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Purpose:Toevaluate themutual effect ofwidening thefieldof viewandmultiple en face
image averaging on the quality of optical coherence tomography angiography (OCTA)
images.

Methods: This prospective, observational, cross-sectional case series included 20 eyes
of 20 healthy volunteers with no history of ocular or systemic disease. OCTA imaging of
a 3 × 3-mm, 6 × 6-mm, and 12 × 12-mm area centered on the fovea was performed
nine times using the PLEX Elite 9000. We acquired averaged OCTA images generated
from nine en face OCTA images. The corresponding areas in the three scan sizes were
evaluated for the original single-scannedOCTA images and averagedOCTA imagesboth
qualitatively and quantitatively. Quantitative measurements included vessel density
(VD), vessel length density (VLD), fractal dimension (FD), and contrast-to-noise ratio
(CNR).

Results: Significant differences inVD, VLD, FD, andCNR (P<0.001)wereobserveddue to
the mutual effect of averaging and differences in scan size. Both qualitative and quanti-
tative evaluations indicated that the quality of 6× 6-mm averaged images was equal to
or better than that of 3 × 3-mm single-scanned images. However, the quality of 12 ×
12-mm averaged images did not reach that of 3 × 3-mm single-scanned images.

Conclusions: To some extent, multiple en face OCTA image averaging can compensate
for the deterioration in image quality caused by widening the field of view.

Translational Relevance: Multiple en face OCTA image averaging can be a technique
for acquiring wider field OCTA images with good quality.

Introduction

Optical coherence tomography angiography
(OCTA) is a recently developed technique that can
isolate the microvascular circulation from OCT image
data by detecting the motion contrast of blood flow
without intravenous dye injections.1–4 Recent techno-
logic advancements such as higher scan speed on
swept-source (SS)-OCTA have enabled the capture of
wider en face OCTA images than previously possible.
Given the importance of evaluating morphological

changes outside the macular area in patients with
diseases such as diabetic retinopathy and retinal vein
occlusion, there is a substantial need to develop OCTA
techniques that increase the size of the scanning area.
However, in general, a wider field of view yields wider
spacing between A-scans. Therefore, the image quality
or resolution of wider field OCTA is relatively lower
than that of traditional macular OCTA.5 Acquiring
wider field images with good image quality is necessary
for the accurate diagnosis of peripheral lesions and
accurate quantitative evaluation of peripheral lesions.
For this reason, methods that enable more accurate
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and clearer visualization of vessels on wider field
OCTA are desired.

Averaging of multiple en face OCTA images can
make discontinuous vessel segments more continu-
ous and reduce background noise, which can improve
image quality for the retinal and choroidal microvas-
culature.6–9 Recent studies have shown that averaged
OCTA images enable the observation of small micro-
circulation units known as arteriole–capillary–venule
(ACV) units in the superficial retinal plexus and
the meshwork structure of the choriocapillaris which
are hardly detectable on single unaveraged OCTA
images.8,10 However, to date, how OCTA averaging
improves image quality and affects quantitative evalu-
ation in wider field OCTA remains to be determined.

Therefore, in the present study, we assessed the
impact of multiple en face image averaging on wider
field OCTA images and aimed to investigate whether
averaged multiple OCTA images can approximate the
image quality of smaller field OCTA.

Materials and Methods

This prospective, observational, cross-sectional case
series was approved by the Institutional Review Board
of the Kyoto University Graduate School of Medicine
(Kyoto, Japan) and adhered to the tenets of the Decla-
ration of Helsinki. Written informed consent was
obtained from each volunteer prior to participation in
the study.

Participants

Twenty healthy volunteers with no history of ocular
or systemic disease were recruited for the study. We
analyzed data for one eye of each participant.

OCTA Imaging

The OCTA images were acquired using the PLEX
Elite 9000 (Carl Zeiss Meditec, Dublin, CA). The
PLEX Elite 9000 is a SS-OCTA instrument that uses a
swept laser source with a central wavelength of 1040 to
1060 nm (980–1120 nm full bandwidth) and operates
at 100,000 A-scans per second. For each participant,
one eye was imaged using the 3 × 3-mm, 6 × 6-mm,
and 12 × 12-mm scan protocols centered on the fovea
over 3 days (the Supplementary Table shows informa-
tion regarding each scan protocol). The examiners were
instructed to scan repeatedly until nine OCTA scans of
sufficient quality to meet prespecified acceptance crite-
ria were obtained in each scan protocol. These accep-

tance criteria included clear and sharp focus, few to
no artifacts (e.g., motion lines, blink artifacts), good
centration, and signal strength of 7 or higher. En face
images of the superficial capillary plexus (SCP; from
the internal limiting membrane to the inner plexiform
layer) and the deep capillary plexus (DCP; from the
inner plexiform layer to the outer plexiform layer) were
generated using the default setting of the manufac-
turer’s software. The inner plexiform layer was defined
as the layer at 70% of the inner thickness between the
internal limiting membrane and the outer plexiform
layer. All 3 × 3-mm, 6 × 6-mm, and 12 × 12-mm
images of each layer were exported at a size of 1024
× 1024 pixels with the default brightness and contrast
settings for further analysis (Fig. 1). Superficial vascu-
lar projections were removed using the projection
removal algorithm of the instrument software before
exporting the DCP images.

Multiple En Face Image Averaging

A central square area of 800 × 800 pixels was
cropped for registration and averaging. Nine en
face images from each layer were divided into nine
sectors and subjected to both linear and nonlin-
ear (elastic) image registration, following which the
nine sectors were stitched back together. These steps
were performed using ImageJ (National Institutes of
Health, Bethesda, MD), as described in detail in
our previous publication.6,7,11 Registration was first
performed on the SCP, and then this same transfor-
mation information was applied to the DCP. After
registration, the nine en face images from each layer
were compounded into a single image by projecting the
average intensity.

Qualitative Assessment

Qualitative image assessments were performed by
five graders (SM, TM, YA, RS, and TY). We used a
paired comparison approach to assess OCTA image
quality, as previously described.6,7 One case was
randomly selected, and all combinations of averaged
images and original unaveraged images of all scan
protocols (3 × 3, 6 × 6, and 12 × 12-mm) were
compared. A central square area of 400 × 400 pixels
in 6 × 6-mm images or 200 × 200 pixels in 12 ×
12-mm images was cropped to ensure comparison of
the same area shown in 3 × 3-mm images (Fig. 2).
Five graders performed independent comparisons of
30 pairs of OCTA images displayed horizontally in
random order on a computer monitor. The graders
were asked to compare image quality between pairs
based on three parameters: (1) vessel quality (contrast
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Figure 1. En face OCTA images of the superficial capillary plexus acquired using different scan sizes in the same participant: (A) 3× 3-mm
OCTA image; (B) 6 × 6-mmOCTA image; (C) 12 × 12-mm OCTA image. Shown are central square areas of 800 × 800 pixels (yellow square in
A), 400 × 400 pixels (red square in B), and 200 × 200 pixels (red square in C) in a 3 × 3-mm OCTA image, a 6 × 6-mm OCTA image, and a 12
× 12-mmOCTA image, respectively. The central areas were subjected to qualitative and quantitative assessments.

Figure 2. The central square area of OCTA images acquired using different scan sizes. (A–F) OCTA images of the SCP. (G–L) OCTA images
of the DCP. (A–C and G–I) Single-scanned OCTA images. (D–F and J–L) Averaged OCTA images generated from nine en face OCTA images.
(A, D, G, J) OCTA images with a scan size of 3× 3mm. (B, E, H, K) OCTA images scannedwith a scan size of 6× 6mm. (C, F, I, L) OCTA images
for a scan size of 12 × 12 mm.
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Figure 3. Central square area of binarized OCTA images acquired using different scan sizes. (A–L) Binarized OCTA images corresponding
to A to L of Figure 2.

and continuity), (2) nonvascular area quality (noise
level), and (3) overall image quality. A comparative
image quality score was assigned to each image pair as
follows: 2= substantially better quality for right image;
1= slightly better quality for the right image; 0= equal
image quality; –1 = slightly better quality for the left
image; and –2 = substantially better quality for the left
image.

Quantitative Measurements

Vessel density (VD), vessel length density (VLD),
fractal dimension (FD), and contrast-to-noise
ratio (CNR) were measured for both the SCP and
DCP.7,12–16 The VD was calculated as the ratio of the

area occupied by vessels divided by the total area of the
binarized image. The VLD was calculated as the ratio
of the area occupied by vessels divided by the total
area of the skeletonized image. The averaged en face
images were binarized using a modified version of the
previously reported method.1,2,7 Briefly, after process-
ing with a top-hat filter, the image was duplicated,
and a different binarization method was performed.
One image was processed first using a Hessian filter,
followed by global thresholding using Huang’s fuzzy
thresholding method. The other (duplicate) image
was binarized using median local thresholding. Then,
the two different binarized images were combined
to generate the final binarized image followed by
skeletonization, reducing all of the continuous white



Multiple Wider-Field En Face OCTA Image Averaging TVST | November 2021 | Vol. 10 | No. 13 | Article 16 | 5

Figure 4. Central square area of skeletonized OCTA images acquired using different scan sizes. (A–L) Skeletonized OCTA images corre-
sponding to A to L in Figures 2 and 3. In all images,white segmentswere eroded to a line with a single-pixel width.

segments to a line with a single-pixel width. The FD,
which represents the complexity of the vasculature,
was calculated on the skeletonized image using the
box-counting method.13,14 The FD can range from 0
to 2, and images with a more complex vessel branching
pattern will have a higher FD. After binarization and
skeletonization, a central square area of 400 × 400
pixels on 6× 6-mm images and a central square area of
200 × 200 pixels on 12 × 12-mm images were cropped
to analyze the same areas observed on 3 × 3-mm
images (Figs. 3, 4). These digital image processing
steps were performed automatically by ImageJ and its
plugin software.

For CNR calculation, a circular area within the
foveal avascular zone (FAZ) was selected as the

background region of interest (ROI), and the skele-
tonized vessels in the image were selected as the
foreground ROI. For SCP images, parafoveal vessels of
at least 100 pixels in length and bordering the FAZwere
selected. For the DCP, because the vessels were fainter
and less contiguous than those in the SCP, multiple
vessels near the FAZwere selected to create foreground
ROIs longer than 100 pixels in total length. The diame-
ters of circular background ROIs within the FAZ were
25 pixels, 50 pixels, and 100 pixels in 3 × 3-mm scans,
6 × 6-mm scans, and 12 × 12-mm scans, respectively.
The same background ROI was used for the SCP and
DCP of the same scan size using ROIManager, a built-
in function of ImageJ that records the exact location
of the ROIs. Similarly, the positions of the foreground



Multiple Wider-Field En Face OCTA Image Averaging TVST | November 2021 | Vol. 10 | No. 13 | Article 16 | 6

ROIs between single unaveraged OCTA images and
averaged OCTA images were matched. The CNR was
calculated as follows:

CNR = ( f − b)/
√

δ2f + δ2b,

where f and b are the mean gray values of the
foreground and the background, respectively, and δf
and δb are the standard deviations of the foreground
and background gray values, respectively.

Statistical Analysis

All values were expressed as the mean and standard
deviation.Differences inVD,VLD,FD, andCNRwere
assessed using repeated-measures analysis of variance
with Bonferroni correction. The scores generated by
the graders were analyzed using Nakaya’s variant of
Scheffe’s method of paired comparison. P < 0.05 was
considered statistically significant. All analyses, except
for Nakaya’s, were performed using SPSS Statistics 24
(IBM, Armonk, NY). Nakaya’s variant of Scheffe’s
method of paired comparison was performed using R
3.6.1 (RFoundation for Statistical Computing, Vienna,
Austria).

Results

The mean age of the included participants was 29.8
± 10.1 years (range, 21–69). Ten participants were
male, and ten were female. The Table shows the results
of subjective image quality assessments. In all scan
sizes, averaged OCTA images had significantly higher
scores than single OCTA images of the same size,
except for vessel quality and overall image quality of

12 × 12-mm SCP images. For all parameters, scores for
the 3 × 3-mm averaged images were highest, followed
by those for the 6 × 6-mm averaged images or 3 × 3-
mm single images. The scores for 6 × 6-mm averaged
images were higher than the scores for 3 × 3-mm single
images for some parameters (overall image quality for
SCP and DCP, vessel quality for DCP). There were no
significant differences in the other parameters.

The impact of scan size and averaging on microvas-
cular parameters is shown in Figure 5. For both the
SCP and DCP, significant differences in all parameters
were observed among the groups. VLD was lowest for
the 3 × 3-mm averaged images. For both the SCP and
DCP, VLD and FDwere lower in averaged images than
in single images of the same size. Regarding VD, there
was a significant difference between single images and
averaged images in the 3 × 3-mm SCP scans, 12 × 12-
mm SCP scans, 3 × 3-mm DCP scans, and 6 × 6-mm
DCP scans. In the SCP, CNR was highest in 3 × 3-mm
averaged images. (There was no significant difference
between averaged 3× 3-mm images and averaged 6× 6-
mm images.) CNR was higher in averaged images than
single images of the same size. A similar tendency was
observed in the DCP, although some of the pairs with
significant differences in the SCP did not exhibit signif-
icant differences in the DCP.

Discussion

In this study, we evaluated the mutual effect of
widening the field of view and multiple en face image
averaging on the quality of OCTA images. OCTA
images of different sizes centered on the fovea were
obtained from healthy eyes, and the effect of averaging

Table. Scores for Subjective ImageQuality Assessment of Original UnaveragedOCTA Images andAveragedOCTA
Images

S3 A3 S6 A6 S12 A12 Y (0.05)a Y (0.01)b

Superficial capillary plexus
Vessel quality 0.53 1.47 –0.10 0.53 –1.27 –1.17 0.44 0.54
Nonvascular area quality 0.30 1.43 –0.37 0.53 –1.17 –0.73 0.31 0.38
Overall image quality 0.30 1.43 –0.10 0.63 –1.17 –1.10 0.33 0.39

Deep capillary plexus
Vessel quality 0.03 1.30 –0.27 0.63 –1.20 –0.50 0.51 0.61
Nonvascular area quality 0.17 1.50 –0.70 0.53 –1.00 –0.50 0.46 0.56
Overall image quality 0.00 1.50 –0.43 0.70 −1.10 –0.67 0.38 0.46
S3, 3× 3-mm single OCTA images; A3, 3× 3-mm averaged OCTA images; S6, 6× 6-mm single OCTA images; A6, 6× 6-mm

averaged OCTA images; S12, 12 × 12-mm single OCTA images; A12, 12 × 12-mm averaged OCTA images.
aCalculated yardstick for 5% significance level.
bCalculated yardstick for 1% significance level.
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Figure 5. Differences in quantitative measurements between single-scanned OCTA images and averaged OCTA images acquired using
different scan sizes. (A, B) Vessel density; (C, D) vessel length density; (E, F) fractal dimension; (G, H) contrast-to-noise ratio in the superficial
capillary plexus (A, C, E, G) and the deep capillary plexus (B, D, F, H). There were significant differences in all parameters in both layers.
Significant differences between groups of the same scan size in the same layer (above the box) and significant differences between each
groupand3×3-mmsingleOCTA images (below thebox) are indicated. S, single-scannedOCTA images; A, averagedOCTA imagesgenerated
from nine OCTA scans. *P < 0.05; †P < 0.01; ‡P < 0.001.
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was evaluated both subjectively and objectively. Our
findings suggest that averaging enhances image quality
even in wider field OCTA. Moreover, our analysis
indicated that scan size and averaging exerted a signif-
icant impact on quantitative metrics.

Qualitative assessments indicated that, for all scan
sizes, averaged OCTA images were given higher scores
than single OCTA images of the same scan size.
(However, there was no significant difference in vessel
quality and overall image quality for 12 × 12-mm
SCP images.) Several studies have demonstrated that
averaging multiple 3 × 3-mm or 6 × 6-mm OCTA
images improves image quality by increasing vessel
continuity and reducing background noise.6,7,11,17 This
finding is in accordance with the results of the present
study, which further indicated that averaging multiple
OCTA images is effective even in wider field OCTA.
In our study, a larger field of view was associated
with a lower image quality rating for all parameters.
Meanwhile, the image quality of 6 × 6-mm averaged
images was equal to or better than that of 3 × 3-mm
single images. However, the image quality of the 12 ×
12-mm averaged images was less than that of 3× 3-mm
single images for both the SCP andDCP and 6× 6-mm
single images for the SCP.

Previous studies have reported that differences
in scan size affect the quantitative evaluation of
vessels.18,19 Our results also indicate that averaging
methods influence quantitative evaluation. For both
the SCP and DCP, VLD was lower in averaged images
than in single images of the same size. This result
may reflect a decrease in background noise, which may
have contributed to the decreased pixel number in the
averaged images. The results of the qualitative assess-
ment support this. Similarly, FD was lower in averaged
images than in single images of the same size in both
the SCP and DCP. Given that FD represents image
complexity and background noise, and spiny vessel
images contribute to an increase in FD,7 our results
suggest that averaged images exhibit less background
noise and smoother vessels than single images for all
scan sizes.

In both the SCP and DCP, FD was significantly
lower in 3 × 3-mm single images than in 6 × 6-
mm single images and significantly higher in 3 × 3-
mm single images than in 12 × 12-mm single images.
This result suggests that 6 × 6-mm single images
exhibit more background noise and rougher vessels
than 3 × 3-mm single images, and that 12 × 12-mm
single images depict less of the vasculature than 3 ×
3-mm single images. On the other hand, there was
no significant difference between the FD of 6 × 6-
mm averaged images and 3 × 3-mm single images.
This finding suggests that the quality of 6 × 6-mm

images approached that of 3 × 3-mm images by
averaging.

VLD was higher in 12 × 12-mm images than in 3 ×
3-mm images, whereas the FD was lower in 12 × 12-
mm images than in 3 × 3-mm images. When compar-
ing VLD in the same area among images with different
scan pattern sizes, attention should be paid to interpre-
tation. In this study, central square areas of 800 × 800
pixels, 400 × 400 pixels, and 200 × 200 pixels were
cropped to ensure comparison of the same area in 3
× 3-mm images, 6 × 6-mm images, and 12 × 12-mm
images, respectively. However, during skeletonization,
white segments were eroded to a line with a single-pixel
width for all scan sizes (Fig. 4). Thus, VLD was over-
evaluated in skeletonized images withwide scan pattern
sizes when comparedwith thosewith small scan pattern
sizes. This may explain why the FD and VLD were not
parallel.

In both the SCP and DCP, the CNR was higher
in averaged images than in single images of the same
size, in accordance with the results of the qualita-
tive assessment. On the other hand, in the SCP, the
CNR of 12 × 12-mm averaged images was higher
than that of 3 × 3-mm single images, in contrast to
the results of the qualitative assessment. The averaged
images generated from multiple OCTA images exhib-
ited small variations in gray values, which increased
CNR. However, slight misalignment during averaging
can blur the vessel boundaries, which did not affect
CNR because skeletonized vessels were selected as the
foreground ROI. This may explain in part the differ-
ence between the results of the qualitative and CNR
assessments.

Despite the usefulness of OCTA image averaging,
it is sometimes difficult to acquire a large number of
OCTA images in a patient’s eyes. Previous studies have
shown that, although the image quality improved as
the number of images used for averaging increased to
nine, the differences were smaller after five images.6,7
We also investigated the quantitative measurements
of averaged OCTA images generated from five scans
(Fig. 6). Although the FD was slightly higher in 6 × 6-
mm averaged images generated from five scans than in
3 × 3-mm single images, the FD was lower in averaged
images generated from five scans than in single images,
in all scan sizes, just like the averaged images gener-
ated from nine scans. If it is challenging to acquire nine
images, it is considered that an improvement in image
quality can be obtained even if the number of images
used for averaging is reduced as necessary.

In recent years, most OCTA devices have incor-
porated montage techniques that stitch multiple
OCTA images to acquire wider field images,20,21
and there are commercialized devices that have
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Figure 6. Differences in quantitative measurements due to the number of OCTA images used for averaging and the scan size. (A, B) Vessel
density; (C, D) vessel length density; (E, F) fractal dimension; (G, H) contrast-to-noise ratio in the superficial capillary plexus (A, C, E, G) and
the deep capillary plexus (B, D, F, H). Significant differences between groups of the same scan size in the same layer (above the box) and
significant differences between each group and 3 × 3-mm single OCTA images (below the box) are indicated. 1, single-scan OCTA images;
5, averaged OCTA images generated from five OCTA scans; 9, averaged OCTA images generated from nine OCTA scans. *P< 0.05; †P< 0.01;
‡P < 0.001.
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built-in software programs that average multiple
OCTA images.17 Moreover, some commercialized
OCTA devices include artificial intelligence (AI)-
assisted denoising functions.22,23 Our findings demon-
strate that the averaging technique is a valid option
for improving image quality in wider field OCTA.
However, further studies are required to determine
whether averaging multiple wider field OCTA images,
stitching multiple smaller images using a montage
technique, or AI-assisted denoising of single wider field
images is better for acquiring wider field OCTA images
with good quality.

Our study has several limitations that should be
considered when assessing our findings. First, our
sample size was small, and the study included mostly
young participants. Second, residual superficial projec-
tion artifacts may still have some effect on deeper layer
imaging despite the use of projection removal software,
as noted in a previous study.24 Finally, the accuracy
of the image registration between scans may affect the
quality of the averaged OCTA images.

In summary, our findings demonstrate that averag-
ing multiple OCTA images can improve image quality
for wider field OCTA. Although the image quality of
12 × 12-mm averaged images did not reach that of 3
× 3-mm single images, the image quality of 6 × 6-mm
averaged images was comparable to that of 3 × 3-mm
single images. Meanwhile, considering the significant
differences in quantitative data between single unaver-
aged images and averaged images, quantitative image
comparison between these two types of images is not
recommended. Further study is warranted to confirm
the usefulness of averaged wider field OCTA images as
a replacement for single unaveragedOCTA imageswith
a narrower field of view in patients with ocular diseases.
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