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Optical coherence tomography angiography (OCTA) has
increasingly become clinically important, particularly in
ophthalmology. However, the field of view (FOV) for cur-
rent OCTA imaging is severely limited due to A-scan rates
that can be afforded by current clinical systems and, more
importantly, the requirement of a repeated scanning proto-
col. This Letter evaluates the possibility of using only two
repeated B-scans for OCTA for the purpose of an increased
FOV. The effect of repeated numbers on the OCTA result is
discussed through experiments on an animal model in vivo
and evaluated using quantitative metrics for image quality.
Demonstrated through iz vive imaging of a pathological
human eye, we show that optical microangiography-based
OCTA with two repeated B-scans can provide wide-field
angiography up to 12 x 12 mm with clinically acceptable
image quality. © 2016 Optical Society of America

OCIS codes: (110.4500) Optical coherence tomography; (170.3880)
Medical and biological imaging; (170.2655) Functional monitoring
and imaging.
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Optical coherence tomography (OCT)-based angiography
(OCTA) is increasingly becoming one of the key imaging
technologies in the field of biomedical imaging, particularly
in ophthalmology [1-4]. Fluorescein angiography (FA) and
indo-cyanine green angiography (ICGA) are the de facto stan-
dard in imaging vasculature within the posterior pole of the
human eye. However, the need for the intravenous injection
of contrasting dyes and relatively long procedure time
(>10 min) make them less than ideal for routine and repeated
use in patients. In contrast, OCTA is a noninvasive, cost-
effective, rapid (seconds) and safe (without the need for dye
injection) imaging technique, and capable of providing three-
dimensional (3D) retinal vascular networks, thus having poten-
tial in the longitudinal monitoring of therapeutic treatment
of eye diseases. Owing to these attributes, OCTA has been rap-
idly moved into the clinic for the investigation of a number
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of retinal diseases, such as diabetic retinopathy ([2]), macular
telangiectasia ([5]), branch retinal vein occlusion ([6]), and age-
related macular degeneration ([7]).

OCTA relies on particle (e.g., red blood cells) motion to
contrast blood flow within a scanned tissue volume. This
motion contrast requires a time series of OCT signals at one
location to extract blood flow signals for OCTA reconstruction.
This is achieved by repeated B-scans at one location, a strategy
adopted by almost all of the current clinical OCTA systems.
The greater the number of repeated B-scans used, the better
the signal-to-noise ratio of the final OCTA. However, as the
number of repeated B-scans increases, the FOV becomes more
limited, given the constraint of current clinical OCT systems
with a maximal imaging speed of 100 kHz at best. As a con-
sequence, most published high-qualitcy OCTA results have so
far been limited to a FOV of 3 x 3 mm with N24 repeated
scans at one location. For example, Zhang er 4l [5] and
Kashani ez al. [6], respectively, studied neovascular macular te-
langiectasia type 2 and retinal vein occlusions using a prototype
swept source and spectral domain OCTA instruments (Carl
Zeiss Meditec, Inc.). B-scans were repeated four times at each
position and high-quality angiograms of retinal layers were pre-
sented. A recent study of choroidal neovascularization (CNV)
by Miere ez al. used the AngioVue OCTA system (Optovue,
Inc.) that utilized two consecutive orthogonal volume scans
with two repeated B-scans, resulting in a total of four repeated
B-scans at each location [7], providing reasonable OCTA
images of CNV. While these reports utilized four repeated mea-
surements, the imaging field of view (FOV) was limited to
3 x 3 mm. This fact has more or less slowed down the clinical
acceptance of OCTA when compared with FA or ICGA where
the imaging FOV is typically 30 deg or greater. As a reference, a
40 deg FOV is ~12 x 12 mm.

To achieve large FOV for OCTA imaging, we have used
a so-called “montage” scanning strategy [8] in which the imag-
ing volume is divided into M x M cubes, and each cube is
imaged sequentially. The results of individual cubes were then
stitched together to result in a retinal angiogram with a wide
FOV of more than 50 deg. While promising, this method is
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cumbersome, considering the relatively long total imaging time
(>120 s). Alternatively, another solution is to use fewer re-
peated B-scans during scanning. However, it is currently un-
clear how many repeated scans would be necessary to
achieve OCTA with clinically acceptable image quality. One
question is whether it is feasible to obtain images with a large
FOV by using fewer repeated B-scans (e.g., N = 2) while still
being able to visualize important pathological information. The
purpose of this Letter is to evaluate the effect of the number of
B-scans at one location on the final en-face angiograms using
OCT-based angiographic algorithms, and demonstrate the fea-
sibility of using only two repeated measurements. It is expected
that this Letter would provide useful guidance for the selection
of repetition numbers in OCTA.

To evaluate the effect of the repetition numbers on the final
OCTA results, we choose to use an ultrahigh sensitive optical
microangiography (OMAG) algorithm [9,10] because it uti-
lizes both amplitude and phase information available in
OCT signals to contrast blood flow and provides better
OCTA image quality compared with other algorithms [1], such
as speckle variance [11], decorrelation mapping [12], and phase
variance [13]. To eliminate the possible artifacts due to sample
movements, it would be ideal if a living sample is stable. For
this reason, we elected to image cerebral blood flow in an ani-
mal model for the purpose of this evaluation because the animal
can be immobilized under anesthesia during imaging. In the
experiment, one young adult mouse (strain: C57BL/6) was
used, and a cranial window was prepared for easy access to
the brain cortex.

To collect the datasets for evaluation, a spectral domain
OCT system operating at 1300 nm wavelength was
employed that had an A-scan rate of 92 kHz [14], enabling
a B-frame rate of 200 Hz, with each B-scan consisting of
400 A-line scans. The system had measured axial and lateral
resolution of ~6 pm in tissue. The OCTA scanning protocol
was similar to that described in [14], where a total of 400 scan
positions along the slow axis were obtained. At each position,
the B-scan was repeated 12 times. The FOV was 2 x 2 mm
(slow x fast axis). The resulting dataset was then subject to
the OMAG algorithm to generate the final OCTA results
by varying the repetition numbers of B-scans from 2 to 12.

Figures 1(a)—1(d) illustrate the en face vascular images of
mouse brain vasculature for NV = 2, 4, 8, and 12, respectively,
produced by a maximum amplitude projection (MIP) of the
OCTA results along a depth of ~0.5 mm below the cortical
tissue surface. 0.5 mm depth was chosen because the OCT sig-
nal was not severely attenuated at this range. It is evident that
the OCT angiogram becomes increasingly clearer with the in-
crease of N from 2 to 12. Surprisingly, the result from NV = 2
gives acceptable visible appearance of cerebral blood vessel net-
works, even though the experiment was conducted iz vivo. To
better visualize the differences, the region marked by the
white box in Figs. 1(a)-1(d) was magnified three times in
Figs. 1(e)—1(h), where the image quality difference among varied
N can be more appreciated as judged visually by the smoothness
of vessel networks and noise background of the image.

To objectively evaluate the images, we quantitatively as-
sessed the effect of N on the OCTA results. Two metrics sim-
ilar to the previous ones were employed [1]. These metrics
included vessel connectivity and the image signal-to-noise ratio
(SNR). To do so, a ground truth of the vessel network is re-
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Fig. 1. OCT angiograms of mouse brain vasculature generated by
varying the number of repeated B-scans: (a) N = 2, (b) 4, (c) 8, and
(d) 12, respectively. (e)—(h) are the magnified images corresponding to
the white boxes in (a)—(d), respectively. The bar = 500 pm in the
upper row and 150 pm in the lower row.

quired, which unfortunately is not available. To mitigate this
problem, we used the vascular networks resulting from V =12
[Fig. 1(d)] as a surrogate. Such treatment is reasonable because
the total scanning time for N = 12 amounted to ~12 s, which
is more than sufficient to capture all possible blood flow within
the scanned tissue volume. Furthermore, the averaging opera-
tion among all the 12 repeated scans would generate a final
image whose SNR approaches the true ground state.
Therefore, in this evaluation, Fig. 1(d) was considered as the
“ground truth” angiogram to generate the vessel area map
and skeletonized blood vessel network, upon which the vessel
connectivity and image SNR were calculated. The vessel area
map was obtained through morphological operations as de-
scribed in [15], where the original image was low pass filtered
and then binarized by a local adaptive threshold within a pre-
defined window size of 5 x 5 pixels. Figure 2(b) illustrates the
vessel area map, V'(x, y), resulting from the original image in
Fig. 2(a), I(x, y). Then, all the blood vessels in the vessel area
map were shrunk into one pixel width, resulting in a skeleton-
ized vessel network as shown in Fig. 2(c), which represent the
“true” vascular network, S(x, y), for all the pixels. Because the
relatively large vessels have higher intensity values as shown in
Fig. 2(a), the arterioles and venules with sizes more than 30 pm
[Fig. 2(d), M (x, y)] were excluded from the analysis to mini-
mize the effect of these vessels on the assessment of the vessel
connectivity and SNR. In doing so, three binary images of
V(x,y), S(x,7), and M(x,y) were generated that are used
to evaluate the images /y(x, y) produced from N = 2 to 12.
The vessel connectivity was calculated as

Connectivity = std [I(x, y)|[V(x,y)!==M(x)y)]::1]’ (1)

where the standard deviation of vascular intensity is evaluated,
the logical operator “!==" means “not equal”, and “==" denotes
“equal”. Hence, the smaller this value, the smoother the vessel.
The image SNR was calculated as the ratio of the signal mean to
the standard deviation of the background signals:

GNR = e (75 Go Dy ezt
std (755 )y (s et s ypie=o]

With the above definitions, the quantitative metrics were cal-

culated for /V ranging from 2 to 12. The results are illustrated

in Fig. 2(e), indicating that the repetition number at NV = 4
gives a good balance to obtain images with sufficient quality
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Fig. 2. Quantitative evaluation of OCT angiograms generated by
varying N. (a) “Standard” image; (b) vessel area map; (c) skeletonized
vascular map; and (d) larger vessel map with diameter > 30 pm, gen-
erated from (a). (e) Plot of vessel connectivity (blue) and image SNR
(red) by varying N. Bar = 500 pm.

to provide both subjective and objective assessment of the
results, which agrees well with the number (N = 4) currently
used in most commercial OCTA systems. Considered indi-
vidually, the vessel connectivity improves with the increase
of repetition times. The rate of improvement is steepest from
N =2 to 4. After N = 4, the improvement rate slows and
almost reaches a plateau at NV > 10, indicating that a further
increase of V > 4 would probably not provide a big advantage
in improving the vessel connectivity in the OCTA images. The
same conclusion is also true for SNR assessment. These objec-
tive assessments agree well with the visual assessment of the
images shown in Fig. 2. However, it was noticed that at
N =2, the OCTA image still gives a SNR value of 2.5.
According to the basic visual perception of a target in a noisy
background [16], an imagery with a SNR of >2 (3 dB) would
meet the visual requirement for humans to detect target fea-
tures within a noisy background. Therefore, the results from
just two repetitions of B-scans would still be useful for detecting
vascular features from the OCTA images, although the vessel
connectivity is low, and that might prevent quantitative assess-
ment of the OCTA images for clinical diagnostic purposes.
Thus, if the purpose is only for qualitative visual impressions,
then we may conclude that OCTA with N = 2 would convey
useful information to aid clinicians and physicians for a quick
qualitative evaluation of the overall vascular status. This con-
clusion for the repetition time of V = 2 is clinically important
for the following reasons: (1) it would translate to less time re-
quired to obtain OCTA images from patients provided that the
FOV is fixed, thus increasing patient compliance for imaging;
(2) on the other hand, it would provide us with an opportunity
to perform wider FOV scans on the sample because for a fixed
imaging duration, a greater number of A-scans for a B-scan can
now be afforded. The latter is more clinically plausible, for
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example, in retinal imaging of DR patient where it is desirable
to have wide-field scans on the retina so that the vascular in-
formation in the more peripheral regions can be visualized for
the clinical examination.

Based on the above analysis, we hypothesize that with the
OMAG algorithm, it would be feasible to generate a clinically
acceptable retinal vasculature map when N = 2 for visual as-
sessment in human subjects. To test this hypothesis, we con-
ducted clinical imaging on a patient diagnosed with DR using a
Zeiss swept source (1060 nm central wavelength) OCT angi-
ography prototype that has an A-line scan rate of 100 kHz.
Images were collected from the same patient using three
scanning protocols, covering a FOV of 3 x 3 mm (FOVa), 6 x
6 mm (FOVD), and 12 x 12 mm (FOVc) centered at fovea,
respectively. For the FOVa, the total number of B-scans is
1200 captured at a system frame rate of ~300 frames per
second, taking 4 sec to complete. Each B-scan consisted of
300 A-lines, while V = 4 was used at each lateral (or trans-
verse) position with 300 positions along the slow axis. For the
FOVDb, N = 2 was used at each of 420 lateral positions along
the slow axis. Each B-scan consists of 420 A-lines. One set of
volumetric scans had a total of 820 B-scans, also taking ~4 sec
to complete. In the FOVc, there were 500 lateral positions
along the slow axis that were sampled with N = 2. Within
each B-scan, there were 500 A-scans, and a total of 1000
B-scans were collected for one 3D scan, taking ~5 s. Because
the FOVa was collected with V = 4, it was straightforward
to generate the OCTA result for N =2 from the dataset
available. The results of the three FOVs are illustrated in
Figs. 3(a)-3(d), respectively.

Overall, agreement of the vascular appearance in OMAG
images at the central macular region was reached among
all the different scan protocols. Compared with Fig. 3(a),
the vascular networks in Fig. 3(b) look similar, but with better
smoothness of vessel connections (0.151 versus 0.162) and less
noise background (SNR = 2.98 versus 2.52), as expected.
Though produced with NV = 2, almost all the features in
Fig. 3(b) can be visualized in Figs. 3(c) and 3(d) with some
exceptions, such as the vessels indicated by the thin arrows. In
Fig. 3(b), the vessel pointed to by the thin arrow indicates the
good connection of two vasculature networks. However, this
connection is not obvious in Figs. 3(c) and 3(d). Nonetheless,
the results produced by N = 2 with a FOV of 6 x 6 mm and
12 x 12 mm carry more pathological information, particularly
in the peripheral regions away from central fovea, which can be
clinically important in the assessment of DR. For this DR case,
the dropout of the retinal vessel is appreciated better in the
larger FOV, e.g., those areas marked by stars and thick arrows,
which are not imaged in the 3 x 3 mm central macular scans.
The results speak for themselves, demonstrating the feasibility
of using N = 2 to obtain wide FOV OCT angiograms in hu-
mans. It should be noted that the quality of OCTA is affected
by the spacing between adjacent A-scans. In Fig. 3(a), the spac-
ing was 10 um, while it was 14.3 and 24 um for Figs. 3(c) and
3(d), respectively. The relatively larger spacing for wide FOVs
may also contribute to a decreased image quality of final OCT
angiograms, but the image quality in all these scans appears
to be similar, thus demonstrating the utility of this strategy
in routine clinical care.

The findings of this Letter are highly clinically significant.
By demonstrating that clinically useful OCTA images can be
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Fig. 3. OCTA images of a human subject diagnosed with diabetic retinopathy. (a) and (b) cover 3 x 3 mm with NV = 2 and 4, respectively.
(c) 6 x6 mm with V=2 and (d) 12 x 12 mm with N = 2. Bar = 1.0 mm.

obtained using OMAG and two repeated B-scan measure-
ments, we have shown that a larger FOV of up to 12 x 12 mm
can be achieved for the quick qualitative assessment of a
diseased eye so that regions of interest can be identified for
further detailed investigation. If necessary, the system can then
be used to focus on a region of interest for a smaller FOV, for
example 3 x 3 mm using four repeated B-scan measurements,
to visualize the vasculature in greater detail. The quantitative
analysis can then be conducted with high-qualitcy OCTA
images.

In summary, we have demonstrated that the use of NV = 2 is
feasible for OCTA to generate wide FOV imaging scans in hu-
mans. Evaluated from cerebral microcirculation imaging in an
animal model, we have shown that the vascular connectivity
(smoothness) and the image SNR improves with an increase
of N. The image SNR was ~2.5 when N = 2, which provided
the rationale for using an NV = 2 in OCTA to generate visually
and clinically useful angiograms from living subjects. Finally,
we demonstrated the clinical usefulness of using N = 2 to pro-
vide wide-field FOV imaging of up to 12 x 12 mm in patients,
thus increasing the utility of OCTA for ophthalmic imaging of
human diseases.
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