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Abstract 

Optical Coherence Tomography (OCT) and OCT Angiography (OCTA) techniques 

offer numerous advantages in clinical skin applications but the field of view (FOV) of 

current commercial systems are relatively limited to cover the entire skin lesion. The 

typical method to expand the FOV is to apply wide field objective lens. However, lateral 
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resolution is often sacrificed when scanning with these lenses. To overcome this 

drawback, we developed an automated 3D stitching method for creating high-resolution 

skin structure and vascular volumes with large field of view, which was realized by 

montaging multiple adjacent OCT and OCTA volumes. 

The proposed stitching method is demonstrated by montaging 3×3 OCT and OCTA 

volumes (9 OCT/OCTA volumes as one dataset with each volume covers 2.5cm×2.5cm 

area) of healthy thin and thick skin from 6 volunteers. The proposed stitching protocol 

achieves high flexibility and repeatable for all the participants. Moreover, according to 

evaluation of structural similarity index (SSI) and feature similarity index (FSI), our 

proposed stitched result has a superior similarity to single scanning protocol in large-

scaled. We had also verified its improved performance through assessing metrics of 

vessel contrast-noise-ratio (CNR) from 2.07±0.44 (single large-scaled scanning 

protocol) to 3.05±0.51 (proposed 3×3 sub-volume stitching method). 
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1 INTRODUCTION 

The diagnosis of a skin disease primarily involves visual inspection, often assisted by 

dermoscopy and skin biopsy. Naked eye inspection and dermoscopy can only provide 

limited information about depth of disease, 1 thus diagnostic accuracy may be relatively 

low in certain settings, such as with melanoma. 2 Skin biopsy is considered as the gold 

standard investigation in terms of providing detailed diagnostic information, but it does 

not provide immediate information and it is invasive and there are risks, such as 



infection, bleeding and scarring. 3 In recent decades, a non-invasive optical imaging 

modality, optical coherence tomography (OCT), has attracted attention, with respect to 

its use in diagnosing a range of skin conditions. Its advantages are of provision of 

tomography imaging with an acceptable imaging depth (~1.5-2mm) for skin and its 

excellent spatial resolution (micron-level axial resolution (~3–15μm) and lateral 

resolution (~5–20μm)). OCT angiography (OCTA) is a functional extension of OCT, 

which can easily visualize vascular structure by extracting the motion-contrasted 

information. 4, 5In the last decade, OCT and OCTA techniques have proven to be of 

clinical utility in terms of providing both quantitative and qualitative morphological 

evaluation of human skin diseases, such as basal cell carcinoma, 6-8 actinic keratosis, 9, 

10 inflammatory diseases (e.g. papule and psoriasis 11, 12), acne, 13 and wound healing. 

14 

Skin lesions vary in size, typically from a few millimetres to a few centimetres. 15 

Imaging of the integrity of the structure and microvasculature of a skin lesion may 

enable disease and treatment-response monitoring in some settings e.g., 1) to identity 

lesion boundaries to assist with definitive surgical excision; 2) to investigate 

quantitative information, such as epidermal thickness (ET) and vessel density (VD) 

across the extent of a lesion rather than only imaging a representative area, which may 

facilitate detailed characterisation and staging of disease. Currently, a single scanning 

dataset from a commercial Spectral Domain OCT (e.g., Telesto™ Series SD-OCT, 

Thorlabs Inc., Newton, NJ, USA 16) and a Swept Source OCT (e.g., Vega™ Series SS-

OCT, Thorlabs Inc., Newton, NJ, USA 17) can both cover a maximum 16 mm x 16 mm 



area using a wide field lens (OCT-LK4, Thorlabs Inc., Newton, NJ, USA). Even though 

it is proved to be effective compared with previous generations of OCT instruments, 

the scan range is still smaller than the skin lesions with large area (e.g., basal cell 

carcinoma and severe burning wound), which limits the clinical translation of OCT in 

the field of dermatology to define the integrated lesion margin.18, 19 Wang et al. 20-24 

reported dynamic OCT which is favourable to preliminary dermatological applications 

with 3D long range and wide FOV angiographic using SS-OCT. The technique is based 

on akinetic swept source associated with wide-angle camera lens in the sample arm 

which can provide a longer coherence length (>17 cm) and larger scan range for single 

mode operation. 24 According to the report, the maximum single-scan range can reach 

18 ×23 mm2 when used on normal human skin at the fingertip. 24 However, for larger 

scan ranges using an improved objective lens, it is always necessary to degrade the 

sample density when considering tolerance of patients. The sacrificed lateral resolution 

will reduce the accuracy of quantitative assessment in dermatology applications. This 

limitation can be improved by introducing a fully automatic 3-D adaptive montage 

algorithm for smaller and overlapped skin volume data to a larger field, which is an 

easily amenable improvement to different conditions of the OCTA system. 

There are many studies regarding stitching algorithms like Tearastitcher tool, 

Microscopy Image Stitching Tool (MIST), Fourier Shift Theorem and high-speed 

multiscale image for 3D montage of microscopic images. 25-28 OCT images cannot, 

however, be adapted to these algorithms because the process of mutual obstructer 

between different parts of the incident light beam will cause the severe speckle noises. 



Additionally, the brightness and contrast may vary in the overlapping area since the 

illumination angle and scattering effects are different in adjacent OCT scanning. 

Several research studies have been carried on a montage of OCT volume for ex-vivo 

biological tissue, including tooth, 29 temporal bone 30 and bladder. 31 However, for in-

vivo skin application, the unpredictable movement and complex distribution of 

reflecting angles leads to a signal-noise-ratio (SNR) gap. This problem is more 

prominently seen in OCT angiograms. A bulk motion arising from heartbeat or 

respiration can change the motion of the skin in the axial direction, which will cause 

signal loss (mostly showed as bright line artefacts) in the microvascular images. There 

are also reports on the specific application of montage to traditional 2D colour fundus 

retinal images and its 3D microvascular images in-vivo. 32-34 However, in comparison 

to this unique application in ophthalmology, less information relating to skin layers 

leads to less in the way of features extracted by B-scan images. Therefore, to establish 

accurate montage algorithms for dermatology applications, two important conditions 

should be satisfied: 1) high flexibility and universal applicability for use at different 

skin sites and different SNR performance of single data volume; 2) less misregistration 

stitching error and high speed for clinical demands. There is very limited published 

research extending to stitching of skin applications based on 3D OCT and OCTA 

volumes. 

In this study, an automatic 3D stitching algorithm was proposed to montage partially 

overlapping structure and angiography volumes for the purpose of expanding the FOV 

in dermatology applications. Each sub-volume was automatically flattened, segmented 



and denoised before stitching. A stitching approach based on Harris corner detector and 

random sample consensus (RANSAC) method was utilized to montage the en-face 

structure image. The corresponding en-face angiography image was then stitched by 

applying the same transfer parameters. After repeating the procedure for all depths, 

fully montaged 3D structure and blood flow volumes were finally formed. To reduce 

the artefacts introduced by sub-volumes with various SNR levels and imaging angle, 

multi-band blending, angle correction, and adaptive light compensation algorithms 

were applied. The stitching technique presented is expected to largely expand the FOV 

without sacrificing the lateral resolution, and the effective imaging depth. In addition, 

no requirement for extra hardware puts this technique at a considerable advantage to be 

easily applied in a variety of commercial or customized OCT/OCTA systems for clinical 

dermatology applications. 

 

2 MATERIALS AND METHODS 

2.1 Participants 

Six healthy adults (3 males and 3 females, age: 18 – 40 years old, numbered with #1-

#6), with no history of any skin or medical condition were enrolled in this study. Each 

participant was imaged at two sites, including right dorsal forearm (‘thin’ skin) and 

right palm (‘thick’ skin). The study was approved by the School of Science and 

Engineering Research Ethics Committee (SSEREC) of University of Dundee, which 

also conformed to the tenets of the Declaration of Helsinki. Written informed consent 

was obtained from all the volunteers before imaging.  



2.2 Experimental Setup 

A homebuilt handheld SS-OCT system was used in this study for data acquisition. The 

simplified schematic of the system is shown in Figure 1(A). The system utilized a 200 

kHz swept source laser (SL132120, Thorlabs Inc., Newton, NJ, USA) with a center 

wavelength of 1300 nm and a bandwidth of 100 nm, which provided an axial resolution 

of ~7 μm and a penetration depth up to 1.5 mm in skin tissue. The handheld probe was 

designed for comfortable handling while imaging, which was composed by a 2D galvo-

scanner, an objective lens (LSM03, Thorlabs Inc., Newton, NJ, USA), a built-in charge 

coupled device (CCD) camera (UC20MPE, Spinel USA LLC, Newport Beach, CA, 

USA) and a 6-inch liquid-crystal display (LCD). The physical lateral resolution of the 

system was approximately 20 μm in air. The laser power used for imaging was 

approximately 5 mW. There was also a 650 nm visible laser integrated in the system to 

act as a guideline for accurately targeting the sample arm to the region of interest.  

A 2 mm thickness and 60 mm diameter round cover glass was attached to the skin to 

flatten the skin surface and minimize the motion of the volunteer during the experiment. 

The hyper-reflection caused by the cover glass was minimized by applying a 2-degree 

tilted angle between the glass and the incident laser beam. Moreover, a drop of mineral 

oil (Mystic Moments, White Mineral Oil, Hants, UK) was applied between the skin and 

the glass to act as the refractive index matching medium 35 and to reduce the specular 

reflections from the skin. 36  

2.3 Imaging Protocol  

To exam the feasibility of the proposed 3D stitching algorithm, each participant was 



imaged using the following protocol at both skin sites, as shown in Figure 1(B). In this 

protocol, a large region of size of 16 × 16 mm2 (maximum scan range for objective lens 

LSM-03) was imaged by consecutively scanning 9 adjacent small regions of size of 7 

× 7 mm2. Each sub-region (S1-S9) had a center distance of 4.5 mm with an overlapping 

distance of 2.5 mm, corresponding to an overlapping ratio of approximately 35% (see 

Figure 1(C)). The center of each sub-region was marked by a surgical skin marker pen 

before imaging for guidance purpose. To validate the stitching results, a separate single 

scan (S_LR region highlighted by black dotted line) that covers the entire large region 

was also performed (illustrated in Figure 1(D)).  

All volumes with small and large FOV were acquired using a B-M scanning protocol 

37, where each B-frame was repeated 4 times at the same location for skin blood flow 

extraction. For each volume with small FOV, 600 A-lines formed one B-frame and 2400 

B-frames (600 locations × 4 repeats) formed one complete volume. For the volume with 

large FOV, one B-frame was consisted of 700 A-lines and one complete volume was 

composed of total 2800 B-frames (700 locations × 4 repeats). The scanning time for 

each small and large volumes were ~ 8 s and ~10 s, respectively, which were tolerated 

by health adults. The scanning protocol of above-mentioned validation experiment can 

be assumed as experimental set-up Ⅰ. 

In addition, to further demonstrate the performance of the proposed stitching algorithm, 

a region of size larger than the maximal FOV of the objective lens was also imaged for 

each participant at both skin sites (considered experimental set-up Ⅱ). This large region 

(size: 25 × 25 mm2) was also imaged by consecutively scanning 9 (3 rows × 3 columns) 



adjacent small regions, as shown in Figure 1(D, E). Each sub-region (T1-T9) had a size 

of 10 × 10 mm2, a center distance of 7.5 mm and an overlapping distance of 2.5 mm 

(overlapping ratio of 25%) between every two adjacent regions. The same B-M 

scanning protocol was also applied to create each sub-volume with a volume size of 

600 A-lines × 600 B-frames × 4 repeats and a scanning time of ~ 8 s.  

All spectrum data were acquired using a customized LabVIEW interface (LabVIEW 

2016, National Instruments Corp., Austin, TX, USA) and stored in the computer for 

post-processing. 

2.4 Data Processing 

Customized MATLAB scripts (MATLAB 2020a, MathWorks Inc., Natick, MA, USA) 

were employed to post-process the spectrum data. The structure information was 

obtained by performing the Fast Fourier Transform (FFT) on the spectrum data. The 

cross-sectional structure image at each location was then created by averaging the 4 

repeated B-frames. While the blood flow images were generated using a complex 

optical microangiography algorithm 38 35. 

2.5 Multi-volume 3D stitching 

The entire procedure applied to stitching multiple adjacent 3D structure and 

angiography volumes are shown in Figure 2, which consists of sub-volume flattening, 

denoising and segmentation, iterative 2D en-face structure and angiography images 

stitching and stitching artefacts correction.  

A. Sub-volume flattening, segmentation and denoising 



Before 3D stitching, each sub-volume requires to be pre-processed, including flattening, 

denoising and layer segmentation. An edge-detection-based surface flattening 

algorithm was employed to automatically extract the skin surface at each B-frame, as 

denoted as the blue dashed line in Figure 3 (A, B). Then, a slab with ~1140 μm (150 

pixel) thickness that measured from the skin surface was extracted for each sub-volume 

for skin layer segmentation. 

In this study, the flattened skin slab was automatically segmented to 4 layers, namely 

epidermis (ED), papillary dermis (PD), upper reticular dermis (URD) and lower 

reticular dermis (LRD). The ED layer was defined as the avascular region between skin 

surface and dermo-epidermal junction (DEJ). According to Israelsen’s definition39, 

DEJ was determined as a signal valley between epidermis and dermis. In this study, the 

first local minimum in the averaged B-scan depth profile (shown in Figure 3(E)) was 

regarded as DEJ in the dorsal forearm (‘thin’ skin) while in palm (‘thick’ skin), the 

second local valley was considered as DEJ (shown in Figure 3(F)). Based on these 

criteria, locations of DEJ in each sub-volume were then automatically detected. The PD, 

URD and LRD layer were determined based on Men’s definition 40 and segmented by 

moving the detected DEJ downward 190 μm (~ 25 pixel) and 570 μm (~ 75 pixel), 

respectively, as shown in Figure 3(C, D). 

Afterwards, a moving average intensity filter and a moving maximum-averaged 

intensity filter with kernel sizes of 15 pixels were applied to the segmented structure 

and angiography volumes in axial direction (z direction), respectively, to reduce the 

noise in the background. 



B. Iterative 2D en-face Structure and Angiography Images Stitching 

As illustrated in Figure 4(A), the pre-processed sub-volumes were stitched based on 

the en-face skin structure information to form a completely montaged 3D volume. In 

this study, the stitch process was started from DEJ layer as not enough feature (both 

structure and blood flow) can be used for overlapping region registration in the 

epidermis. The sub-volume stitching in the epidermis was then finished by directly 

applying the same registration parameters of DEJ layer. For the layers between DEJ 

and the end of LRD, they were stitched layer-by-layer using the features extracted from 

the en-face structure images. The corresponding flow volumes were then stitched by 

applying the same transformation matrices from structure volumes. 

In this study, en-face vascular networks were not utilized for overlapping region 

registration as vascular signal may have low SNRs in these regions due to motion 

during the data acquisition, as shown in the blue dashed box in Figure 4(D, E). 

Alternatively, in the en-face structure image, hair follicles and skin print are good 

features for overlapping region registration in both ‘thin’ and ‘thick’ skin (See Figure 

4(B, C)). As Harris-corner detector is insensitive to image background noise, geometric 

difference and image brightness variation 41, it was employed for skin structure feature 

detection. In each overlapping structural region, over 1000 key points were extracted 

by the Harris corner detector. To reduce the required computational power, less than 

100 key points were kept after adaptive non-maximal suppression filter 42, as depicts in 

Figure 4(B, C). The information of each remaining key point was saved in a normalized 

descriptor with a dimension of 64. As random sample consensus (RANSAC) method is 



able to find the most suitable warp or projection transform parameters with a grand 

degree of precision despite the presence of a large number of potential outliers in the 

OCT images, this method was employed in this study to match each key point in the 

overlapping region, filter out the possible mismatches from the putative matched key 

point pair list and generate the transformation matrix for image stitching 43, 44. After 

iteratively applying the corresponding transformation matrices on structure and 

vascular sub-volumes for all depths, the final montaged 3D volume formed. Figure 4(F, 

G) presents a montaged cross-sectional structure image and its corresponding montaged 

angiogram at the location denoted by a blue and a yellow rectangle in Figure 4(A), 

respectively, for a normal dorsal forearm. The dashed lines in variance color in each 

cross-sectional image denote the boundaries of each skin layer.  

C. Stitching Artefacts Correction 

Several stitching artefacts caused by intensity variance between each adjacent OCT 

volumes were generated during the image montage, including remaining image edges 

in the stitching area, uneven brightness, and image distortion. 

The remaining image edge (denoted by a green and red arrow) can be clearly seen in 

the overlapping region of both stitched structure (Figure 5(A)) and blood flow (Figure 

5(B)) images. To suppress this artefact, a multi-band blending algorithm was employed 

45, 46. The basic idea for this method was to expand images into a pyramid according to 

the frequency feature, then the high and low frequency components are weighted and 

superimposed according to different ways, e.g., blending low frequency components 

over a large spatial range and high frequency components over a short range. Finally, 



the components of each frequency band are added again obtain the fusion result. In this 

research, the highest pyramid level was set to 4 while Gaussian of standard deviation 

was set to 1. As we can see from Figure 5(C, D), after applying the multi-band blending, 

the remaining image edge was completely removed (denoted by a red arrow) in both 

montaged structure and blood flow images.  

In addition to the remaining image edge, various intensities of each sub-volume could 

also induce uneven brightness in a completely stitched image, as shown in Figure 5(E). 

In this study, a brightness compensation algorithm based on an adaptive Gaussian 

function was employed to mitigate this artefact 47. The Gaussian function could be 

expressed as follows: 

 𝐺𝐺(𝑥𝑥, 𝑦𝑦) = λexp (−
𝑥𝑥2+𝑦𝑦2

𝑐𝑐2 ) (1) 

Where c is the scale factor while λ is the normalization value. The estimated value of 

illumination component can be obtained below:  

 𝐼𝐼(𝑥𝑥,𝑦𝑦) = �𝜔𝜔𝑖𝑖[𝐹𝐹(𝑥𝑥,𝑦𝑦) ∗ 𝐺𝐺𝑖𝑖(𝑥𝑥,𝑦𝑦)]
𝑁𝑁

𝑖𝑖=1

 (2) 

Where 𝐹𝐹(𝑥𝑥, 𝑦𝑦) is original grey image. 𝐼𝐼(𝑥𝑥, 𝑦𝑦)describs the illumination component 

extracted and weighted by several different scale Gaussian functions at (𝑥𝑥,𝑦𝑦). 𝜔𝜔𝑖𝑖 is 

the weight coefficient of the illumination component extracted by the 𝑖𝑖 − 𝑡𝑡ℎ scale 

Gaussian function. N is set to 3 in this study while the weight coefficient of light 

component extracted from each scale is set to 1
3
. The local image brightness evaluated 

by this function was shown in Figure 5(F). Then, the brightness of the stitched image 

can be compensated using the following equation: 



 𝑂𝑂(𝑥𝑥,𝑦𝑦) = 255 ∗ �
𝐹𝐹(𝑥𝑥,𝑦𝑦)

255
�
𝛾𝛾

 (3) 

 

 𝛾𝛾=(
1
2

)
𝐼𝐼(𝑥𝑥,𝑦𝑦)−𝑚𝑚�

𝑚𝑚��  (4) 

Where  𝑚𝑚�  represents averaged brightness of the original stitched image, 𝐼𝐼(𝑥𝑥,𝑦𝑦) 

denotes the brightness of the compensated image. Figure 5(G) shows the image after 

adaptive brightness compensation.  

During the stitching, the algorithm could only keep the viewing angle perpendicular to 

the reference sub-volume, therefore, there was image distortion in the montaged en-

face image on the edge, as shown in Figure 5(H). This image distortion has chance to 

introduce potential quantification error in both structure and vascular morphological 

parameter analysis. Hence, it is important and necessary to correct this artefact. To do 

so, the following coordinate transformation was performed. Assuming the coordinates 

of four corners of the distorted image are 𝑃𝑃1(𝑋𝑋1, 𝑌𝑌1), 𝑃𝑃2(𝑋𝑋2, 𝑌𝑌2), 𝑃𝑃3(𝑋𝑋3, 𝑌𝑌3), 𝑃𝑃4(𝑋𝑋4, 

𝑌𝑌4), the four corners of the corresponding non-distorted image 𝑃𝑃1′(𝑋𝑋1, 𝑌𝑌1), 𝑃𝑃2′(𝑋𝑋1 +

𝑤𝑤,  𝑌𝑌1 ), 𝑃𝑃3′(𝑋𝑋1,  𝑌𝑌1 + ℎ ), 𝑃𝑃4′(𝑋𝑋1 + 𝑤𝑤,  𝑌𝑌1 + ℎ ) can be calculated, where w and h 

represent maximum width and height of new blank matrix. The global transform 

coefficient rot was then calculated by constructing a series of 

simultaneous equations using the coordinates of original and new corners as: 

 𝐴𝐴 =

⎣
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎡𝑋𝑋1 𝑌𝑌1 1 0 0 0 −𝑋𝑋12 −𝑋𝑋1 ∗ 𝑌𝑌1

0 0 0 𝑋𝑋1 𝑌𝑌1 1 −𝑌𝑌1 ∗ 𝑋𝑋1 −𝑌𝑌12

𝑋𝑋2 𝑌𝑌2 1 0 0 0 −𝑋𝑋22 −𝑋𝑋2 ∗ 𝑌𝑌2
0 0 0 𝑋𝑋2 𝑌𝑌2 1 −(𝑌𝑌2 + 𝑤𝑤) ∗ 𝑋𝑋2 −(𝑌𝑌2 + 𝑤𝑤) ∗ 𝑌𝑌2
𝑋𝑋3 𝑌𝑌3 1 0 0 0 −𝑋𝑋32 −(𝑋𝑋3 + ℎ) ∗ 𝑌𝑌3
0 0 0 𝑋𝑋3 𝑌𝑌3 1 −(𝑌𝑌3 + ℎ) ∗ 𝑋𝑋3 −𝑌𝑌32

𝑋𝑋4 𝑌𝑌4 1 0 0 0 −(𝑌𝑌4 + ℎ) ∗ 𝑋𝑋4 −(𝑋𝑋4 + ℎ) ∗ 𝑌𝑌4
0 0 0 𝑋𝑋4 𝑌𝑌4 1 −(𝑌𝑌4 + 𝑤𝑤) ∗ 𝑋𝑋4 −(𝑌𝑌4 + 𝑤𝑤) ∗ 𝑌𝑌4⎦

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎤

 (5) 



 𝐵𝐵 = [𝑋𝑋1 𝑌𝑌1 𝑋𝑋2 𝑌𝑌2 + 𝑤𝑤 𝑋𝑋3 + ℎ 𝑌𝑌3 𝑋𝑋4 + ℎ 𝑌𝑌4 + 𝑤𝑤]’ (6) 

 𝑟𝑟𝑟𝑟𝑡𝑡 = �
𝑎𝑎 𝑏𝑏 𝑐𝑐
𝑑𝑑 𝑒𝑒 𝑓𝑓
𝑔𝑔 ℎ 1

� = 𝑖𝑖𝑖𝑖𝑖𝑖(𝐴𝐴) ∗ 𝐵𝐵 (7) 

Where a to h are the calculated transforming coefficients. After obtaining the 

transforming coefficients matrix 𝑟𝑟𝑟𝑟𝑡𝑡, it is essential to find the relationship of original 

coordinate (𝑖𝑖, 𝑗𝑗) to the new coordinate (𝑥𝑥,𝑦𝑦) in an iterative way. The problem can be 

transformed into the following equation: 

 𝑤𝑤 = 𝑔𝑔𝑦𝑦 + ℎ𝑥𝑥 + 1 (8) 

 [𝑥𝑥 ∗ 𝑤𝑤 𝑦𝑦 ∗ 𝑤𝑤 𝑤𝑤] = 𝑟𝑟𝑟𝑟𝑡𝑡 ∗ [𝑖𝑖 𝑗𝑗 1] (9) 

where the shear transformation coefficient of g and h is acquired in Equation (7), i 

and j represent the grid of the non-distorted image.  

After finding the relationship between [𝑥𝑥,𝑦𝑦]  and [𝑖𝑖, 𝑗𝑗]  using the above equation, 

nearest-neighbor interpolation (or bilinear interpolation) was applied to effectively find 

pixel from original stitched imaging to the corresponding new blank matrix without 

hollow artifact. The angle of en-face projection imaging in row had been corrected 

which basically lies in a horizontal line presented in Figure 6(I). 

D. Stitching Accuracy Assessment 

Structural similarity index (SSI) and feature similarity index (FSI) are two indices to 

quantify the similarity between two vascular images, which were employed in this study 

to assess the stitching quality of the proposed algorithm 48, 49. The SSI method is capable 

to capture the loss of structure in the image based on the computation of three major 



aspects (luminance, contrast and structural) while FSI is considered a represent 

complementary aspects of the assessment of image similarity based on its salient low-

level features (such as edges and zero-crossings). These two indices have a range from 

0 to 1 which represent no similarity to perfectly similarity. Moreover, it is important to 

state the values of SSI and FSI higher than 0.95 reflect a superior similarity 48, 49. To 

assess the stitching quality, SSI and FSI quantified from the stitched flow image and 

the flow image from a single scan were compared at three depth layers. It is worth 

noting that an adaptive binary operation was applied to these flow images before the 

index quantification for the purpose of highlighting the blood flow information and 

removing the background noise.  

 
 

3.  RESULT 

In the set-up of experiment Ⅰ, Figure 6 depicts the similarities of proposed stitching 

binary vascular image in three different layers with large-scaled scan. According to the 

averaged SSI and FSI, there are superior structure and feature similarities between two 

scanning protocol. The error result confirms the proposed stitching method has a high 

capability of solving angle distortion of separated testing. The decreased similarity in 

the LRD layer is because of its relatively low SNR in the deeper area. Although error 

is relatively larger in deep layer, we find it to be acceptable because the result was not 

shown severe ghost artifact and discontinuity vessel. 

The resultant en-face microvascular imaging of the proposed stitching method and 

corresponding single large-scaled scanning are illustrated in Figure 7. The OCTA result 



from volunteer #5’s arm (115 to 335μm) and palm (235 to 455μm) using proposed 

stitching method is showed in Figure 7(A, C), using large-region scanning is showed 

in Figure 7(B, D). The Figure 7(E-H) is the zoomed views of the red dash regions in 

Figure 7(A-D). Although the scanning range of the two methods is designed to the 

same, it shows slightly difference due to error of marking. Non-overlapping region is 

cropped manually for further comparison. The thin yellow arrows indicated are the tiny 

vessel disappeared or had a worse connectivity in single scanning set-up than proposed 

stitching method due to its lower scanning density. Additionally, the appearance is 

smoother and less noisy using proposed 3×3 stitching scanning protocol. We selected 

CNR to quantify the quality of en-face vascular images in all-depth of 3×3 proposed 

stitching protocol and single scanning protocol:  

 𝐶𝐶𝐶𝐶𝐶𝐶 =
𝐼𝐼(𝑥𝑥,𝑦𝑦)𝑃𝑃(𝑥𝑥,𝑦𝑦)==1������������������� − 𝐼𝐼(𝑥𝑥,𝑦𝑦)𝑃𝑃(𝑥𝑥,𝑦𝑦)==0�������������������

𝜎𝜎𝐼𝐼(𝑥𝑥,𝑦𝑦)𝑃𝑃(𝑥𝑥,𝑦𝑦)==0
 (8) 

where P(x,y) is binary imaging of I(x,y) after 0-1 normalization and adaptive 

thresholding operation. The mean CNR of en-face vascular for single scanning and 

stitched protocol is evaluated as 2.07 ± 0.44 and 3.05 ± 0.51 respectively, demonstrating 

an improved imaging quality for proposed stitching method. 

In experiment setup II, the satisfactory 3D stitching OCT and OCTA result is obtained 

for all the participants (#1-#6). Figure 8 shows an example which comes from 

volunteer # 1. Figure 8(A, H) is the stitched color-coded MIP vascular images for all 

depths, where yellow represents capillary located at the PD layer while blue represent 

the relatively big vessels in LRD layer. Figure 8(B-D) and Figure 8(I-K) show the 



MIP of stitched microvascular images for three segmented slabs (PD, URD, and LRD 

layer) of dorsal forearm and palm, respectively. The connectivity of stitched 

microvascular are preserved in the overlapping region which therefore indicates the 

proposed algorithm which is effective and accurate in stitching. From the superior 

resolution of vascular imaging, it is clear to visualize whilst features differed between 

each layer, they were all intact and homogenous in distribution (vessel along with hair 

follicle and palm print) and with the increasement of depth, vascular lumen eventually 

acquires more thickness. Figure 8(E-G) and Figure 8(L-N) presents the corresponding 

en-face structure mapping imaging of Figure 8(B-D) and Figure 8(I-K) respectively. 

Improved natural transition of boundary and uniform global intensity is showed even 

the separated data volume has variance of SNR. 

4 DISCUSSION 

Wide-field 3D OCT and OCTA techniques are of proven importance but there have 

been difficulties in translating these techniques into clinical practice. To our knowledge, 

little research has been conducted in stitched large-scale OCT in the field of 

dermatology. This proposed method was tested on data sets consisting of 3×3 partially 

overlapping squared OCT and OCTA images matrix volume in a sequential order, 

covering a total FOV up to approximately 25 mm × 25 mm.  

At the core of the stitching scheme is the 2D Harris corner and RANSAC estimation to 

stitch each sub-volume at each depth and then conjugate every depth of stitched en-face 

frame to make a 3D volume. For the specific application to skin, selection of the 

microvasculature as a registration feature can be somewhat problematic for the 



following two reasons. Firstly, the artifacts caused by bulk motion during experiment 

would always appear as bright lines and speckle noise resulting in loss of signal. 

Unfortunately, this vague region usually occurs at the edge of imaging which possibly 

locates in the stitching overlapping region. Secondly, the standard skin test in the 

hypodermis region may show a variation of SNR for a large unidirectional vessel 

thereby leading to inaccurate interpretation of the data. To bypass these drawbacks, the 

structural information follicle and palm print can be used as a good characteristic 

feature with less bulky noise and clearer features in deeper regions of the skin. The 

same non-rigid transform parameters can be utilized directly to the microvascular layer 

by layer without any ghost effect because such vascular features have been correlated 

with structural traits as the vasculature generates along its hair follicle and palm print. 

Scale-Invariant Feature Transform (SIFT) is a common stitching method used in the 

medical field. However, its computation complexity is much higher than the proposed 

improved Harris corner stitched method. Additionally, its advantages are not helpful for 

this specific skin application due to the fact that each scanning is strictly controlled at 

the same scale in our set-up.  

To increase the robustness of the technique during sharp translation of the structure or 

when vessels are disconnected in the en-face imaging, the multi-band blending and 

adaptive light compensation algorithm is considered as the best strategy. Moreover, the 

various additional quantitative information available, such as the vessel diameter index 

23, density 13, 40 , tortuosity 50, Fractal Dimension 50, and others, would be more 

significant and further add to the appeal of this technique for use in a wide variety of 



clinical and research settings. However, the feasibility of this technique can be impaired 

when considering that the alteration of the vessel morphology may occur after stitching. 

It is thus reasonable to apply an adaptive software correction mentioned in section 2.5 

(C) to adjust this output distortion sight. Additionally, 25% overlapping region is ideal 

setting which have enough detectable features, meanwhile the efficiency of montage 

has been improved. The stitching algorithm was realized in MATLAB. No effort was 

made to optimize for speed. Given a set of 9 squared OCT data sets, the computation 

time for the montage was approximately 3 minutes (~1.2s / en-face imaging).  

Three valuable clues have been collected to confirm its high accuracy and reliability 

via qualitative and quantitative analyses. 1) After stitching each en-face image in a 

different layer and a completed layer, appendage and morphology information is 

registered simultaneously in the cross-section view. 2) Compared with single scanning 

for the same area with reduced scanning density, the presence of stitched vessel is 

enhanced according to the value of CNR. Moreover, no distorted vessel lumen and no 

clear stitched boundary line is shown in the final 3-D stitched vascular images. 3) In 

order to evaluate a similarity between the proposed method and single scan method 

quantitatively, SSI and FSI are selected. This result further confirms the relatively small 

change of vascular morphology would have a relatively small impact on quantitative 

analysis in clinics. Thus, the three-dimensional 3×3 volume set-up is promising to be 

extend into a larger scale which covers the ROI with an acceptable resolution to meet 

specific clinical requirements based on the different types of skin disease studied. The 

significant improvement of the scanning area in OCT and OCTA makes it possible to 



consider integrating this with dermoscopy, with a similar FOV and ultimately to 

consider this for inclusion within the spectrum of non-invasive techniques available to 

enhance routine clinical examination in the field of dermatology. 

The proposed method has various advantages in terms of ease of use, accuracy, high 

tolerance and stability, but this study suffers one limitation in terms of the sample size 

being significantly small (only 6 participants). Hence, this technique requires 

evaluation in a larger studies of skin conditions. We anticipate that dermal pathology, 

such as increased dermal collagen deposition, will be readily defined through en-face. 

The ability to image the large-view dermo-epidermal junction and the cutaneous 

vasculature would be a considerable advantage of this technique in a wide range of 

inflammatory, autoimmune, and neoplastic skin conditions. Additionally, whilst the 

data acquisition time for multi-volume scanning is relatively lengthy for patients, the 

dual-beam/multi-beam system based on SS-OCT is promising as would reduce 

scanning times by half 51.  

 

5 CONCLUSIONS 

This proposed 3D stitching algorithm has successfully overcome the various major 

disadvantages of small scan volumes for OCT when applied in the field of dermatology, 

by enabling the precise imaging of larger areas in various smaller sections and 

combining them into a stitched 3D model. In this method, the stitching starts from the 

dermo-epidermal junction to the effective penetration depth of the skin and then 

matching points are detected and matched by Harris corner and RANSAC layer by layer 



with multi-band blending, angle correction, and adaptive light compensation algorithm 

for a better visualization in skin imaging. This methodology enables optimisation with 

more OCT information, with potential for inclusion as a non-invasive imaging 

technique to assist with examination and diagnostic accuracy in the field of dermatology.  
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FIGURE 1. System set-up and scanning protocol for proposed stitched method in skin. (A) 



Schematic of the customized handheld swept-source optical coherence tomography system. (B) 

Photography of healthy arm (volunteers #2) with 9 marked points as validation experiment 

(experiment set-up Ⅰ). Highlighted by red dashed box are ROI. (C) Scanning methodology for 

stitched of overlapped 3×3 small region (S1-S9). (D) Scanning methodology for single large 

scanning (S_LR marked as dotted line) in the same area of (C) for comparison. (E) Photography 

of healthy arm (volunteers #2) with 9 marked points (experiment set-up Ⅱ). (F) Scanning 

methodology for stitched of overlapped 3×3 small region (T1-T9) to form larger FOV (25mm 

× 25mm). PC: Polarization Controller; C1, C2: Collimator; Galvo: Galvanometric Scanner; L1, 

L2: Scan Lens; Scale bar represents 1 cm. 

 

 
FIGURE 2. Flow chart outlining the procedure of stitching OCT and OCTA volume in skin. 
 



 

FIGURE 3. The procedure of sub-volume flattens, layer segmentation and denoising. (A), (B) 

is representative OCT cross-section structure images of arm and palm from SS-OCT, 

respectively. The blue dashed line marking the surface tracing is performed automatically. (C) 

(D) Straightened cross-section imaging of dorsal forearm and palm, respectively. The layer 

information is segmented automatically, and its boundary is present using the dashed line (The 

region above the green dashed line is epidermis layer; The region between green and blue 

dashed line is PD layer; the region between blue and red dashed line is upper URD layer; below 

the red dashed line represents LRD layer). (E) (F) is the corresponding profile plot of image 

signal average along x-axis relative to the surface trace. ED: Epidermis, PD: papillary dermis, 

URD: Upper reticular dermis, LRD: Lower reticular dermis SC: Stratum corneum, DEJ: 

Dermo-epidermal junction, RE: Reminder of epidermis. All scale bars represent 100 µm.  

 

 



 

FIGURE 4. Demonstration of the method of 2D iterative en-face structural and vascular images 

stitching. (A) Presents schematic diagram of stitching structure and microvascular en-face 

imaging layer by layer across depth in arm of volunteer #2. (B) (C) Harris Corner based interest 

point extracted from two exampled en-face structure imaging which highlighted by orange and 

purple dashed box in (A). RANSAC is performed to search and compute the Homography 

parameters of corresponding interest points represented by red and blue dots. (D) (E) is 

corresponding en-face vascular image of (B) and (C), blue dashed line highlights the signal loss 

region. (F), (G) is representative cross-section structural and microvascular image in the 



position of blue and yellow rectangle highlighted in (A), respectively. The green, blue and red 

dashed line segment the B-scan imaging to four layers which is epidermis, PD, URD, LRD 

layer. All Scale bars represents 150 µm. 

 

 
FIGURE 5. Three-step stitching artifact correction method. (A) stitching result of 

representative adjacent structural images. (B) Stitching result of microvascular images using 

the Homography parameter from its corresponding structure images. (C) (D) stitching result 

after using multi-band blending method. The green and red arrow indicates position of intensity 



gapping. (E) Original en-face stitched structural images without brightness compensation. (F) 

Estimation of light components. (G) the stitched result after applying light compensation 

method. (H) En-face projection 1×3 stitched structure imaging with distorted angle sight (I) En-

face 1×3 projection stitched imaging after angle correction algorithm. Scale bar represents 200 

µm. 

 

 

FIGURE 6. Comparison the similarity index of proposed stitching method and single large-

scaled scanning for arm and palm (#1-#6) for three different layers (PD layer, URD layer, LRD 

layer). (A) Applying structural similarity index (SSI). (B) Applying feature similarity index 

(FSI).  



 

FIGURE 7. The representative qualitative result within validation stitching protocol. The 

stitched OCTA en-face projection image by vessel depth information from 115 to 335μm for 

volunteer #5’s arm. (A) proposed stitching methodology to obtain FOV of 16mm × 16mm (B) 

Single large scanning result in the same area. (E) and (F) are the zoomed view of red dashed 

region in (A) and (B). (C) proposed 3×3 stitching result of OCTA en-face projection image by 

vessel depth information from 235 to 455μm for volunteer #5’s palm. (D) The result of single 

large scanning which was performed in the same area in (C). (G) and (H) are the zoomed view 

of red dashed region in (C) and (D). The difference contract of the vessel in (E)-(H) is indicated 

as thin yellow arrow. Scale bar represents 200 µm. 

 
 
 
 
 
 
 
 
 
 



 

FIGURE 8. Stitched OCT and OCTA result for volunteer #1 (A) (H) Stitched MIP en-face 

color-coded projection microvascular imaging for all depth of dorsal forearm and palm 

respectively. Color bar on left side represents depth of vascular. (B)-(D) and (I)-(K) represents 

stitched en-face MIP microvascular imaging for three segmented slabs (PD, URD and LRD 

layer) of dorsal forearm and palm respectively. (E)-(G) and (L)-(N) represents stitched mean 

en-face projection structure imaging for three segmented slabs (PD, URD, LRD layer) of dorsal 

forearm and palm respectively. Scale bar represents 500 µm. 

 
 
 



Graphical Abstract 

 

 

 

 

 

The proposed stitching method is demonstrated by montaging 3×3 OCT and OCTA 

volumes (9 OCT/OCTA volumes as one dataset with each volume covers 2.5cm×2.5cm 

area) of healthy thin and thick skin from 6 volunteers. The proposed stitching protocol 

achieves high flexibility and repeatable for all the participants.  
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