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OBJECTIVES: For patients with polypoidal choroidal vasculopathy (PCV), intravitreal anti-vascular endothelial growth factor (anti-
VEGF) combination therapy has been shown to be cost-saving relative to monotherapy in a clinical trial setting. However, whether
this also applies to real-world settings is unclear. We aim to compare the real-world functional outcomes and cost-effectiveness of
intravitreal anti-VEGF combination therapy relative to monotherapy, to investigate whether combination therapy is truly cost-
saving.
METHODS: We used a Markov model to simulate a hypothetical cohort of PCV patients treated at Singapore National Eye Centre.
Model parameters were informed by coarsened exact matched estimates of a two-year retrospective study of patients who initiated
treatment in 2015. Treatment options included intravitreal aflibercept, bevacizumab, or ranibizumab, as monotherapy or in
combination with full-fluence verteporfin photodynamic therapy.
RESULTS: The two-year logMAR letters gains were significant for combination therapy (+ 10.6, P= 0.006) but not monotherapy
(−2.2, P= 0.459). Over 20 years, a PCV patient would cost the health system SGD 48,790 under monotherapy and SGD 61,020 under
combination therapy. Quality-adjusted life-years (QALYs) were estimated to be 7.41 for monotherapy and 7.80 for combination
therapy. The incremental cost-effectiveness ratio of combination therapy was SGD 31,460/QALY, which is less than the common
willingness-to-pay threshold of per capita gross domestic product of Singapore (SGD 88,990/QALY). Sensitivity analysis showed that
combination therapy remained incrementally cost-effective, but not cost-saving.
CONCLUSIONS: Our study shows that combination therapy is good value for money but is likely to increase costs when applied in
real-world settings.
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INTRODUCTION
Polypoidal choroidal vasculopathy (PCV) is a variant of age-related
macular degeneration (AMD), clinically characterized by aneur-
ysmal dilatations at the end of a type 1 neovascularization. These
aneurysmal lesions have a propensity to develop large pigment
epithelial detachment and massive subretinal haemorrhages.
PCV accounts for 20–50% of all cases of exudative AMD in East
Asians [1–4].
Before the advent of anti-vascular endothelial growth factor

(VEGF) therapy, photodynamic therapy (PDT) was widely used to
treat neovascular AMD (nAMD). However, anti-VEGF therapy
achieved greater visual improvements than PDT and overtook
PDT as the standard of care. While combining anti-VEGF with PDT
did not achieve significant additional benefit compared to anti-
VEGF monotherapy in the DENALI and Mont Blanc trials [5], the
EVEREST study showed that initial combination therapy in eyes
with PCV achieved superior visual gains, higher polyp closure rate,
and lower retreatment needs compared to monotherapy with
ranibizumab [6, 7]. On the other hand, the PLANET study reported
no benefit from combining PDT as a rescue therapy with

aflibercept [8, 9]. As such, both anti-VEGF monotherapy and initial
combination therapy with verteporfin photodynamic therapy
(PDT) are currently accepted as standards of care [6, 8, 10, 11].
While initial combination therapy costs substantially more upfront
due to PDT, a higher number of reinjections may be required
under monotherapy which would drive up cost in the long run.
Doble et al. recently analysed EVEREST II trial data and reported

that initial combination therapy is more effective and less costly
(i.e. a dominant strategy) than ranibizumab monotherapy when
taking a lifetime perspective, suggesting that it both improves
health and saves money [12]. Nevertheless, it is unclear if this
finding also holds in a real-world clinical setting as both costs and
outcomes are likely to differ from clinical trials [13–15]. At least 3
anti-VEGF agents (ranibizumab, aflibercept, off-label use of
bevacizumab) are widely used in clinical practice and the cost of
these agents vary significantly. Bevacizumab, being used “off-
label”, costs significantly less than FDA-approved agents. In the
current study, we evaluated the incremental cost-effectiveness of
initial combination therapy relative to anti-VEGF monotherapy
using the two-year functional outcomes of a recently described
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real-world patient cohort and simulated costs and effectiveness
from the healthcare system perspective over 20 years, which
represents the average conditional life expectancy of these
patients. To our knowledge, this is the first real-world study
comparing initial combination therapy (defined as PDT applied
within 3 months of commencing anti-VEGF therapy) and anti-
VEGF monotherapy for patients with PCV.

MATERIALS AND METHODS
Study Design and participants
This is a retrospective study of a previously described cohort of 199
treatment-naïve PCV patients at the Retina clinic at the Singapore National
Eye Centre, who commenced anti-VEGF monotherapy or combination
therapy with verteporfin PDT between January and December 2015 [13].
The presence of PCV was confirmed at a presentation by the treating
physician using analysis of multimodal imaging.
Two-year functional outcomes were collected for this cohort with

exclusion of patients who did not complete two-year follow-up (range
20–28 months). This research was conducted in accordance with the
Declaration of Helsinki and the local Institutional Review Board (studies
2009/788/A and R697/47/2009). Patients’ individual informed consent was
exempted due to the retrospective nature of the study and use of
anonymized clinical data. Patients or the public were not involved in the
design, or conduct, or reporting, or dissemination plans of our research.

Statistical analysis
As treatment was not randomized, we performed coarsened exact
matching to control for confounding when comparing outcomes of
monotherapy and combination therapy patients [16]. Matching was based
on age (45–54, 55–64, 65–74, 75–84, 85+ ), gender, race (Chinese, Malay,
Indian/Others), class (subsidized, private, others), and presenting visual
acuity (taken as the best visual acuity either aided, unaided, with or
without pin hole; 20/20 to 20/40, 20/50 to 20/80, 20/100 to 20/160, worse
than 20/160). Matching weights were used in subsequent analysis to
account for unequal number of matches per strata.
Changes to visual acuity were measured in terms of logarithm of the

minimum angle of resolution (log-MAR) letters. Statistically significant
changes in visual acuity over time were determined by a paired Student
t-test. Statistically significant differences in baseline characteristics and
outcomes between monotherapy and combination therapy patients were
determined by the Student t-test allowing for unequal variance. All tests
are two-tailed and based on the 5% significance level. Statistical analysis
was performed using Stata version 15.1 [17].

Cost-effectiveness analysis
We built a Markov cohort model in TreeAge Pro 2020, version R2.0 [18], to
estimate the cost and effectiveness of combination therapy relative to
monotherapy in accordance with CHEERS guidelines [19]. Effectiveness was
measured in terms of quality-adjusted life-years (QALYs). The model has five
health states, four for each visual acuity range and one for death (Fig. 1). The
model begins with a representative cohort of patients aged 71 who present at
the Retina clinic in the Singapore National Eye Centre. The initial distribution of
visual acuity is 24.6% for 20/20 to 20/40, 23.6% for 20/50 to 20/80, 16.6% for
20/100 to 20/160, and 35.2% for worse than 20/160. After each annual cycle,

patients may remain in the current health state, transition to a better or worse
visual functioning category, or die (absorbing state). Adverse events were not
modelled because there were no statistically significant differences in the
safety profiles of treatments across the two arms [20].
Transition probabilities between non-death states in the first and second

years were estimated from the retrospective data and adjusted for all-
cause mortality based on the 2016 Singapore Life Tables [21]. Beyond the
second year, we assumed that both treatments allowed patients to
maintain their visual functioning at the end of the second year until death.
Hence, only transitions to the death state were possible. This assumption
was relaxed in sensitivity analyses.
Each non-death health state is associated with an annual healthcare

cost, estimated from the retrospective data. Direct healthcare costs were
calculated based on individual healthcare resource utilization and 2020
unit costs of unsubsidized private charges from the Singapore National Eye
Centre and unsubsidized prices for medicines (eTable 1). These charges are
set to ensure cost recovery for non-subsidized patients. As a result, they are
a reasonable representation of costs from the healthcare system
perspective. A visual acuity-based quality-of-life weight was derived
following the same approach as Doble et al [12]. The death state was
assigned zero cost and zero quality-of-life weight. We assume treatment
futility for patients with worse than 20/160 visual acuity at the end of the
third year because this group is considered legally blind. All other patients
continue to receive treatment and incur respective costs until death. All
costs and QALYs were discounted at 3% per annum, following Singapore
Agency for Care Effectiveness guidelines [22]. The incremental cost-
effectiveness ratio (ICER) was calculated by dividing the difference in cost
between combination and monotherapy by the difference in QALYs. We
adopt a willingness-to-pay threshold based on Singapore’s 2019 gross
domestic product (GDP), SGD 88,990/QALY, to determine treatment cost-
effectiveness in the base case.

Sensitivity analysis
In sensitivity analysis, we checked the robustness of the 20-year ICERs to
different statistical matching techniques, cost of anti-VEGF agents, and
assumptions on patient outcomes beyond the second year. To investigate
sensitivity to matching techniques, we re-estimated the model using
transition probabilities and healthcare costs derived without any matching,
as well as those derived using nearest-neighbour propensity score
matching. To investigate sensitivity to cost of anti-VEGF agents, we
assumed all anti-VEGF agents used are bevacizumab, which is assumed to
be non-inferior. To investigate sensitivity to assumptions after the second
year, we re-estimated models allowing for subgroups of patients to
continue moving between non-death states until death and incurring
treatment cost based on second-year estimates. Probabilistic sensitivity
analysis was also conducted to assess how much the uncertainty of model
parameters influenced the cost-effectiveness estimates. 1000 Monte Carlo
simulations were used to generate costs from Gamma distributions and
transition probabilities from Dirichlet distributions based on each
parameter’s mean and standard error (eTable 2 and 3).

RESULTS
Participant baseline characteristics and treatment exposure
Of the 199 PCV cases previously reported [13], 28 patients were
omitted from this analysis because they received PDT more than
3 months after commencing anti-VEGF treatment. Of the remaining
cases, 83 monotherapy patients and 58 combinations therapy
patients completed 2 years of follow-up. 21% of monotherapy and
12.1% of combination therapy patients dropped out before the end
of 2 years. Differences in patient characteristics and treatment
exposure between treatment groups were small and not statistically
significant (Table 1). Over the 2 years, patients received 8.3 ± 5.4
intravitreal anti-VEGF treatments under monotherapy (5.2 in first year,
3.1 in the second year) and 9.3 ± 5.2 intravitreal anti-VEGF treatments
under combination therapy (5.8 in first year, 3.5 in the second year).
The majority of anti-VEGF treatments comprised of bevacizumab
(69% for monotherapy, 72% for combination therapy). Use of
aflibercept, bevacizumab, and ranibizumab, as well as the number
of consultation visits, were not statistically different between
treatment groups. On average, combination therapy patients received
1.4 PDT sessions.

Fig. 1 Markov Model Structure. Ovals represent health states and
arrows show possible transitions between them.
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Coarsened exact matching produced matches between 56
monotherapy and 43 combination therapy patients. Because exact
matches were performed over gender, racial, and patient class, their
weighted proportions are identical by construction (Table 1). Other
characteristics such as age and presenting visual acuity were also not
statistically different. Total number of intravitreal anti-VEGF treatments
received were slightly more similar after matching, with 9.9 ± 5.7
under monotherapy vs. 9.6 ± 5.2 under combination therapy.

Efficacy
Visual outcomes for matched patients receiving monotherapy and
combination therapy during the 2-year study period are shown in
Table 2. The mean change in visual acuity at 2 years for the
monotherapy group was −2.2 ± 19.9 letters (p= 0.459) compared
to a significant vision gain of 10.6 ± 23.5 letters (p= 0.006) for the
combination therapy group. For patients presenting with good
vision (20/40 or better, 19.5%), the difference between combina-
tion and monotherapy groups was small. In contrast, for the
subgroup who presented with poor vision (worse than 20/160,
31.7%), combination therapy achieved significantly higher visual
acuity gains than monotherapy group. For the remaining eyes
presenting with moderate visual loss, combination therapy group
achieved numerically higher visual gains although the difference
did not meet statistical significance.

Cost-effectiveness
Table 3 reports the cost-effectiveness of monotherapy and
combination therapy over 20 years. Among all eyes, those who
received monotherapy and combination therapy respectively cost

the healthcare system SGD 48,790 and SGD 61,020 and realized
7.41 QALYs and 7.80 QALYs. The incremental cost ratio (ICER) of
combination therapy was SGD 31,460/QALY, which is substantially
lower than the threshold of SGD 88,990/QALY. Over time horizons
shorter than 20 years, ICERs increase since incremental QALY gains
accrue over a shorter period (eTable 4). Nevertheless, the 5-year
ICER remained below the cost-effectiveness threshold.
For patients presenting with 20/40 or better, combination

therapy dominates monotherapy as it is less expensive and
marginally more effective. Unlike the rest of the cohort, the
predominant anti-VEGF agent in this subgroup using monother-
apy was aflibercept (eTable 5). Consistent with Table 2, incre-
mental effectiveness of combination therapy is greater for those
patients presenting with the poorest visual functions. However,
the incremental cost of treating these patients under mono-
therapy also increased substantially while remaining below the
cost-effectiveness threshold.

Sensitivity
For sensitivity analysis, we tested the robustness of our results to
the matching procedure. Including unmatched patients in the
analysis (n= 83 for monotherapy, n= 58 for combination therapy)
reduced the incremental cost and effectiveness of combination
therapy (eTable 6). This was expected as patients who were
administered combination therapy tended to have larger lesions
and more advanced disease. As a result, the unmatched estimates
are likely to underestimate the incremental benefits and costs of
combination therapy. Even with the biased estimates, we find that
combination therapy is still cost-effective relative to monotherapy

Table 1. Baseline characteristics and treatment intensity of the patients.

Unmatched sample Matched sample

Monotherapy
(n= 83)

Combination
therapy (n= 58)

P valuea Monotherapy
(n= 45)

Combination
therapy (n= 41)

P valuea

Age, mean ± SD 72.3 ± 9.0 71.7 ± 9.8 0.734 71.6 ± 7.5 72.3 ± 8.3 0.666

Male gender, no. (%) 43 (51.8) 37 (63.8) 0.171 26.3 (58.5) 24 (58.5) NA

Racial composition

Chinese, no. (%) 74 (89.2) 49 (84.5) 0.670 41.7 (92.7) 38 (92.7) NA

Malay, no. (%) 6 (7.2) 6 (10.3) 2.2 (4.9) 2 (4.9)

Indian/Others, no. (%) 3 (3.6) 3 (5.2) 1.1 (2.4) 1 (2.4)

Presenting log-MAR
letters, mean ± SD

43.6 ± 28.2 44.3 ± 24.8 0.876 44.5 ± 25.4 43.2 ± 25.5 0.825

Patient class

Subsidised, no. (%) 67 (80.7) 51 (87.9) 0.447 42.8 (95.1) 39 (95.1) NA

Private, no. (%) 14 (16.9) 7 (12.1) 2.2 (4.9) 2 (4.9)

Others, no. (%) 2 (2.4) 0 (0.0) 0 (0.0) 0 (0.0)

Anti-VEGF injections

All agents, mean ± SD 8.3 ± 5.4 9.3 ± 5.2 0.257 9.9 ± 5.7 9.6 ± 5.2 0.820

Aflibercept, mean ± SD 2.5 ± 4.2 2.1 ± 3.1 0.525 2.4 ± 4.5 2.4 ± 3.4 0.999

Bevacizumab, mean ±
SD

5.7 ± 5.4 6.7 ± 5.5 0.321 7.4 ± 6.0 6.6 ± 5.3 0.581

Ranibizumab, mean ±
SD

0.1 ± 0.5 0.6 ± 2.2 0.089 0.0 ± 0.4 0.5 ± 1.7 0.084

Consultation visits,
mean ± SD

14.7 ± 4.6 15.1 ± 3.7 0.626 16.0 ± 4.6 15.2 ± 3.6 0.403

PDT, mean ± SD 0 1.4 ± 0.7 NA 0 1.4 ± 0.5 NA
aP values correspond to 2-tailed Fisher exact tests (for categorical variables) and 2-tailed Student t-test with unequal variance (for continuous variables)
comparing monotherapy and combination, therapy groups.
Composition of gender, racial and patient class are identical across treatment groups due to exact matching over these categories. Non-integer counts of
gender, race, and patient class for monotherapy patients are a result of applying matching weights.
Log-MAR Logarithm of the minimum angle resolution.
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over the 20-year time horizon. Estimates based on propensity
score matching produced a lower ICER.
We performed sensitivity analysis by assuming all anti-VEGF

agents are bevacizumab (eTable 7). There was little change to
incremental cost or cost-effectiveness since the use of more costly
anti-VEGF agents are similar for both treatment groups as a whole.
When stratified by baseline visual acuity, combination therapy still
dominates monotherapy for the best vision group and remains
incrementally cost-effective for other vision groups.
We also tested the sensitivity of our findings to a variety of

assumptions regarding cost and visual outcomes beyond the
second year (eTable 8). In the first scenario, patients with visual
acuity worse than 20/160 continue to incur treatment cost until
death. In the second scenario, all patients continue to transition
among non-death states. ICERs for both scenarios are only slightly
higher compared to the base case, suggesting that, separately,
assumptions on treatment futility for the poorest vision group and
whether patients maintain visual functionality beyond the second
year do not materially affect findings. In the third scenario,
patients whose visual acuity becomes worse than 20/160 after the
second year never improve and discontinue treatment, while
those whose visual acuity is 20/160 or better continue to transition
between health states and incur treatment cost. Under these
assumptions, combination therapy is only marginally cost-
effective with an ICER of SGD 80,020/QALY.
At the threshold of one times the GDP per capita per QALY (SGD

88,990/QALY), combination therapy is incrementally cost-effective
compared to monotherapy or dominates monotherapy in 66.6%
of iterations over the 10-year horizon, and in 69.7% of iterations
over the 20-year horizon (eFigure 1). As willingness-to-pay
increases, the percentage of iterations where combination is
cost-effective or dominates plateaus around 80% due to the
uncertainty surrounding model parameters. At a threshold of SGD
50,300/QALY for the 10-year horizon and SGD 39,300/QALY for the
20-year horizon (i.e., where the lines cross), we would be
indifferent to both treatments from a cost-effectiveness
perspective.

DISCUSSION
The two-year follow-up of the matched monotherapy and
combination therapy cohorts showed that vision did not
significantly change from baseline for cases with presenting
vision between 20/20 and 20/160, while those with baseline vision
worse than 20/160 retained their significant one-year visual gains
up to two years. These findings are comparable to real-world
outcomes reported elsewhere [13, 23–25] and highlight generally
poorer presenting vision in real-world practice and greater
potential for visual improvement in these patients.
A previous study comparing anti-VEGF ranibizumab monother-

apy with PDT combination therapy using randomized trial data
found that combination therapy was more effective and cost-
saving compared to monotherapy over a 20-year horizon [12]. In
this study using real-world clinical data, we confirm that
combination therapy is more effective but found that it was more
costly for the same time horizon. Even so, combination therapy
remained highly cost-effective based on per capita GDP as the
willingness-to-pay threshold. We also found that time on
treatment is an important factor influencing cost-effectiveness.
Combination therapy was incrementally cost-effective over a
5-year horizon or longer, but not over a 2-year horizon. This
suggests that treatment recommendations for very elderly PCV
patients might differ as they would incur greater costs at the start
of treatment under combination therapy but are unlikely to accrue
enough QALY gains over their remaining years of life for the
treatment to be cost-effective for them.
Our results were influenced by two major differences between
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results from the randomized trial. First, unlike the trial data,
bevacizumab, a low-cost off-label anti-VEGF agent, is used more
commonly than ranibizumab and aflibercept in many clinical
practices worldwide. Assuming bevacizumab is non-inferior to
ranibizumab and aflibercept (which is the case for other macular
conditions) [26–29] the use of bevacizumab will lower the
incremental cost-effectiveness of combination therapy [12].
Second, compared to PCV patients recruited for EVEREST II [12],
PCV patients that presented at these clinics were slightly older (by
3 years on average) and more likely to have baseline vision worse
than 20/160 (35.2% vs. 5.9%) and less likely to have baseline vision
20/40 or better (24.6% vs. 32.1%). Since combination therapy
tends to be less cost-effective for patients with poorer baseline
vision, overall cost-effectiveness was reduced in the clinical
settings. These results highlight the importance of real-world
evidence as it shows that neither cost nor effectiveness results
should be assumed to generalize from randomized trials, which
often have high internal validity but poor external validity [30].

Limitations
Our study is subject to several limitations inherent in non-randomized
trial data. First, the selection of patients into monotherapy or
combination therapy is likely based on factors that also influence
treatment outcomes. While we controlled for these to the extent
possible via matching, other potential confounders (such as PCV
lesion size, structural damage to the central macula, presence of
massive subretinal haemorrhage) remain. If patients with more
advanced PCV tend to be assigned combination therapy because
they are less likely to improve under monotherapy, the unmatched
estimators would understate the incremental effectiveness of
combination therapy. Hence, our estimates may be interpreted as
conservative. Second, the study’s 2-year outcomes could be biased by
selective attrition, which is difficult to verify. However, comparing the
baseline characteristics and first-year outcomes of those who
completed two years of study and those who dropped out did not
reveal statistically significant differences (eTable 9). Third, in the
absence of data on long-term outcomes, ICERs are highly dependent
on assumptions on treatment futility and whether patients maintain
visual functioning after the second year. If patients do not maintain
vision gains and that treatment is futile when vision worsens below
20/160, we find that combination therapy is only marginally cost-
effective based on a threshold of per capita GDP per QALY gained.
Lastly, given it is doubtful whether bevacizumab is truly non-inferior

to other agents, the results of our study may only be generalizable to
countries where bevacizumab is predominantly used [31].

CONCLUSION
This is the first study to demonstrate the incremental effectiveness
and cost-effectiveness of combination therapy over monotherapy
for PCV patients in a real-world clinical setting. Matched analysis of
clinical data from Singapore National Eye Centre showed that
combination therapy patients achieved statistically greater visual
acuity gains after 2 years of follow-up. However, unlike prior
studies based on clinical trials, our study did not find combination
therapy to be cost-saving. This is due to the popularity of low-cost
anti-VEGF agents and a larger proportion of patients presenting
with poor vision. Nevertheless, it remains a cost-effective option,
especially in the long run, for patients presenting with polypoidal
choroidal vasculopathy.

SUMMARY
What was known before

● Anti-vascular endothelial growth factor (anti-VEGF) combination
therapy is cost-saving relative to monotherapy in a clinical trial
setting for treating polypoidal choroidal vasculopathy (PCV).

● It is unclear whether this applies in real-world settings.

What this study adds

● Combination therapy is incrementally cost-effective to mono-
therapy in this real-world multi-ethnic Asian cohort, but not
cost-saving.

● While combination therapy is good value for money, it is likely
to increase costs.
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