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Abstract

Background: To investigate baseline MNV characteristics in Optical Coherence Tomography
Angiography (OCTA) and its impact on therapeutic needs and visual acuity after 5 years in
initially therapy-naive eyes. Methods: A retrospective study of 43 therapy-naive eyes with
neovascular AMD (nAMD). OCTA was performed at baseline and all eyes were observed
for 5 years. MNYV architecture was characterized by area, total vessel length, flow density
and fractal dimension. These variables were tested for correlation with the number of
administered intravitreal injections (IVIs) and best-corrected visual outcome (BCVA) after
5 years of treatment. Results: Mean follow-up time was 4.97 & 0.21 years. Area and total
vessel length of MNVs were significantly associated with a higher number of administered
IVIs after 5 years (p < 0.05), flow density significantly correlated with fewer IVIs (p < 0.05).
Fractal dimension showed a tendency to more IVIs (p = 0.056) after 5 years. Flow density at
baseline correlated with a better BCVA (p < 0.05). In contrast, MNV area size, total vessel
length and fractal dimension did not show any correlation to BCVA after 5 years (p > 0.05).
Conclusions: Specific features of MNV architecture such as area, total vessel length and
flow density can predict long-term treatment requirement and visual outcome. Further
studies using deep learning algorithms are necessary to explore the usage of these findings
in daily practice.

Keywords: Age-related Macular Degeneration; Optical Coherence Tomography Angiography;
Macular Neovascularization; Intravitreal Injection
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amount of AMD patients is anticipated to grow by 15% until 2050 in the European Union [1].

dist While the treatment of nAMD with intravitreal injections (IVIs) of anti-VEGF (Vascular
istributed under the terms and

conditions of the Creative Commons Endothelial Growth Factor) formulations has lead to the stabilization of visual acuity in
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the healthcare system [3]. Moreover, treatment response may vary markedly between
patients. This is why multimodal imaging to assess prognosis on long-term disease outcome
is crucial at initial diagnosis.

In the past, prognosis assessments have primarily relied on findings in Optical Coher-
ence Tomography (OCT) and guidelines recommend OCT for initial diagnosis as well as
monitoring of disease activity [4]. Within this framework, attention is directed toward sec-
ondary manifestations, including intraretinal and subretinal fluid accumulation, whereas
the primary pathology, macular neovascularization (MNV), remains not directly assessed.
Optical Coherence Tomography Angiography (OCTA) is a relatively new, non-invasive
imaging modality that detects motions of blood cells and translates it into a grayscale
image of vascular morphology more in contrast to its environment [5]. Unlike fluorescein
angiography (FA), OCTA works without intravenous injection of fluorescein and the accom-
panying risks such as anaphylaxis. The introduction of OCTA and scientific studies using
this new technology have not only led to a better understanding of the pathophysiology of
diseases such as nAMD, but also to a better understanding of physiological processes such
as the precise anatomy of the various capillary networks within the retina [6]. In nAMD,
OCTA facilitates a more complex view of the MNYV architecture with a three-dimensional
presentation [7]. Additionally, the scans can be transformed into mathematical descriptions
of MNV morphology [8]. Using MNV vascular analyses, differences in vascular architecture
between the various MNV types have been identified [8]. In addition, numerous studies
have investigated characteristic MNV vascular configurations and their association with
disease activity. Features such as well-defined borders from the surrounding tissue, a
dense capillary network at the MNV periphery, tightly packed vascular structures, and the
presence of vascular loops are indicative of high MNYV activity [9,10]. Our hypothesis is
that in-depth analysis of variations in vascular architecture may facilitate the discovery
of novel biomarkers for assessing disease activity and forecasting disease progression. In
previous studies, we were already able to show that distinct OCTA parameters such as
MNYV size and MNV complexity were associated with a higher therapy burden in short to
medium observation periods up to 3 years. However, at the time of initial diagnosis it is
particularly interesting whether these parameters retain their prognostic relevance even
after a long observation period [11].

The purpose of this study was therefore to determine MNV morphology parameters in
OCTA that have an influence on the therapy requirement and visual outcome after 5 years
of treatment to enhance baseline assessment. To that end, we extended the observation
period of a cohort that had already been investigated in a previous study [11] to a total of
5 years.

2. Methods

This is a retrospective, single-center study. It was approved by the local ethics commit-
tee and all patients consented to participate in the study. Data management was carried
out in concurrence with the Declaration of Helsinki and its amendments.

2.1. Study Protocol

Therapy-naive patients diagnosed with nAMD between November of 2016 and May of
2020 were consecutively included in this study. Ophthalmoscopy, fluorescence angiography
and SD-OCT (Spectralis OCT, Heidelberg Engineering, Heidelberg, Germany) assured
proper diagnosis and exact classification of MNV type. The baseline assessment also
included BCVA and OCTA. After a period of 5 years of treatment with anti-VEGF substances
including aflibercept, ranibizumab and bevacizumab, patients had a follow-up visit to
determine the long-term outcome including a clinical work-up with BCVA, ophthalmoscopy
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and OCT scan. The initial diagnosis, clinical work-ups and imaging assessments were
verified by a single certified grader at our Reading Center.

In order to carry out OCTA imaging at baseline, OCTA PLEX® Elite 9000 (Carl Zeiss
Meditec, Dublin, CA, USA) was used. This machine uses the Swept-Source technique with
a wavelength of 1060 nm and a scanning rate of 100,000 A-scans per second, capturing
two consecutive B-scans of 500 A-scans within a 6 x 6 mm field of view. We selected the
automatic artifact suppression feature to present the MVN as realistically and authentically
as possible and create more accuracy and reliability [12]. In order to detect the MNV, we
selected the ORCC segmentation. This is short for “outer retina to choriocapillaris” and
expands from the outer plexiform layer to 49 um below the Bruch’s Membrane. This slab is
offered by most manufacturers because it has been established as a suitable layer for rapid
yet effective screening for MNV [13]. In cases of segmentation errors, lines were corrected
by the grader. Next, the approved OCTA images were transferred to the program Fiji
(National Institute of Mental Health, Bethesda, MD, USA) in order to frame and separate
MNVs from the rest of the image by a single trained and certified grader at our Reading
Center. The MNV network was then obtained with MatLab (Mathworks, Version R2014b;
Natick, MA, USA). The vascular structure was skeletonized by multiscale calculation of
the gradient field in the en-face image of the OCTA scan, as already described in detail in
published studies [14]. A binarized image of the MNV was computed in order to calculate
flow density. The imaging modalities used in this study can be seen in Figure 1.

| (e) (

Figure 1. Overview of a case with typical type 2 MNV in IR image (a) with a green line referring
to the corresponding OCT slice (b), FA (c), en-face view of the ORCC segmentation in OCTA (d),
magnified view of the binarized vessels (e), and the skeletonized vessels (f).
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Four variables were used to characterize architecture of the MNV: area, total vessel
length (sumL), flow density and fractal dimension (FD). The total vessel length describes
the total length obtained when the lengths of all individual vessels are added together.
Area portrays the extent of the MNV in the horizontal plane seen in the OCTA en-face view.
Flow density is a parameter describing the extent of actual vascularization inside of the
MNYV area. The complexity of an object is described by the fractal dimension, a parameter
identified to be of importance during anti-VEGF treatment [15].

The described parameters assessing the MNV architecture obtained by OCTA and the
aforementioned data transformation were then analyzed for correlation to the amount of
IVIs administered within the first 5 treatment years and to the BCVA after 5 years.

Eyes presenting with alternative diagnoses to nAMD and/or concurrent retinal
pathologies, including diabetic retinopathy or retinal vein occlusion, were excluded. More-
over, eyes with inadequate quality of OCTA imaging or where MNV could not be visualized
at baseline were removed from the study. Last but not least, patients who did not have a
follow-up visit after 5 years were excluded from further analyses. Due to the long-term
follow-up over five years, missed follow-up visits occurred for several reasons, such as
patients transitioning to other healthcare providers or passing away:.

2.2. Statistical Analysis

Statistical analyses were calculated with software R (Version 4.2.3, R Core Team 2023.
R: A language and environment for statistical computing. R Foundation for Statistical
Computing, Vienna, Austria). The threshold for a significant result was set at 5%. Mean
=+ standard deviation are displayed to describe the distribution of numeric data and
contingencies to report categorial variables. For correlation tests, we chose weighted
linear regression models to measure correlation of the independent variables (IVs) and
dependent variables (DVs). Weights were introduced by the geometric mean weights of the
involved variables to reduce the influence of far outliers by the 10% and 90% percentiles

(P10 and pop) as

2
max{O, tiow — %, X — thigh}

05- (thigh - tlow) here

w(x) =exp—0.5-

tiow = P10 — 1.5 (poo — p10) and tign = poo + 1.5 (poo — p10)

This statistical method is a pragmatic approach which helps to lower the impact of
markedly differing values without requiring their exclusion. Without adjusting for statisti-
cal outliers, there is a risk that the regression model will be distorted, especially in cases of
a small sample size. However, removing the outliers would completely disregard valid
values from a sample [16]. Additional exploratory multivariable analyses for parameters
like baseline BCVA or age were not performed to maintain a simple and robust model.

3. Results

After all of the aforementioned exclusion criteria were applied, from the initial 107 eyes,
a total of 43 eyes remained for further analyses. Out of these, 11 eyes were of male patients
(25.6%) while 32 eyes were of female patients (74.4%). Mean age was 77.84 & 6.99 years.
The majority of MNV were type 1 (41.9%), followed by type 2 MNV (27.9%) and type 3
MNYV (30.2%). At baseline, BCVA was 0.63 £ 0.35 logMAR, and 0.57 £ 0.37 logMAR at
5 years. An average of 32.98 4 11.92 IVIs were given during this period. Mean follow-up
time was 4.97 £ 0.21 years.
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The mean area of the MNV was 1.12 + 1.09 mm?2, whereas the mean flow density was
41.54 & 6.26%. The medial fractal dimension amounted to 1.26 & 0.15 and the mean total
vessel length was 13.00 & 12.89 mm.

Three of the MNV parameters showed a significant correlation with the number of
administered IVIs after 5 years. A greater MNV size and a greater total vessel length
were both associated with a greater amount of IVIs (p < 0.05). Meanwhile, a higher flow
density was correlated with a smaller amount of IVIs (p < 0.05). A higher fractal dimension
showed the tendency to a higher need of IVIs; however, this correlation did not reach
statistical significance (p = 0.056). In terms of visual outcome, only one parameter showed
a correlation with the BCVA after 5 years of treatment. Greater flow density at initial
diagnosis was correlated with improved visual acuity (p < 0.05), while the area, the total
vessel length and the fractal dimension of the MNV did not show any correlation to BCVA
after 5 years (p > 0.05). Table 1 shows all assessed OCTA variables and their associations
with the amount of IVIs and BCVA outcome.

Table 1. OCTA variables and their impact on IVIs and BCVA after 5 years. Significant values are
marked with *.

Unit beta (B) p Value
Influence on IVIs
MNYV area 1 mm 3.617 <0.05 *
MNYV total vessel length 20 mm 6.254 <0.05*
MNYV flow density 10% —6.550 <0.05*
MNYV fractal dimension 23.418 0.055
Influence on BCVA
MNYV area 1 mm 0.0029 0.495
MNYV total vessel length 20 mm 0.0360 0.622
MNYV flow density 10% —0.150 <0.05*
MNV fractal dimension 0.379 0.222

4. Discussion

Beyond its non-invasive nature, OCTA demonstrates specific advantages over both
OCT and fluorescein angiography (FA), thereby enhancing its diagnostic utility. Thanks
to the 3-dimensional view of OCTA imaging, a more complex visualization of MNV
is possible [17]. Today, even MNVs which have not led to exudation with subretinal
and/or intraretinal fluid or visual deterioration can be detected. These “sub-clinical”
or “non-exudative” MNVs are at great risk of transforming into exudative MNVs and
therefore need to be carefully monitored [18,19]. OCTA has also led to the potential to
mathematically describe MNV. Told et al. have pointed out the dynamic pattern of some
MNYV morphology parameters in OCTA, showing a reaction to the initial therapy and
a subsequent deterioration as the therapy effect wears off. The MNYV size, for example,
decreases initially and then expands above the size at baseline right after the first uploading
phase with an anti-VEGF substance [20]. Apart from the depiction of these changes to
initial therapy, parameters describing MNV architecture have also gained interest in terms
of possibly serving as predictors of the development of the disease on the long-term.

There are studies which have previously reported a correlation of specific parameters
describing the morphology of MNV in OCTA on the one hand and important outcome
variables like therapy burden and visual acuity on the other. Faghihi et al. described the
mean vessel percentage area and the fractal dimension to be significantly associated with a
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better visual outcome after 3 months and 12 months [21]. Other publications have shown
an influence of the initial area size, the total vessel length and the flow value on BCVA after
1 year, and a significant influence of the flow value and the vessel caliber on the therapy
burden during the first year of treatment [22]. MNYV area, total vessel length and fractal
dimension were associated with a higher amount of administered IVIs during the first
3 years of therapy [11].

The aim of this study was to investigative the significance of these MNV characteristics
on long-term disease development. We found that parameters describing the size of an
MNYV, namely the area and the total vessel length, were significantly associated with a higher
number of given IVIs after 5 years (p < 0.05), whereas the flow density was significantly
correlated with fewer IVIs (p < 0.05). The fractal dimension showed a tendency to more
IVIs (p = 0.056) after 5 years. The flow density at initial diagnosis was also correlated with
a better visual acuity (p < 0.05). However, MNV area size, total vessel length and fractal
dimension did not show any correlation to BCVA after 5 years (p > 0.05).

The area and total vessel length are two variables characterizing the size of a vessel
network. In the present study, both of them correlated with a higher therapy burden during
the first 5 years of treatment, both in line with previous research with shorter observation
periods [11]. Some of the parameters assessing the MNV morphology like the vascular
density as well as the fractal dimension were described as suitable variables to evaluate
MNYV activity [23]. Fractal dimension serves as a tool to illustrate the complexity of vessels.
In our study, it showed the tendency to a higher number of administered IVIs within the
first 5 years of treatment but just missed the threshold of significance. This is likely due to
the smaller sample size in contrast to previous studies that have pointed out this correlation
in shorter observation periods [11]. This observation is consistent with a study published by
Song et al. They investigated which morphological characteristics in OCTA are associated
with residual retinal fluid after an initial anti-VEGF loading dose. They were able to show
that the presence of loops (anastomoses between small vessels) and peripheral arcades
(connections between small capillaries with tangled morphology in the peripheral aspect
of the MNV) at baseline correlated with residual fluid after loading dose, with only the
peripheral arcades remaining significant in a multivariate analysis. This study therefore
also showed that more complex MNVs appear to respond less well to therapy, which could
result in an increased need for treatment [24].

The flow density represents the proportion of pixels where a flow signal was detected,
compared to the total quantity of pixels within the MNV area. In this study, we found that
flow density was associated with lower therapy requirements and a better visual outcome
after 5 years, meaning that this parameter had the greatest importance on the long-term
outcome in this study. We hypothesize that a higher flow density may serve as an indicator
of a relatively younger MNV which is more susceptible to anti-VEGF treatment. However,
this is only one possible interpretation of the data, and there is currently no certain basis
for this in the existing literature. Previous findings have shown that a lower flow density is
associated with retinal atrophy, a clinical finding seen in late-stage forms of AMD, which
supports our thesis [25]. On the other hand, our result differs from the observations of
Schranz et al. They found an increased probability of persistent IRF after loading dose in
larger, more densely packed MNVs and concluded that higher density indicates more active
MNYV, which is likely to have a greater need for therapy [26]. Since we did not examine
fluid volumes in our study, it is difficult to directly compare these two studies. However,
our long-term observation shows that increased flow density at baseline is associated with
a lower long-term need for therapy. Another retrospective study by Jaggi et al. examined
eyes that had been treated with a treat-and-extend regimen and in which therapy could be
discontinued due to lack of disease activity. These eyes were monitored further, and part of
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the cohort required renewed therapy due to renewed activity. They found that a higher
vessel density in OCTA at the time of discontinuation of therapy was associated with an
increased risk of recurrence of disease activity over time. However, these results are not
readily comparable with the results of the present study because the cohort of Jaggi et al.
is a very specific population of eyes in which therapy could initially be paused due to a
lack of signs of activity. In addition, the OCTAs were performed at a completely different
time than in our study, in which the OCTA parameters were measured at the time of initial
diagnosis, i.e., before the start of therapy [27].

MNV area size, total vessel length and fractal dimension did not show any correlation
with the visual outcome after 5 years. In previous studies with shorter observation periods,
several MNV morphology parameters were associated with the visual outcome in nAMD,
such as mean vessels percentage area, fractal dimension, total vessel length and MNV area
size [21,22]. The deficiency of finding more variables associated with BCVA in our study
may be due to the long observation period of 5 years. As we know from the natural course
of the disease, most nAMD patients experience a slow but steady decline of visual acuity
despite intensive treatment [28]. This might complicate the differentiation between BCVA
outcomes within the cohort when long observation periods like 5 years are chosen, thus
making it unlikely to find relevant baseline predictors. Hence, these parameters might
be helpful to predict visual outcome of shorter observation periods, but not to predict
long-term visual outcomes.

There are several strengths and limitations to this study. The greatest strength of this
study is its long observation period of 5 years. Finding relevant baseline parameters to
improve the understanding of different courses of the diseases at first diagnosis is not
only important to identify patients who might need special attention during treatment, but
also to improve the dialog between patient and practitioner. However, long observation
periods bring the disadvantage of greater percentages of patients being lost to follow-
up, a problem we also experienced in this study. Another strength of this study is the
relatively new technique used, namely OCTA imaging and data processing allowing for
a more detailed description of MNV architecture. The findings may be able to improve
the characterization of different baseline disease conditions, which in the past primarily
relied on ophthalmoscopy and OCT findings. However, we have yet to figure out how we
can implement these techniques into our daily clinical routine. The data transformation
following the OCTA imaging described above is still a time-consuming process and would
need to be automatized to use this technique in a daily routine. The data could probably be
best used in the context of deep learning algorithms, which could additionally use data
assessed by OCT and other clinical findings to create a better idea about the long-term
outcome. Further limitations include the retrospective character of the study as well as the
single-center design.

Moreover, a major limitation is the restricted resolution power of the OCTA tech-
nology, a factor which has to particularly be considered when fine vascular structures
are analyzed. Also, only the perfused portion of the MNV in a given two-dimensional
segmentation is described by the tested variables area, total vessel length, FD and flow
density. Furthermore, we manually outlined the MNV, which is a process susceptible to
subjectivity to some extent. Vessels may also be incorrectly identified by the process of
automated vessel skeletonization.

5. Conclusions

We investigated baseline MNV characteristics in OCTA and its impact on the therapy
requirements during the first 5 years of treating nAMD, as well as the visual outcome after
5 years. We were able to demonstrate that morphology variables describing the MNV
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size were correlated with a higher therapy need. Flow density, potentially serving as an
indicator of a younger MNV which is more susceptible to treatment, seemed to be the most
important parameter at baseline as it was associated with both fewer IVIs and a better
visual outcome after 5 years. Nevertheless, the methodology used in this study is time-
consuming and an OCTA assessment of every MNV is not yet feasible in clinical practice.
In addition, a lack of standardization between different OCTA devices makes it difficult to
compare images and transfer study results. Future studies are therefore needed to address
the issue of OCTA comparability across different devices. Processes that automate the
time-consuming process of data extraction and evaluation would also be helpful, as is
already being implemented, at least in part, in individual studies [29]. In order to enable
the most accurate prediction of long-term progression possible, a combination of different
imaging modalities consisting of OCT, OCTA, and clinical parameters would probably be
most effective. The use of deep learning algorithms may help to achieve this goal.
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