtropical countries 

mixed (bacterial/fungal) infections prevail, making therapy 
more difficult. Additionally, in emerging countries, the limit-
ing factor is usually not the purchase price of therapy, which 
is often inexpensive and sold over the counter, but rather the 
doctor’s honorary fees, as keratitis often requires multiple 
follow-up visits. Not only are these visits expensive, but the loss 
of wages is unbearable for the individual and the individual’s 
family in emerging countries.10,11

A new treatment, called photoactivated chromophore for 
infectious keratitis CXL (PACK-CXL),12 might represent a valu-
able alternative to conventional antimicrobial therapy in 
varying regions and geographic locations.

CXL PRINCIPLES AND INITIAL USES 
The first ophthalmic application of CXL in humans 

occurred in 1999, when a phase 1 clinical study was per-
formed in Dresden, Germany.13 The technique, subsequently 
dubbed the Dresden protocol, consisted of applying the chro-
mophore riboflavin to the cornea and using UV-A light to 
induce the formation of crosslinks between the side chains 
of the collagen fibers and proteoglycans in the extracellular 
matrix.14 The high molecular weight of riboflavin required 
manual removal of the corneal epithelium to allow the ribo-
flavin to penetrate the corneal stroma. 

Since 1999, CXL has become a gold standard of treatment 
of keratoconus and other corneal ectatic diseases in more 
than 120 countries. 

NEW INDICATION: INFECTIOUS KERATITIS 
Photoactivation of riboflavin has been used in the chemi-

cal industry for many decades to reduce the microbial load 
in liquids. The same technology is also used to reduce the 
microbial load in fresh-frozen plasma for blood transfusions, 
killing both bacteria and viruses.15-18

In 2003, the Swiss Federal Institute of Technology in Zurich 
(ETHZ) developed solar disinfection (SODIS), a technique in 
which riboflavin is added to contaminated water in polyethyl-
ene terephthalate bottles, and then the bottles are exposed to 
intense natural sunlight. After 8 hours of direct exposure, the 
resulting photochemical reaction kills bacteria, fungi, viruses, 
and even Acanthamoeba cysts; the water is then drinkable.19
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PACK-CXL can treat bacterial, fungal, and mixed infection keratitis.
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• PACK-CXL might represent a valuable alternative 
to conventional antimicrobial therapy in varying 
regions and geographic locations.

• Advantages of PACK-CXL over conventional  
treatments include independence from antibiotic 
resistance, freedom from the so-called diagnostic 
dilemma, and reduction of treatment-related costs.

• Currently, the beneficial effect of PACK-CXL is  
limited to treatment of bacterial, fungal, and mixed 
infections.
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In 2006 and 2007, we tested the potential antimicrobial 
effect of CXL in corneal infections by treating five eyes of five 
patients with severe, therapy-resistant infectious keratitis. 
Our institutional review board allowed treatment only after 
conventional therapy had been tried for at least 4 weeks 
without positive effect. Four of the five eyes showed rapid 
improvement after CXL. The fifth required several additional 
weeks of conventional treatment.20

In light of these encouraging results, Makdoumi and 
collagues performed a nonrandomized clinical study 
in 2009-2010 to analyze the effects of CXL as a first-
line therapy against infectious keratitis. In this setting, 
16 eyes of 16 patients were treated without previous 
topical or systemic antimicrobial therapy. As in our 
pilot study, the technical parameters used were adapted 
from the Dresden protocol for keratoconus (3 mW/cm2 
for 30 minutes). This study confirmed our hypothesis, 
and 14 of the 16 eyes required no further conventional 
antimicrobial therapy after CXL and showed complete 
reepithelialization within days. Two eyes required further 
antibiotic therapy.21-23

The study by Makdoumi and colleagues showed that 
PACK-CXL might be used not only as an adjuvant therapy 
but potentially as a first-line treatment for infectious kerati-
tis. Advantages of PACK-CXL over conventional treatments 
include independence from antibiotic resistance, freedom from 
confirming the bacterial or fungal nature of the pathogen(s) 
causing infection (the so-called diagnostic dilemma), and simul-
taneous effectiveness against both methicillin-resistant and 
methicillin-sensitive bacteria and fungi.

HOW DOES IT WORK?
The antimicrobial effect of PACK-CXL is the direct result 

of an interaction between the energy delivered by the UV-A 
light and the riboflavin molecule. 

We have learned that, besides biomechanical stiffening, 
a number of additional processes occur simultaneously 
during every CXL procedure. In addition to the photoac-
tivated riboflavin irreversibly binding to the DNA of any 
microorganisms present in the cornea, stopping replication, 
crosslinking induces conformational changes in the 3-D 
structure of the cornea, thereby leading to an increased resis-
tance against enzymatic digestion via steric hindrance. This 
minimizes tissue damage and the size of the resulting scar. 
Furthermore, high levels of oxidative stress disrupt the cellu-
lar membranes of any microorganisms present in the cornea 
(Figure 1).24

GLOBAL BENEFITS AND FUTURE OUTLOOK
The potential benefits of the PACK-CXL technique on a 

global level could be manifold. 
Potential benefit No. 1: The treating ophthalmologist 
would have an additional treatment modality in infec-

tious keratitis; 
Potential benefit No. 2: The use of antimicrobial agents 
could be reduced; 
Potential benefit No. 3: The patient would save time and 
money; 
Potential benefit No. 4: The treatment is independent of 
antimicrobial resistance of bacteria; and
Potential benefit No. 5: The treatment is less dependent 
on the accuracy of clinical assessment by the 

ophthalmologist and on patient compliance (Figure 2).
The epithelium-off Dresden protocol was originally devel-

oped for keratoconus, and it has demonstrated impressive 
efficacy and safety in long-term results, along with a low 
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Figure 1. Presumed mechanisms of PACK-CXL action: 

(1) intercalation with DNA, which stops replication,  

(2) oxidative stress, and (3) steric hindrance, which increases 

resistance against digestion.

Figure 2. Potential benefits of PACK-CXL.
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complication rate.25 However, it is time-consuming and it 
requires major infrastructure in the form of an operating 
room. If PACK-CXL is to become a global player in the treat-
ment of bacterial keratitis, the technique must be simplified 
and accelerated. 

Our research group has managed to reduce irradiation 
time by a factor of 10—from 30 to 3 minutes—and maintain 

the bacterial killing rate. Specifically, this reduction of treat-
ment time opens alleys to kill bacteria, even methicillin-
resistant Staphylococcus aureus, within only 3 to 5 minutes. 
This time span is short enough to allow a CXL procedure to 
be performed comfortably at the slit lamp.26

Currently, the beneficial effect of PACK-CXL is limited 
to treatment of bacterial, fungal, and mixed infections. 

 Scenario No. 1: The typical course of a corneal infection 
in an emerging country with a subtropical climate

After a minor trauma, often caused by a plant, the patient 
loses time by having to travel a great distance to see an oph-
thalmologist. The infection is diagnosed as bacterial, and the 
patient is advised to take topical antibiotics and revisit the 
doctor. The patient will take the antibiotics, but, due to lack 
of funds, he will not go back to see the doctor. The infection 
is not only bacterial but mixed (bacterial-fungal). Because the 
symptoms increase despite the antibiotics, the patient pur-
chases steroids over the counter. The condition exacerbates, 
and the cornea is lost.

Scenario No. 2: The typical course of a corneal infection 
in a developed country with a cool climate 

After a minor trauma, usually caused by excessive overnight 
contact lens wear, the patient sees an ophthalmologist. The 
infection is diagnosed as bacterial, and the patient is advised 
to take topical antibiotics and see the doctor for several 
follow-up visits. Due to a lack of compliance, the patient takes 
the antibiotics erratically and misses several follow-ups. The 
infection spreads and requires intensive and prolonged care, 
possibly even hospitalization. The resulting scar reduces CDVA 
and requires additional costly procedures at a later stage for 
visual rehabilitation.

Patient experiences 

minor trauma, often 

caused by a plant

SCENARIO 1
Emerging  
country with  
subtropical climate

Patient loses time  

to travel

Infection diagnosed as bacterial, 

topical antibiotics prescribed

+

Patient does not 

return to doctor due 

to lack of funds

Patient 

purchases over 

the counter  

antibiotics

Because infection  

is mixed,  

symptoms increase, 

and cornea is lost

Patient experiences 

minor trauma, often 

caused by overnight 

contact lens wear

SCENARIO 2
Developed  
country with  
cool climate

Infection diagnosed as bacterial, 

topical antibiotics prescribed

+

Infection  

spreads

Intensive & 

prolonged care 

required

Scar results,  

requires costly visual  

rehabilitation

Patient misses several  

follow-ups and takes  

antibiotics erratically

A Tale of Two Scenarios
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SODIS, as noted previously, is capable of killing viruses and 
Acanthamoeba cysts as well. However, the total energy doses 
used in SODIS are significantly higher than the fluence used 
clinically for CXL in the cornea.19

Future research projects will aim to optimize irradiation 
doses and times for this new indication. Simultaneously, 
several randomized prospective clinical studies have been 
undertaken to investigate the efficacy of PACK-CXL in the 
treatment of infectious keratitis. n
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