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Improving visualization and 
quantitative assessment of 
choriocapillaris with swept source 
OCTA through registration and 
averaging applicable to clinical 
systems
Zhongdi Chu   1, Hao Zhou1, Yuxuan Cheng1, Qinqin Zhang1 & Ruikang K. Wang1,2

Choriocapillaris (CC) visualization and quantification remains challenging. We propose an innovative 
three-step registration and averaging approach using repeated swept source optical coherence 
tomography angiography (SS-OCTA) scans to conduct automatic quantitative assessment on CC. Six 
subjects were enrolled, each imaged at several locations with SS-OCTA from macular to equatorial 
regions using 3 mm × 3 mm scanning pattern. Five repeated volumes were collected for each subject. 
The complex optical microangiography (OMAG) algorithm was applied to identify blood flow in CC slab. 
An automatic three-step registration of translation, affine and B-Spline was applied to en face OCTA 
images of CC, followed with averaging. A fuzzy clustering approach was used to segment vasculature 
and flow deficits from the averaged images. The improvement in visualization of CC was evaluated and 
the average intercapillary distance was estimated by calculating the averaged capillary lumen spacing. 
A series of quantitative indices of flow deficit density, number, size, complexity index and aspect ratio 
index (FDD, FDN, FDS, FDCI and FDARI) were designed and validated with the increase of repeated 
scan numbers for averaging. Quantitative assessment was applied and compared on CC in macular 
and equatorial regions. The intercapillary distance was observed to be around 24 µm at macula and 
increased toward equatorial regions. All five quantitative indices (FDD, FDN, FDS, FDCI and FDARI) 
showed significant changes with multiple averaging and tend to become stable with repeated number 
of 4. Our proposed registration and averaging algorithm significantly improved the visualization of CC 
with SS-OCTA. The designed five indices for CC provide more options in the quantitative assessment of 
CC and are of great potentials in assisting the understanding of disease pathology, early diagnosis and 
treatment monitoring.

Choriocapillaris (CC) is a thin physiological layer permeated with dense capillary networks, located at the 
inner choroid between Bruch’s membrane and Sattler’s layer. Previous studies1–4 have reported close correlation 
between abnormal CC circulation and multiple retinal/choroidal diseases such as age-related macular degenera-
tion (AMD), diabetic retinopathy (DR), glaucoma etc. Therefore, improving the visualization of CC and its quan-
titative assessment is of great importance for advancing our understanding of diseases’ pathology, early diagnosis 
and treatment monitoring.

The microvascular network in CC has distinguishing morphologies at different regions. Histological studies5–8 
have shown that CC appears as a dense honeycomb pattern of freely interconnected capillaries separated by septa 
within the submacular region, while in posterior pole, equatorial and peripheral regions, CC shows a lobular 
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pattern where feeding arterioles and draining venules from deeper choroid join the segment from either the 
center or on the periphery of lobule8. The CC vessel diameter was measured to be 16–20 µm under the macular5,8. 
Dye-based angiography such as fluorescein angiography and indocyanine green angiography have been used to 
evaluate CC and observed similar patterns to histological images, but their limited resolution and effects of dye 
leakage prevent us from visualizing the CC at microscopic level9.

As a non-invasive imaging technology that uses repeated B-scans to contrast blood flow motions in tissue, 
optical coherence tomography (OCT) based angiography (OCTA)10–12 has drawn increasing attention recently for 
CC imaging13–25. Kurokawa et al.26 reported successful CC imaging using adaptive optics OCT (AO-OCT) with 
a 2.4 µm lateral resolution. Their home-built system achieved 0.75 and 1.5 μm/A-scan sampling rate along slow 
and fast scan direction respectively. Moreover, Gorczynska et al.13 also demonstrated CC imaging using a 1.7 MHz 
swept source OCT (SS-OCT) with a 14 µm lateral resolution. This high-speed system enabled high lateral sam-
pling rate (4 µm/pixel) and large number of repeated B-scans (10 repeats). Such designs successfully suppressed 
the noise caused by multiple scattering due to retinal pigmented epithelium (RPE) in CC imaging. However, 
most commercially available OCTA systems have lower lateral resolution (15–20 µm), larger pixel sampling rate 
(> = 10 µm/pixel) and fewer repeated B-scans (2–4 repeats). Such system specifications have demonstrated sat-
isfactory abilities for retinal vasculature imaging, but fall short of reliable visualization and quantification of the 
CC.

Within the confinement of commercial OCTA systems, post-processing technologies could be helpful to 
improve the quality of CC imaging. Recently, several studies21,27,28 have demonstrated that registering and averag-
ing multiple en face OCTA images could significantly improve image quality in both retina and CC with SD-OCT, 
yet the reported method requires a large number of repeated scans and relies on the integrity of normal retinal 
vasculature. Due to the complexity of CC vasculature, flow deficit (FD) area density has been used as an index 
to quantify CC with SS-OCT and was found to be closely correlated to diseases19,21,29,30. Zhang et al. used a nor-
mal database to assist the quantification of CC FD, while this approach is plausible, collecting such compre-
hensive database among multi-centers globally remains time consuming and challenging. Al-Sheikh et al. used 
Phansalkar’s local thresholding to segment CC vasculature from flow deficits, yet their segmented image seems to 
underestimate vasculature and overestimate FDs. Moreover, more indices for quantitative assessment of CC are 
in demand for clinical studies and evaluation of treatments.

In this study, we propose a novel approach to compensate the motion pattern of OCT systems with a three-step 
registration including translational registration, affine registration and B-spline registration, followed with aver-
aging. This will largely improve the image quality of CC for better visualization. For CC quantitative assessment, 
we also propose several reliable indices based on the resulting en face OCTA images of the CC. These indices 
include FD density, number, size, complexity index and aspect ratio index, and also with which to generate addi-
tional functional maps of FD binary map, perimeter map, length map, aspect ratio map, complexity map and 
size map. We hope these assessments will be of great help to quantitative analysis on the CC vasculature and its 
correlation with various diseases.

Methods
This cross-sectional, observational case series was approved by the Institutional Review Board at the University 
of Washington and was conducted following the tenets of the Declaration of Helsinki and the Health Insurance 
Portability and Accountability Act of 1996 regulations. Informed consents were obtained from all subjects before 
participation.

SS-OCTA imaging and CC slab generation.  SS-OCT data were obtained using a PLEX® Elite 9000 (Carl 
Zeiss Meditec, Dublin, California) with a 1060 nm central wavelength and a bandwidth of 100 nm. This system 
provides an axial resolution of ~5.5 µm in retinal tissue and a lateral resolution of ∼20 μm estimated at the retinal 
surface31. 3 mm × 3 mm scanning protocol was used for imaging, with 300 A-lines per B-scan and 300 B-scans 
repeated 4 time each location per volume. This provides a 10 µm/pixel sampling rate transversally. Recruited 
subjects were scanned at the fovea and in the equatorial region just outside of infero-temporal arcade. Complex 
optical microangiography (OMAGc) algorithm32 was used to generate OCTA volume and a semi-automated seg-
mentation algorithm33 was used to perform layer segmentation with necessary manual correction when needed. 
CC slab was defined as a 15 μm thick slab, starting 16 μm under the RPE13,15. En face CC OCTA images were 
generated using sum projection and linear display15. Standard image pre-processing was applied such as local 
illumination normalization34 to compensate for uneven illumination caused by overlaying anatomy such as RPE, 
floaters or vitreous opacity.

Registration and averaging.  Due to inevitable subject movement, repeated volume scans are required to 
be registered before averaging. Intensity based registration can be described as a convex optimization problem:

= μˆ ( )T argmin C T I I; , (1)F M

where IF is the reference (fixed) image and IM is the moving image to be registered. Tμ represents the registration 
transformation function with parameters μ. C is the mutual information cost function that quantifies the joint 
entropy of variables, and measures the difference between the fixed and registered images. The goal of optimiza-
tion is to find the optimal transformation coordinate parameters μ, that can minimize the difference between the 
reference image and moving image.

To compensate the motion pattern of OCT scans, we adopted a three-step registration approach that includes 
translational registration, affine registration and B-spline registration. This software is completely automatic and 
developed in house (R2016b; MathWorks, Inc, Natick, Massachusetts, USA). Translational registration roughly 
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eliminates large horizontal and vertical misplacement of two OCTA CC images. Then, affine transformation 
was performed to compensate for geometric distortions such as scaling rotation and shearing between two CC 
images. Lastly, non-rigid B-spline registration was performed to further refine the registration within the sub 
sectional images.

Once the images were registered, averaging can be performed to improve CC image quality for further quan-
tification. For each subject, we acquired single scan image, 2-scan averaged image, 3-scan averaged image, 4-scan 
averaged image and 5-scan averaged image. The computational process is described in Fig. 1. Parameters of global 
entropy35, global standard deviation, local texture correlation36 and peak signal to noise ratio (PSNR)37 were used 
to evaluate the improvement of registration and averaging algorithm.

Intercapillary distance measurement.  Power spectrum analysis has been widely used to determine 
collagen fiber orientation38, this method has also been adopted to assess average CC lumen spacing with both 
AO-OCTA and SS-OCTA13,26. Here, we used it to measure intercapillary distance (ICD) in macular CC and 
equatorial CC. Multiple areas of 650 µm × 650 µm region with clear CC vasculature and no motion artifacts were 
selected from three subjects in macular, posterior pole and equatorial regions. A two-dimensional power spec-
trum was generated and radially averaged. The cusp in the radially averaged plot represents the most prevalent 
spacing, which is the averaged intercapillary distance in the CC image.

Fuzzy c-means clustering for CC segmentation.  After registration and averaging, OCTA en face images 
of CC (Fig. 2A) were used for further quantitative assessment. Note that for better illustration purposes, we used 
scans from a patient diagnosed with chronic birdshot chorioretinopathy. We adopted a fuzzy clustering approach, 
Fuzzy c-means (FCM) to segment vasculature and FDs in CC, for its widely tested and validated efficiency in 
medical image segmentation, flexibility in membership determination, and practical spatial constraints39,40. This 
approach adjusts initial clusters based on partial membership of each site to other clusters to form final clusters 
that meet the criteria of homogeneity. Elbow method was applied to determine the optimal number of member-
ships for clusters41. That is, to increase the number of clusters until the variance between clusters explained over 
99% of total variances (Fig. 2B). In the resulting membership map (Fig. 2C), each pixel’s value was optimized from 
their original intensity to represent their membership (1–5 in this case) and was color-coded according to their 
membership number. CC FD map is generated by segmenting the first membership (Fig. 2D). After removing the 
projection artifacts42, this binary CC FD map is used for further quantifications.

Quantitative indices for CC assessment.  We designed a series of quantitative indices specifically for CC 
with an emphasis on FD. Similar to previously reported study43, we have generated binary CC FD map, CC FD 
perimeter map and CC FD skeleton map as shown in Fig. 3A–C. Additionally, we have calculated the size, aspect 
ratio and complexity index of individual CC FDs and color coded the values of each CC FD onto the binary CC 
FD map (Fig. 3D–F). Correspondingly, we defined a series of quantitative indices calculated from these six maps.

Flow deficit density (FDD) is defined as a unit-less ratio of the image area occupied by CC FDs to the total 
image area in the CC FD binary map:
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where A(i,j) represents white pixels in the binary CC FD map (Fig. 3A) and X(i,j) represents all pixels in the binary 
CC FD map. (i, j) Are the pixel coordinates in the OCTA image (assuming a n × n pixel array). A higher FDD 
value corresponds to more severe CC vasculature loss. We believe this parameter would be useful in most diseases.

Flow deficit aspect ratio index (FDARI) is defined as the average of all individual FD aspect ratios of major 
axis length to minor axis length.

Figure 1.  Illustration of the registration and averaging method to improve the image quality of the 
choriocapillaris. A series of repeated projection images were successively performed translation, affine and 
B-spline registration with the reference to the first scan, to eliminate the deformation and motion between 
images.
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Here, M(i) represents the estimated major axis length of each individual FD and N(i) represents the estimated 
minor axis length. i represents all individual FDs and x is the total number of FDs. FDARI can be used to repre-
sent the geometric shape of FDs and therefore contains morphological information. FDARI is similar to the axis 
ratio in quantifying foveal avascular zone (FAZ)44, and this index represents the irregularity and acircularity of 
CC FDs.

Flow deficit complexity index (FDCI) describes the morphological complexity of detected FDs, defined as:
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where P(i) represents the perimeter of each individual FD and A(i) represents the area of each individual FD. i 
Represents all individual FDs and x is the total number of FDs. FDCI describes the morphological complexity of 
FDs with an emphasis on the boundaries. A higher FDCI value corresponds to a more complicated shape of CC 
FDs.

Flow deficit number (FDN) is defined as the total number of FDs detected and Flow deficit size (FDS) is 
defined as the averaged FD size of all FDs detected:

Figure 2.  Illustration of the CC FDs segmentation using fuzzy c-means on a chronic birdshot chorioretinopathy 
patient. (A) Averaged OCTA CC image; (B) elbow method to determine appropriate number of clusters; 
membership is designated to each cluster of signals; (C) fuzzy c-means membership map of original CC image, all 
pixels were assigned into 5 different memberships based on fuzzy logic; (D) binary CC FD map, pixels presented in 
black represent identified CC FDs.
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where A(i,j) represents white pixels in the binary CC FD map (Fig. 3A). (i, j) are the pixel coordinates in the OCTA 
image (assuming n × n pixel array). An increase in FDN and FDS may indicate increasing number and expansion 
of non-perfusion areas or FDs. FDN and FDS together can resolve the differences between either a small number 
of large FDs indicating centralized and localized CC loss, or a large number of small FDs indicating scattered 
global CC loss, and hence provide more detail than FDD alone.

Statistical analysis.  Statistical analyses were performed using MATLAB (R2016b; MathWorks, Inc, Natick, 
Massachusetts, USA). Results were expressed using mean and 95% confidence interval (CI). Paired t-test were 
used to compare the FD measurements from different number of averages and two sample t-test was used to com-
pare the FD measurements of macular CC and equatorial CC. Pearson correlation was used for correlation tests 
and Bland-Altman analysis was used for agreement tests.

Results
Eleven eyes from six normal subjects (age: 26–67, 4 males, 2 females) were recruited in this study. Each subject 
was scanned at several locations from the fovea to the equatorial region and with five repeated volume scans.

Improving visualization of CC with registration and averaging algorithm.  Representative averag-
ing effects on OCTA images of macular and equatorial CC were shown in Fig. 4. Increasing averaging numbers 
largely improved the continuity of blood vessels and the overall contrast of the whole image. Furthermore, param-
eters of global entropy, global standard deviation, local texture correlation and PSNR confirmed the improvement 
from registration and averaging algorithm (Fig. 5). With increasing number of repeats, the global standard devi-
ation decreases as CC images become smoother. Similarly, local texture correlation and PSNR also increase with 
the increase of repeated scans. On the other hand, global entropy, a statistical measurement of the randomness, 
decreases with the increase of repeated scans.

Intercapillary distance is a key parameter to evaluate the normality of CC. An improved visualization of CC 
will result in more accurate measurement of ICD. OCTA images of three selected scans in macular, posterior pole 
and equatorial segments showed the distinguishing morphologies of CC (Fig. 6). This observation was consistent 
with previous histological anatomies5,6. Averaged ICD of CC was 22.2 µm, 23.5 µm and 23.8 µm for the three 
scans in macular, 23.2 µm, 23.8 µm and 25.8 µm in posterior pole, and 25.1 µm, 26.2 µm and 27.1 µm in equatorial 

Figure 3.  Visual illustration of quantification maps derived from CC FD map. (A) Binary CC FD map, white 
pixels represent identified FDs; (B) CC FD perimeter map, white pixels represents identified perimeter of FDs; 
(C) CC FD length map, white pixels represents identified center length of FDs; (D) CC FD aspect ratio map, 
color bar represents calculated aspect ratio of FDs, unit-less; (E) CC FD complexity map, color represents 
calculated complexity index of FDs, unit-less; (F) CC FD size map, color bar represents calculated size of FDs, 
unit is µm2.
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regions. Corresponding 95% confidence intervals were reported in Table 1. Polynomial curve fitting was then 
applied for ICD along macular, posterior pole and equatorial locations. The ICD is around 24 µm in macular 
regions and become larger toward equatorial regions as indicated by power spectrum analysis (Fig. 7).

Figure 4.  Improved visualization of macular CC and equatorial CC can be achieved by registration and 
averaging algorithm. Top row (A) macular CC of single scan, 2 scans averaged, 3 scans averaged, 4 scans 
averaged, and 5 scans averaged, respectively. Bottom row (B) equatorial CC of single scan, 2 scans averaged,  
3 scans averaged, 4 scans averaged and 5 scans averaged, respectively.

Figure 5.  Performance evaluation of registration and averaging algorithm against the number of averaged 
scans. (A) Global entropy (0–1); (B) global standard deviation (y-axis ranging from 0–255); (C) local texture 
correlation (y-axis ranging from 0–1); (D) PSNR using five averages as reference.
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Quantitative indices with multiple averaging.  We further evaluated the quantitative indices with mul-
tiple averaging on macular CC and equatorial CC. Figures 8 and 9 show a series of representative averaged CC 
images, CC vasculature and detected FDs in macular and equatorial CC, respectively. Projection artifacts were 
removed as colored in yellow. Averaging multiple scans helped smoothing CC vasculature and increased the 
continuity of blood vessels. For FD detection, averaged scans reduced speckle noises which resulted in less FDs.

Figure 6.  Power spectrum analysis of the inter-capillary distance for macular CC, posterior pole CC and 
equatorial CC, respectively. (A) Three selected 650 µm *650 µm regions of macular CC; (B) 2D power 
spectrum of macular CC in A; (C) example radially averaged power spectrum plot of macular CC. (D) Three 
selected 650 µm ∗ 650 µm regions of posterior pole CC (~4 mm away from fovea); (E) 2D power spectrum of 
macular CC in D; (F) example radially averaged power spectrum plot of posterior pole CC. (G) Three selected 
650 µm ∗ 650 µm regions of equatorial CC; (H) 2D power spectrum of equatorial CC in G; (I) example radially 
averaged power spectrum plot of equatorial CC. Scale bar represent 200 µm.

Mean (95% CI)

Macular CC Posterior pole CC Equatorial CC

Average CC lumens spacing (µm) 23.17 (21.05–25.28) 24.60 (21.97–27.22) 26.14 (23.64–28.62)

Table 1.  Descriptive statistics of CC lumens spacing using spatial power spectrum analysis.

Figure 7.  The inter-capillary distance increases as the increase of radial distance with respect to central fovea 
(depicted as degrees). X-axis indicates the estimated relative locations.
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FDD, FDN, FDCI, FDN and FDARI were calculated using single-scan OCTA images of CC as well as aver-
aged OCTA images with averaging number of up to five (Fig. 10). Significant paired t test results were denoted 
with *(p < 0.05), **(p < 0.01) and ***(p < 0.001) on corresponding plots. For FDD and FDCI, we found that 
each time of adding one more scan to register and average decreased significantly until four averaged scans were 
reached. Five-scan averaged CC OCTA images did not yield to significant difference in FDD or FDCI compared 
to four-scan averaged ones. FDN and FDS showed significant difference every time we increased the number of 
repeated scans for averaging. We did not find any significant differences in FDARI with the increased number of 
the repeated scans for averaging (data not shown).

For FDD, which is currently widely used in the literature for CC evaluation, correlation and Bland-Altman 
agreement plots were produced with increasing numbers of repeated scans for averaging (Fig. 11). Five-scan 
averaged CC were used as a reference for comparison. Correlation was good between single scan and five-scan 
averages (R2 = 0.77), with a mean difference of ~0.046 and limit of agreement of 0.021–0.070. Registration and 
averaging largely improved the correlation, with R2 increased to 0.95, 0.97 and 1.00 for two, three and four aver-
ages, respectively.

Quantitative assessment of macular CC and equatorial CC.  CC under macular and CC in the equa-
torial regions have been reported to have different vasculature patterns8 and this was also confirmed in visual 
presentations and measured ICDs discussed above. Quantitative assessment of CC provides more details of the 
differences in the two locations (Table 2). For FDD, we found that macular CC has a significantly lower FDD com-
pared to equatorial CC (5.35% vs 8.45%, p = 0.002). Equatorial CC were found to have larger FDS than macular 

Figure 8.  Visual illustration of CC FDs detection with averaging for the scans obtained from macular 
region. (Panel A) Macular CC OCTA images with single scan, three scans averaged, and five scans averaged, 
respectively. (Panel B) Macular CC vasculature segmented by fuzzy c-means algorithm with single scan, three 
scans averaged, and five scans averaged, respectively. (Panel C) Segmented macular CC FD with single scan, 
three scans averaged and five scans averaged, respectively.
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CC (432.20 um2 vs 358.96 um2, p < 0.0001). No significant difference was found in FDN between equatorial CC 
and macular CC. Moreover, for the morphology comparisons, equatorial CC showed a higher FDARI than mac-
ular CC (2.16 vs 1.95, p = 0.01). This indicates that the FDs are more elongated in equatorial regions which agrees 
with histological observations5–7. FDCI also yielded to a higher value in equatorial CC than macular CC (1.22 vs 
1.11, p = 0.02).

Discussion
In this study, we introduced and validated a novel approach of registration and averaging to improve the visualiza-
tion of CC, and provided multiple indices for quantitative assessment of CC using SS-OCTA. Our results showed 
that more averages produce better quality CC images and more distinct features of CC vasculature, and are in 
accordance with previous histology reports5–7. ICD was measured to be around 24 µm under macula and increas-
ing toward equatorial regions. Our five metrics for CC quantification were validated with multiple averaging and 
showed significant differences of CC under macula and in equatorial regions.

Unlike prior studies27 that relied on retinal vasculature for registration and averaging, we performed registra-
tion directly on CC vasculature. Since intact retinal vasculature is not required to perform averaging, our method 
can be applied in various diseased subjects such as DR subjects with severe vasculature loss, subjects with artery 
or vein occlusions and so on. This is illustrated with the BSCR patient (Fig. 2). Moreover, we can register and aver-
age CC under the FAZ, which could be of great importance to study AMD, whereas registration based on retinal 
vasculature cannot achieve this due to the avascular property of the FAZ.

Figure 9.  Visual illustration of CC FDs detection with averaging for the scans obtained from equatorial 
region. (Panel A) Macular CC OCTA images with single scan, three scans averaged, and five scans averaged, 
respectively. (Panel B) Macular CC vasculature segmented by fuzzy c-means algorithm with single scan, three 
scans averaged, and five scans averaged, respectively. (Panel C) Segmented macular CC FD with single scan, 
three scans averaged, and five scans averaged, respectively.
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Limited lateral resolution and sampling rate as well as speckle noises are the major challenges of com-
mercial OCTA systems in imaging CC in vivo. In this study, we were able to improve the visualization of CC 
by registering and averaging multiple OCTA scans. Even though this does not improve the system’s lateral 
resolution, it is very successful in reducing speckle noises that are prevalent in single scan images. We have 
demonstrated that registering and averaging multiple scans is a practical tool to improve CC imaging on 
commercial OCTA systems. According to the correlation and agreement analysis, multiple-scan averaged 
CC images are more ideal than single scan CC images. However, single-scan CC images could still be mean-
ingful in clinical studies where multiple averages are difficult to collect, since CC quantification based on 
single-scan image correlates well with CC quantification based on 5-scan averaged images (R2 = 0.77), yet 
with a mean bias of ~4.5%.

In this study, we have also designed a series of quantitative indices to describe CC FDs: FDD, FDN, FDS, 
FDARI and FDCI. FDD is the density of FDs that has been applied in previous studies of CC quantification. FDN 
is the number of total FDs detected while FDS is the averaged size of FDs detected. When two cases have the same 
FDD, FDS and FDN together can tell the differences between centralized and localized CC loss from scattered 
global CC loss. FDARI describes the aspect ratio of CC FDs, and similar concepts have been successfully used to 
detect abnormal FAZ in retina44. FDCI described the morphological complexity of FDs, with an emphasis on the 
boundaries. FDARI and FDCI together could indicate the shape and circularity of FDs. These indices could be 
useful to study the loss of CC in diseased cases as well as to longitudinally monitor the changes of CC in treatment 
monitoring and patient follow up. Encouragingly, our CC quantitative indices showed significant differences 
between macular CC and equatorial CC. This demonstrates that our quantification can detect the subtle differ-
ence in different CC vascular networks, indicating that it is highly possible that our quantitative analysis would be 
capable of detecting CC abnormalities in diseased cases too.

There are also limitations in our study. Firstly, our sample size is small (6 subjects). To rigorously validate our 
method a larger sample size will be needed for implementation in clinical settings. Secondly, we have not applied 
our analysis on diseased subjects clinically on a large scale. There could be potential downsides of averaging. For 
example, averaging might reduce low speed and intermittent CC blood flow that has a similar pattern as speckle 
noises. Generally speaking, averaging multiple CC scans would increase the specificity of detecting CC vascula-
ture and decrease the sensitivity. It is unlikely such potential downside would play a significant role in quantitative 
analysis but future studies on different pathological cases are warranted for further proof.

Figure 10.  Quantitative analysis of CC FDs with multiply averaged OCTA images. X-axis represents number 
of images averaged. Y-axis in (A) Flow deficits density; (B) Flow deficits number; (C) Flow deficits complexity 
index; and (D) Flow deficits size. *Denotes p < 0.05, **Denotes p < 0.01 and ***Denotes p < 0.001.
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Conclusion
We have shown that the three-step registering, and averaging algorithm based on multiple OCTA en face images 
of CC can largely improve the visualization of CC vasculature. The designed five indices of quantitative assess-
ment of CC as well as the corresponding functional maps demonstrated their capacity in detecting subtle differ-
ences in CC vascular networks at different locations. Overall, this technique hold promises for future quantitative 
assessment of CC in normal and diseased human eyes in vivo.

References
	 1.	 Cao, J., McLeod, D. S., Merges, C. A. & Lutty, G. A. Choriocapillaris degeneration and related pathologic changes in human diabetic 

eyes. Archives of Ophthalmology 116, 589–597 (1998).
	 2.	 Lutty, G., Grunwald, J., Majji, A. B., Uyama, M. & Yoneya, S. Changes in choriocapillaris and retinal pigment epithelium in age-

related macular degeneration. Mol Vis 5, 35 (1999).
	 3.	 Bhutto, I. & Lutty, G. Understanding age-related macular degeneration (AMD): relationships between the photoreceptor/retinal 

pigment epithelium/Bruch’s membrane/choriocapillaris complex. Molecular aspects of medicine 33, 295–317 (2012).
	 4.	 Spraul, C. W., Lang, G. E., Lang, G. K. & Grossniklaus, H. E. Morphometric changes of the choriocapillaris and the choroidal 

vasculature in eyes with advanced glaucomatous changes. Vision research 42, 923–932 (2002).
	 5.	 Yoneya, S., Tso, M. O. & Shimizu, K. Patterns of the choriocapillaris. International ophthalmology 6, 95–99 (1983).
	 6.	 Torczynski, E. & Tso, M. O. The architecture of the choriocapillaris at the posterior pole. American journal of ophthalmology 81, 

428–440 (1976).
	 7.	 Olver, J. Functional anatomy of the choroidal circulation: methyl methacrylate casting of human choroid. Eye 4, 262–272 (1990).
	 8.	 Fryczkowski, A. W. Anatomical and functional choroidal lobuli. International ophthalmology 18, 131–141 (1994).
	 9.	 Malamos, P. et al. The role of fundus autofluorescence imaging in the study of the course of posterior uveitis disorders. BioMed 

research international 2015 (2015).
	10.	 Zhang, A., Zhang, Q., Chen, C.-L. & Wang, R. K. Methods and algorithms for optical coherence tomography-based angiography: a 

review and comparison. Journal of biomedical optics 20, 100901–100901 (2015).
	11.	 Kashani, A. H. et al. Optical coherence tomography angiography: A comprehensive review of current methods and clinical 

applications. Progress in Retinal and Eye Research (2017).
	12.	 Chen, C.-L. & Wang, R. K. Optical coherence tomography based angiography. Biomedical optics express 8, 1056–1082 (2017).
	13.	 Gorczynska, I. et al. In Proc. of SPIE Vol. 1004510–1004511 (2017).
	14.	 Choi, W. et al. Choriocapillaris and choroidal microvasculature imaging with ultrahigh speed OCT angiography. PloS one 8, e81499 

(2013).

Figure 11.  Correlation and Bland-Altman plots of CC FDD with multiple averaged scans. (A) Comparing 
single scan CC FDD results with 5 scans averaged CC FDD results; (B) comparing 2 scans averaged CC FDD 
results with 5 scans averaged CC FDD results; (C) comparing 3 scans averaged CC FDD results with 5 scans 
averaged CC FDD results; (D) comparing 4 scans averaged CC FDD results with 5 scans averaged CC FDD 
results.

Quantitative indices

Mean (95% CI)

Macular CC Equatorial CC

FDD (%)* 5.35 (3.76–6.94) 8.45 (7.48–9.42)

FDS (µm2)* 358.96 (277.45–440.46) 432.20 (371.48–492.91)

FDN 1191 (760–1622) 1538 (1374–1704)

FDARI* 1.95 (1.90–1.99) 2.16 (1.97–2.33)

FDCI* 1.11 (1.03–1.19) 1.22 (1.15–1.29)

Table 2.  Descriptive stats of quantitative comparison of CC FDs in macular and equatorial regions. *Denotes 
p < 0.05.



www.nature.com/scientificreports/

1 2Scientific Reports |         (2018) 8:16826  | DOI:10.1038/s41598-018-34826-5

	15.	 Chu, Z. et al. Complex signal-based optical coherence tomography angiography enables in vivo visualization of choriocapillaris in 
human choroid. Journal of biomedical optics 22, 121705 (2017).

	16.	 Jia, Y. et al. Split-spectrum amplitude-decorrelation angiography with optical coherence tomography. Optics express 20, 4710–4725 
(2012).

	17.	 Jia, Y. et al. Quantitative optical coherence tomography angiography of vascular abnormalities in the living human eye. Proceedings 
of the National Academy of Sciences, 201500185 (2015).

	18.	 Gao, S. S. et al. Choriocapillaris evaluation in choroideremia using optical coherence tomography angiography. Biomedical optics 
express 8, 48–56 (2017).

	19.	 Borrelli, E. et al. Reduced choriocapillaris flow in eyes with type 3 neovascularization and age-related macular degeneration. Retina 
(2018).

	20.	 Moreira-Neto, C. A., Moult, E. M., Fujimoto, J. G., Waheed, N. K. & Ferrara, D. Choriocapillaris Loss in Advanced Age-Related 
Macular Degeneration. Journal of ophthalmology 2018 (2018).

	21.	 Al-Sheikh, M. et al. Quantitative Features of the Choriocapillaris in Healthy Individuals Using Swept-Source Optical Coherence 
Tomography Angiography. Ophthalmic Surgery, Lasers and Imaging Retina 48, 623–631 (2017).

	22.	 Klufas, M. A. et al. Optical coherence tomography angiography reveals choriocapillaris flow reduction in placoid chorioretinitis. 
Ophthalmology Retina 1, 77–91 (2017).

	23.	 Salvatore, S., Steeples, L. R., Ross, A. H., Bailey, C. & Lee, R. W. Multimodal imaging in acute posterior multifocal placoid pigment 
epitheliopathy demonstrating obstruction of the choriocapillaris. Ophthalmic Surgery, Lasers and Imaging Retina 47, 677–681 (2016).

	24.	 Ferrara, D., Waheed, N. K. & Duker, J. S. Investigating the choriocapillaris and choroidal vasculature with new optical coherence 
tomography technologies. Progress in retinal and eye research 52, 130–155 (2016).

	25.	 Whitmore, S. S. et al. Complement activation and choriocapillaris loss in early AMD: implications for pathophysiology and therapy. 
Progress in retinal and eye research 45, 1–29 (2015).

	26.	 Kurokawa, K., Liu, Z. & Miller, D. T. Adaptive optics optical coherence tomography angiography for morphometric analysis of 
choriocapillaris. Biomedical Optics Express 8, 1803–1822 (2017).

	27.	 Uji, A. et al. Choriocapillaris imaging using multiple en face optical coherence tomography angiography image averaging. JAMA 
ophthalmology 135, 1197–1204 (2017).

	28.	 Mo, S. et al. Visualization of radial peripapillary capillaries using optical coherence tomography angiography: the effect of image 
averaging. PloS one 12, e0169385 (2017).

	29.	 Spaide, R. F. Choriocapillaris flow features follow a power law distribution: implications for characterization and mechanisms of 
disease progression. American journal of ophthalmology 170, 58–67 (2016).

	30.	 Zhang, Q. et al. A Novel Strategy for Quantifying Choriocapillaris Flow Voids Using Swept-Source OCT Angiography. Investigative 
ophthalmology & visual science 59, 203–211 (2018).

	31.	 Meditec, C. Z. Carl Zeiss Meditec Plex Elite 9000 OCT 501(k) premarket report of FDA, https://www.accessdata.fda.gov/cdrh_docs/
pdf16/K161194.pdf (2016).

	32.	 Wang, R. K., An, L., Francis, P. & Wilson, D. J. Depth-resolved imaging of capillary networks in retina and choroid using ultrahigh 
sensitive optical microangiography. Optics letters 35, 1467–1469 (2010).

	33.	 Yin, X., Chao, J. R. & Wang, R. K. User-guided segmentation for volumetric retinal optical coherence tomography images. Journal 
of biomedical optics 19, 086020–086020 (2014).

	34.	 Sage, D. & Unser, M. Teaching image-processing programming in Java. IEEE Signal Processing Magazine 20, 43–52 (2003).
	35.	 Gonzalez, R. C., Eddins, S. L. & Woods, R. E. Digital Image Publishing Using MATLAB. (Prentice Hall, 2004).
	36.	 Soh, L.-K. & Tsatsoulis, C. Texture analysis of SAR sea ice imagery using gray level co-occurrence matrices. CSE Journal Articles, 47 

(1999).
	37.	 Morimoto, C. & Chellappa, R. In Acoustics, Speech and Signal Processing, 1998. Proceedings of the 1998 IEEE International Conference 

on. 2789–2792 (IEEE).
	38.	 Ayres, C. E. et al. Measuring fiber alignment in electrospun scaffolds: a user’s guide to the 2D fast Fourier transform approach. 

Journal of Biomaterials Science, Polymer Edition 19, 603–621 (2008).
	39.	 Aja-Fernández, S., Curiale, A. H. & Vegas-Sánchez-Ferrero, G. A local fuzzy thresholding methodology for multiregion image 

segmentation. Knowledge-Based Systems 83, 1–12 (2015).
	40.	 Zhang, D.-Q. & Chen, S.-C. A novel kernelized fuzzy c-means algorithm with application in medical image segmentation. Artificial 

intelligence in medicine 32, 37–50 (2004).
	41.	 Kodinariya, T. M. & Makwana, P. R. Review on determining number of Cluster in K-Means Clustering. International Journal 1, 

90–95 (2013).
	42.	 Zhang, A., Zhang, Q. & Wang, R. K. Minimizing projection artifacts for accurate presentation of choroidal neovascularization in 

OCT micro-angiography. Biomedical optics express 6, 4130–4143 (2015).
	43.	 Chu, Z. et al. Quantitative assessment of the retinal microvasculature using optical coherence tomography angiography. Journal of 

biomedical optics 21, 066008–066008 (2016).
	44.	 Krawitz, B. D. et al. Acircularity index and axis ratio of the foveal avascular zone in diabetic eyes and healthy controls measured by 

optical coherence tomography angiography. Vision research 139, 177–186 (2017).

Acknowledgements
This work was supported in part by the National Institutes of Health with a contract from National Eye Institute 
(R01-EY024158, R01-EY028753), Carl Zeiss Meditec Inc, and an unrestricted grant from the Research to Prevent 
Blindness, Inc., New York, NY. The funding organization had no role in the design or conduct of this research.

Author Contributions
Conception and Design: (Z.C., R.K.W.); Data collection (Z.C., Q.Z.); Analysis and interpretation (Z.C., H.Z., 
Y.C., Q.Z., R.K.W.); Witting the article (Z.C., H.Z., R.K.W.) I Critical revision of the article (Z.C., H.Z., Y.C., Q.Z., 
R.K.W.); Final approval of the article (Z.D.C., H.Z., Y.C., Q.Z., R.K.W.); literature search (Z.C., H.Z., Y.C., Q.Z., 
R.K.W.).

Additional Information
Competing Interests: R.K.W. received research support from Carl Zeiss Meditec Inc. R.K.W. received an 
innovative research award from Research to Prevent Blindness. R.K.W. discloses intellectual property owned 
by the Oregon Health and Science University and the University of Washington related to OCT angiography, 
and licensed to commercial entities, related to the technology and analysis methods described in parts of this 
manuscript. R.K.W. is a consultant to Carl Zeiss Meditec, and Insight Photonic Solutions. Z.C., H.Z., Y.C. and 
Q.Z. declare no potential conflict of interest.

https://www.accessdata.fda.gov/cdrh_docs/pdf16/K161194.pdf
https://www.accessdata.fda.gov/cdrh_docs/pdf16/K161194.pdf


www.nature.com/scientificreports/

13Scientific Reports |         (2018) 8:16826  | DOI:10.1038/s41598-018-34826-5

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://creativecommons.org/licenses/by/4.0/

	Improving visualization and quantitative assessment of choriocapillaris with swept source OCTA through registration and ave ...
	Methods

	SS-OCTA imaging and CC slab generation. 
	Registration and averaging. 
	Intercapillary distance measurement. 
	Fuzzy c-means clustering for CC segmentation. 
	Quantitative indices for CC assessment. 
	Statistical analysis. 

	Results

	Improving visualization of CC with registration and averaging algorithm. 
	Quantitative indices with multiple averaging. 
	Quantitative assessment of macular CC and equatorial CC. 

	Discussion

	Conclusion

	Acknowledgements

	Figure 1 Illustration of the registration and averaging method to improve the image quality of the choriocapillaris.
	Figure 2 Illustration of the CC FDs segmentation using fuzzy c-means on a chronic birdshot chorioretinopathy patient.
	Figure 3 Visual illustration of quantification maps derived from CC FD map.
	Figure 4 Improved visualization of macular CC and equatorial CC can be achieved by registration and averaging algorithm.
	Figure 5 Performance evaluation of registration and averaging algorithm against the number of averaged scans.
	Figure 6 Power spectrum analysis of the inter-capillary distance for macular CC, posterior pole CC and equatorial CC, respectively.
	Figure 7 The inter-capillary distance increases as the increase of radial distance with respect to central fovea (depicted as degrees).
	Figure 8 Visual illustration of CC FDs detection with averaging for the scans obtained from macular region.
	Figure 9 Visual illustration of CC FDs detection with averaging for the scans obtained from equatorial region.
	Figure 10 Quantitative analysis of CC FDs with multiply averaged OCTA images.
	Figure 11 Correlation and Bland-Altman plots of CC FDD with multiple averaged scans.
	Table 1 Descriptive statistics of CC lumens spacing using spatial power spectrum analysis.
	Table 2 Descriptive stats of quantitative comparison of CC FDs in macular and equatorial regions.




