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Background: Angiogenesis is closely associated with tumor development and progression. Endoscopic
optical coherence tomography angiography (OCTA) enables rapid inspection of mucosal 3D vasculature of
inner organs in the early-stage tumor diagnosis; however, it is limited by instabilities of the optical signal and
beam scanning.

Methods: In the phase-unstable swept source OCTA (SS-OCTA), amplitude decorrelation was used
to compute the motion-induced changes as motion contrast. The influence of the random noise-induced
amplitude fluctuations on decorrelation was characterized as a function of inverse signal-to-noise ratio (SNR)
with a multi-variate time series (MVT'S) model and statistical analysis. Then, the noise-induced decorrelation
artifacts in static tissue regions were eliminated by applying a flow mask based on the statistical relation
between inverse SNR (iISNR) and amplitude decorrelation (IDa), which was named IDa-OCTA. In addition,
a distal stepwise raster scan was realized with a low-voltage electrothermal micro-electro-mechanical system
(ET-MEMS)-based catheter for endoscopic imaging, whereby the stable and repeatable B-scans at each step
suppressed the decorrelation noise induced by the spatial mismatch between paired scans.

Results: The derived IDa relation was validated through numerical simulation and flow phantom
experiments. In vivo human buccal mucosa imaging was performed to demonstrate the endoscopic IDa-OCTA
imaging. In this, the subsurface structure and vasculature were visualized in a rapid and depth-resolved manner.

Conclusions: The rapid 3D vasculature visualization realized by the endoscopic IDa-OCTA improves the

diagnosis of early tumors in internal organs.
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Introduction

Angiogenesis is closely associated with tumor development
and progression (1). Using microvascular changes as an
indicator of early-stage cancer, narrow band imaging (NBI)
and confocal laser endomicroscopy (CLE) have been used
for vascular imaging of the inner surface of luminal organs
(2,3). However, NBI visualizes superficial vasculature with
a limited resolution, while CLE achieves a relatively small
field of view (FOV) and requires exogenous contrast agents.
As a functional extension of optical coherence tomography
(OCT) structural imaging, OCT angiography (OCTA)
enables label-free and rapid visualization of subsurface 3D
microvasculature down to capillary level by taking moving
red blood cells (RBCs) as intrinsic contrast (4-6), and has
been used to evaluate the presence of tumor vessels, vascular
patterns, and vascular density in ophthalmology (7-9). In
addition, the use of endoscopic OCTA has been proposed
for the early cancer diagnosis of internal organs, such as the
gastrointestinal (GI) tract (10,11). However, high quality
OCTA imaging requires high stability of both optical signal
and beam scanning, which is particularly challenging for a
miniature probe.

A stable interference signal is needed to compute the
motion contrast in OCTA. However, in the swept source
OCTA (S§S-OCTA) system, the phase component is
unstable and hardly used for motion contrast calculation.
Therefore, amplitude decorrelation is widely used in SS-
OCTA to compute the motion-induced changes (5,12,13).
However, random system noise (such as shot noise and
thermal noise) induces additional amplitude fluctuations
and generates noise-induced decorrelation artifacts, which
severely degrade vascular visibility, particularly in low
signal-to-noise ratio (SNR) regions (e.g., deep layers)
(14-16). An asymptotic linear relation of inverse SNR
(iSNR) to complex-signal decorrelation (ID) has been
mathematically derived for SNR-adaptive angiographic
imaging (6); however, the characteristics of the complex-
based and amplitude-based OCT signals are different and
are affected differently by the additive noise. Accordingly,
the complex-based ID relation cannot be directly applied
to the amplitude decorrelation-based OCTA, and an
understanding of the dependence between iSNR and
amplitude decorrelation (IDa) is needed to effectively
suppress the amplitude decorrelation artifacts.

Additionally, the spatial mismatch between paired
scans induces a severe decorrelation noise in the tissue
background; a stable, precise, and repeatable scanning
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mechanism is required. Traditional proximal actuation
produces nonuniform rotational and longitudinal distortion
(17-19). Comparatively, the distal actuation would be more
impervious to bending distortion. A micromotor has been
used for a rotary (circumferential) scan at the distal end (20)
and additional longitudinal scan mechanisms, such as
proximal pullback (10,21) and pneumatic distal scanners (22),
can be combined for large FOV volumetric imaging.
Reports show that integration of a micromotor scanner and
a piezoelectric resonant fiber scanner can generate a 2D
cycloid pattern and a 1 mmx 38 mm strip OCTA image with
a tethered capsule (23). However, although the side-viewing
circumferential scanning has a large FOV, it has an inefficient
imaging speed when targeting small regions flagged on
endoscopic view which require closer inspection (24).

To meet the requirement of close-up inspection, Liang
et al. (24) used a piezoelectric tubular actuator to produce
2D spiral scanning with a 450 pm FOV in diameter at the
distal end, where the probe diameter was 3.3 mm and the
rigid head length was 20 mm. The OCTA motion contrast
was computed based on inter-volume changes (24), but
the long inter-volume time (200 ms) was prone to severe
motion artifacts and had an inferior vascular contrast. By
incorporating a plano-convex lens, the distal piezoelectric
tubular scanner reported by Wurster et a/. (25) has a short
rigid length of 11.3 mm, a diameter of 4 mm, and a FOV of
up to 1.3 mm in diameter. However, in the spiral scanning,
the sequential circular scans have different radii and spatial
sampling, therefore additional decorrelation noise might
be a challenge in the inter-frame (circle) OCTA (25). In
addition, the spiral scan inefficiently samples toward the
center and requires frequent trajectory calibration due to
amplitude-dependent phase variation of the fiber scanner.

In contrast to the above-mentioned cycloid and spiral
scanning patterns, a stepwise raster scanning pattern
is preferred for the extraction of motion contrast from
repeated B-scans, with minimal decorrelation noise in the
background tissue. To generate a stable and controllable
raster scanning pattern at the distal end, micro-electro-
mechanical system (MEMS)-based beam scanners are an
obvious choice. Compared with the electromagnetic MEMS
with a relatively large volume (26), and the electrostatic
MEMS with a limited scanning range (27), electrothermal
(ET) MEMS has the advantages of compact size and larger
deflection angle with relatively lower driving voltage (28,29).

In this work, we proposed an endoscopic SNR-adaptive
SS-OCTA with an ET MEMS raster scan. First, we derived
the theoretical IDa relation and accordingly proposed an
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SNR-adaptive IDa-OCTA method to suppress the noise-
induced decorrelation artifacts in the phase-unstable
SS-OCTA system. Second, we reported on a lab-built
endoscopic SS-OCTA system along with a low-voltage ET
MEMS catheter, the stepwise raster scanning protocol,
and the correction method for nonlinear distortion in ET
MEMS. We then validated the theoretically derived IDa
relation through numerical simulation and flow phantom
experiments, and conducted #z vivo endoscopic IDa-OCTA
imaging in human buccal mucosa. Finally, the potential
applications and limitations of this study were discussed. We
present the following article in accordance with the MDAR
checklist (available at https://qims.amegroups.com/article/
view/10.21037/qims-21-1056/rc).

Methods
Statistical characteristics of OCT signals

Prior to statistically characterizing the amplitude
decorrelation, we first derived the generalized probability
density functions (PDFs) of the OCT amplitude.
Leveraging the dissimilarity calculation between repeated
frames, decorrelation-based angiography is insensitive to
the multiplicative noise induced by overall variation of
the light source intensity (30). Therefore, the complex-
valued resultant OCT signal X was defined as the sum of

the noiseless true OCT signal 4 and an additive white
Gaussian noise 7 (14,31-33), i.e.:

X=A+i [1]
where /]~N(O,v2) is the spatial speckle field produced by
the coherent summation of light waves with random path
lengths, and n~ N 0,52) represents detection noise, both of
which follow a complex Gaussian distribution. Here, v* and
s* are the variances of the speckle field and random noise,
respectively (14). The resultant OCT signal obeys the
following assumptions, which generally hold for measured
samples: (I) the random noise 7 is uncorrelated with
true OCT signal 4; (IT) in dynamic regions, the speckle
field is time-variant. Accordingly, for totally dynamic
signals, we assume that 4 obeys the same independent and
identical distribution in temporal and spatial dimensions.
(III) In static regions, the speckle field is stable, so the
corresponding noiseless OCT signal 4 is invariant in the
temporal dimension.

To simplify the PDFs of OCT signals that will be
involved in the following theoretical derivation, we
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use the noise level to normalize the amplitude of OCT

signals. Herein, x,=1— and a,='- are defined as the
S

normalized amplitude of the resultant and noiseless OCT
signal, respectively. Accordingly, the SNR defined as

2
E[X } s+
i =——— is also equal to the mean value of x?, and
i)

2

iSNR is defined as the reciprocal of SNR, i.e., iSNR = 2s

§T+Vv
Based on these notations, a, follows a Rayleigh

5

distribution in the spatial dimension denoted by Py, (ay),
while for the OCT signal in the static region, x, follows
a Rice distribution in the temporal dimension (34) (see
detailed derivations in Appendix 1):

. iSNR
2iSNR-ay " ug®
ay)=——"e I 2
Pay(40) =T ionR 2
—2—a?
Px,|4y=a, (x0) = 2x0e 0 Iy (204 ) (3]

where Py, |4, (x) means the PDF of x, when the
normalized amplitude of noiseless OCT signal a, is a

constant, and /,(*) is the zeroth-order modified Bessel
function of the first kind.

IDa asymptotic relation

Second, the IDa asymptotic relation was derived based
on a multi-variate time series (MVTS) model from
the perspective of mathematical expectation. In the
phase-unstable SS-OCTA, amplitude-based inter-scan
decorrelation was computed to estimate the motion
magnitude of RBCs with a spatio-temporal kernel (5,6):

D:1—£:1_ Zfr{:lth:_llxo (m,t)xo(m,t+1)
I M T71x§(7mt)+x§(m,t+l) (4]
Z:m:I t=1 5

where xy(m,t) denotes the normalized amplitude of the
resultant OCT signal, C is the local first-order auto-
covariance, and / is the local zeroth-order auto-covariance,
which is generally called the intensity. As shown in Figure
1A4, m is the spatial index with a total kernel size of M in 3
spatial dimensions, and ¢ is the temporal index with total T
repeated B-scans at each location.

Based on the MVTS model and the time series theory
presented by Huang et a/. and Cavazoscadena (6,35), when the
total spatio-temporal kernel size N=Mx*T approaches infinity,
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Figure 1 Schematics of the decorrelation calculation and the endoscopic SS-OCT system. (A) A spatial kernel (the blue volume) containing

M voxels was extracted from the OCT volume data (the black volume).

Decorrelation was calculated to evaluate the dissimilarity between

T repeated scans with a total kernel size of N=MxT. (B) SS-OCTA system with an endoscopic MEMS-based catheter as the sample arm.

The insert shows a picture of the probe. SS-OCT, swept source optical coherence tomography; OCTA, OCT angiography; ET MEMS,

electrothermal microelectromechanical system; FPC, fiber polarization controller.

the asymptotic amplitude decorrelation D is given by:

E[xo (m,t)xo (m,t+l):| _Ez (xo)

1 o E(s)

where E[-] denotes expectation and a.s. means convergence

D—1- =1-iSNR-E* (x,), as. 5]

with probability one. Particularly, in static regions, the

mean value of decorrelation D, could be further simplified,
based on Egs. [2,3]:

N 2

Dy, — l*iSNR-j':O[ (J;pro\Ao:ﬂo (xo)xodx0:| P4, (ao)dao

ZiSNR? 1o
2(1-iSNR)"°

(6]

5 __iSNR
PAY
Lys|—ay )| e ayday, a.s.

where L, is a Laguerre polynomial. Furthermore, the
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decorrelation in the totally dynamic regions where OCT
signals are totally uncorrelated between repeated B-scans
should be the same as that in background noise regions.
Accordingly, the asymptotic decorrelation D, in totally
dynamic regions can be easily obtained by setting iSNR—1
in Eq. [6] (see details in Appendix 1):

(7]

Dy, —>1—% ~022, as.

Variance of IDa distribution
In addition, the IDa relation has a kernel-dependent
variance. To facilitate derivation, the amplitude
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decorrelation of OCT signals obtained from the same voxel
and 2 time points was analyzed:

2x, (t t+1

p-1-Zolt)x (1) 8
Xy (t)+x0 (t+l)

For specific SNR level SNR*, i.e., xj (¢)+xq (t+1)=2SNR’

or x,(t+1)=42SNR"-x; (¢), the decorrelation value D(x,(t))

with respect to x(t) is equal to:
D(x, (£)) =1-iSNR"x, (t)y/2SNR" =3 (1) [9]

The PDF of the decorrelation for OCT signals in the
static region satisfies the following equation (see details in
Appendix 1):

pD(xO(t))‘SNR, (xo (t)) = j'i}pm, (iSNR)diSNRj'O“OpAO (g )day

Px,|Ag=a, (%o (t))pXu\AO:aU (xo (t+1)), 1+ [ a);)xf:(:)l)] [10]

with xy(f) ranging from 0 to V2SNR" . p,,,(iSNR) is the PDF
of iSNR of OCT signals. According to the exponential
attenuation model of light intensity (36), the PDF of iSNR

satisfies the following equation:

dz

where (z) is the signal intensity of the incident light beam
at the depth of z.

According to Egs. [10,11], the standard deviation (std) of
decorrelation calculated by Eq. [8] satisfies the following:

1

- (iSNR e
Pisnr (l ) o o« iSNR [1 1]

oc[(z)

O'.vzto = ;)/M{D(XO (Z))fE[D(XO (I))]}z 'pD(xo(z))‘SNR‘ (xo (t))~dx0 (1) (12]

where g, is the decorrelation std with a temporal kernel size

7=2,and E[D(x ()] =13 D (50 (1) £y, jowr (30(0)- 5 (0
is the decorrelation expectation. Furthermore, it should
be noticed that E[D(x,(f))] is not equal to the result of
Eq. [6] because decorrelation is not a non-biased variable
here. Furthermore, assuming the samples from spatial and
temporal dimensions are independent from each other, the
variance of the IDa distribution is inversely proportional to
the total spatio-temporal kernel size N=M-T. In that case,
the decorrelation std of static OCT signals is as follows:

f 2
Oy = Wo-sto [13]
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IDa-OCTA algorithm

"To suppress the random noise-induced decorrelation artifacts,
an SNR-adaptive IDa-OCTA algorithm was developed based
on the derived asymptotic IDa relation and its distribution
variance. In the proposed algorithm, the distribution area of
static and noise voxels in the IDa space was predefined with
the asymptote relation D, (Eq. [6]) and an additional 3g,,
range (Eq. [13]). Accordingly, the distribution boundary can
be described with a classification line D,:

D, (iSNR) = D,, +30,, = D, +3 /%as,o (14]

The classification line is a function of iSNR and divides
the IDa space into 2 parts: (I) dynamic (D>D,) and (II)
static/noise (D<D,). The mathematical expression of the
classifier infers that a larger kernel size improves the
performance of the classifier by decreasing the distribution
std in the IDa space. However, enlarging the spatial
kernel degrades the spatial resolution, while enlarging the
temporal kernel increases the imaging time (37). Therefore,
an appropriate kernel size should be selected by trading
off between the classification accuracy, spatial resolution,
and imaging time. The implementation of the IDa-OCTA
classifier can be divided into the following steps. First, all
voxels were projected from ZXY space into IDa space, the
dynamic voxels were labelled as 1 and others were labelled
as 0. Second, an IDa mask was generated by reprojecting
the labeled voxels from IDa space into ZXY space. Finally,
the IDa-OCTA angiograms were generated by multiplying
the original decorrelation map by the IDa mask. The
framework of the IDa-OCTA algorithm is summarized in
the pseudo-code shown in Tible 1.

System setup

Figure 1B shows the schematic diagram of the proposed ET
MEMS-based endoscopic IDa-OCTA system. The OCTA
light source is a MEMS-tunable vertical cavity surface-
emitting laser (VCSEL; Thorlabs, Newton, NJ, USA;
SL131090). The laser can sweep at a rate of 100 kHz over a
broad spectral bandwidth of approximately 100 nm with the
center wavelength of 1,300 nm, providing an experimental
axial resolution of approximately 16 pm and an imaging range
of approximately 11 mm in the air. The output light from the
laser source was first fiber-coupled into an interferometer,
where the light was split by an 80:20 fiber coupler into
a sample arm and a reference arm. The sample arm was
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Table 1 Framework of the IDa-OCTA algorithm

Input:

(I) Spatio-temporal kernel size n,, n,, n,and T;

(Il) OCT amplitude data A(z, x, y, f) with a size of N., N, N, and T in the z, x, y and r dimensions, respectively;

(I The global noise level 63 calculated in advance by taking the average of the signal intensity in the air region and the bottom noise

region
Output: 3D IDa-OCTA angiograms
1: for all spatial windows with a size of n.xn,xn, do

/* Project voxel from ZXY space into IDa space */

2: Calculate local decorrelation D(z, x, y) and intensity 1(z, x, y);

sZ

3: iSNR(z,x,y)em;

/* Perform digital etch based on the classification line and reproject the labeled voxels from IDa space into ZXY space */

Calculate the classification line D(z, x, y) based on Eq. [14] with iSNR(z, x, y);

if D(z, x, y)>D(z, x, y) then

else

1Da,,,(z, x, y)<0;

mask’

4
5
6: IDa,,(z, x, y)—1;
7
8
9

end if;

10: end for;

11: Generate 3D IDa-OCTA angiograms by multiplying decorrelation D(z, x, y) and IDa,,.u(z, x, y)

OCT, optical coherence tomography; IDa, inverse signal noise ratio and amplitude decorrelation; IDa-OCTA, IDa-OCT angiography.

terminated in an ET MEMS-based probe (Wio Tech, Wuxi,
China; MOCT-SV25) which allowed light to be transmitted
to and collected from the sample, offering an experimental
lateral resolution of approximately 31 pm. The probe is
3.5 mm in diameter and encapsulates all material in a
stainless-steel housing with a glass window (2.5 mm x 5.5 mm)
for light to transmit. The light that backscattered from
the sample was recombined with the light reflected from
the reference mirror, and then the interference signal was
detected by a balanced detector (Newport Corp., Irvine,
CA, USA; 1817-FC).

In the ET MEMS probe, both the fast and slow-
axis scanning were driven with triangular waveforms
varying from 0 to 5 V, which were linearly related to the
scanning angle of the MEMS mirror. Due to the frequency
response limitation of the MEMS mirror (38), a fast-axis
scan frequency of 50 Hz (up to 200 Hz) was adopted in
this study to achieve a large FOV of 2.3 mm x 2.3 mm.
A stepwise raster scanning protocol (z-x-y) was used for
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volumetric imaging, with 1,000 A-lines per B-scan (fast-
scan, x direction) and 1,000 B-scans repeated 5 times
at 200 tomographic positions per volume (slow-scan, y
direction). This study was conducted in accordance with the
Declaration of Helsinki (as revised in 2013), approved by
Ethics Committee of Zhejiang University (No. IRB-2021-
461), and informed consent was provided by participants
before imaging.

Correction of nonlinear distortion and bulk motion

Due to the ringing of the mirror plate at the turning points of
the triangular waveforms, the ET MEMS response is nonlinear
at both the beginning and the end of each B-frame (39),
and the scope of corresponding regions is determined by
the scan rate of the MEMS mirror (40). The nonlinear
distortion was corrected by resampling B-frames at a rate
proportional to the actual transversal scanning velocity v,,
which was estimated based on the speckle intensity cross-
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Figure 2 IDa asymptotic relation, distribution variance, and the classification line. (A) Scatter plots of static (green crosses) and dynamic

(pink circles) signals in the IDa space. Amplitude decorrelation was calculated with a total kernel size N of 300. The black solid line denotes

the theoretical asymptotic relation (Eq. [6]) and the black dashed line is the theoretical classification boundary D, (Eq. [14]). (B) Plots of
the distribution std of static signals o, over iSNR for kernel sizes of N=2 (red), N=15 (blue) and N=75 (black). The scatters are the results

of numerical simulation, and the solid curves correspond to theoretical derivation Eq. [13]. IDa, inverse signal noise ratio and amplitude

decorrelation; iISNR, inverse signal-to-noise ratio; std, standard deviation.

correlation g between adjacent A-lines (19):

b
‘VX‘ - 1[—2/1n(g—1)

where the parameter b is related to the transverse point
spread function of the system and the time interval between

(15]

adjacent A-lines and is a constant for a certain system setting.
A large cross-correlation g value indicates an ultra-low
scanning speed and a serious nonlinear effect, which should
be down sampled at a larger ratio. The inter-frame bulk
motion induced by inevitable heartbeat and breathing was
further corrected with a cross-correlation-based registration
algorithm prior to the IDa-OCTA processing (41).

Results

Numerical simulation was performed to validate the
asymptotic IDa relation and the proposed classification line.
In the simulation, OCT signals were generated based on
Eq. [1] and the basic spatio-temporal distribution
characteristics of static and dynamic signals (14). As shown
in Figure 24, both iSNR and amplitude decorrelation for
static (green) and dynamic (pink) signals were computed
with a spatio-temporal kernel size of 15x20 (MxT) and then
projected into IDa space. The static signals were distributed
around its theoretical asymptote (black solid line, Eq. [6])
and could be effectively removed by the classification line

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

D, (black dashed line, Eq. [14]), which demonstrates the
correctness of the theoretical derivation. Figure 2B illustrates
the theoretical (solid lines) and simulated (scatters) relation
between the distribution std and iISNR for static signals with
different total kernel sizes. The simulated results agreed
well with the theoretical results with R*=1.000 for N=2 (red),
R*=0.914 for N=15 (blue), and R*=0.896 for N=75 (black).
The flow phantom experiment was performed to
demonstrate the correction effect of the ET MEMS-induced
nonlinear distortion and the validity of the proposed IDa-
OCTA method. The flow phantom was composed of 2 parts:
1 was a solid gel mixed with low concentration milk to mimic
static tissues, and the other part was a milk solution to mimic
dynamic flow. The milk solution was isolated from the solid
gel by capillary tubes with inner diameter of 0.3+0.1 mm.
As shown in the structural cross-section Figure 34, a
total of 4 capillary tubes were embedded in the solid gel
at different depths to simulate blood flow with different
SNR (the lowest <10 dB), and the nonlinear distortion was
apparent at the end of the transverse scan (see the bold
arrow in the inset of Figure 34). The distortion was well
corrected with the cross-correlation method as indicated
by the circular shape of the tube cross-section (see the
bold arrow in Figure 34). After registration, a static region
with nonlinear distortion was selected (see the dashed red
rectangle in Figure 34) and the average decorrelation of the
high SNR region (mean iSNR =0.2) was 0.012, which was
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Figure 3 Validation of the correction effect of the ET MEMS-induced nonlinear distortion and the performance of the IDa-OCTA method
through flow phantom experiment. (A) Structural cross-section of the flow phantom after distortion correction. Left inset is the averaged
depth profile indicating the SNR decay. Right inset shows the nonlinear distortion part before correction. The bold arrows highlight the
region of nonlinear distortion. The mean iSNR and SNR of the deepest flow region (the solid pink rectangle in A) were approximately 0.09
and 10 dB, respectively. (B) Cross-sectional decorrelation mapping. The static regions marked with cyan triangles present high decorrelation
due to the dominant random noise (i.e., low SNR). (C) The predefined static and dynamic parts in IDa space are calculated according to
Eq. [14] and the scatterplots of the static (dashed rectangles in A) and dynamic (solid rectangles in A) voxels in IDa space. The solid and
dashed lines correspond to the theoretical asymptotic IDa relation determined by Eq. [6], and the classification line D, determined by Eq. [14],
respectively. (D) Cross-sectional IDa mask generated by digitally etching the IDa-defined static and noise components. (E) Cross-sectional
IDa-OCTA angiogram achieved by overlying IDa mask (D) on decorrelation mapping (B). A large 4D spatio-temporal decorrelation kernel
of 5 x5 x3 x4 (zxxxy xt) was used for a convergent IDa asymptotic distribution. (F) Receiver-operating characteristic curve of the IDa
masks with different multiples of std and the 2-step-3c thresholding method. A fixed global intensity threshold (the mean noise level adds its
triple std) and a sequence of global decorrelation thresholds were combined in the 2-step 36 thresholding method to perform digital etch.
Besides, a practical kernel of 5 x 3 x 1 x 5 (z x x x y x t) was adopted to compare the performance of the IDa mask and global mask. Scale
bar =0.3 mm. ET MEMS, electrothermal microelectromechanical system; IDa, inverse signal noise ratio and amplitude decorrelation; IDa-
OCTA, IDa-optical coherence tomography angiography; SNR, signal noise ratio; iSNR, inverse SNR; std, standard deviation.
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similar to the results obtained by galvo scanner (0.016) (6),
indicating the good inter-frame scanning stability of
the MEMS scanner after registration. As shown in the
decorrelation mapping in Figure 3B, generally, the dynamic
flow presented a high decorrelation value, while that of
static region was low. However, due to the influence of the
additional random noise, deep static regions also presented
high decorrelation values (i.e., noise-induced decorrelation
artifacts) as highlighted by the cyan triangles in Figure 3B.
According to the derived classification line D, (see the
dashed curve in Figure 3C determined by Eq. [14]), the
IDa feature space can be separated into 2 parts: static and
dynamic. The scatterplots of the static (the dashed rectangles
in Figure 34) and dynamic (the solid rectangles in Figure
34) voxels were in good agreement with the predefined
IDa space. After labelling the voxels above the line D, as 1
and the others as 0 in IDa space, the digital etch created an
IDa mask (see Figure 3D). Overlying the IDa mask onto the
decorrelation mapping generated the resultant IDa-OCTA
angiogram (see Figure 3E). To quantitatively evaluate the
classification performance of IDa-OCTA, the true positive
rate (TPR; 82.9%) and false positive rate (FPR; 0.7%)
were calculated. The area under the receiver-operating
characteristic (ROC) curve (see Figure 3F) of the IDa masks
with different multiples of std was significantly larger than
that of the 2-step-3c thresholding method where a global
intensity threshold (the mean noise level add its triple std)
and a series of decorrelation thresholds were used in digital
etch (42), indicating a superior performance of the IDa-
OCTA classifier.

In human oral mucosa imaging, the probe was gently
placed on the right buccal mucosa of a healthy female
volunteer, and the side-viewing endoscopic IDa-OCTA
enabled the visualization of mucosal vasculature inside
the mouth. As illustrated by the 3D anatomical structure
(Figure 4A4), the buccal mucosa is divided into the epithelial
(EP), lamina propria (LP), and underlying submucosa (SM)
layers. The LP layer, which is a fibrous connective tissue
layer consisting of a network of collagen and elastin fibers, is
further divided into 2 sub-layers: papillary (pLP) and reticular
(rLP) layers (43). The vascular plexus in the rLP layer
provides a horizontal branching network of blood vessels
from which ascending arterioles project into the pLP layer,
forming capillary networks, and subsequently drain back
into descending venules (44,45). The nonlinear distortion
was also well corrected (see Figure 4B and its insert) in the
in vivo imaging with the cross-correlation method. The

pLP and rLP layers presented low and high OCT intensity
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in the structural cross-section (Figure 4B), based on which
the interface of pLP-rLP layers was segmented, which was
most likely due to the difference between delicate and thick
collagen fibers. In cross-sectional decorrelation mapping
(Figure 4C), the deep static tissue background also presented
high decorrelation values due to the influence of the random
noise. Under the guidance of the predefined classification line
in IDa space (Figure 4D), an IDa flow mask was generated
with a digital etch, and the resultant angiogram was
generated by overlaying the flow mask onto the decorrelation
mapping (Figure 4E). The cross-sectional IDa-OCTA
angiogram (Figure 4E) shows superficial plexuses (SP), which
reside within the LP, supplying nutrients and oxygen for
capillary loops (CL) entering the connective tissue papillae.
The EP and SM layers were roughly determined according
to the depth location of the CL and SP (Figure 4E,4F).
Depth-resolved vascular networks were visualized from
the 3D IDa-OCTA image (Figure 4G,4H). The en face
(x-y) angiogram of pLP presents concentrated and lengthy
capillary loops which originate from the underlying vascular
plexus in the LP. The LP plexus could be more clearly
identified from the deeper reticular layer (rLP), as shown
in Figure 4H. Regardless of the FOV and lateral resolution,
our endoscopic IDa-OCTA achieved a similar performance
in vascular imaging of oral mucosa to that of a bench-top
OCTA reported in Wei’s study (43). Furthermore, we noticed
that tail artifacts were not obvious in mucosal imaging, which
was because large vessels were located under capillaries, so
superficial vessels did not significantly degrade the imaging
quality of deeper vasculature. In future studies, such as
tumor neovascularization imaging, the presented tail artifacts
can be removed with projection-resolved algorithms if
necessary (46).

Discussion

Although SS-OCT system is widely used in endoscopic
imaging because of its advantages in sensitivity and imaging
range (47,48), its phase is unstable, which reduces its
popularity for use in OCTA motion contrast calculation.
In this study, amplitude decorrelation was computed to
evaluate the RBC motion. To suppress the noise-induced
decorrelation artifacts, we mathematically derived the
asymptotic IDa relation based on the MVTS model and
the distribution variance based on probability analysis.
Numerical simulation and flow phantom experiments were
performed to demonstrate its validity. According to the
derived asymptotic IDa relation, all dynamic and static
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Figure 4 In vivo endoscopic IDa-OCTA imaging of the buccal mucosa of a healthy volunteer with side-viewing ET MEMS catheter. (A)
3D anatomy representation. Representative cross-sectional (x-z) (B) structure and (C) decorrelation mapping. Right inset of (B) shows
the nonlinear distortion part before correction. (D) IDa space mapping of the cross-sectional data and the proposed classifier. (E) Cross-
sectional IDa-OCTA angiogram. (F) Volume rendered representation of the fused OCT structure (gray) and IDa-OCTA vasculature (yellow)
image dataset. En face (x-y) MIP angiograms (2 mm x 2.3 mm) of (G) pLP and (H) rLP layers, respectively. The pLP and rPL layers present
dense superficial capillary loops and vascular plexus, respectively. A spatio-temporal decorrelation kernel of 5 x 3 x 1 x 5 (z x x x y x t) was
used as a tradeoff between resolution and motion contrast. Scale bar = 0.5 mm. EP, epithelial; LP, lamina propria; pLP, papillary LP; rLP,
reticular LP; SM, submucosa; CL, capillary loops; SP, superficial plexuses; OCT, optical coherence tomography; IDa-OCTA, inverse signal

noise ratio and amplitude decorrelation OCT angiography; ET MEMS, electrothermal microelectromechanical system; MIP, maximum

intensity projection.

signals with SNR >1 can be distinguished, provided that the
kernel size N is sufficiently large. However, the kernel size
is limited in practice, and with the decrease of kernel size,
the distribution variance and overlapping region of signals
in IDa space increase accordingly (refer to Figure 2), which
limits the ability to extract flow signals in the low-SNR
regions. Using the knowledge of the exact IDa distribution,
the noisy blood flow signals can be further enhanced
by combining the tube shape feature of the vessels as
reported by Li ez al. (49). The saturation limit of amplitude
decorrelation was compressed to approximately 0.22, which
is 1 in complex decorrelation (a decrease of 78%), and most
likely due to the loss of the ultra-motion-sensitive phase
information, (50). Accordingly, the amplitude decorrelation
might have an inferior motion contrast compared to
complex decorrelation (41,51). Therefore, we suggest
using amplitude-based IDa-OCTA in the phase-instable
system and complex-based ID-OCTA in the phase-stable
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system. In the future, a detailed performance comparison
between the amplitude and complex decorrelation could be
performed with a phase-stable spectral domain system.

The proposed IDa-OCTA algorithm has several
advantages compared with existing methods. Rather
than using learning methods to generate a classification
map based on feature space, which depends on specific
scanning protocol and phantom fabrication (15), the IDa
classification line is universal. In contrast to the proposed
regression method which can only obtain 2D binary vascular
projection (16), 3D IDa-OCTA angiograms were obtained
in our study. Furthermore, existing methods lack a clear
relation of motion contrast to SNR, but the asymptotic IDa
relation and its distribution variance were rigorously derived
in this study. Furthermore, in our study, the simulated
results agree well with the theoretical calculation, which
differed from the variance analysis based on Cramer-Rao
lower bound (CRLB), where the variance is not accurate
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and serious outliers appear in the case of a practical and
limited kernel size (52). In addition, by taking the advantage
of accurate derivation, there is potential to further enhance
the classification accuracy by dividing the IDa space
more precisely and combining additional features (49).
Although the IDa-OCTA algorithm was demonstrated with
the ET MEMS in this study, it does not rely on a specific
scanner, and can be readily used along with other scanning
modalities (6,17-19,21-27).

Raster scan is widely used in the benchtop OCTA
system that uses a galvo scanner (4-6). Compared with the
spiral scanning pattern, the spatial sampling of sequential
B-frames is the same in the raster pattern, which provides
a stable and controllable time interval and minimizes the
decorrelation noise in the tissue background. In this work,
we demonstrated that ET MEMS can be used to achieve
a distal raster scan. Although its FOV is limited compared
with that of a rotary scanning probe, it is more convenient
for doctors to inspect specific suspicious areas in real time.
In addition to the tubular organs, it is also suitable for
hollow organ imaging, such as the oral cavity, stomach,
and bladder. Furthermore, in addition to the side-viewing
demonstrated in this work, ET MEMS can also be used
to achieve a forward-viewing raster scan with a cantilever,
which can be used in image-guided biopsy and surgery (53).
In the future, a dedicated spacer might be used between
the imaged tissue and the probe head to suppress the bulk
motion in OCTA imaging.

The probe we used had a 3.5 mm diameter and
16.7 mm rigid length; it could be easily inserted through
therapeutic endoscopes with a 3.7 mm working channel,
but was still too large to pass through commonly used
esophagogastroduodenoscopy (EGD) endoscopes with
a 2.8 mm working channel (54). Currently, the ET
MEMS mirror chip is mounted on a 45° sloped ferrule,
and the electrical connection is powered by a reliable
wire bonding method, both of which increase the probe
size. The probe size can be further reduced by replacing
the current fabrication with a 45° titted MEMS mirror
directly integrated on a silicon optical bench (SiOB),
which provides both mechanical support and stable
electrical connection. A compact probe with a 2.7 mm
diameter and 15 mm rigid length has been reported for
OCT structural imaging (55). In addition, the lateral
resolution of the system was mainly determined by
the spot radius focused by the cylindrical gradient-
index (GRIN) lens. It can be optimized by increasing
the gradient constant of the GRIN lens or the distance

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

Yao et al. MEMS-based endoscopic IDa-OCTA

between single-mode fiber (SMF) and GRIN lens,
although at the cost of decreasing working distance and
FOV (56,57). The current 31 pm lateral resolution was
chosen for a large FOV of 2 mm x 2.3 mm, which can
be improved to 18 ym with a decreased FOV of 1.2 mm
x 1.38 mm for visualization of more detailed vascular
features (57). The vascular patterns change as the tumors
invade from epithelium to submucosa (1). The depth-
resolved vasculature revealed by endo-OCTA might offer
a precise estimation of the tumor invasion depth, which
is of great value in clinical diagnosis.

In this work, we proposed an endoscopic SNR-adaptive
SS-OCTA with an ET MEMS raster scan. To suppress
the system noise-induced decorrelation artifacts, the IDa
asymptotic relation and its distribution variance were
theoretically derived and then validated through numerical
simulation and flow phantom experiments. Accordingly, we
defined an SNR-adaptive classification line in IDa space
to generate an IDa flow mask in ZXY space. An SNR-
adaptive IDa-OCTA was achieved by combining the IDa
mask and the decorrelation contrast. A distal stepwise raster
scan was achieved with a low-voltage ET MEMS-based
catheter for endoscopic imaging, and the repeated B-scans
at each step suppressed the decorrelation noise induced by
spatial mismatch between paired scans. The endoscopic
IDa-OCTA imaging was demonstrated with 7z vivo human
buccal mucosa imaging, which enabled the visualization of
subsurface structure and vasculature in a rapid and depth-
resolved manner. These unique features of the endoscopic
IDa-OCTA offer potential to improve the early diagnostic
capability for internal organs.
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Appendix 1

Derivation of Eq. [2]

The probability density function (PDF) p

(‘IZID of the amplitude component of noiseless OCT signal ‘2‘ follows the
Rayleigh distribution (14):

4

~ ~12
A |

P‘ i =5 exp D [S1]

v v

| y 4 §? |
According to the definition, a; =-— and iSNR =———, the PDF of g, can be expressed in terms of a, and iSNR:
s sS4V

. iSNR

P (a9) :weﬂ_im“é’ [S2]
& 1-iSNR

Derivation of Eq. [3]

For signal in static region, in the temporal dimension, the resultant OCT signal X is the sum of the constant phasor A4 and
the white Gaussian noise 7. We assume the direction of the constant phasor as the real-axis for simplicity. The joint PDF
Dy (x,y) for the real and imaginary part of X satisfies (14,34):

(x—‘,zl‘)z +y?
py(x.y) =#exz? e [$3]

where x and y are defined as the real and imaginary part of X . By transforming Eq. [S3) into the polar coordinate, the PDF
Py (|X| ,0) of X can be expressed in terms of the amplitude ‘)}" and angle 6 of X :

5[ +\;42 ~2| %] 4|coso
,6’) = #exp - 3 . [S4]

ri (¥

The marginal PDF p (‘)}' ‘) of the amplitude ‘X’ ‘ can be obtained by integrating over 6

e

(%)= 17 (5. 0)a0

Pg
| : +‘}1‘2 i 2‘5{”21‘cosa 5 ‘X‘z +‘}1‘2 2‘5(”21‘ o
:Fexp S . exp a2 dﬁzs—zexp T2 1 2 [S5]
X A
where /y(-) is the zeroth-order modified Bessel function of the first kind. According to the definition, X, = U and a; = U ,
Eq. [S5) can be simplified as: s $
Py dy=ay (xo):2xoe_xg_“310(2x0a0). (S6]
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Derivation of Eq. [7]

By setting iSNR—1 in Eq. [6), the asymptotic decorrelation D_dy can be calculated as following:

Dy 1= 1, (-a2)T A |
Dy > 1= Los (~a3) | 6 (ag)day =1-2] Los (a3 )| =1-F~022.0. (7]
R 2SNR-a, — R . .
where the Rayleigh distribution p (ag)=————"e "Nk " approaches the delta function d(a,) when iSNR approaches 1.

1-iSNR
Derivation of Eq. [10]

Given the normalized amplitude of the noiseless OCT signal a,, the PDF of the decorrelation
D(xo (t)) =1-iSNR"x, (1) [2SNR™ - x} (1) for OCT signals in static region can be expressed as a function of xy(?):

PD(’“’(t))‘SNR* (XO (1)) = Px,|4y=a, (xo (t))pXo\Ao=ao (xo (t+1)) 1+

Furthermore, a, follows a Rayleigh distribution determined by the local SNR. Taking this factor into consideration, the
complete expression of Eq. [S8] is given by:

P (xy(1) v’ (XO (1)= [oPisr (iSNR)diSNR]"p,, (aq ) day

Px,|4y=a, (xo (’))PXO\AO:aO (xO (t+ 1)) 1+
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