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Abstract

Optical coherence tomography (OCT) is a technique that allows for the three-dimensional imaging
of small volumes of tissue (a few millimeters) with high resolution (~10um). Optical
microangiography (OMAG) is a method of processing OCT data, which allows for the extraction
of the tissue vasculature with capillary resolution from the OCT images. Cross-sectional B-frame
OMAG images present the location of the patent blood vessels; however, the signal-to-noise-ratio
(SNR) of these images can be affected by several factors such as the quality of the OCT system
and the tissue motion artifact. This background noise can appear in the en face projection view
image. In this work we propose to develop a binary mask that can be applied on the cross-
sectional B-frame OMAG images, which will reduce the background noise while leaving the
signal from the blood vessels intact. The mask is created by using a Naive Bayes (NB)
classification algorithm trained with a gold standard image which is manually segmented by an
expert. The masked OMAG images present better contrast for binarizing the image and
quantifying the result without the influence of noise. The results are compared with a previously
developed frequency rejection filter (FRF) method which is applied on the en face projection view
image. It is demonstrated that both the NB and FRF methods provide similar vessel length
fractions. The advantage of the NB method is that the results are applicable in 3D, and that its use
is not limited to periodic motion artifacts.

1.Introduction

Optical coherence tomography (OCT) is a non-invasive method for providing high
resolution (~10um) and three-dimensional images of microstructures within biological
tissues [1]. Optical microangiography (OMAG) is a technique for processing OCT data,
which allows the extraction of the three-dimensional microvasculature from the OCT
images, with capillary resolution [2]. OMAG has been used in a variety of applications
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which include tracking wounds [3] and burns [4] in mouse ear, imaging of the human
corneo-scleral limbus [5] and human retina [6], studies of mouse brain [7], and others.

The OMAG method consists of analyzing two or more sequential B-frames acquired by the
system at the same (or highly overlapping) location but at different time points. When the
two OCT B-frames are highly correlated in space, the OMAG images can have high signal-
to-noise ratio (SNR). However, when there are system imperfections (such as lack of
scanner precision due to galvanometer inaccuracies, and system mechanical jitters) or
motion artifacts, the background noise increases; therefore, reducing the SNR. There are
several sources of motion artifacts, including the heart beat which has been previously
described in the human retina [8] and the esophagus [9].

There have been several techniques developed to minimize the image acquisition sensitivity
to background noise and motion artifacts. For example, properly triggering the acquisition
based on the heart rate has been demonstrated in other fields such as two-photon
fluorescence microscopy [10]. Acquiring a high number of B-frames at the same location
and averaging them together may reduce the background noise [11,12]. Also, it is possible to
remove the frames that have motion artifacts above a certain threshold [13]. Another
approach investigated has been to perform an image registration when there is supra-pixel
movement, which allows the correction of the subsequent frame decorrelation [14]. Previous
work by other groups have used lateral and axial displacements to minimize the squared
difference between adjacent structural B-frames to correct for the bulk motion artifacts [15].
Tracking mechanisms have also been implemented to help align frames that are in motion
[16]. Frequency rejection filters (FRF) have also been used to suppress motion artifacts
which appear in projection view images [17]. In summary, there are several options that can
be used to minimize the effect of the background noise and motion artifacts; however, some
of these techniques have required an increased cost (due to the addition of hardware), an
increase in total acquisition time, or it is only effective in the 2D en face projection view
representation.

The use of supervised classification algorithms for vessel segmentation has been previously
used in several imaging modalities such as optical fundus imaging [18], computed
tomography [19], MRI [20], and others. However, these imaging methods do not have the
high sensitivity to motion artifacts, nor the high resolution present in OMAG images. As a
result, new vessel segmentation methods need to be provided to eliminate the motion
artifacts, and accurately segment small vessels such as capillaries.

In this study we propose to enhance the SNR by creating a two-dimensional B-frame mask
that will filter out the noise while keeping the signal intact. The technique does not require
the addition of hardware and does not require increasing the total acquisition time. The
proposed method consists of using a supervised machine learning algorithm. Specifically,
we use a Naive Bayes (NB) classifier, which is trained by using a manually segmented B-
frame OMAG image from an expert. The NB uses four features obtained from the OMAG
and structural images. As a result, the algorithm automatically creates the mask for all the
subsequent images. The masked OMAG images are less prone to the background noise
when they are segmented (binarized) for image quantification. The results are compared
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with the FRF method [17], and it is demonstrated that the vessel length fraction (VLF) [21]
have similar results. However, the NB method has the advantage that the filter is not limited
to the 2D en face projection view visualization, unlike the FRF method.

2. System Setup and Experimental Preparation

2.1 System Setup

A home-built Fourier domain OCT system was used to image an in vivo sample, as
presented in Figure 1. The light for the OCT system is provided by a superluminescent diode
(Thorlabs Inc.). The light source has a central wavelength of 1340nm and a full width half
maximum (FWHM) of 110nm which provides an axial resolution of ~7 um in air. The light
is divided into two arms. One arm is transmitted to the biological tissue, while the other arm
is transmitted to a reference mirror. In the sample arm, the light was directed to a
collimating lens, an XY galvanometer and an objective lens. The objective lens has a 10x
magnification, and an 18mm focal length, and a NA of 0.11, which provides a lateral
resolution of ~7 um. The light that was reflected from the reference mirror and the biological
tissues was combined to produce an interference signal which was detected by a
spectrometer and analyzed with a computer. The spectrometer had a spectral resolution of
~0.141 nm and provided an imaging depth of ~3mm at each side of the zero delay line. The
spectrometer uses an InGaAs camera (Goodrich Inc.) with an A-scan rate of 92k Hz. The
system had a measured dynamic range of 105dB with the light power of 3.5mW at the
sample surface. By collecting 400 A-lines per B-frame we obtained a frame rate of 180 fps.
The smallest blood flow velocity that can be measured is ~4um/s [22].

2.2 Human Preparation

Images were obtained from the middle phalanx of the index finger of a human volunteer.
The finger was wiped down with alcohol before imaging to avoid any dirt or sweat to affect
the images. Finally a few drops of oil were applied to minimize the specular reflection at the
surface of the finger.

2.3 Scanning Protocol

The scanning protocol was based on the ultrahigh sensitive OMAG method [23]. The x-
scanner (fast) was controlled by using a saw tooth function, while the y-scanner (slow) was
controlled by a step function. Both scanners imaged a range of 2.5x2.5 mm? through the
sample. Each B-scan contained 400 A-lines, there were 400 positions in the slow-direction
(C-scan), and at each position 5 B-frames were acquired. The whole 3D image was acquired
within ~11 seconds.

3. Methodology

3.1 Optical microangiography

OMAG extracts the location of blood vessels in three-dimensional space without using
contrast agents [2,22,24]. The movement of cells within the blood vessels is the contrast for
OMAG imaging.
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The OMAG method can be applied in either the fast or slow axis. When OMAG is used in
the fast axis, it is sensitive to the fast blood flow rate which is commonly found in the large
vessels. On the other hand, when OMAG is applied on the slow axis, it is sensitive to the
fast and slow blood flow rate. In this study, we applied OMAG in the slow axis to be more
sensitive to the vessels with slow flow, such as the capillaries.

The data analyzed from the camera can be expressed as:

© (a(z,t)cos[2kn (t)z])dz
I(t,k)=25(k)E, f+‘ ;"(il)(cos)[m[(t) ( Z(l )_ ]U)t)] €
where k is the wavenumber (2nt/)A), A is the wavelength of the light, t is the time point when
the data is captured, ER is the light reflected from the reference mirror, S(k) is the spectral
density of the light source, n in the tissues index of refraction, z is the depth position, a(z,t)
is the amplitude of the back scattered light, v is the velocity of the moving blood cells
located at depth z;. We do not consider the offset nor the self cross-correlation between the
light backscattered within the sample given its weak signal.

The depth information (I(t,z)) is obtained by calculating the Fourier transform (FT) of the
spectrum. The result provides a complex term that contains a magnitude (M(t,z)) and a

phase (o(t,2)), given by:

I(t,2)=FT[I(t,k)] =M (t,2) ") ()

OMAG uses high pass filtering to isolate the high frequency signal (moving particles) from
the low frequency signal (static tissue), based on the properties of applying a Fourier
transform to a derivative. The proposed approach is to take a differential operation across
the slow-axis:

N
2N (tigr,2) = 1 (ki 2) |

= (©)
Iflmu (tia Z) =1 ! N

where i represents the index of the B-scan and N is the total number of frames that are
averaged together. For this study N is equal to 4, given that 5 B-frames were acquired and
two adjacent frames provide one OMAG frame.

3.2 Naive Bayes Mask

The objective of this work is to create a B-frame mask that can separate the background
noise from the signal on OMAG images. The mask can be created in several ways. For
example, shape model based procedures have been previously used to segments blood
vessels from cross-sectional OCT images [25]. Also, the mask can be created manually;
however, this can prove to be very tedious and time consuming. As a result we propose to
develop an automatic method for creating the mask using a machine learning supervised
method, the Naive Bayes method. Nevertheless, this algorithm requires to be trained;
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therefore, it is required to have a few “gold standard” images. In our case we used four
manually segmented images as our reference.

The goal is to classify each pixel within an OMAG B-frame as a vessel or non-vessel. The
Bayes rule derives the posterior probability as a consequence of two phenomena, a prior
probability and a likelihood function derived from a probability model for the data to be
observed. Bayes rule is given by:

P(X|Y)P(Y

p(rix) =2E ) IL(;) Se

where X is the evidence or the features and Y is the outcome (in our case 1 for vessel and 0
for non-vessel), P(Y) is the prior probability (the probability of Y before X is observed),
P(Y|X) is the posterior probability (the probability of Y given X is observed), P(X|Y) is the
likelihood (the probability of observing X given Y), and P(X) is the marginal likelihood (the
probability of the features X).

A condition for Bayes rule is that the features represented in X be independent. Several
possible features and combination of features were analyzed. The best feature combination
was selected which consisted of four features: (i) the average of the flow pixel value, (ii) the
standard deviation of the flow pixel value, (iii) the average of the structure pixel value, and
(iv) the axial derivative of the flow. A 5x5 window was created around each pixel in the B-
frame image. The average and standard deviation of those 25 points were calculated on the
flow image which were the inputs for the feature (i) and (ii), respectively. Also the average
of the 5x5 window applied on the structural image was used as feature (iii). Finally, the
derivative of the flow image was calculated in the z-direction (axial), and this value was
used as feature (iv). The four feature values are independent of each other and have a
correlation coefficient close to 0. In summary, the matrix X contained four columns (one
column per feature), and the number of rows was equivalent as the total number of pixels in
the image whose structural value was above a certain threshold. Vector Y contained one
column (with 1’s and 0s’), and the number of rows was equivalent as the total number of
pixels in the image whose structural value was above a certain threshold. The structural
threshold was determined to be 10dB above the noise. The values below the threshold were
removed because those pixels do not contain clearly discernible blood vessels.
Consequently, by removing those pixels we reduce the possibility of having bias in the data
set.

3.3 Training Samples

The NB classifier is a supervised learning method which requires training. To train a
classifier method it is necessary to obtain labelled data. In this case there are two labels (0 =
non-vessel, and 1 = vessel). To obtain labelled data, an expert was recruited to manually
segment several frames with different background noise levels. The manually segmented
data is considered the absolute truth, and the goal of the NB classifier is to be able to
reproduce as closely as possible the manually segmented image.
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Each B-frame was first classified by the amount of background noise present in the image.
The level of background noise was determined by providing a histogram of the whole image
which included the areas of the image where the structural image intensity was 10dB above
the noise level. The location of the peak of the histogram was used as the estimate of the
level of background noise. The lower value for the location of the peak indicates a lower
background noise.

We empirically estimated that there are four levels of background noise. Each frame was
assigned to one of the background noise levels based on the location of the peak of the
histogram. There were four manually segmented training images (one for each background
noise level). The four images were used to train four NB classifiers. Finally vector Y for
each image was predicted using the NB classifier that contained its same background noise
level.

To estimate Y we calculated P(1|X) and P(0|X) from Eq. (4). The sum of those two values is
equal to 1. If P(1]X) was greater than P(0|X), then Y was set to 1 (a vessel). Otherwise, Y
was set to 0 (a non-vessel).

3.4 Frequency Rejection Filter

The previously described FRF method [17] was also applied on the en face projection view
image to remove the stripe motion artifacts, and the results were compared with the
proposed NB method. Briefly, a filter (F(u,v)) is created as described in:

F(uw)=1-— e—e(lul+D)? (5)

The filter is multiplied by the Fourier transform of the 2D en face projection view image,
and the result is inverse Fourier transformed. For this application we used a = 0.35.

4. Experimental Results

In Figure 2(A) we present the en face projection view of the sample angiography obtained
using the OMAG method, and the image within the red box is presented in Figure 2(C).
Within the image, the presence of horizontal lines (in the x-direction) is observed
periodically at several vertical (in the y-direction) locations. If we integrate the image in the
horizontal direction, we obtain the plot in Figure 2(B). This image presents a view of the
frames where the peaks that occur periodically (every time there is a bulk motion artifact)
are located. Figure 2(D) presents the Fourier transform of Figure 2(B), in the blue line. A
peak is observed at a frequency which can be attributed to the heart rate of the subject.

An example for different levels of background noise is presented in Figure 3, where we
observe the B-frame cross-sectional images obtained from two frame locations indicated by
arrows 1 and 2 of Figure 2(B). Figure 3(A) is an image that presents lower background noise
compared to its counterpart in Figure 3(B). Given the high background noise observed in
Figure 3(B), the maximum projection view cannot distinguish the signal from the noise;
therefore, resembling a horizontal line, as observed periodically in Figure 2(A). However, it
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is important to note that although the signal to noise ratio is reduced, the vessels can still be
observed in the cross-sectional image.

The B-frame mask method works by applying a mask on the cross-sectional image in such a
way that the noise is minimized, while maintaining the signal from the vessels intact. Figure
4(A) is an example of a mask from Figure 3(B) which was created manually by an expert.
Figure 4(C) overlaps the manually segmented mask (red circles) over Figure 3(B), and
finally Figure 4(D) is the resulting image after multiplying the mask by the OMAG frame.
The majority of the noise has been reduced to a value of zero, and the signal from the
vessels remained unchanged.

The process of manually segmenting a B-frame is time consuming and can be prone to
errors based on the skills of the expert. However, the manually segmented frame was
considered as the “gold standard” for this application. Four B-frames with four different
background noise levels were manually segmented to create the training set. As a result, four
Naive Bayes algorithms were trained with each of those images. Similarly, eight frames
from each noise level (total of 32 frames) were manually segmented for cross-validation
purposes. Figure 4(A) is one of the cross-validation images. After training the Naive Bayes
classifier, the algorithm was used to predict the Bayes mask, and the outcome is observed in
Figure 4(B). Figure 4(E) presents an overlap of Figure 4(A) and Figure 4(B). The blue pixels
indicate the location of white pixels (vessels) in both the manual and Bayes mask, also
known as true positives. The black pixels indicate the location of black pixels (non-vessels)
in both the manual and Bayes mask, also known as true negatives. The red pixels indicate
the location of black pixels in the manual mask and white pixels in the Bayes mask, also
known as false positives. Finally, the green pixels indicate the location of white pixels in the
manual mask and black pixels in the Bayes mask, also known as false negatives. Using this
data we can estimate the sensitivity (Se), specificity (Sp), positive predictive value (PPV)
and negative predictive value (NPV) of the algorithm.

For all the cross-validation images (eight for each background noise level) the sensitivity
(Se), specificity (Sp), positive predictive value (PPV) and negative predictive value (NPV)
were calculated and presented in Table 1. The expert manually segmented the images with
the highest background noise a second time to determine the variation within the same
expert, which is presented in Table 1.

Figure 4(F), presents the maximum projection view of the sample image after each B-frame
was filtered with the mask, and Figure 4(G) is a zoomed version. Two things can be noticed:
(1) the background noise is highly reduced, and (2) the horizontal lines due to the motion
artifact has been either eliminated or strongly suppressed when compared to Figure 2(A).

Figure 5(A) presents the en face projection view image obtained after applying the FRF on
the original image in Figure 2(A), and Figure 5(B) is a zoomed version. If Figure 4(F) and
Figure 5(A) are integrated in the x-direction and we calculate its Fourier transform, we
obtain the green and red curves displayed in Figure 2(D), respectively. It can be observed
that the heart rate peak and its harmonics have been significantly reduced, indicating that the
bulk motion artifacts have been diminished.

Appl Opt. Author manuscript; available in PMC 2015 July 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Reif et al.

Page 8

The objective of reducing the background noise on the projection view images is to be able
to accurately quantify several parameters such as the vessel area density, vessel length
fraction and fractal dimension [21]. The quantification of these images is usually done on its
binary representation. Figure 6(A), Figure 6(B) and Figure 6(C) present the binary depiction
of Figure 2(A) (original image), Figure 5(A) (FRF image) and Figure 4(F) (Bayes mask
image), respectively. The binarization method has been previously described [21]. Figure
6(B) and (C) do not display the horizontal lines that are erroneously picked up as vessels in
Figure 6(A). This can be better visualized in Figure 6(G) and (H) which depicts the overlap
of Figure 6(A) and (B), and Figure 6(A) and (C), respectively. In these images the white
pixels observed in both images appear in white, and the white pixels that only appear in
Figure 6(A) appear in red.

The binary image representation of the vessels is usually used for quantification purposes. In
this work we quantified the vessel length fraction as previously described [21]. Figure 6(D),
(E) and (F) present the map of the vessel length fraction from Figure 6(A), (B) and (C),
respectively. Visually, it can be observed that the vessel length fraction from the FRF and
Bayes mask images agree with each other; and disagree with the original image. This is
explained by the fact that the binarization of the original image selects the stripe motion
artifacts as vessels; while they are removed in the FRF and Bayes mask method. To further
quantify these results; Figure 6(1) presents the mean and standard deviation of the vessel
length fraction from Figure 6(D), (E) and (F). Quantitatively we validate that in average, the
vessel length fraction of the FRF and Bayes mask are similar.

Finally, the same methodology was applied on two new images which present motion
artifacts. New NB masks were created for each of the new image. The images are shown in
Figure 7 (A) and (C), and after applying the NB method, we obtain the images in Figure 7
(B) and (D), respectively. Their binary representation is shown in Figure 7(E) through (H).
Figure 7(1) and (K) shows the overlap of the original and NB masked method. It can be
easily shown that the horizontal stripes are filtered out by the NB mask. Finally, we show
the vessel length fraction calculation for the original, FRF (images are not shown) and NB
method in Figure 7(J) and (L). The vessel length fractions between the NB and FRF
methods have similar values, but differ from the original image.

5. Discussion

The proposed method consists of training a NB classifier algorithm to predict the vessel
locations on a cross-sectional OMAG frame. This prediction can be used as a mask to
suppress some of the background noise present in OMAG images. This method requires
training with a “gold standard” dataset. The training images are produced by an expert who
manually segments a few B-frames. The requirement of a user to manually segment a few
frames is a drawback of this method. However, once the training is done, the algorithm to
predict the vessels is fast. The OMAG processing time was increased by ~1.5% with the
addition of the NB prediction algorithm.

Future areas of exploration may involve testing other supervised learning algorithm that
would improve the Se, Sp, PPV and NPV. Similarly, unsupervised learning methodologies
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could be beneficial since they would not require an expert to manually segment the data for
training purposes. Also, an opportunity could arise where a methodology trained with one
data set could be applicable on other data sets obtained from different image qualities,
system resolutions, and samples. Finally, other features could be included in the algorithms
to improve their performance.

It is important to notice that the manually created “gold standard” image is not perfect, given
that the expert will not be completely consistent on determining which pixels are vessels as
presented in Table 1. Also, the Se, Sp and NPV were high for all noise levels, as
demonstrated in Figure 4(E) and Table 1, demonstrating that the algorithm produces similar
results to the manual segmentation. The Se decreases as the background noise level
increases. There are opportunities to improve the algorithm to increase the PPV. The method
is valid given that after the mask is applied, a maximum projection view is used in the axial
direction. As long as most of the noise has been eliminated, the outcome of the projection
view is acceptable.

It is important to mention that this method is only valid on images where the signal can still
be distinguished from the noise. In other words, even on the lowest SNR images, an expert
should be capable of estimating the location of the vessels.

From Figure 2(D) we note that in this case the motion artifact is periodic. After applying the
NB mask or FRF, we remove the heart rate peaks. A possible limitation of the FRF method
is that it may not be applicable for removing non-periodic bulk motion artifacts. Therefore,
the proposed Bayes method has the advantage of being applicable in images with periodic
and non-periodic motion artifacts.

The calculation of the vessel length fraction is similar for both the Bayes and FRF method.
However, these values are different from the ones calculated from the original image. This is
because the Bayes and FRF method have removed the motion artifacts which are incorrectly
assigned as vessels in the original image.

FRF is a method applied on the 2D projection view image; however, it is not helpful when
there is interest in observing the 3D representation of the image. However, the NB method is
applied on the B-frame; therefore, its effects are beneficial for the 2D and 3D representation
of the image.

The method was also demonstrated to work on two new images as shown in Figure 7. The
results indicate the same conclusions; therefore, further validating the methodology.

Finally, this method may be combined with other techniques (such as a non-averaged
OMAG method) to reduce its total acquisition time [12].

6. Conclusions

In this work we present a method for reducing the background noise and motion artifacts
from OMAG images. The method consists of producing a B-frame mask that is used to
suppress the background signal. The mask is automatically produced by using a NB
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classifier algorithm which is trained with a manually segmented mask by using four
features. The algorithm produces results that have a high sensitivity, specificity and negative
predictive value compared to a manual segmentation standard. The maximum projection
view image after applying the mask has significantly less background noise and motion
artifacts compared to the original image. Finally the binarization of the image after using the
mask has the advantage of not picking up non-vessels in the image, such as the periodic
stripes in the horizontal direction observed on the original image; therefore, allowing for a
more realistic quantification of the data. The results were compared to a frequency rejection
filter method and the vessel length fraction calculated was similar.
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Figure 1.
Schematic diagram of the Fourier domain optical coherence tomography system. An index

finger is used as a sample.
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A) En face maximum projection view image of the sample. Scale bar is 500um. (B)
Integration of the image observed in (A) in the x-direction. (C) Zoom image indicated by red
box in (A). Scale bar is 250um. (D) Blue line is the Fourier Transform of the signal
presented in (B) indicating the heart rate peak. Red and green line is the Fourier Transform
of the signal after the FRF method and Bayes mask was applied, respectively.
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(A) (B)

Figure 3.
(A) Cross-sectional flow image with low background noise indicated by Arrow 1 in Figure

2(B). Scale bar is 250um. (B) Cross-sectional flow image with high background noise
indicated by Arrow 2 in Figure 2(B).
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Figure4.
(A) Vessel mask of Figure 3(B) using manual segmentation. (B) Vessel mask predicted

using the Naive Bayes classifier. (C) Overlap of Figure 3(B) with the manually segmented
mask in (A). (D) Background reduced cross-sectional image obtained by multiplying Figure
3(B) with the manually segmented mask in (A). (E) Overlap of (A) and (B) indicating the
True Positives, True Negatives, False Positives and False Negatives. (F) En face maximum
projection view image of the sample after applying the Naive Bayes mask on each B-frame.
(G) Zoom image from (F). The area is the same as indicated by red box in Figure 2(A).
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Figure5.
(A) En face projection view image obtained after applying the frequency rejection filter

method. (B) Zoom image from (A). The area is the same as indicated by red box in Figure
2(A).
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Figure®6.

(A?) Binary representation of Figure 2(A). (B) Binary representation of Figure 5(A). (C)
Binary representation of Figure 4(F). (D) Vessel length fraction calculated from (A). (E)
Vessel length fraction calculated from (B). (F) Vessel length fraction calculated from (C).
(G) Overlap of (A) and (B). (H) Overlap of (A) and (C). The white pixels indicate the pixels
that appear in both images and the red pixels are the white pixels that appear in (A) but not
in (B) or (C). (I) Mean and standard deviation of the vessel length fraction calculated in (D),
(E) and (F).
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Figure7.
(A) and (C) are two new en face maximum projection view images which present clear

motion artifacts. (B) and (D) are the results of (A) and (C), respectively after applying the
Naive Bayes mask. (E), (F), (G) and (H) are the binary representations of (A), (B), (C) and
(D), respectively. (I) Overlap of (E) and (F). The white pixels indicate the pixels that appear
in both images and the red pixels are the white pixels that appear in (E) but not in (F). (J)
Mean and standard deviation of the vessel length fraction calculated for the original (A),
FRF (image not shown) and Bayes image (B). (K) Overlap of (G) and (H). The white pixels
indicate the pixels that appear in both images and the red pixels are the white pixels that
appear in (G) but not in (H). (L) Mean and standard deviation of the vessel length fraction
calculated for the original (C), FRF (image not shown) and Bayes image (D).
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Sensitivity (Se), Specificity(Sp), Positive Predictive Value (PPV) and Negative Predictive Value (NPV)

Table 1
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obtained from the cross-validation images for each noise level, as well as the manual segmentation for the
highest level of noise.

Noise L evel Se S PPV NPV
1 (L owest) 9405 9791 686  99.71
2 938 989 67.76 99.91
3 86.16 98.75 70.03 99.2
4 (Highest) 8505 99.08 6818 99.09
Manual (Highest) 9503 99.03 74.05 99.31
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