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Purpose: Preservatives are essential for preventing contact lens (CL)-related microbial
keratitis (MK). The purpose of this review is to summarize the current knowledge related
to the use of common ophthalmic preservatives in CL care products with respect to both
safety and efficacy.

Methods: Manuscripts written in English were obtained by searching PubMed.gov with the
term contact lens plus antimicrobial, benzalkonium chloride, biguanide, Aldox, polyquater-
nium, preservative, thimerosal, EDTA (ethylenediaminetetraacetic acid), chlorhexidine, or
blister pack.

Results: This review found that first-generation preservatives are no longer used in CL
multipurpose solutions (MPS) due to their high levels of ocular toxicity. Modern, high-
molecular-weight preservatives, including polyquaternium-1 (PQ-1) and biguanides
(PHMB), are generally effective against bacteria, minimally effective against fungi, and
not effective against Acanthamoeba. PQ-1 and PHMB are likely safe when used with CLs,
but they may cause ocular adverse events, with roughly equal risk between the two
preservatives. Some CL MPS contain both PQ-1 and PHMB, but no increased risk of adverse
events has been reported when combining the two. Hydrogen-peroxide (H,0O,) solutions are
effective against all common ocular microbes, including Acanthamoeba, and they have been
proven safe with proper compliance. Povidone-iodine (P-I) solutions are not currently
commercially available in North America, but they have been shown in other countries to
be safe and effective.

Conclusion: Patients should be monitored when using PQ-1 or PHMB-containing solutions
since they have been associated with ocular adverse events. If events are detected, patients
should be switched to an alternative solution. H,O, or P-I solutions are preferred for any
patient who may expose their CLs to water because they are the only solution categories
effective against Acanthamoeba.
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Introduction

Microbial keratitis (MK) is a potentially sight-threatening corneal infection, which
may be caused by bacteria, fungus, or amoebae. MK is one of the leading causes of
blindness worldwide, with its prevalence varying by geographical region.' In the
United States, the incidence of MK is about 30,000 cases per year,” while the
incidence in India is roughly two million cases per year.” In a 2002 study, Lam et al
reported an incidence of MK in Hong Kong of 0.63 per 10,000 patient years, while
the authors found an incidence of 0.36 per 10,000 patient years in Scotland.* The
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incidence and morbidity of MK is increasing in developing
regions, as highlighted above by the statistics in India and
by MK being the second leading cause of blindness in
Africa just behind cataracts.! While there are many factors
such as age and sex that increase the risk of MK, contact
lens (CL) wear is a top risk factor,™” and the frequency of
soft CL-related MK has been unfortunately increasing in
recent years.” This is highly problematic since 10% to
14% of cases result in a loss of two or more lines of best-
corrected visual acuity.”

While the difference is small, the risk for MK is lower
in patients who wear daily disposable CLs compared to
patients who wear reusable CLs, likely due to the fewer
care steps involved with daily disposable CLs.>®
Unfortunately, 2019 market research from Contact Lens
Spectrum indicates that only about 35% of all soft CL fits
were daily disposable CLs, while reusable soft CLs com-
prised about 44% of the CL market.” Considering the risk
for MK is not eliminated with daily disposable CL wear
and prescribing trends still favor reusable CLs, it is impor-
tant to consider the risk for MK in all soft CL wearers.

The increased risk of MK with CL wear, as well as the
potential for visual morbidity, requires the use of CL care
products with reusable CLs. These products specifically
require the ability to reduce or eliminate microbes asso-
ciated with CL complications. Most CL care products
include preservatives as active ingredients to combat
these microbes. These products must be highly effective
at eliminating a wide array of microbes but also gentle
enough for use on the human eye. The field currently
lacks a general summary of these versatile products.
Therefore, the purpose of this manuscript was to examine
the various ophthalmic preservatives as used with CLs in
terms of their mechanisms of action, effectivity against
common ocular microbes, use in soft CL multi-purpose
solutions (MPS), and effects on the ocular surface in
conjunction with soft CL wear. Additionally, non-
preserved CL solutions are discussed in comparison to
preserved CL MPS. A comprehensive summary of these
data will not only allow the field to move forward, but it
will allow clinicians to better educate and care for their
patients.

Methods

The intent of this review was to summarize the safety and
efficacy of preservatives used in soft CL solutions.
Manuscripts were obtained by searching PubMed.gov on
or before July 31, 2021, with the term contact lens plus

antimicrobial, benzalkonium chloride, biguanide, Aldox,
polyquaternium, preservative, thimerosal, ethylenediami-
netetraacetic acid (EDTA), chlorhexidine, or blister pack.
Recovered texts were searched to find additional refer-
ences. Meeting abstracts and trial registrations were
excluded during the search. No date exclusions were
applied, and only articles written in English were consid-
ered in this review.

Results
Preservatives in MPS — Standardizations
for Efficacy and Safety

When evaluating a MPS preservative, one should consider
whether it provides effective antimicrobial activity against
microbes that commonly cause MK. The International
Organization for Standardization (ISO) has outlined cri-
teria for assessing whether a preservative is effective in the
following standard: ISO 14729:2001 — Ophthalmic
Optics — Contact Lens Care Products —
Microbiological Requirements and Test Methods for
Products and Regimens for Hygienic Management of
Contact Lenses.® ISO 14729 states that starting concentra-
tions of bacteria in phosphate-buffered saline in a test tube
must be reduced by no less than 3 log; (99.9%) and fungi
by no less than 1 log;y (90%) cells while soaking within
the manufacturer’s recommended disinfection time (no
rubbing or rinsing necessary). If the solution cannot meet
this criterion, then completion of the entire recommended
regimen outlined in the package insert (with rubbing and
rinsing steps) can be used to assess for reduction in num-
bers of microbes adherent to CLs to less than or equal to
10 colony-forming units.®’

The United States Food and Drug Administration
(FDA) set standards that preceded ISO standards for the
reduction of bacteria. The FDA requires the D-value (the
calculated time required to reduce a population of micro-
organisms by 90% or 1 log;o) to be calculated, although
a standard value was never set. The FDA also requires no
survivors be present after a lens is treated according to
manufacturer instructions when tested by the Microbial
Challenge Multi-Item Test.” However, French, British,
and Dutch authorities each specified different guidelines,
creating a cumbersome process for manufacturers who
need their MPS approved in each country. Thus, the ISO
standards were set for continuity and simplicity and are
more commonly used than the FDA guidelines.’ For the
remainder of this review, “effective” will refer to bacterial
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load reduction as standardized by the ISO, unless other-
wise noted.

ISO 14729 also outlines the specific strains of bacteria,
mold, and fungi that MPS need to be tested against:
Serratia marcescens American Type Culture Collection
(ATCC) 13880, Pseudomonas aeruginosa ATCC 9027,
Staphylococcus aureus ATCC 6538, Candida albicans
ATCC 10231, ATCC 36031.
However, the standard does not require solutions be tested

and Fusarium solani

against Acanthamoeba due to the lack of standard metho-
dology for testing solution efficacy, the lack of standard
recovery and enumeration protocols, the lack of standard
and the
keratitis.”'® ISO considers the reduction in bacteria in

strains, rare incidence of Acanthamoeba
a CL lens case as an adequate measure for the prevention
of Acanthamoeba by limiting bacteria as a food source for
the organism.'® The lack of standardization must be con-
sidered when evaluating the validity of any study testing for
MPS efficacy against Acanthamoeba.

Additionally, there are questions surrounding whether
and how conclusions from studies based on ISO standards
may be applied clinically. This is largely due to the difference
in in vitro versus in vivo environments. Studies have found
that the efficacy of MPS against ISO standard strains may
differ in the presence of organic soil."' '* Organic soil found
in the tear film may be transferred from a removed CL into
a MPS and may neutralize the disinfecting agent.” The FDA
standards require proof of efficacy against a laboratory-
prepared organic soil composed of a mixture of killed
Saccharomyces cerevisiae and inactivated fetal bovine
serum. However, some argue testing against organic soil is
useless considering the FDA standard protocol does not
accurately represent tear film components, soil varies in the
tear film from patient to patient, and soil is largely removed
by the rubbing and rinsing step required of most MPS.*’
Therefore, ISO standards do not require a test including
organic soil.” Additionally, studies have compared ISO stan-

dard strains to clinical isolates,'*'®

and investigators have
found the efficacy of MPS may be reduced against clinical
isolates (outlined in Modern High Molecular Weight
Preservatives).

While ISO standards outline appropriate test strains
and standards for efficacy, standards for study design are
sometimes vague. For example, ISO standardizes micro-
bial growing conditions, including growth time, tempera-
ture, and nutrients, but it does not specify whether to use
glass or plastic test tubes. This is problematic considering
certain preservatives in MPS are known to adhere to either

plastic (polyquaternium-1 (PQ-1))'* or glass (biguanides
(PHMB))."3 Additionally, some wording in ISO 14729 is
ambiguous, such as allowing for researchers to define
some testing conditions on their own.’ These ambiguities
and researchers’ choices of organism strain, solution for-
mulation, and organism recovery lead to varying findings,
even amongst studies using identical methodology.'® Such
variations are important to remember when evaluating
studies for clinical relevance.

Once a preservative has been proven effective against
the standard microbes, the safety profile also needs to be
proven to gain FDA or other international standards
approval. CL care products are in a class that requires
a 510(k), or “Premarket Approval.” Briefly, this requires
proving a new CL product is “substantially equivalent” in
safety and efficacy to similar commercially available pro-
ducts. This includes microbiology and chemistry testing
for efficacy, as summarized above, though this is often
abandoned in favor of ISO standards. The FDA 510(k)
standards are still used for toxicology and clinical testing
proving safety. Recommendations for minimum toxicol-
ogy testing include in vitro tests and in vivo acute ocular
irritation tests as defined by the United States
Pharmacopeia (USP)/National Formulary (NF) 23 and
XXII, respectively. However, the FDA stipulates that the
ocular irritation test “should not be needed in cases where
formulations contain known ocular irritants,” which may
apply to many preservatives and other ingredients found in
MPS. Instead, the FDA requires manufacturers to indicate
on the label that the product contains an ocular irritant.
The recommendations also state that any test suggested in
this toxicology section may be replaced by a suitable
alternative if the alternative test has been validated or
can be justified for use as an alternative,'’ which may
lead to difficulty when comparing studies.

Clinical recommendations include recording adverse
reaction data, slit-lamp findings, symptoms/problems/com-
plaints, visual acuities, and discontinuations. An adverse
reaction is defined as “a hazardous, sight-threatening con-
dition,” and findings must be photographed or detailed in
drawings for submission of the 510(k) application.
Pertinent slit-lamp findings include corneal epithelial
edema, corneal epithelial microcysts, corneal stromal
edema, corneal neovascularization, corneal staining, bul-
bar conjunctival hyperemia, palpebral conjunctival find-
ings, and other (eg, infiltrates). All these findings are
graded on a scale of 0 to 4 (0 = none, 1 = trace, 2 =
mild, 3 = moderate, 4 = severe), with any findings graded
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2 or higher requiring further explanation in the 510(k)
application. Symptoms generally include reports of com-
fort, ease of handling, and vision, and are graded on a 0 to
5 scale (0 = excellent, 1 = very good, 2 = good, 3 = poor, 4
= very poor, 5 = unacceptable), but the 510(k) standards
do not define differences between acceptable and unaccep-
table grades.'” Interestingly, some studies outlined later in
this review do not use these recommendations as their
safety standards; rather, the authors define their own clin-
ical grading scales. This likely explains many between-
study safety differences.

In summary, an ideal preservative is effective at low
high
A preservative that meets both of these standards has

concentrations and safe at concentrations.
a wide “margin of safety.”'® Achieving both requirements
can prove difficult, as a balance is needed between low
ocular surface toxicity and high antimicrobial efficacy. The
ability of various MPS to achieve both requirements is

outlined below.

Preservatives Used in Soft CL MPS —
Mechanisms of Action, Safety, and Efficacy

This section will summarize the literature regarding the
mechanism of action, safety, and efficacy of each common
preservative used in commercially available CL MPS. It is
important to consider both how effective each preservative
is, as well as how each may affect the ocular surface when
used as directed by the manufacturer. Specific MPS will
not be named in this literature review, but the preservatives
found in each commercially available or previously avail-
able MPS detected in the literature are outlined in Table 1.

First Generation Preservatives

Mercury-based thimerosal is one of the oldest preservatives
used in CL MPS. The mechanism of action of thimerosal is
complicated and concentration-dependent, but it primarily
induces antimicrobial action by disrupting calcium influx
into cells.'” Thimerosal has a well-documented history of
being effective against ocular-pathogenic bacteria and fun-
gal species compared to chlorhexidine and PHMB-based
solutions.”® Tt has been shown to be ineffective against
Acanthamoeba, unless combined with other antimicrobials
such as EDTA?"*? or chlorhexidine.”’

While thimerosal’s mechanism of action allows it to be
exceptionally effective against both gram-positive and
gram-negative bacteria, its small molecule size allows it
to be easily absorbed and released by CLs. Thimerosal is
then leached from CLs onto the ocular surface, and has

been commonly associated with corneal irritation, sting-
ing, conjunctival hyperemia, limbal epithelial changes,
corneal infiltrates, palpebral lid changes, and corneal stain-
ing after CL wear.”* Two investigations reported unex-

2526 and conjunctivitis®> amongst

plained epitheliopathy
CL wearers. These adverse events were confirmed to be
from thimerosal in MPS, as they resolved upon disconti-
nuation of the product and recurred when the ocular sur-
face and/or skin was challenged with isolated thimerosal.?®

As the clinical complications are often delayed in time

25,27

from onset of use, thimerosal-induced anterior seg-

ment pathology is likely an immune-driven delayed hyper-
sensitivity reaction rather than a direct irritant.?>"-*®
Studies report a roughly 5% to 8% incidence of thimer-
in the United

confirming immune response as the most com-

osal-related delayed hypersensitivity
States,zg%o
mon reason for the negative effects. However, thimerosal
has also been shown to induce an immediate toxic
response both in vitro via inhibition of mitotic activity in
human corneal epithelial cells®’ and in vivo,*” indicating
that it can also act as a direct ocular irritant. In addition to
ocular adverse events, thimerosal is known to cause der-
matological delayed hypersensitivity reactions. Sertoli
et al reported contact dermatitis on the hands of patients
who cleaned their CLs with thimerosal-preserved MPS.*’
The authors confirmed this reaction was due to thimerosal
via a re-challenge patch test that isolated thimerosal from
MPS that also contained chlorhexidine and BAK, and
found that thimerosal was the only preservative of the
three that elicited a positive skin reaction.”® A later study
confirmed potential skin issues with thimerosal when they
showed a high reaction rate with skin patch testing of
thimerosal isolated from MPS, but not with other isolated
chemicals found in MPS that contain thimerosal.>> These
dermatological findings raised concern for similar thimer-
osal-induced irritation on the skin around the eyelids, but
the literature does not specifically report any eyelid skin
reactions to thimerosal MPS.

With toxicity data mounting (immuno-allergic ocular
surface changes, dermatological reactions, and keratocon-
junctivitis), Rietschel and Wilson urged the FDA in 1982
to find alternative means for CL disinfection that were
similarly affordable as thimerosal. Thimerosal MPS pro-
ducts began to be withdrawn from the market in the late
1980s.*> Thimerosal is no longer used in commercially
available MPS because of these safety issues.

Chlorhexidine is a less commonly used bacteriostatic
molecule,”® that causes cell membrane disruption® and is
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Table 1 Contact Lens Multipurpose Solutions Detected in the Literature
Manufacturer Solution Name Preservative(s)
Alcon OptiFree PureMoist Polyquad (polyquaternium 0.001%)
Aldox (myristamidopropyldimethylamine 0.0005%)
OptiFree Replenish Polyquad (polyquaternium 0.001%)
Aldox (myristamidopropyldimethylamine 0.0005%)
OptiFree Express Polyquad (polyquaternium 0.001%)
Aldox (myristamidopropyldimethylamine 0.0005%)
Opti-Soft* Polyquad (polyquaternium 0.001%)
ClearCare/ClearCare with HydraGlyde Non-preserved
Sterile micro-filtered hydrogen peroxide 3%
Soac-Lens* Thimerosal 0.004%
Preflex* Thimerosal 0.004%
Normol* Thimerosal 0.001%
Chlorhexidine gluconate 0.005%
FlexCare Rinsing & Storage Solution* Thimerosal 0.001%
Chlorhexidine gluconate 0.005%
AMO (Johnson & Johnson Vision) Acuvue RevitalLens Alexidine (alexidine dihydrochloride 0.00016%)
Polyquad (polyquaternium-1 0.0003%)
Complete Moisture (Comfort) Plus MPS Polyhexamethylene biguanide 0.0001%
Oxysept UltraCare Non-preserved
Sterile 3% hydrogen peroxide
Bausch + Lomb Renu Advanced Formula Polyhexamethylene biguanide 0.0001%
Polyquaternium-1 0.001%
Alexidine (alexidine dihydrochloride 0.00016%)
Renu Multiplus DYMED® (polyaminopropyl biguanide 0.0001%)
Renu Moistureloc Alexidine 0.00045%
Biotrue Polyaminopropyl biguanide 0.00013%
Polyquaternium 0.0001%
Soflens* Thimerosal 0.001%
Chlorhexidine 0.005%
CooperVision Refine |-Step Non-preserved
Sterile 3% hydrogen peroxide
CIBA Vision SOLOCare Plus Polyhexamethylene biguanide 0.0001%
AQuify* Polyhexamethylene biguanide 0.0001%
AOSEPT Non-preserved
Sterile 3% hydrogen peroxide
Ophtecs Cleadew Povidone-lodine
Allergan Hydrocare* Thimerosal 0.002%
Complete* Polyhexamethylene biguanide 0.0001%
ULTRACARE (Oxysept in the UK) Non-preserved
Sterile 3% hydrogen peroxide
(Continued)
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Table | (Continued).

Manufacturer Solution Name

Preservative(s)

Abbott Medical Optics RevitaLens OcuTec

Alexidine dihydrochloride 0.00016%
Polyquaternium-1 0.0003%

Menicon MeniCare Soft

Polyhexamethylene biguanide 0.0001%

Softcon Septicon*

Thimerosal 0.004% (second step with 3% hydrogen peroxide)

Note: *No longer commercially available.

similar in size and mechanism to thimerosal.”* While
chlorhexidine is technically a biguanide,>* it is an older
formulation compared to the biguanides used in modern
MPS (outlined in Modern High Molecular Weight
Preservatives). In the 1970s and early 1980s, many CL
solutions contained thimerosal, chlorhexidine, or both.
Studies demonstrated that chlorhexidine was generally

safe35,36

and did not cause delayed hypersensitivity.
However, chlorhexidine may act as a direct irritant.’’
Overall, chlorhexidine is minimally toxic due to its slow
release from CLs, and it is therefore only found in low
concentrations in the tear film. This is evidenced by
a study in which CLs treated with chlorhexidine displayed
slowly decreasing, but persistent, antibacterial activity
with repeated transfer to fresh agar plates seeded with
bacteria.’’

Consequently, chlorhexidine was the logical next con-
tender for use in MPS considering its improved safety
profile compared to thimerosal, as well as its effectiveness
against microbes. Chlorhexidine has been proven effective
against in vitro Acanthamoeba even at short exposure
times.”'** Shih et al found in 1991 that chlorhexidine
was effective against Fusarium and Aspergillus fungi,
while PQ-1 and PHMB were not, according to FDA
standards.*® A later in vitro study clarified further that
chlorhexidine was only effective (as defined by the
Clinical and Laboratory Standards Institute M38-A docu-
ment) against Fusarium and Aspergillus at concentrations
above 0.006%; however, it was commonly available for
purchase in 0.003% concentration MPS.?°

There have been conflicting reports regarding the efficacy
of chlorhexidine against bacteria. A 1991 study showed
chlorhexidine significantly reduced the in vitro bacterial
load of P. aeruginosa, S. aureus, and S. marcescens within
four hours at normal concentrations (0.005%).*® However,
a 1996 study reported that MPS preserved with 0.00025%
chlorhexidine was not able to reduce the load of

S. marcescens or P. aeruginosa,” particularly when adhered

to CLs. The conclusion drawn from these results is that
S. marcescens and P. aeruginosa became resistant to
chlorhexidine;* however, the differing concentrations may
well explain the discrepancy between the two studies.

One study found that chlorhexidine had little effect on
in vitro rabbit corneal epithelium in concentrations likely
to be found in human tear film after three hours of CL
wear, and that complications only arose at concentrations
unlikely or impossible to achieve in in vivo environments
with CLs.*® Chlorhexidine was not explored in as much
depth, likely because newer and better high molecular
weight preservatives were on the horizon. Like thimerosal,
chlorhexidine is no longer used in modern CL MPS.

The combination of thimerosal and chlorhexidine in
MPS causes more ocular surface adverse events than either
preservative alone. A retrospective chart review of 161
patients using MPS containing chlorhexidine plus thimer-
osal found an incidence of solution intolerance (indicated
by corneal staining) of 33% versus intolerance of only 5%
to 8% in patients using MPS with thimerosal alone.*
Conversely, in a study of 38 patients with conjunctivitis
and keratitis related to soft CL wear using MPS containing
thimerosal plus chlorhexidine, 31 responded to a challenge
with one drop of 0.004% thimerosal in one eye every two
hours during waking hours for one day, while only 3
reacted to a skin patch test of 1% chlorhexidine.”> This
suggests that thimerosal was the main irritating agent
when both preservatives were combined, and chlorhexi-
dine minimally contributed to adverse reactions.”> The
literature conflicts on which preservative is more toxic to
the ocular surface; however, neither is found in mod-
ern MPS.

Benzalkonium chloride (BAK) is a quaternary ammo-
nium compound often used as a preservative in topical
ocular medications due to its long shelf-life and effective
antimicrobial properties.*” BAK is not used in CL MPS,
however, because it is easily absorbed and released by CLs

and has a well-documented history of cytotoxicity.*'***
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Modern High Molecular Weight Preservatives
Modern preservatives are composed of larger, higher
molecular weight molecules than thimerosal or chlorhex-
idine. The size of these preservatives makes them safer for
the eye, as there is less risk of uptake and release from
CLs, minimizing the risk to the ocular surface.*’ PQ-1 and
PHMB are now the most commonly used preservatives in
commercially available MPS. In fact, PHMB-based MPS
comprise 60% of the United States market and most of the
Chinese market.”® Several different PQ-1 MPS formula-
tions are on the market (Table 1). The frequency of PHMB
and PQ-1 use has spurred a wealth of knowledge related to
these products. The following section describes these com-
mon high molecular weight preservatives.

One of the most common high molecular weight pre-
servatives are the biguanides. Biguanides invade microbial
cells and interact with DNA in a way that disrupts DNA
death.**
Biguanides commonly found in modern CL MPS include

function and/or precipitation, causing cell
polyhexamethylene biguanide (PHMB), polyaminopropyl

biguanide, polyhexanide, and alexidine; sometimes
grouped together and abbreviated as “PHMB” because
they are all derived from the PHMB molecule. Hereafter,
in this paper, all biguanides will be referred to as “PHMB”
unless necessary to specify the particular molecule being
discussed.

PHMB-based solutions have been shown to be effec-
tive in vitro against bacteria, specifically P. aeruginosa and
S. aureus,"**’ according to both FDA****¢ and 1SO****
standards. Other bacteria that are reported to be suscepti-

45,47 and

ble to PHMB solutions in vitro are S. pneumoniae
Streptococcus pyogenes.*’ Some studies have more dis-
agreement over other bacterial organisms’ susceptibility to
PHMB. One study claims PHMB effectively reduces the
load of

Staphylococcus

and
FDA

guidelines,*> while another claims PHMB is ineffective

bacterial in vitro Escherichia coli

epidermidis  according  to
against clinical isolates of these bacteria,'* though the
authors of the latter study concede that when PHMB is
combined with polyaminopropyl biguanide, they are effec-
tive. Four studies report PHMB is effective against
S, marcescens,"***** but one claims it is not
effective.’® Two studies stipulate that PHMB is not effec-
tive against high-concentration planktonic bacterial accu-
mulations or biofilms that may form on CLs.**** Another
claims PHMB is effective against clinical isolates of these

common causative bacteria when adhered to silicone

hydrogel CLs only after full completion of manufacturer
cleaning recommendations, and not after any of the inter-
mediate steps (must be rubbed and rinsed, stored at mini-
mum manufacturer recommended time, and rinsed again
before application).’® Overall, the above studies indicate
adequate efficacy of PHMB solutions against bacteria.

Unfortunately, PHMB MPS are not as effective against
fungal, yeast, or amoebal species. The studies outlined
above indicate that PHMB is effective against bacteria,
but it is ineffective against Aspergillus*®>*** or Candida
species.*®* Fusarium spp. are susceptible to PHMB only
under specific conditions. PHMB was shown to only be
effective against Fusarium and Aspergillus at concentra-
tion above 0.005%, but PHMB MPS are available in con-
centrations as low as 0.001%.%° Similarly, a study showed
one MPS with 0.001% PHMB was effective against ISO
and FDA standard fungi, but two others with the same
concentration were not,*® demonstrating the importance of
the other components of a MPS. Additionally, one study
showed that MPS with combination PHMB and alexidine
were initially effective against Fusarium on CLs, but it
lost efficacy after soaking for six hours in standard CL
cases due to uptake into the CLs.*' This is an important
consideration for CL wearers who reuse or top off solu-
tion, as the solution will no longer be effective against
Fusarium after the initial use.

Studies have confirmed that PHMB solutions are
completely ineffective against Acanthamoeba (five
MPS tested with some overlap of MPS formulas in the
studies).'%?!72347:3175% \While bacteria are much more
common causative agents of MK, fungal or amoebal
infections can quickly become sight-threatening and
must also be considered.

In addition to sub-par efficacy against non-bacterial
microbes, PHMB also has a rather high incidence of ocular
toxicity. Many in vivo studies have reported higher grade
corneal staining in patients using PHMB MPS compared
to PQ-1 MPS when wearing both hydrogel®> and silicone
hydrogel CLs>> % (worse with silicone hydrogel CLs).
This was confirmed with Choy et al's 2012 in vitro analy-
sis with atomic spectroscopy with the authors reporting
that PHMB caused irreversible damage to cultured corneal
epithelial cells and that 30% of cells’ membranes were
destroyed after 15 minutes; however, the solution tested
contained boric acid, which is known to cause damage to
the corneal epithelium. Conversely, with a similar in vitro

spectroscopy study, Imayasu et al reported in 2008 that
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PHMB is not disruptive to corneal epithelial tight
junctions.®!

Some studies found differences among PHMB-
containing solutions. In one study, two PHMB solutions
were not at all cytotoxic with in vitro assays of immorta-
lized human corneal epithelial cells, while one was mod-
erate by assessment of cell viability assay, cell membrane
integrity, and surface appearance by light microscopy
compared to control solutions.*” Another study showed
two PHMB solutions were not at all cytotoxic at any
concentration tested (1.25%, 2.5%, 5%, and 10%), while
one PHMB solution was cytotoxic at medium to high
concentrations (5% and 10%), and two other PHMB solu-
tions were highly cytotoxic at all concentrations.®* Related
clinical studies generally describe differences in clinical
signs and symptoms among patients using PHMB-based
solutions.””® These studies imply that concentration and
ancillary chemicals like chelating and wetting agents can
significantly influence how MPS affect the ocular surface.

PQ-1 is a quaternary ammonium compound commonly
used in CL care products. PQ-1 is bactericidal, as its
mechanism of action involves denaturation of proteins in
bacterial cell walls.®® However, PQ-1 is only weakly effec-

* and Candida albicans,”

tive against Fusarium solani®
and it has no effect against other fungi or amoeba (outlined
later in this section). Therefore, PQ-1 is found in combina-
tion with amidoamine or PHMB compounds in modern
MPS. Myristamidopropyl dimethylamine (Aldox), an ami-
doamine, effectively inhibits fungi and amoebae via catio-
nic disruption of cell membranes.>*%*

Similar to PHMB, studies disagree on whether PQ-1 is
effective against S. marcescens. Three studies found PQ-1
45:46.66 three failed to find
a meaningful reduction in the bacterial load.'***** Hume
et al clarified further that PQ-1 plus Aldox is effective

against SO standard strains, but this combination is not

to be effective, while

effective against clinically isolated S. marcescens. This
indicates that there may be increased resistance of
S. marcescens since the standards were set by the I1SO."
The studies above examined MPS containing both PQ-1
and Aldox; however, Abjani et al also evaluated PQ-1 plus
alexidine, and they found the same results against all
studied organisms, regardless of whether PQ-1 was paired
with Aldox or alexidine in MPS.*’

For Fusarium spp., Rosenthal et al reported that PQ-1
plus Aldox was initially effective and maintained a low
fungal load for seven days. This contrasted with PHMB,
which quickly lost efficacy during the same time period.

As previously stated, the longevity of the antimicrobial
activity is important to consider for any patient who may
reuse MPS solution.*!

The MPS on
Acanthamoeba is a topic of debate. Studies that assessed

efficacy of PQ-1-containing
the efficacy of isolated PQ-1 alone found that it was not
effective against Acanthamoeba.?' >*>'>* Studies vary on
the effectiveness of PQ-1 MPS against Acanthamoeba
when combined with an additional preservative. Studies
assessing the effectiveness of PQ-1 plus Aldox against
Acanthamoeba show the combination is no more effective
than PQ-1 alone. Four studies reported no efficacy against
clinical and/or tap water isolates of Acanthamoeba cysts or

47,52-54

trophozoites (100% survival of all strains), while

two studies reported the combination reduced the load of
both cysts and trophozoites of an ATCC strain,'*®* indi-
cating there may be a difference in susceptibility to PQ-1
plus Aldox between clinical and standard isolates of
Acanthamoeba. Abjani et al also assessed PQ-1 plus alex-
with
Acanthamoeba and reported that, similar to their findings

idine regards to its effectiveness against
for PQ-1 plus Aldox, this combination of preservatives is
ineffective against Acanthamoeba.*’

Codling et al used atomic absorption spectrophotometry
to examine in vitro microbial cells treated with PQ-1 or
Aldox. They assessed for potassium leakage, an indication
that cell membranes had been disrupted. The authors found
that PQ-1 caused potassium leakage from P. aeruginosa,
S. marcescens, S. aureus while Aldox caused leakage from
C. albicans and A. fumigatus. This confirms that PQ-1 is
effective against bacteria, while Aldox is effective against
fungi. Neither PQ-1 nor Aldox caused potassium leakage
from Acanthamoeba, indicating this combination of preser-
vatives is not effective against Acanthamoeba.®> As for
biofilms, P. aeruginosa and S. aureus biofilms adherent to
CLs were shown to be susceptible to PQ-1, but the preser-
vative was ineffective against S. marcescens biofilms.*

Studies disagree on the importance of strict adherence
to MPS manufacturer recommendations when determining
the efficacy of PQ-1. Correa et al (as previously outlined
in this section) reported in 2018 that PQ-1 plus Aldox
MPS (and PHMB and PQ-1 plus PHMB MPS) was effec-
tive against S. aureus, S. epidermidis, S. pneumoniae,
P aeruginosa, and Enterobacteriaceae, but this was only
true after completion of the full manufacturer’s cleaning
recommendations, including both rinsing and rubbing
steps.’® Prior to this, Rosenthal et al's work in 2000
reported that PQ-1 plus Aldox MPS was effective against
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bacteria, fungi, and amoeba after only a 6-hour soak,
indicating the rubbing step may be unnecessary.**

As for safety of PQ-1, a Phase I clinical trial showed
safety at a concentration of 0.005%, which is five times the
commercially available concentration. Adverse events
were low in the trial of 50 subjects, with only two
instances of minimal corneal staining and no reports of
corneal edema, conjunctival injection, or iritis.
Additionally, only seven patients experienced mild irrita-
tion (minimal punctate staining or mild limbal injection) at
higher concentrations, and none of these seven patients
had any reaction when challenged with switching to
daily use of a PQ-1 solution with the commercially avail-
able concentration (0.001%), following manufacturer care
instructions.'® Interestingly, one study reported a small
number (n=13) of patients using PQ-1 MPS presenting
with dendritiform Keratitis, that were determined to be
not infectious and that resolved after discontinuation of
PQ-1. This indicates that PQ-1-induced keratitis needs to
be considered in the differential diagnosis of patients pre-
senting with dendritiform lesions.®’

Studies that evaluated both PHMB and PQ-1 MPS
separately found these preservatives are equally effective
against an array of microbes. Some studies agree that both
preservatives were effective against P aeruginosa,
S, aureus®** S epidermidis,l4’39’45 E. coli, and

4347 wwhile they were not effective against

S. pneumoniae,
C. albicans or Aspergillus spp.>**> One study found that
PQ-1 plus Aldox was effective against C. albicans and
Aspergillus spp,°® but no further corroborating information
could be detected during this review.

Studies that directly compared the efficacy of PHMB
and PQ-1 claim that PHMB is more effective against
S. marcescens, S. aureus, and P, aeruginosa,46’48 but that
PQ-1 plus Aldox MPS are more effective against in vitro
Acanthamoeba than PHMB MPS.'* This does not neces-
sarily translate to clinical efficacy of PQ-1 plus Aldox
MPS, particularly because there are no standards for asses-
sing effectiveness against Acanthamoeba.

Interestingly, one study found that PQ-1 plus alexidine
and PQ-1 plus PHMB solutions were more effective
against gram-negative bacteria that cause corneal infiltra-
tive events than PQ-1 plus Aldox MPS, indicating that
biguanides are likely more effective against these
organisms.®® Another study concurred, reporting PQ-1
plus Aldox was associated with more corneal infiltrative
events compared to PHMB with daily wear CLs in
a university population.®” Comparing the overall efficacy

of PHMB versus PQ-1 MPS, the studies above generally
indicate that PHMB and PQ-1 plus Aldox (or in a few
cases PQ-1 plus alexidine) are equally effective against
bacteria and equally ineffective against fungi; however,
PQ-1 plus Aldox is superior to PHMB MPS in efficacy
against Acanthamoeba.

Since PHMB and PQ-1 solutions have similar effi-
cacy against most microbes, a direct comparison of their
effects on the ocular surface could help determine which
MPS are best to recommend to patients. While the find-
ings of corneal staining seem unfavorable with PHMB,
a study directly comparing corneal staining for PHMB
versus PQ-1 MPS showed that PQ-1 had a higher inci-
dence of central staining, and the solutions were equal
for overall corneal staining, indicating PHMB may not be
any worse than PQ-1 for staining.”® In support of this,
one study found that PQ-1 plus Aldox was more cyto-
toxic by spectroscopy evaluation of human corneal
epithelial cells than three PHMB-containing MPS.*
Another study confirmed that PHMB is potentially
worse than PQ-1 for corneal staining, reporting that
staining was worse when PQ-1 was paired with
a PHMB (alexidine) compared to a non-PHMB (Aldox)
preservative. This occurred to a greater degree with sili-
cone hydrogel CLs than with hydrogel CLs, although the
authors concede all corneal staining was less than grade 1
on the Efron scale, which is generally considered clini-
cally acceptable.”’ In vitro studies to confirm PHMB and
PQ-1 cytotoxicity to corneal epithelial cells also had
conflicting results. As previously stated, Wright and
Mowrey-McKee reported PQ-1 plus Aldox MPS was
more cytotoxic by spectroscopy evaluation of human
corneal epithelial cells than three PHMB MPS.*
Similarly, Choy et al's 2012 paper reported that PHMB
caused irreversible damage to cultured corneal epithelial
cells after 15 minutes, but PQ-1 solutions were still
damaging at even shorter exposure times (10 minutes).
The authors concluded that PHMB was less toxic than
PQ-1 because it required a longer exposure time to dis-
rupt the cell membrane and metabolic activity of the
cell.®® Imayasu et al agreed that both PHMB (alexidine)
MPS and PQ-1 MPS were cytotoxic through disruption
of epithelial cell tight junctions, but also postulated that
the boric acid in these MPS could be the cause of the
disruption, not the PHMB or PQ-1.°'

While reports on corneal staining seem initially con-
cerning with regards to risk for infection, the clinical
implications of solution-induced staining are debatable.
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The corneal epithelium is vital to the barrier function of
the cornea, preventing microbial invasion and infection.
However, it is unclear whether there is epithelial disrup-
tion from solution-induced staining and, if present,
whether it is transient or concerning. Studies have shown
that solution-induced staining is significantly worse during
the first two to four hours of CL wear.”> >’ Additionally,
studies vary on how this staining affects patient comfort.
Jones reported there was no difference in subjective symp-
toms other than slightly more stinging on application with
PHMB MPS than PQ-1 MPS,>® while two studies reported
that as staining increased, comfort decreased.’”>’

In addition to corneal findings, there are clinical reports
of negative effects of PHMB on the conjunctiva (staining,

1 58,59 and

papillae, hyperemia) when compared to PQ-
H,0,.”*"* In support of the clinical findings, Dutot et al
reported in 2008 that three PHMB MPS caused oxidative
stress and apoptosis in human conjunctival cells.”*
However, conjunctival apoptosis was also found with one
PQ-1 plus Aldox solution,”* so the negative effects may be
similar between PHMB and PQ-1 MPS.

When comparing the additional preservative in PQ-1
solutions, Aldox causes more stinging, redness, and con-
junctival staining than alexidine upon CL application, but
there is no difference in corneal staining seen between the
two.”> There is also one case report published showing
PHMB MPS caused contact dermatitis on the skin of the
hand,** but no reports have been published on dermatolo-
gic adverse events related to PQ-1 use.

One MPS combines both PHMB and PQ-1 as preser-
vatives. It would be reasonable to assume that this solution
is more effective than MPS with stand-alone preservatives,
but it is more likely to cause complications. The literature
confirms that the combination may be more effective.
A study isolating standard strains of P. aeruginosa and
S. aureus found that a PQ-1 plus PHMB MPS was more
effective at a faster disinfecting time (four hours) and
higher overall log reduction in bacteria (5log) than stand-
alone PQ-1 (six hours, Slog) or PHMB (failed to meet
requirement of 6log reduction at manufacturer recom-
mended six hour disinfection time).”® Fortunately, the
research refutes the hypothesis that combining PQ-1 and
PHMB in MPS would be less safe than MPS with one
preservative. An extensive meta-analysis of six clinical
trials (3,134 eyes, 72,904 daily exposures) showed the
combination of PQ-1 and PHMB had a very small percen-
tage of ocular surface adverse events graded >2+ on a 0 to
4 ordinal system (0 = none; 1 = trace; 2 = mild; 3 =

moderate; 4 = severe) where findings graded <2+ were
considered as not requiring treatment.”” One study did find
that PQ-1 plus PHMB MPS was inferior to H,O, for
corneal staining with one hydrogel and one silicone hydro-
gel CL, but not with another silicone hydrogel CL, and
that the combination was equal in bulbar and limbal red-
ness and in subjective comfort to H,0,.”" These findings
were also found with PQ-1 plus alexidine and PQ-1 plus
Aldox, indicating that PQ-1 plus PHMB is not inferior to
the other combinations. It seems the combination of the
two does not cause any additional ocular surface adverse
events when compared to either preservative alone. It is
also reasonable to assume that the combination of PHMB
plus PQ-1
Acanthamoeba, considering the studies above indicate

in MPS may not be effective against

that neither preservative alone is effective against amoe-
bas. Indeed, one study confirmed this solution is not effec-
tive against Acanthamoeba.”

In summary, PQ-1 and PHMB are generally equal in
efficacy and safety. They are equally effective against
bacteria, minimally effective against fungi, and equally
ineffective against Acanthamoeba. PQ-1 and PHMB also
have similar safety profiles. Both have been shown to
cause conjunctival disruption and corneal staining.
PHMB may have a slightly higher frequency of corneal
staining, particularly with silicone hydrogel CLs, although
the studies are conflicting as to whether this staining is
clinically relevant and whether it is truly worse with
PHMB than with PQ-1. Ultimately, all CL patients should
be monitored for ocular adverse events.

While it is important to consider the safety and efficacy
of solutions associated with CL packaging, particularly
with the popularity of daily disposable CLs and repeated
daily exposure to their blister pack solutions (BPS), BPS
do not contain preservatives. Additionally, most commer-
cially available soft CLs are sealed in a sterile manufactur-
ing environment, and the CL coming out of the packing
solution is directly applied to the eye with minimal poten-
tial exposure to microbes. Considering preservatives are
not involved, and the risk for MK upon removal from BPS
is low, it is not of critical importance to consider BPS in
this context.

Non-Preserved CL Care Solutions
Hydrogen Peroxide Solutions

(H,0,) s
a preservative, but it is commonly used to disinfect CLs

Hydrogen peroxide not classified as

due to its excellent antimicrobial efficacy. H,O; is a broad-
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spectrum disinfectant that works by oxidizing all types of
microbes,®® destroying cell membranes by changing the
bonds between lipids and proteins, which alters the mem-
brane’s permeability.®>’® After CLs are disinfected with
H,0,, the solution is neutralized into phosphate-buffered
saline with either a platinum disc or catalase tablet for
a minimum of six hours.?"*%%%! H,0,-treated lenses can be
applied directly to the eye with minimal risk of ocular
surface damage or allergic reaction after neutralization,
as the neutralized saline is preservative-free.
Nevertheless, the risk is not zero due to buffers present
in the neutralized solution, and some practitioners advo-
cate for a rinse with saline prior to CL application.”

H,0, cleaning systems are often used as the compara-
tive standard in studies evaluating the safety and efficacy of
preserved CL solutions because they are safe and have been
proven broadly effective. One review of H,O, systems
states “data indicates that in comparison with MPS, one-
step H,O, systems tend to promote more favorable com-
pliance, efficacy, comfort, and ocular surface outcomes”
and even goes as far as to recommend that eye care practi-
tioners consider making one-step H,O, systems their first-
line CL care recommendation for most wearers of reusable
CLs.”? However, some authors note H,O, systems are less
convenient to use since they require neutralization before
contact with the eye, and they may need to be used in
conjunction with additional cleaning products.*>** Further
head-to-head studies of H,O, systems and MPS could elu-
cidate the best compromise between convenience, safety
profile, and antimicrobial activity.

There is extensive evidence to indicate that H,O, sys-
tems, which do not require use of preservatives, are quite
effective against a wide array of organisms compared to
MPS. Early studies in the late 1990s comparing the effi-
cacy of H,O, systems to chemical systems had varying
results depending on the organisms tested. Two studies
effectiveness of solutions

examined the against

Staphylococcus  spp., P. aeruginosa, S. marcescens,
Candida spp., and Aspergillus spp. They found that MPS
preserved with PQ-1 plus Aldox®® and PHMB'* were
similarly as effective as H,O, against fungal species,'*°°
were less effective but still within accepted guidelines

against bacterial species,' "

and had the important advan-
tage of long-term antimicrobial activity that is not possible
with H,O, systems due to neutralization.®® In contrast to
the similar efficacy found with all MPS against single
colony bacteria harvested on agar plates, H,O, was the

only solution found to be effective against all strains of

bacteria that commonly cause corneal ulcers when they
form biofilms on silicone hydrogel CLs.*’

Similar studies have examined the microbicidal activity
of H,O, specifically against Acanthamoeba. Studies have
specifically harvested Acanthamoeba strains and challenged
them in vitro. In these studies Acanthamoeba were placed in
containers provided by the manufacturers, in well-plates, or
in a disinfection solution suspension for the manufacturer-
recommended disinfecting times with commercially avail-
able doses of H,O,, PHMB MPS, or PQ-1 MPS in all
studies,21’23’51 in addition to BAK and chlorhexidine-
thimerosal in two studies.”> The studies concluded that
H,0, was most effective at the shortest storage times
against Acanthamoeba, while PQ-1 and PHMB were deter-
mined to be completely ineffective.*'**>' BAK and chlor-
killing both

21,23

hexidine-thimerosal were sufficient at
trophozoites and cysts depending on exposure time
but, as previously noted, these preservatives are no longer
used in commercially available MPS due to toxicity.

So long as full neutralization is achieved, it is rare for
H,0, systems to cause ocular surface compromise. It is
well-documented that preserved MPS can cause ocular
irritation, as outlined previously. Two studies compared
H,0, systems specifically to PHMB MPS regarding their
effect on the eyelids, and both found that papillae and
patient symptoms were improved after using H,O, for 90
days.”>”® 1t was previously outlined in Modern High
Molecular Weight Preservatives how MPS negatively
affects the cornea, and there was no evidence that H,O,
systems cause corneal adverse events after proper neutra-
lization. However, one study did find that there was no
difference in patient-reported average comfortable wear
time or in observed corneal staining between CLs treated
with a H,O, system versus MPS with PQ-1 plus Aldox,
PQ-1 plus PHMB, or PQ-1 plus alexidine, implying that
MPS with modern preservatives create a comfortable and
like H,0,
systems.”! Overall, the studies confirm that H,O, systems

non-compromised ocular surface much
generally exhibit at least equal, and sometimes superior,
antimicrobial efficacy along with an impressive safety
profile compared to MPS containing preservatives.
However, clinicians must consider the convenience and
long-term antimicrobial effects of preserved MPS that

H,0,; systems do not achieve.

Povidone-lodine
Povidone-lodine (P-I) has long been used as a general
disinfecting agent during surgery, including on the ocular
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surface before intraocular surgery, due to its broad-
spectrum antimicrobial capabilities but low cytotoxicity
to human tissues.** The mechanism of action of P-I is
penetration of microbial cell walls and attack of proteins
and DNA, causing apoptosis.®> While not yet commer-
cially available in the United States, P-I solutions are
used as CL disinfectants in Japan, Europe, Hong Kong,
and New Zealand.®® The only currently commercially
available P-I system includes a solution of boric acid
buffer and H,O,, with a tablet that dissolves when added
to the solution. The tablet is composed of an outer layer
that contains P-I for disinfection, and an inner layer that
includes a proteolytic enzyme for neutralization of the
H,0,.%

A study evaluating both antimicrobial activity and
potential cytotoxicity of P-I used as a CL disinfecting solu-
tion compared P-I to H,O,, PHMB MPS, and a BAK solu-
tion. This study found P-I was both the most effective
disinfectant against the tested bacteria and fungus and the
least cytotoxic of the four solutions,®® making it a promising
recent innovation in the CL disinfection market. Another
in vitro study corroborated that P-I is effective against
S. aureus and P aeruginosa.*® A recent study has also
confirmed that P-I is effective against clinical isolates of
bacterial species (P. aeruginosa from a patient with MK
and S. marcescens and Achromobacter xylosoxidans from
CL cases), even in the presence of organic soils, and reports
no adverse events due to P-I."* Furthermore, a study com-
paring a P-I MPS to a PQ-1 plus PHMB MPS found they
were both effective against in vitro planktonic bacteria
(standard strain S. marcescens; and clinically isolated
P. aeruginosa, Delftia acidovorans, Stenotrophomonas mal-
tophilia, S. aureus, and S. epidermidis), but only P-I was
effective against biofilms isolated from CL cases.® Studies
have also proven P-I is effective against in vitro clinically
isolated® 87.88

Acanthamoeba cysts and trophozoites. From these studies,

and known pathogenic strains  of
P-I can achieve and even greatly exceed safety standards for
CL MPS and is safe for ocular use in CL disinfection.

Considering its excellent efficacy and safety profile,
P-1 solutions may be forthcoming in North America.
However, it must be considered that the only currently
available P-I solution evaluated in these studies also con-
tains H,O,, which is known to be effective on its own.
Therefore, it is impossible to determine from these studies
how effective P-I is as a stand-alone preservative. Further
studies are needed to determine the validity of more wide-
spread use of this preservative.

Conclusions

CL solutions containing H,O,, PHMB, P-I, or PQ-1 are all
potentially viable care system options for soft CLs. It is
worth considering that PHMB is a common cause of cor-
neal staining, particularly in patients using silicone hydrogel
CLs. While the clinical implications of solution-induced
corneal staining may be up for debate since this type of
staining is usually transient and may not increase the risk
for infection, there is no harm in switching patients to
a solution with a different preservative should this staining
occur. While PQ-1 solutions may cause fewer ocular sur-
face adverse events than PHMB MPS, events are still
common and need to be monitored. If corneal staining
persists with both PHMB and PQ-1 preserved MPS, it can
be assumed that ancillary components are causing the stain-
ing and switching to an H,O, solution should be considered
as it is neutralized into phosphate-buffered saline with mini-
mal additives. For patients who can properly and conveni-
ently follow manufacturers’ guidelines for use of H,O,
solutions, this may be the best option for both safety and
efficacy, as H,0, is effective against all microbes and poses
almost no threat to the ocular surface when neutralized.
While Acanthamoeba infections are rare, they can quickly
become sight-threatening, raising some concern over the
fact that neither PHMB nor PQ-1 based solutions are effec-
tive against this microbe. Patients who expose their CLs to
water are at a significantly increased risk for Acanthamoeba
infection, so H,O, or P-I should be recommended as they
are the only solutions that are definitively clinically effec-
tive against Acanthamoeba.

Recall that MPS studies may vary depending on study
design, study duration, and additional components in the
solution (other than the preservatives), so outcomes should
be monitored clinically. While wvarious studies have
assessed multiple MPS with different preservatives, or
MPS containing more than one preservative, many have
yielded conflicting results, and none make definitive
recommendations for the use of one preservative over
another. Further studies examining specific differences
between MPS with different preservatives would be help-
ful for the field to make clinical recommendations. Eye
care practitioners should tailor their CL solution recom-
mendations based on a patient’s specific needs, with con-
their
environments, ease of handling, ability to properly follow

sideration  for occupational and recreational

manufacturer instructions for disinfection, the type of CL
they are using, and the clinical presentation of their ocular
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