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Abstract

PURPOSE—To estimate the expected incremental lifetime cost of treatment of keratoconus
compared to the expected cost of the treatment of myopia.

DESIGN—Cost estimate from the patient’s perspective using a Markov decision model.

METHODS—We modeled a hypothetical cohort of people with clinically significant incident
keratoconus as defined by the Collaborative Longitudinal Evaluation of Keratoconus (CLEK)
Study. We included costs of clinic visits, fitting fees, contact lenses, surgical procedures, and
complications. Survival curves of corneal transplants and associated complications were modeled
using data from the 2007 Australian Graft Registry. Medical treatment regimens after surgery
were defined by expert opinion.

RESULTS—The expected value of the lifetime cost of the treatment of keratoconus over myopia
was $25 168 with a standard deviation of $16 247 and a median of $17 596. The factors that most
influenced the lifetime cost were the probability of initial corneal transplant and a subsequent
regraft. The cost of routine care had relatively little influence on the lifetime cost of care.

CONCLUSIONS—The expected lifetime cost of treatment of keratoconus represents a
significant cost to patients and payors. While the cost of routine care for keratoconus is not trivial,
the primary factor influencing changes in the cost of care for keratoconus is the probability of
corneal transplant. Combined with the significantly impaired vision-related quality of life and the
relatively young onset of disease, the economic burden of the treatment of keratoconus represents
a significant public health concern.

Keratoconus is pescrisen as a nonmrLammatOry, progressive ectasia of the cornea leading to a conical
protrusion of the cornea and progressive, myopic, irregular astigmatism. The presentation is
typically bilateral but asymmetric. The incidence has been reported to be approximately 1 in
2000, and the prevalence is estimated to be 54.5 per 100 000.1 Keratoconus has a significant
impact on vision-related quality of life (VRQoL), with a substantial number of keratoconus
patients experiencing a continuing decline in their VRQoL over time.23 Since the onset of

Inquiries to Steven M. Kymes, Washington University School of Medicine, Dept. of Ophthalmology & Visual Sciences, Campus Box
8096, 660 S Euclid Ave, St. Louis, MO 63110-1093; kymes@vrcc.wustl.edu.

Supplemental Material available at AJO.com.


http://AJO.com

1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

REBENITSCH et al.

Page 2

keratoconus is typically in puberty or early adulthood with continuation of the disease into
prime earning and child-rearing years, this loss of quality of life represents an important
public health burden.

Early in the disease, glasses or soft contact lenses may correct the vision adequately, but as
the disease progresses, rigid gas-permeable contact lenses are considered the treatment of
choice. Ultimately, 15% to 60% of keratoconus patients undergo penetrating keratoplasty
(PK) when contact lenses become intolerable or can no longer provide adequate visual
correction.*=8 In 2004, keratoconus accounted for 15.1% of the more than 30 000 corneal
transplants performed in the United States.®

While previous studies focused on the clinical characteristics of keratoconus and its impact
on quality of life, there have been no studies concerning the economic burden this chronic
disease represents for patients and payors. In this paper, we estimate the lifetime economic
burden of keratoconus in terms of medical services using a decision analytic method.

METHODS

WE CONSTRUCTED A MaRKoV DEcision mopeL using T FreeAge Pro (Version 1.0.2; Williamsport, Massachusetts,
USA) to estimate the overall cost to a person with clinically significant keratoconus. We
assumed that the simulated cohort had baseline characteristics similar to those of patients in
the Collaborative Longitudinal Evaluation of Keratoconus (CLEK) Study. This was a 16-
center, longitudinal observational study of 1209 patients with keratoconus. The
characteristics of the patients enrolled in the CLEK Study and its findings have been
described in detail elsewhere, 1011

The Markov model is an analytic tool that allows an investigator to estimate the costs and
consequences of a disease process.}2 A cohort of people with a particular condition is
subjected to recurring risks and costs over a period of time, representing a “Markov cycle.”
In this model, each cycle represents 1 year after the diagnosis of clinically significant
keratoconus. In each cycle, a proportion of the cohort die of causes not related to
keratoconus, according to published census estimates.13 The remaining cohort members
experience events typically encountered by people with keratoconus—for example,
development of contact lens discomfort, a change in prescription, a switch to glasses, or
ultimately, a corneal transplant. The probability that these events occur is taken from the
CLEK Study or published sources. A simplified bubble diagram representation can be seen
in the Figure.

We estimated the Markov model using a microsimulation approach.1# This approach allows
us to assume that the Markov cohort is heterogeneous and that each cohort member could
experience disparate events. The “cohort participants” were randomly assigned
characteristics based upon the expected distribution in the CLEK Study sample. Participants
then proceeded through the model on an individual basis. Relying on the data from the
CLEK Study, each “participant” is permitted the opportunity to face a worsening of his or
her disease (ie, a worsening of corneal steepness or visual acuity). The probability of this is
assigned by a random function based upon the binomial distribution (ie, if there was a 40%
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probability that there will be a 1-diopter steepening of the cornea in a year, then there is a
40% chance that the “participant” would face a worsening of disease). In estimating the
model, we used a 2-stage process. We began with a set of model parameters and had a
simulated cohort of 1000 participants proceed through them. We then re-sampled the model
parameters (each from an a priori distribution) and had the cohort proceed through the
model again using the new set of parameters. We continued this process for 500 re-
samplings, with all 1000 participants proceeding through the model each time, for a total of
500 000 iterations.

MODELING THE COSTS OF THE TREATMENT OF KERATOCONUS OVER A PATIENT’S

LIFETIME

We assumed that all persons entering the model had clinically significant keratoconus in
both eyes as defined by the CLEK StudyC and had not had a previous PK in either eye.
Reflecting the CLEK sample, the majority (96.5%) of patients were assumed to have been
initially treated primarily with contact lenses, with the rest being treated only with glasses.10
The probability of the need for a penetrating keratoplasty in a given year was estimated
using logistic regression and previously published predictors (corneal curvature, high-
contrast best-corrected visual acuity, contact lens comfort, and age).1® We assumed that the
“worse” eye would be the first to require a surgical procedure. In addition, we assumed that
the maximum number of corneal transplants that a person could receive would be 5,
following the evidence provided in the 2007 Australian Graft Registry.16

To estimate the cost of an annual examination, fitting, and contact lenses we conducted a
survey of the CLEK Study clinics. Six of 22 clinics (27%) responded to the survey, a copy
of which can be found in the Technical Appendix to this report (Supplemental Material
available online at AJO.com). Based upon the reports from CLEK participants, we assumed
that a patient with vision or contact lens comfort issues would see an eye care practitioner up
to 3 times over the course of a year.

PARTICIPANTS UNDERGOING PENETRATING KERATOPLASTY

Survival curves based on the 2007 Australian Graft Registry were constructed to estimate
the expected length of graft survival after PK and the probability of associated
complications.1® In the model, we began by assuming that a PK was performed on only one
eye each year and that the annual probability was based upon the risk factors identified in
the CLEK study.1® We further assumed that the PK was performed only on the eye with the
worst visual acuity or highest corneal curvature. Once the PK was completed, we assumed
that the previous “worst” eye became the “best” and vice versa, so the probability of a
contralateral transplant was then based upon the characteristics of the new “worst” eye.

The probability of rejection was based upon the Graft Registry survival curves, and serial
regrafts were performed based upon the probability of rejection from that source. Other
complications that could arise from a PK included a rise in intraocular pressure (IOP) or a
pooled “other” category. Unique survival curves to each graft were used depending on
which complication, if any, occurred.
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For patients who underwent PK, the primary health states they enter are defined by the form
of correction they experience following healing: glasses or contact lens. All patients began
in the “post-PK contact lens” state and progressed to glasses if they became contact lens
intolerant. As can be seen in the Figure, we also include a health state for enucleation. This
is only included in the model for the sake of completeness. No “participants” enter this
health state during the first cycle, as it is reserved for those patients who experience serial
rejection of grafts and require multiple regrafts. We assumed a possibility of 1% on regrafts
that the surgeon and patient would determine that future grafts are futile and choose to
remove the eye. Note of course that the possibility of this occurrence is far less than 0.5%.

INCREMENTAL COSTS

Our basis for assessing excess cost was comparison to the cost of treating a typical myopic
patient. Thus the costs of correction with glasses or soft contact lenses or annual eye care
visits were not included in the estimates of the cost of keratoconus. Costs of procedures
were determined by using Medicare allowable for physician and anesthesial’ codes from the
Health-care Common Procedure Coding System, ambulatory surgery center fees,18 and
appropriate medical treatment. We relied on expert opinion to establish regimens of
medications and durations of procedures. The costs of drugs and duration were assumed to
be the average wholesale price.1® Costs were discounted at a rate of 3%.20

The influence of model assumptions on the estimate of lifetime costs of care for keratoconus
was tested using 1-way sensitivity analysis.2! The perspective in these analyses was that of
the payor. We did not distinguish whether the payor was the patient or an insurer. The
consequence of this perspective is that only direct medical expenses are reported. We did not
consider loss of productivity or the impact of the disease on quality of life. A more detailed
explanation of the methods and assumptions can be found in the Technical Appendix
(Supplemental Material available online at AJO.com).

RESULTS

THE RESULTS OF THE MoDEL ARe summarizeoin T ABLE 1. Over average disease duration of 37 years,
providing care for a person with keratoconus cost $24 168 more than providing care for a
person with myopia. Over half of this ($13 944) is the expected cost of undergoing PK and
addressing the postsurgical complications. The expected cost of regular ophthalmologic or
optometric care was $10 224, or 42.3% of the total cost of care.

PROBABILISTIC SENSITIVITY ANALYSES (SECOND ORDER MONTE CARLO
SIMULATION)

The results of our sensitivity analyses are provided in Table 2. We tested those parameters
that were thought to have significant influence over the total lifetime cost of keratoconus.

The parameters that have the greatest influence on the lifetime cost of keratoconus are the
probability of requiring a PK and the discount rate used in the model. Relatively small
changes in each of these parameters result in a change in the lifetime cost in excess of 50%.
Of course, of these only the probability of PK has clinical significance.
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In the base case analysis, we found that, on average, a person with keratoconus required
approximately 1.6 PKs over his or her lifetime and had a median of approximately 0.5 PK.
The Australian registry data, which reported a median corneal graft survival for a
keratoconus patient as 19 years, appears quite similar to data from a recent US study.16:22

DISCUSSION

WE ARE AWARE OF No oTHER previous work atTemeTiNg 10 quantify the lifetime economic burden of
keratoconus. We must look at other papers on the economic impact of visual impairment to
put these findings in context. In a recent report, Rein and associates estimated the economic
impact of visual problems in 2007 as $51.4 billion.23 Their work focused on 5 vision-related
diseases—age-related macular degeneration, cataract, diabetic retinopathy, glaucoma, and
refractive error—for 2 age groups: 40 to 64 years, and 65 years and older. As keratoconus
usually manifests in young adults, we might reference our findings to refractive errors
within the younger group. Not surprisingly, as this is the condition with the highest
prevalence, refractive error had an annual cost of $3.67 billion. The authors estimated that
approximately 18 000 000 people are treated for refractive error, which makes the average
annual individual cost $200. This is in contrast to our annual cost of $653 for keratoconus.
Keep in mind that our estimate was over and above the cost of the routine vision care.

Our estimate had extremely high uncertainty associated with it. This was seen in both our
large standard deviation and the sensitivity of our estimate to the need for a PK. This
variation in yearly cost makes it difficult for keratoconus patients to budget for the treatment
of the disease and increases the need for health insurance coverage for the condition. It is
precisely to address such uncertainty that medical insurance is purchased, and it is an
important benefit for people with keratoconus. The cost of PK and follow-up to surgery is
covered under most major medical policies, and in many cases the cost of routine care is as
well. However, as keratoconus is a long-term chronic condition, this means that patients
with the disease must face restrictions due to pre-existing conditions. This is yet another
stress associated with their condition that people with keratoconus must face, and one that
might be resolved with the recent passage of the Patient Protection and Affordable Care Act,
which restricts exclusions due to pre-existing conditions.?4

We found that the factors that have the greatest influence on cost were the annual risk of a
PK and the discount rate. In our model the annual risk of PK was estimated based upon data
from the CLEK Study and the Australian Graft Registry. On a whole, the average incidence
of PK among CLEK participants was approximately 2%.1> Not surprisingly, we found that
increasing this to 10% substantially increased the lifetime cost of care and that reducing it to
1% significantly reduced this cost, although it seems unlikely that either of these extremes
represents the “true” population incidence of PK among people with keratoconus. Similarly,
we found that onset of clinically significant disease at age 18 substantially increased lifetime
costs, resulting from the higher probability of early PK reflected in the model and the study
population. It is true that diagnosis of keratoconus in early life is common, but it was found
that with CLEK participants aggressive treatment was postponed until later in life.1> While
changes in the discount rate influenced the overall costs, this reflects the choice of
policymakers rather than clinicians or investigators. A 3% rate is that recommended by most
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authorities in the United States, and the sensitivity to this rate reflects the value placed on
future health benefits.2% Should policymakers choose to place a lower value on future health
than is typically seen today, the cost of keratoconus will not be viewed as more important
than diseases with more proximal impact. Should the opposite be true, then keratoconus
would increase in public health importance.

One of the greatest limitations of the model is the estimated age of diagnosis of clinically
significant keratoconus of a patient. We assumed that the age of onset was the average age
of the enrolled patients in the CLEK Study at 40.2 years. At first glance, this may appear too
old an age of onset given that the first manifestations of keratoconus can occur as early as
puberty; however, the patients that we attempted to model were those with clinically
significant disease and not those with only the first manifestations that are easily treated
with rigid contact lenses. The patients in the CLEK Study would also have a much higher
probability of early PK than a group with a much earlier age of onset, so we decided to use
the average age of individuals in the study. It is of course true that an earlier manifestation
of the disease results in significant cost to a patient, representing nearly double the estimated
lifetime cost.

The second limitation is the lack of other literature to determine external validity of our
model. We make assumptions in the model based on parameters obtained from the literature,
physician consultations, and our own estimations; however, whether this economic model
truly follows the natural history of the disease remains to be seen. In the interim, it is up to
the reader to determine the face validity of our model and estimates. Similarly, our model
did not consider alternative treatments for advanced disease such as Intacs corneal implants,
Descemet stripping endothelial keratoplasty, and collagen cross linking. We did not include
these options as data on cost, effectiveness, and long-term consequences of these procedures
is not currently available. As such evidence does enter the literature, it will be possible to
use our model as a basis for determination of the economic impact of these innovations.
Finally, we relied on Australian data for estimating graft survival. There are unfortunately
no American studies of similar magnitude. Interestingly, the survival rates of corneal grafts
for keratoconus were lower in a recent small-scale study in lowa.22 By taking the approach
we did, we took a more conservative approach to cost estimation, and also relied on the
strongest possible evidence.

With a mean lifetime cost of $25 168, it can be seen that the cost of care for keratoconus
represents a major burden to people with the condition and their insurers. When combined
with the impact of keratoconus on VRQoL, we can see that this chronic disease presents a
major burden to those who suffer from it, in spite of its limited impact on quality of life. In
addition to the clinical and biological interest this disease presents to investigators, future
studies should also focus on reducing these twin burdens borne by people with the disease.

Supplementary Material
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FIGURE.
Diagram of Markov model simulation of keratoconus treatment.
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TABLE 1

Results of the Keratoconus Treatment Markov Model

Mean Median Standard Deviation

Total cost $24 168  $16 247 $17 596
Cost of nonsurgical treatment $10224  $9987 $2732
Age of death (years) 77 77 0.37
Time with disease (years) 37 37 0.4

Number of penetrating keratoplasties in
worse-seeing eye 1.14 0.48 1.15

Number of penetrating keratoplasties in
better-seeing eye 0.43 0 0.9
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TABLE 2

One-Way Sensitivity Analyses in Keratoconus Treatment Markov Model

Per centage Change
Base Case Value Parameter Valuein Lifetime Cost from
Parameter of Parameter Sensitivity Analysis Baseline
Cost of 1 contact lens $111 $18 (17%)
$300 30%
Cost of penetrating keratoplasty $7600 $6800 1%
$10000 18%
Discount rate 3% 1% 58%
5% (25%)
. o 25% (3%)
Probability of complication after
penetrating keratoplasty 48% 75% 7%
Probability of regraft Function 20% 5%
0% (23%)
. . 1% (15%)
Yearly probability of requiring a
penetrating keratoplasty Function 10% 212%

Am J Ophthalmol. Author manuscript; available in PMC 2016 January 15.

Page 12



