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A model to quantify the influence
of treatment patterns and optimize
outcomes in nAMD

Focke Ziemssen?, Hansjirgen Agostini?, Nicolas Feltgen*, Robert P. Finger®,
Christos Haritoglou®, Hans Hoerauf*, Matthias Iwersen’, Martina Porstner’,
Andreas Clemens®°1! & Benjamin Gmeiner”/10:11>¢

Neovascular age-related macular degeneration (nAMD) is a progressive retinal disease that often
leads to severe and permanent vision loss. Early initiation of anti-vascular endothelial growth factor
(anti-VEGF) therapy has been shown to preserve vision in nAMD patients. Concurrently, treatment
outcomes in real-world are inferior to those reported in clinical trials. The most likely reasons observed
are fewer treatment-intensity in routine clinical practice than in clinical trials. The other possibility
could be the delay in starting treatment and the re-treatment interval. Although a negative impact of
aforementioned parameters seems obvious, quantitative impact measures remain elusive in a real-
world setting due to a lack of an ‘optimal treatment’ control group. To overcome this shortcoming,
we developed, validated, and applied a model to assess and quantify the impact of anti-VEGF
administration variables on visual acuity development in a prospective nAMD patient cohort. The
model was further applied to probe the impact of the COVID-19 pandemic on visual progressions in
nAMD patients. The presented model paves the way to systematically explore and evaluate realistic
interventions in the current treatment paradigm, that can be adopted in routine clinical care.

Neovascular age-related macular degeneration (nAMD) is a progressive retinal disease that leads to severe and
permanent visual impairment and legal blindness if not treated. Early initiation of anti-vascular endothelial
growth factor (anti-VEGF) therapy has shown to preserve vision of patients with this disease' ™. Current treat-
ment schemes usually include 3 injections at monthly interval (q4w) followed by an individualized treatment
regimen like Pro Re Nata (PRN), Treat and Extend (T&E), or Observe and Plan with regular optical coherence
tomography (OCT) controls to detect early reactivation of the disease®”’. Anecdotally, some physicians do not
start treatment with three loading injections but treat and extend immediately from start of treatment.

Randomized controlled trials (RCT) showed that individualized PRN and T&E are not inferior to fixed treat-
ment regimens but mitigate treatment burden for the patient®!°. However, the average number of intravitreal
injections applied by PRN or T&E in real-world setting is consistently lower than in RCTs due to multifactorial
reasons including the patient, physician, treatment center set up and logistical factors!'~'>. Concurrently, VA
gains observed in real-world settings stay below those observed in RCT. While about eight injections where
applied on average in the first year of PRN and T&E arms within RCTs®"'°, means of 4-7 injections in the first
year were observed in real-world studies!'~%.

Furthermore, treatment start is commonly delayed after the first detection of disease signs. Reasons include
a lack of awareness of the disease and its urgency by the patient or primary care giver and logistical constraints
at the patient, care giver or physician/center'. During the delay, the disease progresses and may cause irrevers-
ible damage to the retina. There is increasing evidence that immediate treatment without delay after diagnosis
improves and any delay of more than two to three weeks worsens treatment outcomes'®!’. Beside the challenges
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NIS OCEAN NIS PACIFI RCT HARBOR!
Training dataset | Validation dataset 1 | Validation dataset 2
Study
Time of data collection 2011-2016 2015-2021 2009-2011
Design NIS NIS RCT
Duration per patient 2 years 2 years 1 year
Number of nAMD patients in study at
Baseline 3631 2973 275
6 months 2943 2069 n/a
12 months 2424 1602 258
18 months 1928 1251 n/a
Treatment
Lucentis treatment regimen Acc. to label Acc. to label qéw
Lucentis dose (mg) 0.5 0.5 0.5
Number of injections per year, mean (SD) | 4.47 (2.21)* 4.97 (2.87)* 11.3 (1.8)*
Treatment delay (days), mean (SD) 20.3 (19.4) 9.7 (14.6) 8.3 (n/a)?
Patients
Male, % 38.6 40.2 41
Age (years), mean (SD) 77.8 (8.2) 79.0 (8.2) 78.8 (8.4)
Country Germany Germany United States
Baseline VA, mean (SD) 52.1(21.3) 55.1(22.1) 54.2 (13.3)
Pretreatment status, %
Treatment-naive 73.2 44.1 100
Pretreated with anti-VEGF 17.4 55.9 0
Possibly pretreated 9.5 n/a 0

Table 1. Summary of studies used for model training (NIS OCEAN) and validation (NIS PACIFIC, RCT
HARBOR). nAMD neovascular age-related macular degeneration; NIS non-interventional study; RCT
randomized controlled trial; SD standard deviation; VA visual acuity; VEGF Vascular Endothelial Growth
Factor. !Only HARBOR patients of the ranibizumab 0.5 mg g4w arm if not indicated otherwise. ?1st year. *All
HARBOR patients (n=1097).

we see in routine clinical practice, the COVID-19 pandemic exemplified the impact of may have aggravated the
situation of undertreatment, since as investigations examinations or injections were omitted or delayed's-2°.

To better understand impact of number of injections, treatment delay and other baseline characteristics on
treatment outcomes, a model was developed to assess and quantify their impact on mean VA progression in a
prospective patient cohort. Therefore, the dataset of a non-interventional trial cohort was used to inform such a
general model structure and to validate it using a second dataset. Similar models were successfully used in RCT
data?!"%, but have not been adapted to real-world data from non-interventional studies (NIS) yet. As real-world
data are very relevant for day-to-day clinical decisions, our study is needed to close this gap.

Methods

Study cohorts and data. The present modelling study uses datasets from 3 studies: 2NIS and one RCT.
The dataset from the NIS OCEAN?* (NCT02194803) was used for model training and scenario development.
Datasets from the NIS PACIFIC (NCT04847895) and the RCT HARBOR’ (NCT00891735) were used as inde-
pendent validation datasets. Table 1 provides a description of the study designs and cohorts.

All patients provided written informed consent before screening or initiation of any study-related procedures.
The original OCEAN study protocol was approved by the ethics committee of the Eberhard-Karls-University,
Tiibingen, Germany. The original PACIFIC study protocol was approved by the ethics committee of the Bavarian
State Board of Physicians (Bayerische Landesarztekammer), Germany. The original HARBOR study protocol
was approved by independent institutional review boards at all 99 study sites prior to the start of the study®?*>.
All trials were conducted in accordance with principles of the Declaration of Helsinki, International Conference
on Harmonization E6 Good Clinical Practice Consolidated Guideline, and other regulations as applicable and
were compliant with the Health Insurance Portability and Accountability Act of 1996.

Model development. The model is an indirect response pharmacokinetic (PK)/pharmacodynamic (PD)
drug-disease model that simulates individual VA progression of patients with nAMD who are treated with
ranibizumab. VA is simulated dependent on patient’s baseline data (age, baseline VA, pretreatment status) and
the dose and timing of intravitreal ranibizumab injections (Fig. 1). Focus of the model is on prediction of popu-
lation level mean VA progression, not on individual prediction.
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Figure 1. Development of visual acuity prediction model based on individual baseline characteristics (BL
BCVA, age and pre-treatment status) and the time and dose of anti-VEGF intravitreal injections. The model was
trained using real-world data from the non-interventional study OCEAN. BCVA =best corrected visual acuity;
BL=baseline; VEGF = Vascular Endothelial Growth Factor.

The general model structure was first developed by Holz et al.?! based on data of the RCTs MARINA,
ANCHOR, and PIER. It was then extended and applied by Mulyukov et al.*> and Agostini et al**. In the present
study, the model is extended and applied for the first time to real-world data. Model training was on the dataset
from the NIS OCEAN, validation was on the independent dataset from the NIS PACIFIC and the RCT HAR-
BOR. The present model structure was adopted from Mulyukov et al. and expanded further to a pre-treated
patient population.

Natural progression of the disease without treatment is modelled by the differential equation

dg.(t
gdli ) = kin — Kout - gi(f) (1
kin
&ss = rt 2
&i(0) = go,i (3)

where g;(t) is the VA of subject i at time t, g, is the stationary value the expected VA approaches, ko, is the VA
deterioration rate due to the disease, ki, is a rate parameter given by g and k¢, and go,; is the baseline BCVA
of subject i.

The effect of intravitreal anti-VEGF injections is modelled as effect on kiy:

dg,-(t) . Ci(t)
T ki - <1 + Emax,i(t, ) - m

> — kour - gi(t) (4)

where C;(t) is the drug concentration in the vitreous of subject i at time t, E4x,i (¢, @;) is the maximum possible
treatment effect of the drug modelled as a function of pre-treatment status and time and ECs is the concentra-
tion when half of the maximum effect is reached.

Ci(t)is modelled by first-order elimination pharmacokinetics with fixed elimination rate constant k4., known
from literature data. Eay,i (¢, ;) is assumed to decrease with time after baseline according to:
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Emax,i(t,ai) = :iax,i + ;- AEO ,e_kEmax»I (5)

max

to consider a larger effect of the first loading injections, where ESs . ; is the steady state of Eynay, Egs,,,; + @i - AES,,

is Emay at baseline, «; is a scaling parameter for pre-treatment status and kg, is the rate at which E,,,, decreases.

Ej, ;s dependent on the patient’s age on log-scale:

age; )

lOg (E::lax,i) = lOg (E:riax,O) + /3 : log( 77

(6)
The model was parametrized by using least square estimation on data of the NIS OCEAN. Further details on the
model can be found in the supplementary information.

Model validation. The parameterized model was used to predict the observed mean VA progression from
baseline in the independent validation datasets of the NIS PACIFIC and the RCT HARBOR, based on observed
baseline parameters (baseline VA, age and pre-treatment status) and timing of ranibizumab injections. For
PACIFIC, individual scale data were used. Each study patient was individually simulated based on its respective
patient individual, baseline and injection data until the time of drop out or completion of the study. Patients
with missing baseline data were not considered. For HARBOR, age and baseline VA were drawn from normal
distributions with mean and standard deviation from the demographics table of the study (see Table 1). Accord-
ing to the study design, no pre-treatment was assumed. Ranibizumab injections were simulated as 3 g4w loading
injections starting at baseline followed by a q8w scheme at a single dose of 0.5 mg until Month 12. Mean BCVA
gain and 95% prediction intervals for the mean were calculated based on the simulated patient data at each time
point.

Application on real-world scenarios within the model. The validated model was used to predict
mean VA gain under modified treatment scenarios based on real-world data of the OCEAN study and under
a scenario simulating the impact of COVID-19 pandemic. In all scenarios based on OCEAN, the number of
patients, individual baseline parameters and the observation time per patient were kept as in the OCEAN study.
In the scenarios on delayed treatment start and undertreatment/loading period, also the total number of injec-
tions per patient was kept as in the OCEAN study.

Interpretation of the OCEAN results compared with 31-q8w (8 weekly) treatment or the natural cause of nAMD (no
treatment). The real-world injection pattern of the OCEAN study was first compared to two extreme scenarios:
(i) A 31-q8w pattern. Start of the treatment without delay, with 3 loading injections in g4w, followed by mainte-
nance injections with q8w. The first-year injection frequency in this pattern corresponds to the mean injection
frequency observed in PRN arms in RCT®™%°. (ii) No treatment (natural progress of the disease).

Consequences of delayed treatment start. Consequences of delayed treatment start were explored in a scenario
where the delay was reduced to zero for all patients and a scenario where the delay was bound at a maximum of
2 weeks. In both scenarios, the number and timing of injections after the first injection was unchanged compared
to the OCEAN study (i.e., individual injections were shifted forward and the gap without injections was shifted
from the beginning to the end of the observation time).

Effect of undertreatment and loading period. 'The effect of an initial loading period with 3 injections q4w was
explored in 2 scenarios where treatment delay and the total number of injections per patient until Month 12
were kept as in the OCEAN study, but the timing of injections was modified in 2 ways: (i) scenario with load-
ing period (treatment started with 3 loading injections g4w; the remaining injections were distributed equally
spaced over the remaining observation time until Month 18; the exact time point of injections was varied by
drawing from normal distribution with 6=4 for loading injections and o=7 for maintenance injections); (ii)
scenario without loading period (after the first injection, all remaining injections were distributed equally spaced
over the remaining observation time until Month 18). In an additional scenario, the real-world treatment pattern
was substituted by a 31-q8w pattern (3 loading injections q4w followed by maintenance injections q8w) as refer-
ence of a pattern without undertreatment.

Impact of COVID-19. 'We simulated a realistic scenario of missed intravitreal injections similar to the situation
during the COVID-19 pandemic and its consequences for VA outcome. The simulated population consisted of
450,000 nAMD patients, corresponding roughly to the German nAMD population**?’. The baseline charac-
teristics age and baseline VA were randomly drawn from the OCEAN study (Table 1). Baseline was randomly
assigned between 01.09.2019 and 01.03.2021 and all patients were simulated from their individual baseline until
01.03.2021. All patients were not pre-treated at baseline. Regular (i.e., without COVID-19 impact) individual
injection patterns were randomly drawn from data of the OCEAN study, including the delay between baseline
and treatment start.

The impact of missed injections due to COVID-19 pandemic was simulated by assigning each injection of
the regular pattern a probability that the injection was actually performed. The probability was calculated from
the estimated total number of ranibizumab injections performed in Germany in a specific week Nj;(t) relative
to the distribution numbers before the COVID-19 pandemic Njy;:
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Figure 2. Mean BCVA change from baseline: model prediction with 95% prediction interval (red) versus
observed data (blue) for (a) the trainings dataset OCEAN, (b) the non-interventional study validation dataset
PACIFIC, and (c) the randomized controlled trial validation dataset HARBOR. BCVA =best corrected visual
acuity.

P(injlt) = min(Ni"j(t),l) 7

inj

The number of ranibizumab injections per date in Germany from 01.01.2020 to 01.03.2021 was estimated from
daily distribution numbers of Lucentis in Germany.

Results
Parameterized model. A total of 3,631 patients with 65,673 VA observations from baseline until Month
24 informed the model. Parameter estimates are listed in Supplementary Table S1.

Model validation. The model accurately predicted mean VA gains in the OCEAN study that was used for
training and in the independent validation datasets of the NIS PACIFIC and the RCT HARBOR (Fig. 2). In the
prediction of independent data, only slight underprediction occurred in the first 8 months and slight overpredic-
tion in later months. As a measure of goodness of fit between model prediction and observed data, adjusted R
was calculated for the mean VA gain over time. It was high for all 3 studies, OCEAN (training data): adjusted
R?=0.91; PACIFIC (independent validation): adjusted R*=0.81; HARBOR (independent validation): adjusted
R?*=0.94.

Goodness of fit was also high for patient subgroups with specific injection patterns. In subgroups of the
OCEAN study with small (< 14 days, n=1587) and large (> 28 days, n=1081) delay between baseline and treat-
ment start, adjusted R? was 0.90 and 0.87, respectively. Smaller R? in these subgroups than in the total population
was also due to the smaller sample size.

Known effects like the effect of age and the ceiling effect of baseline BCVA on BCVA gain were predicted by
the model (see Supplementary Figures S2, S3).

The model was designed to predict mean BCVA gain at population level; it is not possible to predict individual
BCVA gain using the model. Supplementary Figure S1 shows how adjusted R? increases with increasing popula-
tion size. At n=1, which corresponds to individual prediction, and below n =50, adjusted R* is only about 0.2.
At sample sizes > 500, adjusted R? is > 0.8. Apparently, there is a large proportion of individual variation that is
not explained by the modelled characteristics age, baseline BCVA, pre-treatment status and timing and dose of
injection, whereas on population level, the mean outcome is well predicted by these features. For the simula-
tion in Supplementary Fig. S1, samples of a specific number of patients were drawn without replacement from
the OCEAN population and adjusted R? was calculated for the sample. Mean and 95% prediction intervals for
adjusted R* were calculated from 30 draws per sample size.

Results of real-world scenarios. Interpretation of the OCEAN results compared with 31-g8w (8 weekly)
treatment or the natural cause of nAMD (no treatment). Mean VA gain in the real-world OCEAN scenario
was estimated to be between the hypothetical scenario with 31-q8w injections applied without delay and the no-
treatment scenario (Fig. 3). The difference between the 31-q8w and the OCEAN scenario depicts the overall VA
loss due to real-world treatment as it occurred in the OCEAN study. In OCEAN, the first VA increase was not as
steep and not as high as in the best-case scenario. After about 4.5 months, mean VA slowly decreased in OCEAN
while it continued increasing in the best-case treatment scenario before the onset of saturation.

Consequences of delayed treatment. In the OCEAN study, there was a substantial delay between the first diag-
nosis of active nAMD and the treatment start for most patients (Fig. 4a). The mean delay was 20.3+19.4 days
(Table 1). 43.7% of patients were treated earlier than 2 weeks after first nAMD diagnosis; for 29.1% of patients,
the delay was more than 4 weeks.

Figure 4b displays the loss of BCVA in Month 18 (or the last value in case of early discontinuation) as a func-
tion of treatment delay. BCVA loss increased steeply until a delay of about 4 weeks and less steeply until about
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Figure 3. Model prediction for mean BCVA change from baseline with 95% prediction interval in a 31-q8w
treatment scenario (green) and a scenario without treatment (purple) vs. the real-world scenario of OCEAN
(blue, red). The 31-q8w scenario consists of 3 loading injections g4w without delay between baseline visit
and first injection, followed by injections q8w until Month 18. Baseline characteristics are as in OCEAN.
BCVA =best corrected visual acuity.
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Figure 4. Consequences of delay between diagnosis and first injection on visual acuity. (a) Observed treatment
delay in OCEAN. (b) BCVA loss due to treatment delay in Month 18 (mean + 95% prediction interval). (c) Mean
BCVA change from baseline with 95% prediction interval: model prediction for a scenario with no treatment
delay (green) and delay limited to a maximum of 2 weeks (purple) but frequency of injections and baseline
characteristics as in OCEAN vs. the real-world scenario of OCEAN (blue, red). BCVA =best corrected visual
acuity.

8 weeks delay. Even a delay of about 2 weeks resulted in a mean loss of about 2.5 letters. A delay of about 4 weeks
results in a mean loss of about 4 letters.

Reducing the delay to a theoretical minimum of zero had a significant effect on VA outcome (Fig. 4c, green
line). Mean BCVA increase in the first 4 months of treatment was significantly steeper than in the real-world
scenario. Thereafter, mean BCVA decreased in both scenarios, but the difference in VA between the scenarios was
maintained through Month 18. Reducing the delay to a maximum of 2 weeks had a similar but less pronounced
effect (Fig. 4c, purple line).

Effect of undertreatment and loading period. VA gain in the scenarios based on the real-world injection fre-
quency stayed after 5 months significantly below the scenario with 31-q8w (Fig. 5). The difference between the
two scenarios based on real-world injection frequency with and without loading period was moderate. Maxi-
mum VA gain in the first 5 months was about 1 letter higher in the scenario with loading period than without
loading period. In the long term, VA loss after the initial peak was greater in the scenario with loading period,
leading to superiority of the scenario without loading period. On the first view, this might seem contradictory
compared to reports in the literature, where higher VA gains were observed at patients, receiving loading'**.
However, it is important to stress that the overall number of injections was kept constant between the scenarios
with and without loading, presented in this work. This is a critical difference to performed comparisons in lit-
erature.
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Figure 5. Effect of undertreatment and loading period. Mean BCVA change from baseline with 95% prediction
interval in a scenario with 31-q8w pattern (green), a scenario with 3 q4w loading injections followed by equally
spaced maintenance injections (purple) and a scenario without loading injections with injections equally
spaced throughout the observation time (blue). In the purple and blue scenario, the total number of injections,
treatment delay and baseline characteristics are as in OCEAN in both scenarios. BCVA =best corrected visual
acuity.
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Figure 6. Impact of missed injections due to COVID-19 pandemic. (a) Percentage of performed injections
based on daily Lucentis distribution numbers in Germany. (b) Histogram of BCVA loss due to COVID-19 from
all patients, including patients without missed injections. (c) Histogram of BCVA loss due to missed injections,
stratified according to number of missed injections and if one missed injection was within the first month of
treatment. BCVA =best corrected visual acuity.

Impact of COVID-19.  Figure 6a shows how the modelled frequency of performed injections decreased follow-
ing the first and second COVID-19 waves. Injections decreased less steeply during the first wave than during the
second, but the decrease lasted longer. The impact on VA outcome is shown in Fig. 6b. Mean BCVA loss across all
450,000 modelled patients was about 0.6 letters and was not regained later. Mean BCVA loss was relatively small
because only about 25% of patients in this scenario had missed at least one injection. Considering only patients
who missed at least one injection, mean loss was 2.2 letters.

Figure 6¢ shows the impact on VA independently for patients who missed 1 and 2 injections and the fact if
one missed injection was within 30 days of treatment start.

About 73,000 patients missed one injection with zero missed in the first month after diagnosis (green bars),
whereas 23,000 patients missed one injection with this being in the first month after diagnosis (orange bars).
Mean BCVA losses related to those missed injections were 1.2 and 4.3 letters, respectively.

About 9000 patients missed two injections with no being missed in the first month after diagnosis (yellow
bars), whereas 6000 patients missed two injections with one being in the first month after diagnosis (purple bars).
Mean BCVA losses related to those missed injections were 2.5 and 5.7, respectively.

Discussion and outlook

Many studies have shown that early treatment initiation, and frequent VEGF inhibitor injections during the
maintenance phase results in better outcomes in patients with nAMD. We could confirm these observations using
a mathematical prediction model based on real-world data. In addition, the model enriched those observation
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by a quantification, which is challenging to measure in a clean way, when considering a real world setting by
nature and, hence, to date remained scarce.

The model analysis is based on real-world data of the NIS OCEAN, conducted between 2011 and 2016 in
Germany. Mean VA gain in this real-world cohort laid in-between a ‘natural course of disease’ where the popula-
tion was not-treated and a theoretical optimum scenario where treatment was simulated at an intensity observed
under PRN schemes in clinical trials. Compared to the simulated optimum, mean VA in the real-world cohort
increased less steeply during the first months of treatment and declined slowly after an initial peak.

An early start of treatment appeared to be decisive for the magnitude of the first improvement in VA. Initial
mean VA gain was significantly larger in a scenario where treatment started without delay and a scenario where
the delay was bound to a reasonable maximum of 2 weeks than in the real-world cohort. The difference between
these scenarios did not diminish after the initial peak VA. Overall, 2 weeks delay until treatment start in the
real-world cohort caused on average 2.5 letters loss compared to immediate treatment start. Four weeks delay
or more caused on average 5 letters loss or more. The latter corresponds to a line and may be decisive for the
ability of the patient to read.

Mean delay to treatment start was 20.3 days in the real-world cohort used in this study. For 29.1% of patients,
the delay was longer than 4 weeks. Since the time of this study, awareness for the need to start treatment as
early as possible has increased. In a newer real-world study conducted from 2015 to 2021, mean delay was only
8.5 days®. Also current guidelines recommend an interval of max. 14 days between first contact with a doctor
due to symptoms and first injection®. Our simulation results confirm that these recent improvements saved
vision for patients who would have waited longer in the past.

A correlation between delay to treatment start and VA outcome was established in several observational
studies'®!”. However, the analyses underline how important it can be for both studies and the clinical routine
treatment to distinguish between the points in time (symptoms vs. initial diagnosis vs. first treatment) on the
one hand, and to avoid any possible cause of delay on the other. Physiologically, the disease progresses during
the delay, causing non-reversible damage to the retina and loss of vision. This may affect the potential for VA
improvement in 2 ways: First, vision that was lost before treatment start may not be regained due to irreversible
damage. Second, the improvement rate after onset of treatment may be slower as more VA is lost due to irrevers-
ible than due to reversible damage. In most previous correlation studies, only the second mechanism is captured,
since the baseline for VA change was defined as treatment start, i.e., after the delay'. In the present study, only
the first mechanism is considered, as baseline for VA change was defined before the delay but the improvement
rate after treatment start was not varied in the model. Taking these results together, both mechanisms may be in
place and the effect of delayed treatment start may even be larger than estimated in the present study.

After initial improvement in VA, regular monitoring and an adequately high frequency of injections are cru-
cial to maintain or further improve the gained vision>'%. Many studies have shown that the frequency of injections
and gained vision in real-world settings stayed below the potential that was demonstrated in clinical trials!'~*%.
Our simulation results confirm this observation of relative undertreatment. In addition, they point to a new
aspect: Accepting that the optimum of a complete loading period and sufficient frequency of maintenance injec-
tions may not be reached in real-world settings, the frequency of maintenance injections appears to be equally
or even more important to preserve vision as a complete loading period. This was shown by a scenario with
loading period and equally spaced injections, thereafter, compared to a scenario with equally spaced injections
during the entire observation period (without loading period). The overall number of injections was equal in
both scenarios; consequently, the injection frequency after the first 3 months was higher in the scenario without
loading period. Simulations showed that after about 10 months of treatment, the scenario with higher injection
frequency outweighed the benefit of a loading period.

More generally, the mathematical structure of the model implies that omitting or delaying an injection is more
harmful when disease activity is high, and VA is low. This occurs before treatment start and in the situation of
undertreatment during the maintenance phase. During the loading period, when disease activity could already
be slowed down, delaying the treatment interval may be less detrimental.

Lastly, the model was successfully applied to estimate the impact of missed injections due to COVID-19
pandemic. The overall impact, averaged over the studied population, was predicted low with a mean loss of 0.8
letters. While the majority of patients in the simulated population was not affected, some patients lost 5 letters
or more. Apparently, the impact of missed or delayed injections varies largely between individuals, depending
on when the delay occurred (at which degree of disease activity), and how long and how often injections were
omitted or delayed.

Limitations

The model was developed to simulate mean VA outcome in a sufficiently large population under explicit treat-
ment patterns. Accordingly, the model is not capable to predict individual patient outcomes. Reason for this
limitation is that the individual variation between patients is captured only by the baseline parameters age,
baseline VA and pre-treatment status and by the pattern of individual injections. Therefore, no conclusion can
be made about individual patients who do not respond to the modelled treatment patterns as expected for the
population mean.

Simulation results beyond a medium timescale (>~ 18 months) are subject to large deviations. Reason is that
long-term data are scarce compared to early data and model validity decreases with time. For this reason, only
data until 18 months after start of treatment are considered in all scenarios. Long-term data of about 5 years
would be needed to generate a robust model that is capable of long-term prediction.
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The model is based on NIS data where documentation quality and observation artifacts may degrade the
informative power of the data. In particular drop-outs may cause a bias due to potential elimination of worst
disease courses.

The model was parametrized using solely data from patients, treated with ranibizumab. Thus, only ranibi-
zumab treatment effects can be simulated with confidence using this model.

Outlook

The validated VA prediction model is a valuable tool to predict population level VA response to individual
treatment patterns in patients with nAMD treated with anti-VEGE. It provides the opportunity to systemati-
cally explore specified treatment patterns in real-world settings where there is usually no control group. Model
scenarios may be of systematic nature or depict realistic situations such as the COVID-19 pandemic scenario. The
good validation performance of the model provides confidence in simulation results when the model is applied
within its purpose and limits. We hope that the model may become a widely used tool to improve treatment
patterns for nAMD with reasonable effort.

Data availability
The datasets generated during the current study are available from the corresponding author on reasonable
request.
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