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ORIGINAL ARTICLE

Scalloped Channels Enhance Tear Mixing Under
Hydrogel Contact Lenses

MENG C. LIN, OD, PhD, FAAO, GEMMA N. SOLIMAN, OD, VALERIE A. LIM, OD,
MICHAEL L. GIESE, OD, LAURA E. WOFFORD, BA, CHRISTOPHER MARMO, PhD,

CLAYTON RADKE, PhD, and KENNETH A. POLSE, OD, MS, FAAO

Clinical Research Center, University of California, Berkeley, California (MCL, LEW), School of Optometry, University of California,
Berkeley, California (MCL, GNS, VAM, MLG, KAP), Ocular Sciences/CooperVision Company, Pleasanton, California (CM), and the

Department of Chemical Engineering, University of California, Berkeley, California (RD)

ABSTRACT
Purpose. Tear exchange under a soft contact lens is directly related to the amount of lateral and transverse lens motion.
Hydrodynamic modeling suggests that channels placed on the back surface of a soft lens will reduce fluid resistance and
increase transverse lens movement. This study measured the effect of posterior lens surface scalloped channels on tear
exchange.
Methods. Tear exchange in the postlens tear film (PoLTF) was estimated using a fluorometer to measure the exponential
depletion of high-MW fluorescein under the lens expressed as the time to deplete 95% of dye (T95). A total of 32 subjects
wore two pairs of identical lenses except that the experimental lens had 12 scalloped channels placed radially in the
midperiphery of the posterior lens surface, whereas lenses without channels served as controls.
Results. The mean � standard error T95 values for the channel lenses was 28 � 2 minutes compared with 32 � 2 minutes
for the control lenses (p � 0.107). There was a marginally significant difference in T95 between two lens groups in Asian
eyes (p � 0.054).
Conclusion. Placing scallop-shaped channels on high-H2O content soft lenses improved the postlens tear pumping in
Asian eyes.
(Optom Vis Sci 2006;83:874–878)
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Overnight contact lens wear has been associated with sev-
eral adverse clinical events. Most clinicians and investi-
gators have assumed that these complications result from

contact-lens-induced corneal hypoxia. Although there is no direct
evidence linking many of the more worrisome complications (e.g.,
infection, infiltrative keratitis, peripheral corneal ulcer) to corneal
hypoxia, this assumption seems reasonable because there are con-
siderable data showing that corneal hypoxia alters corneal structure
and function.1–6 Therefore, when silicone-hydrogel soft lenses
(SHSL) were introduced with oxygen transmissibilities (Dk/t) that
provided sufficient oxygen to maintain normal metabolism, clini-
cians expected that most of the adverse clinical events would be
eliminated.7 Unfortunately, this was not the case. Studies have
now documented that the incidence of some of the more serious
corneal complications associated with overnight SHSL wear, is
similar to that found with conventional hydrogel lens wear.8–13

Although the etiology of adverse clinical events associated with
SHSL wear is not well understood, most clinicians and investiga-
tors agree that corneal hypoxia is not the underlying mechanism.
More likely, these complications are related to one or more aspects
of the lens material or performance such as lens/lid pressure, lens
movement, lens surface properties, postlens tear film (PoLTF), and
the rate of tear exchange under the lens. In particular, we believe
that efficient tear exchange is necessary to provide for timely re-
moval of the inflammatory cells, metabolic byproducts, and debris
that accumulate under the lens during sleep. In previous work, we
have shown that overnight wear lowers corneal epithelial barrier
function and have suggested that altered epithelial physiology is, in
part, as a result of poor tear replenishment after eye opening.14–16

Given the possible connection between poor tear exchange and
adverse ocular response, we argue that timely removal of debris and
restoration of the normal PoTLF after lens wear is a requirement for
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safe extended wear. Unfortunately, increasing tear mixing rates under
a soft lens is not easily achieved. Recently, Creech and coworkers
proposed a dispersive tear mixing model that provides information
about the physical factors controlling tear exchange under a soft con-
tact lens.17,18 The model shows that an important factor for tear
mixing is the amount of vertical (superior–inferior) and transverse
(anterior–posterior) lens movement that occurs during blinking. Be-
cause excessive vertical movement of a soft lens usually causes discom-
fort, the amount of lateral movement is limited. However, transverse
movement causes little, if any, discomfort and thus offers a potential
strategy to improve tear flow under a soft lens. The tear-mixing model
suggests that small increases in transverse movement have a substantial
effect on tear exchange.18,19

Using hydrodynamic modeling, Chauhan and Radke have
shown that transverse lens movement can be increased by either
placing multiple holes (fenestrations) in the lens or by incorporat-
ing channels into the posterior lens surface.18 Using either fenes-
trations or channels reduces the resistance to fluid flow and allows
for increased transverse motion during the blink. In a previous
study, Miller et al. found a significant increase in tear exchange
(i.e., 4 minutes) in fenestrated compared with control lenses of
high modulus material.19 Unfortunately, the placement of fenes-
trations into soft lenses is technically difficult and will probably not
have commercial applicability.

CooperVision Inc. has recently developed a method of placing a
series of radial scallop-shaped channels of varying length, depth,
and width on the posterior lens surface. These channels are man-
ufactured using a molding technique that provides product con-
sistency and hence commercial application. However, before
channels are incorporated in contact lens design, several questions
need to be addressed. For example, do channels improve tear ex-
change? If improved tear mixing is possible using channels, is there
an optimum design (e.g., length, width, depth)? Would the place-
ment of channels reduce comfort or cause corneal trauma? These
and related questions need to be addressed to determine whether
channels provide a safe and effective method to improve tear mix-
ing rates. In this article, we report the effects of a scalloped channel
design on tear mixing rates, comfort, and corneal tolerance.

METHODS
Subjects

All subjects were experienced soft contact lens wearers, free of ocular
disease, who were recruited from the University of California, Berke-
ley campus. Subjects taking systemic medications known to affect tear
film production and those with seasonal allergies were excluded. All
subjects gave informed consent at the beginning of their first visits.
This study observed the tenets of the Declaration of Helsinki and was
approved by the University of California, Berkeley Committee for
Protection of Human Subjects.

Contact Lenses

Tear mixing of fluorescein-labeled dextran (FITC-dextran) was
measured using Ocufilcon 55% H2O content lenses (CooperVi-
sion Inc., Pleasanton, CA). Two lens designs were used: one with
scalloped channels and the other with no channels serving as the
control lens. The remaining lens parameters were consistent, and
the specific parameters are listed in Table 1.

The scalloped channel design is illustrated in Figure 1. The central
back surface of the lens was spherical and without channels. There
were 12 scallop-shaped channels with 30° angular separations on the
peripheral back surface as illustrated by the radial fans highlighted by
fluorescein dye in Figure 1. The channel length was 2.6 mm and the
channel depth increased from zero at the edge of the optical zone to its
maximum value of 25 �m. Further information regarding the lens
design can be found in two U.S. patent applications.20,21

Tear-Mixing Estimate

We estimated tear mixing with scanning fluorometry to moni-
tor the changes in intensity of a FITC-dextran dye placed in the
tear film behind a soft contact lens over a 30-minute period. From
the fluorescence-intensity data, a composite exponential decay rate
was used to calculate the time required to deplete 95% of the dye,
T95. In this calculation, only the later fluorescence measurements
were included (�5 minutes) to eliminate the influence of reflex
tearing. Details of the fluorometer procedures and the T95 calcu-
lation have been published elsewhere.19,22

Study Procedure

For each subject, 2 visit days were required. On one day, the
control lens design was worn, and on the other day, the channeled
lens was worn. The assigned order of the lens design (control or
channel) was randomized as well as the eye (right or left) being
measured. Both eyes wore identical lenses (i.e., either control or
channel) on the days that tear mixing was measured, and the tear-
mixing measurement was taken in one eye only according to the
predetermined randomization scheme. The same eye was mea-
sured for both visit days. Subjects and observers were masked to the
lens type assigned for each visit. Before the first visit, central cor-
neal curvatures and palpebral aperture size (PAS) were measured.
Central curvature was measured using a keratometer, and vertical
PAS was assessed using a millimeter ruler while subjects were re-
laxed and looking at straightahead gaze.

Each visit began with corneal autofluorescence measurements.
The subject then inserted a pair of assigned lenses. Ten minutes
after lens insertion, lens fit was assessed (1 � well centered; 2 �
decentration with adequate limbal coverage; 3 � decentration
with inadequate limbal coverage) as was postblink lens movement

TABLE 1.
Lens parameters of high H2O content Ocufilcon lenses (channel and control)

Lens types BCR (mm) Optical zone diameter (mm) Overall diameter (mm) Power (D) Elastic modulus (MPa)

Ocufilcon 55 8.6 8.0 14.2 �3.00 0.5

BCR, base curve radius.
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in the vertical direction at straightahead gaze using a slit lamp
calibrated against a magnified millimeter ruler. After lens fit assess-
ment, subjects were asked to rate the lens comfort based on a scale
of 0 to 50 (0 � impossible to wear; 50 � very comfortable with no
lens sensation). Subjects with comfort ratings of 35 or below or
with inadequate lens fit were excluded from the study.

After the lens comfort assessment, the subject removed the lens,
and then the observer placed 1 �L of 4 weight % FITC-dextran
(MW � 9500 kDa) solution in the lens concavity. The subject
reinserted the lens directly onto the cornea, and a fluorescence-
intensity reading was taken within 1 minute and repeated at
3-minute intervals for 30 minutes while the blink rate was main-
tained at 15 blinks per minute with a metronome. After 30 min-
utes, the lenses were removed, rinsed, and reinserted. Fluorescence

measurements were repeated to confirm that FITC-dextran had
not penetrated the cornea or the lens matrix. At the completion of
each tear-mixing measurement, the corneal surface was examined
with using a slit-lamp biomicroscope with fluorescein dye.

The center lens thickness of each lens was determined by taking
the average of three measurements from an electronic thickness
gauge specifically designed for measuring soft lenses (Model ET-3;
Rehder Development Co., Castro Valley, CA).

Statistical Analysis

A paired t test was used to assess the mean difference in the T95

values between control and channel lenses. According to the results
from previous studies, the anatomic differences between Asian and
non-Asian eyes can lead to differences in the ocular response to lens
wear and the clinical performance of contact lenses.14,15,23 Therefore,
one-way analysis of variance was used to assess the difference in the
mean T95 and ocular characteristics between Asians and non-Asians.

RESULTS

A total of 32 subjects aged 18 to 38 years (mean � standard
deviation � 22 � 4 years) participated. Twenty-five of the 32
subjects (14 Asians) completed the protocol, and their data were
available for analysis. Data from seven subjects were not available
for analysis because three subjects (two Asians) developed extensive
corneal staining and four non-Asian subjects yielded tear-depletion
data that could not be fitted to an exponential decay curve neces-
sary for obtaining accurate T95 estimates.

Lenses were fitted using standard clinical procedures and met
the following criteria: well-centered, adequate movement after the
blink, and good comfort. The mean � standard error lens comfort
scores were similar between lens groups (control 47 � 1; channel
46 � 1; p � 0.728). The mean � standard error lens movement
was 0.25 � 0.01 mm and 0.24 � 0.01 mm for the control and
channel lens groups, respectively, and the difference was not sig-
nificant (p � 0.328). There was also no statistically significant
difference in the lens center thickness (p � 0.172). The mean �
standard error center thickness was 70 � 1 �m and 74 � 2 �m for
the control and channel lens groups, respectively. Table 2 provides
information on the ocular characteristics of the 25 subjects who
completed the study. Asian subjects, compared with non-Asians,
had smaller vertical palpebral aperture size, flatter horizontal and
vertical corneal curvatures, and higher amounts of corneal toricity.
However, the differences in these ocular characteristics between
ethnic groups were not significant (all p values were �0.05).

Table 3 lists the tear-mixing rates for control and channel lenses and
also provides a comparison of the T95 values for Asian and non-Asian
eyes. For all participants, the average T95 values for the control and
experimental lenses were 32 and 28 minutes, respectively (p � 0.107).
Stratification of the T95 data by ethnicity showed that for the experi-
mental lenses, the Asian subjects showed, on average, a 6-minute faster
T95 rate than the control lenses (p � 0.054). However, there were no
differences in the T95 values (31 versus 31 minutes) between control
and channel lenses in the non-Asian group (p � 0.898). The differ-
ence in T95 values between two ethnic groups in control (p � 0.941)
and channel (p � 0.145) lens groups was not statistically significant.

FIGURE 1.
Schematic diagram of a soft lens with scalloped channels illustrated by

dark fans (top). On-eye fluorogram of the lens with channels highlighted
by fluorescein dye (bottom). OZ, optical zone; OAD, overall diameter.
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DISCUSSION

This is the first clinical evidence that placing scallop-shaped
channels on the posterior surface of a soft lens enhances tear mixing
without inducing discomfort during lens wear. Although the im-
provement for all subjects in this study is modest, after data strat-
ification based on ethnic groups, the results provide potential clues
for improving PoLTF mixing in Asians. Only Asian eyes had mar-
ginally significant difference in tear exchange between lens groups
and had a faster tear-mixing rate with channel lenses. This appar-
ent disparity in results between ethnic groups is likely the result of
the presumed higher upper-eyelid tension of Asians, which effec-
tively enhances transverse lens motion by exerting more perpen-
dicular pressures on the lens/eye as the lid travels across the lens
surface.

The PoLTF thickness is quite small, approximately 10 �m with
reported values as low as 2.5 �m.23–28 It is, therefore, not surpris-
ing that rapid exchange of high-molecular-weight fluorescein dye
or unwanted substances from behind a soft contact lens is difficult
to achieve. Placing channels on the posterior surface of the lens, in
our case 25 �m deep, allows escape routes for the tears under the
lens, thereby improving tear mixing.18,26,29 Such a small improve-
ment in tear mixing (i.e., 4 minutes) may be explained by the low
modulus of the soft lenses examined in this study, because these
low-modulus lenses tend to conform closely to the ocular surface.
Therefore, the in-and-out motion induced by the upper eyelid may
be diminished because the lens cannot restore its original shape
(less recoil) during the interblink, thereby decreasing pumping.

During the course of the study, it was necessary to exclude data
from three subjects (9%) as a result of extensive central corneal
staining that developed after only 30 minutes of lens wear. We do
not know the reason for this reaction, but previous work has shown
that soft lenses gradually settle against the cornea.26,29 It is possible
that the presence of channels reduces the fluid flow resistance in the
postlens tear film, causing a more rapid lens settling, possibly re-
sulting in mechanical insult to the epithelium in some subjects.29

The data from this study agree with dispersive mixing theory,
which shows that channels allow for greater in-and-out motion of
the lens during the blink, enhancing the fluid flow from under the

lens. The dispersive mixing model presumes no fluid exchange of
tears—neither through the lens nor through the cornea—only that
which occurs at the lens periphery. Exchange of tears through a soft
contact lens is obviated by the extremely high hydraulic resistanc-
es.30 Fatt predicts tear supply into the precorneal tear film (PrCTF)
driven by an osmotic gradient originating from an assumed hyper-
tonicity of the PrCTF.31 However, there is no direct evidence for
this supply. If the cornea does indeed provide some flow into (or
out of) the PoLTF, the amount of that flow must be independent
of the presence of channels in a lens provided, of course, that the
lens design is otherwise unchanged. Accordingly, the dispersive
mixing theory remains a useful guide for understanding tear ex-
change in the PoLTF.

Finally, we do not know what the optimum tear-flushing rate is
to prevent accumulation of debris or other unwanted substances.
However, we do know that gas-permeable (GP) lenses have tear-
mixing rates that are similar to the physiological tear turnover
rate.32 Clinical studies using GP lenses have shown very few serious
complications commonly associated with soft lens extended wear
(e.g., superior epithelial arcuate lesion, infiltrative keratitis, and
microbial keratitis).33–37 This observation suggests that it may be
important to develop soft lens designs to allow greatly improved
tear flushing. It is clear that much work is warranted to optimize
the effect of channel design on postlens tear mixing under a soft
lens because increased soft lens tear mixing has considerable clini-
cal importance.
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