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Abstract

We aimed to test for feasibility of

volume-rendered optical coherence

tomography angiography (OCTA) as a

novel method for assessing/quantifying

retinal vasculature during ocular proce-

dures and to explore the potential for

intraoperative use. Thirty patients under-

going periocular anaesthesia were

enrolled, since published evidence sug-

gests a reduction in ocular blood flow.

Retinal perfusion was monitored based

on planar OCTA image-derived data provided by a standard quantification

algorithm and postprocessed/volume-rendered OCTA data using a custom

software script. Overall, imaging procedures were successful, yet imaging arti-

facts occurred frequently. In interventional eyes, perfusion parameters

decreased during anaesthesia. Planar image-derived and volume rendering-

derived parameters were correlated. No correlation was found between perfu-

sion parameters and a motion artifact score developed for this study, yet all

perfusion parameters correlated with signal strength as displayed by the

device. Concluding, volume-rendered OCTA allows for noninvasive three-

dimensional retinal vasculature assessment/quantification in challenging sur-

gical settings and appears generally feasible for intraoperative use.

Abbreviations: 2D, two-dimensional; 3D, three-dimensional; BP, blood pressure; FA, fluorescence angiography; FoMA score, Free-of-motion-artifact
score; iOCT, intraoperative optical coherence tomography; IOP, intraocular pressure; OCT, optical coherence tomography; OCTA, optical coherence
tomography angiography.

Tim J. Enz and Peter M. Maloca contributed equally to this study.

Received: 5 June 2022 Accepted: 5 August 2022

DOI: 10.1002/jbio.202200169

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any

medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.

© 2022 The Authors. Journal of Biophotonics published by Wiley-VCH GmbH.

J. Biophotonics. 2022;202200169. www.biophotonics-journal.org 1 of 11

https://doi.org/10.1002/jbio.202200169

https://orcid.org/0000-0002-5211-7855
mailto:tim.enz@aol.com
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.biophotonics-journal.org
https://doi.org/10.1002/jbio.202200169
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fjbio.202200169&domain=pdf&date_stamp=2022-09-11


KEYWORD S

3D vasculature reconstruction, intraoperative, retinal perfusion monitoring, retinal vessel
size, volume-rendered optical coherence tomography angiography

1 | INTRODUCTION

Intraoperative retinal vasculature assessment using fluores-
cence angiography (FA) has been tested for various clinical
indications, including localization of retinal neovasculariza-
tion or delineation of avascular retina. [1, 2] Recent evidence
supports particularly three-dimensionally (3D) visualized FA
for clinical use.[3, 4] However, intraoperative applicability of
FA is limited given the complicated arrangement, invasive-
ness, associated risks, side effects, and the lack of objective/
automated vessel quantification, calling for alternative and
more feasible techniques that lend themselves to be utilized
day-to-day in the clinic.

In contrast, optical coherence tomography angiogra-
phy (OCTA) is a noninvasive imaging method used for
assessing the retinal vasculature, based on the analysis
of temporal changes in laser light reflectance of the sur-
face of scattering particles. [5–8] While OCTA has
replaced FA in many nonsurgical settings, [9] and
although conventional optical coherence tomography
(OCT) without angiography has established itself as a
useful intraoperative tool (iOCT), [10] the potential of
OCTA for intraoperative retinal vasculature assessment
has only begun to be explored. An obstacle with cur-
rent techniques, as a compromise between the vast
amount of data and the limited capacities for their
visual illustration, OCTA images are usually displayed
in two-dimensions (2D; en face). As a result of this sim-
plification, retinal vessels are only partially depicted as
they exist in a 3D space. [5] On the other hand, OCTA
offers advantages over FA in terms of automated and
objective vasculature assessment, since many OCTA
devices provide built-In quantification software. Angio-
Plex Metrix for example, the standard angiography
analysis software in Zeiss Cirrus OCTA devices, calcu-
lates perfusion density, which represents the number of
pixels with perfused vasculature divided by the total
number of pixels in a given retinal region of measure-
ment (expressed as a percentage of the respective
OCTA image). [11] Perfusion density is affected by ves-
sel size and therefore allows for conclusions regarding
changes in retinal vessel calibres (e.g., vasoconstriction).
However, as these quantification algorithms are based
on 2D data, the results are only a vague approximation
to reality.

Recently, visualization of imaging information has
been enhanced by volume-rendering of OCTA data to

display spatial 3D vessel models. [12] Volume-rendering
of OCTA data preserves the 3D relationship between the
retinal vascular layers and hence allows for visualization
of the retinal vasculature in much greater detail. [13]
These 3D vessel models can be further analyzed for mea-
suring vessel surface area and vessel volume, enabling
quantification and characterization of the macular vascu-
lature at the micron-level in unprecedented detail. [14,
15] It is reasonable to assume that this is currently the
most advanced OCTA-based retinal vessel quantification
method. Theoretically, this technology not only allows
for 3D retinal vasculature assessment, but also for moni-
toring small changes in retinal vessel calibres during ocu-
lar procedures. Previously, this method has only been
used for assessing and quantifying retinal vasculature in
static conditions of long-standing retinal vessel alter-
ations in nonsurgical clinical outpatient settings (diabetic
retinopathy, Stargardt Disease) and not intraoperatively
or for short-term changes. [14, 15]

Retinal ischemia is a poorly understood complication
in ocular surgery and periocular anaesthesia. [16] Intrao-
perative and postoperative retinal vaso-occlusion has been
described, sometimes with permanent visual sequelae.
[17–27] Multiple lines of evidence suggest that periocular
anaesthetic procedures cause a decrease in ocular blood
flow, possibly leading to retinal ischemia [28–30], although
the mechanism behind this phenomenon remains unclear.
[16, 20] It is hypothesized that the anaesthetics exert a
pharmacological vaso-constrictive effect, thereby diminish-
ing retinal blood supply. [24, 27, 31, 32] The study pre-
sented here aims to test for feasibility of volume-rendered
OCTA for 3D assessment of the retinal vasculature and
quantification of retinal vessel calibres at the micron-level
under real-life conditions of surgical procedures, and to
explore its potential for intraoperative use. To this purpose,
we enrolled patients undergoing periocular anaesthesia,
since evidence suggests retinal vasoconstriction and reduc-
tion in retinal blood flow.

2 | METHODS

This observational study was conducted in accordance
with the Declaration of Helsinki and was approved by
the competent ethics committee (Ethikkommission
Nordwest- und Zentralschweiz, 2019-01689). Written
informed consent was obtained from all patients.
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2.1 | Inclusion Criteria and patient
characteristics

Thirty patients undergoing phacoemulsification cataract
surgery under local anaesthesia were enrolled. Only
patients without signs and history of retinal or optic nerve
diseases were included, as assessed upon the preoperative
visit including ophthalmoscopy and OCT of the macula
and the optic disc. Sixteen patients were female. The age
range was 59–86 years (mean 73.8 ± 7.06 [±SD] years).
Nineteen patients had their right eye and 11 patients had
their left eye operated on. The eyes that were to be oper-
ated on formed the interventional group, while the fellow
eyes served as controls.

2.2 | Sub-Tenon's anaesthesia and
imaging procedures

Both pupils of all enrolled patients were dilated with three
tropicamide 0.5% and phenylephrine 5% eye drops on each
side. IOP was measured using a portable Icare pro tonome-
ter (Icare Finland, Oy, Vantaa Finland) and arterial blood
pressure (BP) was assessed using a Mindray VS800 Vital
Signs Monitor (Mindray Medical International, Shenzhen,
China). A series of OCTA (Spectral-Domain Cirrus HD-OCT
5000, Carl Zeiss Meditec, Dublin, USA) volumes of the cen-
tral macula (3x3x2mm) was obtained from each eye over a
period of approximately 25 min. Then, on the interventional
side, the ocular surface was anaesthetized with Tetracaine
1% eye drops. The periocular area was carefully cleaned and
the ocular surface was disinfected with povidone-iodine
solution 5% for 90 s. The patients were asked to gaze up and
to the side and a small incision in the conjunctiva and
Tenon's capsule was performed in the inferomedial quad-
rant. The tissue was carefully dissected from the sclera using
a blunt scissor. A syringe with a blunt cannula was inserted
and advanced posteriorly behind the equator of the globe.
Two millilitres of mepivacaine solution 2% were injected
into the virtual space between the sclera and Tenon's cap-
sule in proximity to the posterior pole. Subsequently, IOP in
both eyes and arterial BP were measured, and another series
OCTA images were taken on both eyes over a period of
approximately 15 min. Images quality was judged by the
investigators, taking into account image location, signal
strength and artifacts. Only images considered of sufficient
quality were used for postprocessing (see below).

2.3 | Image analysis, postprocessing and
motion artifact assessment

Perfusion density parameters as provided by AngioPlex
Metrix were retrieved from the device. Subsequently,

OCTA image raw data were exported from the device
using the manufacturer's software. Postprocessing,
volume-rendering and quantification of the images were
conducted using custom software scripts written in
Matlab R2017a (MathWorks Inc., Natick), as described in
detail previously. [14, 15] Briefly, the contrast was opti-
mized by contrast-limited adaptive histogram equaliza-
tion and all images were sharpened using unsharp
masking. Built-in Matlab functions were applied for these
two steps. A “vesselness” filter was applied to enhance
vessel structure, and “vesselness” per pixel was com-
puted. Subsequently, the images were exported as single
planar en face images and converted into binary files by
hysteresis thresholding. The total of all binary files from
one eye was merged into a 3D volume, based on which
vessel surface area (μm2) and vessel volume (μm3) were
calculated using integrated Matlab functions.

To assess the potential of 3D OCTA for monitoring reti-
nal perfusion during ocular procedures by quantifying
changes in retinal vessel size at the micron level and to
demonstrate possible applications, we conducted three dif-
ferent analyses based on the collected image set:
(a) averaged vessel data-based analysis; (b) time-
standardized analysis and (c) image quality-oriented analy-
sis. For better readability, vessel parameters are expressed
in mm2/mm3 and rounded to one or two decimal places
within this manuscript. The original numbers are pre-
sented in Table S1 to demonstrate capability of measure-
ment at the micron-level.

To identify possible disruptive factors associated with
the imaging process, the third data analysis involved a
comparison with the conventional 2D vessel quantification
algorithm and screening for correlations of perfusion
parameters with differences in signal strength and imaging
artifacts. For motion artifact assessment, images were
graded according to the area affected by motion artifacts.
Images completely free of artifacts equal a Free-of-Motion-
Artifact score (FoMA score) of 4. If motion artifacts are
present in approximately a fourth, half or three fourth of
the image, FoMA score equals 3, 2 or 1, respectively. If
motion artifacts are present all over the image, FoMA
score equals 0.

2.4 | Statistical analysis

Changes in perfusion density, vessel surface area and ves-
sel volume before versus during periocular anaesthesia
were defined as primary outcomes. Motion artifacts, sig-
nal strength and changes in IOP and arterial BP were
defined as secondary outcomes. All statistical analysis
was performed in R (R Foundation for Statistical Com-
puting, Vienna, Austria). Descriptive analysis with calcu-
lation of mean values and standard deviation was
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performed. Data were tested for normality with a Shapiro
Wilk test. Normally distributed data were compared by a
paired Student's t-test. Nonnormally distributed data
were transformed using squared transforms; data that
remained nonnormally distributed was compared by a
Wilcoxon signed-rank test. Correlations were assessed by
a Pearson's correlation test or Spearman's rank correla-
tion test for normally distributed and nonnormally dis-
tributed data, respectively. P < 0.05 was considered
statistically significant. Unless otherwise stated,
*P < 0.05, **P < 0.01, ***P < 0.001. For box plots, the
centre hinge represents the median with upper and lower
hinges representing the first and third quartiles; whiskers
represent 1.5 times the interquartile range. For the com-
parison between the interventional and the control group
after sub-Tenon's block, post-hoc power calculation
(α = 0.05) revealed power of 88.5% for mean vessel sur-
face area and power of 95.9% for mean vessel volume,
implicating a minimum sample size of 25 and 21 patients,
respectively.

3 | RESULTS

3.1 | Imaging procedures in surgical
settings and volume-rendering of
obtained data

Imaging procedures and postprocessing/volume-
rendering of obtained data could be completed in all

patients. No complications or safety issues were
reported. In each patient, a series of OCTA images
was taken before and during periocular anaesthesia in
both eyes (see Section 2). The number of images in
each eye considered suitable for postprocessing, as
judged by the investigators taking into account image
location, signal strength and artifacts, was between
1 and 7 both before and during periocular anaesthesia
(2–14 total). In the images used for postprocessing, the
time interval between imaging and anaesthetic injec-
tion ranged from 2 to 29 min before and from 2 to
15 min following injection. Examples of 3D OCTA
models of the macular vasculature of study subjects
are shown in Figure 1.

3.2 | Quantitative analysis of 3D macular
vasculature reconstruction of averaged and
time-standardized data

In our first vessel size analysis, volume rendering-derived
data from all available images before and after anaesthetic
injection in each eye were averaged. Before, mean vessel sur-
face area and volume were slightly lower in interventional
eyes compared with controls (interventional: 37.87 ±
8.8 mm2/0.15 ± 0.04 mm3; control: 41.33 ± 11.5 mm2/0.17
± 0.01 mm3; surface area P = 0.086; volume P = 0.08). Fol-
lowing periocular anaesthesia, vessel parameters
were moderately higher in control eyes (43.75 ± 9.5 mm2/
0.18 ± 0.05 mm3), while they decreased in treated eyes

FIGURE 1 Three-dimensional OCTA vessel models of study subjects. Synoptic side view of 3D vessel models based on OCTA data of

the right eye (left image) and the left eye (right image) of a study subject before application of sub-Tenon's block (A); en face view of 3D

vessel models of the interventional left eye of another study subject with distinct vessel calibre changes; visualization of dilated (upper

image) and constricted vessels (lower image) (B); skewed side view of 3D vessel models of the right (left column) and left (right column) eye

before periocular anaesthesia (top row) and following periocular anaesthetic application (bottom row) of yet another study subject (C).
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(37.11 ± 7.9 mm2/0.14 ± 0.03 mm3). The postinterventional
difference between the groups was significant (surface area
P < 0.001; volume P < 0.001). Data are shown in Figure 2
and Table S1.

Averaged vessel surface area and volume was compa-
rable in both groups before intervention, increased
slightly in nontreated eyes after anaesthetic injection and
decreased in the treated eyes.

A transient change in vessel parameters may be masked
by the difference in the time over which images were
acquired. To standardize measuring time-points, we per-
formed further analysis using only one image before
and during periocular anaesthesia per eye. The pre-
interventional images closest in time to the anaesthetic injec-
tion was selected, as well as the images as close as possible
to the time-point 4 min afterwards (the time-point of maxi-
mum pharmacological effect). Before periocular anaesthesia,
mean total vessel surface and volume in the interventional
and control groups were similar (40.24 ± 10.2 mm2/0.16
± 0.05 μm3 and 42.13 ± 11.2 mm2/0.17 ± 0.05 mm3, respec-
tively; both P = 0.28). Following periocular anaesthesia, in
interventional eyes, both parameters decreased significantly
(35.83 ± 8.99 mm2, �10.95%, P < 0.05, 95% confidence
interval [CI] �8.74 to �0.07 mm2; 0.14 ± 0.04 mm3,
�14.28%, P < 0.05, CI�0.04 to�0.002 mm3), while remain-
ing stable in control eyes (43.49 ± 9.5 mm2, +3.22%,
P = 0.40; 0.18 ± 0.05 mm3, +3.43%, P = 0.57). Comparing
the two groups following periocular anaesthesia, there was a

significant difference in both mean vessel surface area
(P < 0.001) and mean vessel volume (P < 0.001). Data are
shown in Figure 3 and Table S1.

Single volume-based vessel surface area and volume
were similar in both groups before intervention,
remained stable in nontreated eyes during periocular
anaesthesia, yet demonstrated a significant reduction in
the treated eyes.

3.3 | Quantitative and qualitative analysis
of perfusion density changes as provided by
AngioPlex Metrix and comparison with 3D
vessel size quantification

We next sought to expand the imaging modality and to
screen for possible disruptive factors associated with the
imaging process. To achieve this we conducted a third
analysis selecting the images before and during the perio-
cular anaesthesia with the best quality in each patient, as
judged by the investigators taking into account image
location, signal strength and artifacts. We further added
the conventional 2D vessel quantification method (mea-
surement of perfusion density by AngioPlex Metrix) to
the analysis, compared the results with those of the cus-
tom rendering-based measurements and screened for cor-
relations between vessel parameters and imaging artifact
occurrences.

FIGURE 2 Averaged 3D vessel parameters in interventional eyes and control eyes before and after sub-Tenon's block. Box and whisker

plots showing averaged vessel surface area (mm2) in the control and interventional eyes before (A) and during (B) sub-Tenon's anaesthesia,

as well as changes within the control (C) and the interventional group (D) before and following the anaesthetic block. Box and whisker plots

showing averaged vessel volume (mm3) in the control and interventional eyes before (E) and during (F) sub-Tenon's anaesthesia, as well as

changes within the control (G) and the interventional group (H) before and following the anaesthetic block.
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3.3.1 | 2D/3D retinal perfusion parameters

In this third dataset, before periocular anaesthesia, mean
perfusion densities (2D), vessel surface areas and volumes
(both 3D) were similar between control (33.45% ± 1.16;
42.84 mm2 ± 11.83; 0.18 μm3 ± 0.06) and interventional
eyes (33.5% ±4.18; 40.39 mm2 ± 9.99; 0.17 μm3 ± 0.05) (all
P > 0.25). Following periocular anaesthesia, perfusion den-
sity was 31.72% ± 3.95 in treated eyes, making it a signifi-
cant intra-group decrease (P < 0.032), while the intra-group
decrease in 3D vessel parameters was statistically insignifi-
cant (38.55 mm2 ± 8.24; 0.16 μm3 ± 0.04, both P ≥ 0.38). In
control eyes, all three vessel parameters remained relatively
stable (34.81% ± 3.08; 44.79 mm2 ± 9.86; 0.19 μm3 ± 0.05)
(all P > 0.25). Following periocular anaesthesia, all three
parameters demonstrated significant inter-group differences
(all P < 0.003).

In interventional and control eyes both before and
following periocular anaesthesia, perfusion density
(2D) correlated moderately or strongly with vessel surface
area and vessel volume (both 3D) (all r2 > 0.67, all
P < 0.005). The intra-group differences in perfusion den-
sity (Δ perfusion density) correlated strongly with the
intra-group differences in vessel surface area (Δ vessel
surface area) and vessel volume (Δ vessel volume) in
both groups (all r2 > 0.75, all P < 0.005). Complete corre-
lation coefficients are shown in Table S2.

3.3.2 | Imaging artifacts

Motion artifacts occurred frequently in both groups and
measurement time-points (although often only minor or
moderate), yet Free-of-Motion-Artifact (FoMA) score was
slightly higher in control eyes (pre-intervention: 2.07
± 1.57, postintervention 1.77 ± 1.2) than interventional
eyes (pre-intervention: 1.6 ± 1.28, postintervention: 1.33
± 1.4) (both P > 0.13). Examples of study participants for
each score are shown in Figure 4.

No relevant correlation was found between FoMA
score and any of the three assessed vessel parameters at
any measurement time-point (all r2 < 0.29, all P > 0.12).

Generally, mean signal strength was on a high level
throughout groups and measurement time-points. Before
anaesthetic injection, signal strength was similar in con-
trol and interventional eyes (control eyes: 8.67 ± 1.45;
interventional eyes: 8.63 ± 1.28). Following periocular
anaesthesia, however, signal strength was higher in con-
trols than interventional eyes (control eyes: 9.33 ± 0.83;
interventional eyes: 8.27 ± 1.46) (P < 0.005). In both
groups before and during periocular anaesthesia, all three
perfusion parameters correlated at least moderately with
signal strength (all r2 > 0.61, all P < 0.005).

Another OCTA image artifact repeatedly observed in our
patients undergoing cataract surgery is absorption of laser
light by clouded lenses and subsequent signal deprivation/

FIGURE 3 Time-standardized 3D vessel parameters in interventional eyes and control eyes before and after sub-Tenon's block. Top row: Box

and whisker plots showing single-volume based vessel surface area (mm2) in the control and interventional eyes before (A) and during (B) periocular

anaesthesia, as well as changes within the control (C) and the interventional group (D) before and during periocular anaesthesia. Bottom row: Box

and whisker plots showing single-volume based vessel volume (mm3) in the control and interventional eyes before (E) and during (F) periocular

anaesthesia, as well as changes within the control (G) and the interventional group (H) before and during periocular anaesthesia.
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extinction, likely affecting perfusion assessment/quantifica-
tion. A typical example is shown in Figure 5.

Like many other OCTA devices, Zeiss Cirrus offers a pro-
jection artifact removal algorithm. However, in our study,
OCTA raw data were exported from the device to be further-
postprocessed using our custom Matlab script. In these origi-
nal data, the manufacturer's algorithm was not supported.
Thus, projection artifacts removal was not performed.

3.4 | Intraocular pressure and arterial
blood pressure

Before periocular anaesthesia, mean IOP in interven-
tional and control eyes were similar (17.69 ± 3.7 mmHg

[range from 11.9 to 27.0 mmHg] and 17.37 ± 3.01
[range from 11.3 to 24.3 mmHg], respectively; P = 0.97).
Following anaesthetic injection, mean IOP remained stable
(interventional: 18.02 ± 3.63 mmHg, P = 0.52; control:
17.26 ± 2.83 mmHg, P = 0.80; [inter-group difference:
P = 0.48]). Data are shown in Figure 6 and Table S1.

IOP was comparable in both groups before and after the
anaesthetic block. No significant changes were observed.

Mean systolic and diastolic BP increased slightly follow-
ing periocular anaesthetic application (from 145.37
± 22.41 mmHg and 85.60 ± 13.89 mmHg to 149.90
± 26.64 mm Hg [P < 0.05] and 86.00 ± 13.41 mmHg
[P = 0.79], respectively). No correlation was found between
perfusion parameters and IOP or arterial BP after anaes-
thetic injection (all P > 0.5) in interventional eyes.

FIGURE 4 Free-of-Motion-artifact scoring from 0 to 4. Exemplary presentation of OCTA images with motion artifacts in all quadrants

and score 0 (0), in three quadrants and score 1 (1), in two quarters and score 2 (2), in one quarter and score 3 (3) as well as an OCTA image

from a study participant without motion artifacts and score 4 (4). Regions of motion artifacts are marked green.

FIGURE 5 Signal Extinction due to

lens clouding. Example of OCTA image

of a study participant with distinct focal

lens clouding and subsequent laser light

absorption and signal extinction (signal

strength 10); display of original

perfusion image, map and trace.

FIGURE 6 Intraocular pressure in the control eyes and the interventional eyes before and after sub-Tenon's block. Box and whisker

plots showing IOP values (mmHg) in the control and interventional eyes before (A) and after (B) application of sub-Tenon's block. Box and

whisker plots showing IOP changes before and after application of sub-Tenon's anaesthesia in the control (C) and interventional eyes (D).
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4 | DISCUSSION

4.1 | Feasibility of volume-rendered
optical coherence tomography for retinal
perfusion assessment/monitoring in a
surgical setting

In this feasibility study, we sought for proof-of-concept
for applicability of volume-rendered OCTA for 3D assess-
ment and quantification of the retinal vasculature at the
micron-level in a surgical setting and ultimately to
explore the potential for intraoperative use. To this pur-
pose, we enrolled patients undergoing periocular anaes-
thesia, since published evidence suggests a reduction in
ocular blood flow. [28–30] In our study, imaging proce-
dures under real-life conditions in a surgical theatre were
overall successful. In all patients and eyes, it was possible
to acquire images of sufficient quality to be postprocessed
before and during the intervention. Thus, we demon-
strated the capability to obtain 3D OCTA-based retinal
vasculature assessment in challenging surgical settings
safely and noninvasively. Since we were able to perform
repeated imaging over a period of time, we further sup-
ported that it is possible to use this imaging technology to
continuously depict vessel size changes at the micron-
level and hence to monitor retinal perfusion during ocu-
lar procedures.

Beside our custom 3D vessel size quantification algo-
rithm, our analyses involved the conventional 2D vessel
quantification algorithm by AngioPlex Metrix, allowing for
direct comparison of the two methods. This first-ever line-
up of the two techniques revealed close correlation
between perfusion data, advocating reliability of the two
quantification modalities. Given the custom method's
much more sophisticated principle of work, these findings
support the rationale that the technique depicts and quan-
tifies retinal vasculature in much more detail and accuracy
(at the micron-level), whereas the conventional method
does so only very vaguely (percentage of moving pixels).

Striving to identify possible disruptive factors associ-
ated with the imaging process, we marked off motion
artifacts and signal deprivation/extinction phenomena in
our OCTA images, as well as differences in signal
strength as displayed by the device. We developed a
motion-artifact score, graded all images accordingly and
screened for correlations between 2D/3D OCTA-derived
vessel data and this score, as well as with signal strength.
No correlation was found between both 2D and 3D perfu-
sion parameters and our motion artifact score, which
may allow for the conclusion that both quantification
techniques are robust against this type of artifact. In con-
trast, we found a positive correlation between all three
perfusion parameters and signal strength. Although in

our cohort signal strengths were generally on high levels
that could be considered acceptable, it appears suggestive
that the differences in signal strength may have influ-
enced perfusion quantification at least partially. Lim and
colleagues reported on the dependence of 2D perfusion
density measurement outcomes on signal strengths. [11]
In view of our findings, it appears probable that volume-
rendering of OCTA data unfortunately cannot overcome
this vulnerability.

Since lens clouding was likely more pronounced on
the interventional side (patients were scheduled for cata-
ract surgery), it is conceivable that signal deprivation was
more prevalent on that side as well, likely affecting perfu-
sion quantification. Interestingly, obvious focal signal
extinction is not necessarily reflected in signal strength as
displayed by the device (see Figure 6 for an example of
pronounced signal extinction and maximum signal
strength), which makes the value of signal strength indi-
cation questionable and the grading, interpretation and
handling of signal deprivation/extinction phenomena
difficult.

Retinal imaging in a surgical setting depends on
many unknown variables possibly affecting imaging
accuracy, for example, the correct positioning of the
patient's head on the device, unsteady fixation, or dry
ocular surface. While signal deprivation and motion arti-
facts hence appear almost inevitable in monitoring cata-
ract patients in a dynamic surgical setting with current
OCTA technology, projection artifacts can principally be
removed using software algorithms. In our study, this
was not performed since the manufacturer's software
does not allow for combined raw data export and projec-
tion artifact removal. This could be considered a further
caveat to the imaging method being investigated here. In
this context, however, it is noteworthy that each OCTA
system uses a different technology for projection artifact
removal. So far, no consensus on a generally acceptable
procedure or threshold for a valid artifact level has been
reached. As complete raw data is provided, the measured
values are readily adjustable at any time which should
aid in future or further in-depth data analysis.

4.2 | Effect of periocular anaesthesia on
retinal blood flow

Regarding vessel size scrutiny, we first conducted analy-
sis based on averaged 3D vasculature data from before
and during periocular anaesthesia. This analysis showed
significant postinjection inter-group differences, yet no
significant intra-group differences. The lack of such dif-
ferences could be explained by a possible masking effect
due to averaging data obtained at different time-points
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relative to the anaesthetic application. Therefore, we used
a time-standardizing approach for our second examina-
tion. The results of this single-volume-based analysis sug-
gest that both 3D vessel parameters decreased
significantly within minutes after anaesthetic application
in interventional eyes, whereas again no relevant changes
could be observed in the fellow eyes. In our third analy-
sis, we used only the qualitatively best available images
before and during periocular anaesthesia. This analysis
again revealed a decrease in 3D vessel data following
anaesthetic injection, yet it was statistically insignificant.
However, in this dataset, the time span between anaes-
thetic injection and imaging was relatively large in many
cases, hence a more pronounced but transient vaso-
constrictive effect may have been missed.

Periocular anaesthesia has been associated with a
reduction in ocular blood flow and retinal vaso-occlusive
events, yet the mechanism behind this phenomenon
remained unclear. [16, 20] A direct compression of the ret-
inal vessels as a result of intraocular pressure (IOP) spikes
is unlikely, since sub-Tenon's anaesthesia does not appear
to be associated with significant IOP changes. [28, 33]
Instead, it is hypothesized that the anaesthetics exert a
pharmacological vaso-constrictive effect, thereby diminish-
ing retinal blood supply. [24, 27, 31, 32] Supporting this,
anaesthetic agents have been shown to reduce nitric
oxide-mediated relaxation of porcine ciliary arteries. [34]
Compared with other anaesthetics, mepivacaine is consid-
ered to have the least pronounced vaso-constrictive effect,
[35, 36] and we applied only 2 ml of mepivacaine solution
2%. Nonetheless and although likely confounded by imag-
ing artifacts, our findings appear to confirm a possible
reduction in retinal perfusion. No relevant changes in IOP
were measured, which is consistent with previous reports.
[28, 33] No correlation was found between postinterven-
tional vessel parameters and IOP or arterial BP in the trea-
ted eyes. Considering this, an IOP-mediated compression
of the ocular vessels or perfusion alterations caused by
arterial BP fluctuations are unlikely. Our data appear to
support the rationale of a direct pharmacological vaso-
constrictive effect as the cause of the presumed reduction
in retinal blood flow, seconding other investigators' recom-
mendation to be cautious when using periocular anaesthe-
sia, especially in patients with previously compromised
ocular perfusion (e.g., in diabetic retinopathy). [24, 28]

4.3 | Implications for research

Follow-up studies with larger cohorts of patients and
further evolved equipment allowing for continuous
imaging and real-time perfusion quantification are
necessitated to further explore the potential of 3D

OCTA for intraoperative use, as well as to investigate
the precise effect of different periocular/intracameral/
topical anaesthetic procedures on retinal blood flow in
health and disease. Currently, we are projecting sequel
studies involving a Zeiss OCTA prototype platform built
into an operating microscope for true intraoperative
imaging in patients with healthy retinas and ischemic
retinopathies.

5 | CONCLUSION

In conclusion, our study demonstrates the feasibility of
volume-rendered OCTA for providing 3D vasculature
assessment in a challenging surgical setting. Our study
further supports that using this technology is generally
possible to continuously depict and quantify small
changes in retinal vessel size at the micron-level and
thus to monitor retinal perfusion during ocular proce-
dures. The effect of signal strength and different types
of artifacts on vasculature quantification is yet to be
fully clarified. However, 3D OCTA appears principally
viable for intraoperative use. Volume-rendered OCTA
is a promising candidate to meet the need for a nonin-
vasive and safe method for intraoperative retinal perfu-
sion assessment.
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