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Abstract: Zebrafish have become an established in vivo vertebrate model to study cardiovascular

development and disease. However, most published studies of the zebrafish vascular architecture

rely on subjective visual assessment, rather than objective quantification. In this paper, we used

state-of-the-art light sheet fluorescence microscopy to visualize the vasculature in transgenic

fluorescent reporter zebrafish. Analysis of image quality, vascular enhancement methods,

and segmentation approaches were performed in the framework of the open-source software Fiji to

allow dissemination and reproducibility. Here, we build on a previously developed image processing

pipeline; evaluate its applicability to a wider range of data; apply and evaluate an alternative vascular

enhancement method; and, finally, suggest a work-flow for successful segmentation of the embryonic

zebrafish vasculature.

Keywords: 3D; analysis; development; in vivo; light sheet fluorescence microscopy (LSFM);

segmentation; vasculature; zebrafish

1. Introduction

Zebrafish are an increasingly used vertebrate model to study cardiovascular development and

disease. Characteristics such as larval transparency, high progeny rates, and ex utero development make

them an excellent model to study vascular architecture in vivo [1]. Transgenic fluorescent reporter lines

make it possible to visualize certain cell types of the vasculature non-invasively [2]. Such transgenics

have largely replaced the need for laborious micro-angiography to visualize vessels; meaning fish can

be imaged more efficiently, allowing higher replicability and sample numbers. Moreover, due to the

emergence of new imaging modalities with increased penetration depth and reduced photo-toxicity,

such as light sheet fluorescence microscopy (LSFM), it is possible to study the vasculature even in deep

anatomical layers for durations of days rather than minutes or hours [3,4].

Quantification of the vascular architecture (e.g., vessel volume, diameter, length, branching points,

etc.) from imaging modalities such as CT and MRI is commonly used in the medical field, providing

a read-out that describes the physiological health status of the vasculature [5]. Such quantitative

approaches are less extensively adopted in pre-clinical models, with the vascular phenotype often

only being assessed by subjective assessment. This lack of objective 3D quantification is especially

pronounced for the zebrafish cranial vasculature and, also, for data acquired with fluorescence

microscopy in transgenic samples. A few previous studies have adopted quantitative approaches to

investigate the zebrafish vasculature, the majority of which focused on the trunk vasculature in images
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acquired after micro-angiography [6–9], while another trunk vasculature segmentation approach was

briefly reported for transgenic fish [10]. Segmentation and quantification of sub-regions of the cranial

vasculature has previously been performed in [11] and [12], but both these studies utilized commercial

software and lacked sufficient documentation for replicability.

A possible reason for the shortage of zebrafish vasculature 3D quantification methods is that

transgenic reporters for endothelial cell visualization outline the vascular lumen, resulting in a

cross-vessel double-peak intensity distribution of lumenised vessels [13], while non-lumenised and

small vessels are visualized with a single-peak distribution. This contrasts with clinical imaging

modalities (e.g., CT and MRI) for which most vascular quantification methods have been developed,

as these tend to image blood within the vessels, providing a single-peak intensity distribution across

the vessel profile. Most existing quantification methods have been optimised for this single-peak

distribution and are not directly transferable to images of transgenic zebrafish. Also, data acquisition

with fluorescence microscopy often leads to a higher data load (e.g., LSFM 0.3 × 0.3 × 0.5 µm;

approx. 500 slices) compared to images acquired with CT or MRI (e.g., MRI 1 × 1 × 1 mm; approx.

100 slices). This can further hinder the direct translation of methods developed for medical imaging,

as run-time and memory issues can arise when applying these to the larger datasets typically

generated by LSFM. Hence, image analysis methods for the zebrafish vasculature not only need

to consider double- and single-peak intensity distributions across vessels, but also be able to handle

large datasets computationally.

To understand image properties prior to analysis, we previously studied image quality in

different transgenic reporter lines using vascular contrast-to-noise ratio (CNR) as a quantitative

indicator. This enabled us to obtain a quantitative metric of image quality for each of the studied

transgenic lines [13]. Our findings indicated that, while there was some variability in CNR between

transgenic lines, CNR remained sufficiently high in all examined lines that reliable segmentation

should be feasible.

Nevertheless, there was enough variability to suggest that CNR should be considered when

developing and evaluating different segmentation approaches. In this work, we perform further

examination to improve the robustness of our previous findings. In addition, we investigate the extent

to which CNR levels vary during early embryonic development to analyse whether developmental

differences in image quality should be considered. Furthermore, we previously quantified CNR levels

in vessels of different size to analyse whether CNR levels depend on vessel diameter and found that

there was no significant difference in CNR between the different vessels. In this work, we include data

from an additional experimental repeat; again, to improve robustness of the previously found results.

The requirement for and ability to correct sample motion was previously assessed in the transgenic

Tg(kdrl:HRAS-mCherry)s916 [14], which shows a membrane-localised endothelial expression and high

CNR levels [13]. In this work, the same motion correction approach was investigated in the transgenic

Tg(fli1a:eGFP)y1 [15], which shows a pan-endothelial expression pattern and lower CNR levels than

the former, thus evaluating the applicability of the suggested motion correction approach to more

challenging data.

Enhancement of the vasculature in zebrafish was previously conducted using general filtering

methods (Median filter and Rolling Ball algorithm) [13], providing increased vascular CNR levels.

However, our method’s performance was found to be sub-optimal when enhancing dim vessels or

vessels with a strong cross-vessel double-peak intensity distribution. Hence, in this study, we present

an alternative enhancement method utilizing the image Hessian matrix and the assumption of local

vessel tubularity based on [16]. The cross-vessel intensity distribution response is assessed upon

application of the newly suggested enhancement approach.

This work also evaluates several readily implemented segmentation methods available in the Fiji

image analysis framework [17] and studies their applicability to segment the zebrafish vasculature

after vascular enhancement.



J. Imaging 2019, 5, 0 3 of 13

Lastly, we quantify the cranial dorsal vascular volume and use this to provide an insight into the

robustness of the vascular enhancement and segmentation methods implemented in this work.

2. Materials and Methods

2.1. Zebrafish Husbandry

All experiments were conducted in accordance with institutional and UK Home Office regulations

under the project licence 70/8588 held by TC. Maintenance of adult transgenic zebrafish at the

Bateson Centre Aquarium Facility at the University of Sheffield was conducted according to previously

described standard husbandry protocols [18], with embryonic staging according to Kimmel et al. [19].

The following transgenic lines were studied:

1. Tg(kdrl:HRAS-mCherry)s916 [14]: membrane tagged mCherry under the endothelial-specific

kdrl promotor;

2. Tg(fli1a:eGFP)y1 [15]: cytosolic eGFP under the pan-endothelial fli1a promotor;

3. Tg(fli1a:LifeAct-mClover)sh467 (will be described elsewhere): endothelial filamentous actin tagged

with mClover fluorophore under the pan-endothelial fli1a promotor.

2.2. Image Acquisition

Data acquisition in the whole dorsal cranial vasculature was performed using a Zeiss Z.1

light sheet microscope, Plan-Apochromat 20x/1.0 Corr nd = 1.38 objective, dual-side illumination

with online fusion and activated Pivot Scan at 28 Images were obtained with 16bit image depth,

0.334 µm × 0.334 µm × 0.69 µm voxel size, resolution 1920 × 1920 vx (x,y), and user-defined z-stack

depth (typically 400–600 slices). Embedding of anaesthetized samples was conducted using 2%-LM

agarose (Sigma-Aldrich, Dorset, UK) in E3 (5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl and 0.33 mM

MgSO4 diluted to 1X E3 with distilled H2O) with 0.01% tricaine (MS-222, Sigma-Aldrich, Dorset, UK).

The following datasets were acquired:

1. Images of 3 days post fertilization (dpf) Tg(fli1a:eGFP)y1, Tg(kdrl:HRAS-mCherry)s916,

and Tg(fli1a:Lifeact-mClover)sh467 for CNR quantification;

2. Images of 2-to-5 dpf Tg(kdrl:HRAS-mCherry)s916 for assessment of CNR, vascular enhancement,

segmentation, and segmentation robustness;

3. Time-lapse acquisitions with 200 cycles over 10 minutes (min) were performed with 3 s time

intervals in 3 dpf Tg(kdrl:HRAS-mCherry)s916 and Tg(fli1a:eGFP)y1 to assess extent of motion and

test the motion correction approach.

2.3. Data Analysis

All image analysis, pre-processing, and segmentation were performed using the open-source

software Fiji [17].

2.3.1. Contrast-to-Noise Ratio (CNR)

Data quality and variability across a range of vessel sizes was assessed using CNR measurements.

CNR was measured in the middle mesencephalic central artery (MMCtA), anterior cerebral vein

(ACeV), basal aorta (BA) as well as dorsal aorta (DA), as these were found the be most consistent in

location between samples, but showed a varying diameter. Regions of interest (spanning the whole

vascular cross-section over a 5 µm length in the anterior-posterior direction) were placed in vessels of

interest to measure vascular mean intensity (µv). In the MMCtA and ACeV, the ROI was placed in the

anterior-posterior middle of the vessel length. In the BA, the ROI was placed before its bifurcation into

posterior communicating segment (PCS), while the DA ROI was placed at the anterior-posterior height

of first intersomitic vessel (ISV). Non-vascular mean signal (µnv) was measured in central regions of

brain, without vascularization, at the same stack depth as the respective vessels to assess non-vascular
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signal. An estimate of background noise was obtained by measuring the standard deviation (σ) in a

region of interest placed outside of the fish. CNR (Equation (1)) was calculated, as below:

CNR =

µv − µnv

σ
=

mean signal − mean non–vascular signal

standard deviation of background
(1)

2.3.2. Image Pre-Processing

Sample motion artefact assessment and correction were conducted as described in [13].

Two approaches for vascular enhancement were evaluated. The first utilised an optimised general

filtering approach for image artefact and noise reduction [13], while the second was based around

using image gradient information for enhancing tubular structures. Both methods were performed on

data from the Tg(kdrl:HRAS-mCherry)s916 line after 3D slice-by-slice motion correction as follows:

1. General Filtering (GF): 2D median filter with a radius of 6 voxels (13-by-13 neighbourhood) to

remove local noise peaks and valleys [20] and a rolling ball algorithm of size 200 to suppress

larger-scale artefacts such as scattering, autofluorescence, or shadowing artefacts [21]

2. Tubular Filtering (TF): Fiji Tubeness Plugin, based on Sato [16], and implemented by Mark

Longair, Stephan Preibisch and Johannes Schindelin [17]. The effect of varying the TF scale

parameter (sigma) on the vascular double-peak intensity distribution was evaluated for the

following values: 5.3424 (16 px), 8.0232 (24px), 9.3604 (28 px), 10.6848 (32 px), 15.359 (46 px),

and 23.718 (69 px).

2.3.3. Image Segmentation and Total Volume Measurement

Segmentation of enhanced images, generated using the two approaches described in the previous

section, was performed to distinguish vascular from non-vascular information. Standard Fiji

implementations of the following methods were evaluated [17]:

(i) Global Otsu thresholding using 16-bit images [22].

(ii) k-means clustering using 16-bit images [23], initialized using the default 48 randomized seeds

automatically placed by the k-means++ algorithm [24]. Variation of seed number was not found

to improve segmentation results in the tested range of 20–70 seeds. Additional parameters

were set as follows: 0.0001 cluster centre tolerance and interpretation as 3D stack. Detection

of four clusters was chosen as this was found to deliver reliable results, especially after TF

(one background cluster and three vessel clusters with varying brightness).

(iii) Statistical region merging (SRM) using 8-bit images, due to input requirements of the Fiji

implementation [25,26].

(iv) Level set [27] using 8-bit images (to achieve acceptable processing times) with 50 user-specified

vascular seeds, using the “Fast Marching” option with a distance threshold of zero and

user-selected image-specific grey value thresholds.

Following segmentation, total dorsal cranial vascular volume (Vol (µm3), Equation (2)) was

calculated in a user-defined region of interest (ROI; Figure 1). The dorsal aorta (DA) was chosen as the

most ventral boundary, while the dorsal longitudinal vein (DLV) constituted the most dorsal during

image acquisition. Exclusion of unspecified regions, such as the eye (indicated with asterix) were

excluded via manual region of interest (ROI) selection. Anterior and posterior inclusion were based on

prosencephalic artery (PrA) and posterior cerebral vein (PCeV), while lateral inclusion was guided by

the anatomy of primordial midbrain channel (PMBC).

The total dorsal cranial vascular volume (Vol (µm3) was calculated by multiplying the total count

of vascular voxels in the region of interest (Nvasc, Figure 1) by the respective voxel volume (Vx,y,z (µm3))

as previously presented in [13].

Vol = Nvasc ∗ Vx,y,z (2)
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Figure 1. Dorsal cranial volume was measured in the region indicated by white outlines.

(A) Dorsal-to-ventral boundary was established during image acquisition. (B) Lateral boundaries were

defined by user to exclude structures outside the ROI, such as the eyes (asterisk). Figure reproduced

with permission from [13] under licence 4466480468142.

2.4. Statistics and Data Representation

In all cases, data conformity to a Gaussian distribution was tested using the D’Agostino-Pearson

omnibus test to ascertain whether parametric statistical tests were appropriate [28]. Statistical analysis

was performed using One-way ANOVA or paired Student’s t-test in GraphPad Prism Version 7

(GraphPad Software, La Jolla, CA, USA). The level of statistical significance was indicated by p-values

using the following notation: p < 0.05 *, p < 0.01 **, p < 0.001 ***, p < 0.0001 ****. All graphical

representations use mean values and standard deviation. Correlation analysis was performed using

Pearson’s correlation coefficient. Image representation and visualization was done with Inkscape

Version 0.48.

3. Results and Discussion

3.1. Image Pre-Processing

3.1.1. Assessment of Image Quality by CNR Quantification

After analysis of collated data from independent experimental repeats of CNR levels in the

transgenics Tg(kdrl:HRAS-mCherry)s916, Tg(fli1a:eGFP)y1, and Tg(fli1a:LifeAct-mClover)sh467 we, again

found that Tg(kdrl:HRAS-mCherry)s916 had the highest CNR level of the three tested transgenic

lines (Figure 2A,B); being 48.26 ± 19.35 and statistically significantly higher than Tg(fli1a:eGFP)y1

(26.92 ± 9.91) or Tg(fli1a:LifeAct-mClover)sh467 (18.74 ± 14.20) (p < 0.0001 for both; n = 20,

4 dpf larvae; 3 experimental repeats). Differences between CNR levels in Tg(fli1a:eGFP)y1 and

Tg(fli1a:LifeAct-mClover)sh467 were not statistically significant (p 0.0898), although there was a trend

towards higher CNR in the former. The additional data obtained in this study did not change the

overall trends of previously suggested image quality levels of the investigated transgenic reporter

lines, but it did allow the CNR difference between Tg(kdrl:HRAS-mCherry)s916 and Tg(fli1a:eGFP)y1 to

reach statistical significance.

Quantification of CNR in the basal artery (BA) from 2–5 dpf in Tg(kdrl:HRAS-mCherry)s916 showed

a slight but not statistically significant decrease during this developmental time-frame (Figure 2C;

p 0.1032; 2 dpf n = 15, 3 dpf n = 16, 4 dpf n = 17, and 5 dpf n = 17 larvae; 2 experimental repeats;

Kruskal-Wallis test); suggesting that vascular segmentation should not directly be influenced by CNR

within this developmental time-frame.

Measurements of CNR levels in Tg(kdrl:HRAS-mCherry)s916, taken from vessels innervating

the brain at different anatomical planes (Figure 2D) and with different diameters, showed that

differences between anatomical location and vascular diameter (Figure 2E) were not correlated with

differences in CNR levels (Figure 2F; p 0.3007; n = 16, 3 dpf larvae from 2 experimental repeats;
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average diameter DA = 22.28 ± 3.89 µm; basal artery (BA) = 11.14 ± 1.68 µm; anterior cerebral vein

(ACeV) = 9.78 ± 2.10 µm; middle mesencephalic central artery (MMCtA) = 8.15 ± 1.27 µm; ANOVA;

average CNR DA = 145.6 ± 153.1 (coefficient of variation (CoV) 105.11%); BA = 91.76 ± 52.18 (CoV

56.87%); ACeV = 59.55 ± 36.24 (CoV 60.86%); MMCtA = 63.91 ± 48.78 (CoV 76.33%); Kruskal Wallis).

This suggests that segmentation of vessels of different size and anatomical location should not be

influenced by varying CNR.

 

グ グ グ グ グ グ 

 

Figure 2. (A) Image quality was assessed by contrast-to-noise ratio (CNR) level measurement in

three different transgenic lines, which harbour different reporter constructs (promotor as well as

reporter; 1,2,3). (B) CNR levels in these transgenic reporter lines showed a statistically significant

difference between (1) and (2) as well as between (1) and (3), with p < 0.0001 (****) for both. Between (2)

and (3) no statistically significant difference was found (p 0.0898; ns). (C) CNR levels from 2-to-5 dpf

showed no statistically significant difference (p 0.1032; ns). (D) Light sheet fluorescence microscopy

(LSFM) allows to visualize vessels from the most dorsal plane (p - proximal image plane; e.g., anterior

cerebral vein (ACeV)) to vessels which are a few hundred micrometer inside the embryo (d distal image

plane; e.g., dorsal aorta (DA)). (E) Vessels in the dorsal cranial zebrafish vasculature with different

diameters show no statistically significant difference in CNR levels ((F); p 0.3007 (ns); Figures (A)

and (D) reproduced with permission from [13] under licence 4466480468142.).
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These data suggested that image segmentation was likely to be more challenging in the transgenic

lines Tg(fli1a:eGFP)y1 and Tg(fli1a:LifeAct-mClover)sh467, but not directly dependent on different CNR

levels due to age (between 2-to-5 dpf), anatomical location, or diameter.

In this work, CNR was calculated using the mean signal across the entire vessel cross-section

to provide an estimate of the signal within the vessel. However, as previously shown, the signal

distribution is not uniform across the vessel cross section, so care must be taken in its interpretation,

particularly if there is a strong edge response compared to the centre of the vessel. Nevertheless, CNR

provides a simple quantitative measure that enables us to anticipate the likely feasibility of performing

vascular segmentation in different transgenic lines [13].

3.1.2. Correction of Motion Artefacts

We previously investigated the extent to which motion artefacts occurred in our image acquisition

setup using Tg(kdrl:HRAS-mCherry)s916 (Figure 3B) and suggested a motion correction approach based

on scale invariant features (Figure 3C,D; p < 0.0001; paired t-test; n = 16 3 dpf Tg(kdrl:HRAS-mCherry)s916

larvae; 2 experimental repeats) [13,29]. Here, we applied the same principle of assessing and correcting

for motion artefacts to the transgenic Tg(fli1a:eGFP)y1 (Figure 3E). Application of motion correction

significantly increased image correlation from 0.722 ± 0.202 to 0.927 ± 0.046 (p 0.0008; Figure 3G;

paired t-test; n = 15 3 dpf larvae; 2 experimental repeats).

 

グ グ 

 

Figure 3. (A) Samples were embedded in an agarose block for LSFM. (B–D) Motion correction for the

transgenic Tg(kdrl:HRAS-mCherry)s916 was previously tested [13]. (E,F) Application of the same motion

correction approach to the transgenic Tg(fli1a:eGFP)y1 delivered a similar level of artefact correction

(p 0.0008; ***). Figure (D) reproduced with permission from [13] under licence 4466480468142.

This suggested that the proposed motion correction method can also be applied to successfully

correct for motion artefacts in other transgenic lines that exhibit significantly poorer image quality

than Tg(kdrl:HRAS-mCherry)s916.

Based on our findings, we suggest that scale invariant features are suitable characteristics which

can be used even in scarce data such as the vasculature. Future work needs to address intra-plane

motion artefacts, which could be corrected by plane removal and interpolation from adjacent planes.
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Also, we appreciate that the extent of observed motion may differ for different sample embedding

approaches such as fluorinated ethylene tubing [4] or different agarose percentage.

3.2. Vascular Enhancement and Segmentation

3.2.1. Vascular Enhancement

While application of GF generally resulted in poor enhancement of dimmer vessels and failed

to enhance vessel double-peak intensity distribution as part of one vessel (Figure 4B; blue and red

arrowhead, respectively), TF was found to overcome both these limitations and, moreover, delivered a

visually overall better enhancement (Figure 4C). Assessment of cross-sectional intensity distribution

after TF with different scale size (sigma), showed that the original double-peak intensity distribution

was converted to single-peak when the maximum scale size reached approximately the size of the

vessel (Figure 4D). Setting maximum scale beyond vessel diameter was found to reduce the central

intensity peak and blur vascular edges far beyond original vessel edges (Figure 4E,F), highlighting

the necessity for appropriate parameter selection. In the following the maximum scale was set to

10.5 because most cranial vessels were found to be in this size range (majority 7–13 µm; maximum

20 µm), suggesting that most vessels should be equally well enhanced, while blurring was avoided.

Future work could include a combination of multiple scale responses to account for differences in

vessel sizes and ensure an optimum response at every scale.

 

 

Figure 4. (A) Original data sometimes suffered from dimly visualized vessels (blue arrowhead)

and had a double-peak cross-vessel intensity distribution (red arrowhead), which was particularly

pronounced in bigger vessels. (B) Application of General Filtering (GF) failed to enhance dim vessels.

(C) Application of Tubular Filtering (TF) successfully enhanced dim vessels and extracted vessels with

double-peak intensity distributions as one segment (red arrowhead). (D) Assessment of the cross-vessel

intensity distribution showed that the original double-peak distribution (black line; averages of

n = 12 embryos) was successfully converted into a single-peak when scale reached vessel size (e.g.,

9.3604 or 10.6848), while larger scales were found to reduce central intensity and blur vessel edges (e.g.,

15.359 and above). This was further validated by visual investigation (E,F) where the TF response is

shown in green overlaid onto the original image in red.
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3.2.2. Segmentation Approaches

We found that Otsu-thresholding delivered the most accurate segmentation after GF (Figure 5B)

as well as TF (Figure 5G). Subjectively comparing GF and TF, it was found that extracted vascular

features after GF sometimes showed increased blurring and/or less detail (Figure 5, green arrowheads).

Assessing the k-means clustering segmentation output showed that dim vessels were not

well extracted and non-vascular regions adjacent to vessels were over-segmented, leading to

over-segmentation of vessel width (Figure 5C,H, red asterisk).

The segmented output after SRM was often under- or over-segmented (Figure 5D,I) and loss of

whole vascular segments was occasionally observed (Figure 5I, red arrowheads). Again, vessel width

was found to be over-segmented, leading to highly variable results after GF. The low variation of SRM

after TF is thought to be due to suppression of non-vascular regions during the enhancement process.

Application of the fast-marching level set method to our data resulted in unsatisfactory

segmentation outputs with vessels generally being under-segmented when compared to the other

approaches. This was particularly noticeable when the method was combined with the GF

enhancement approach. Also, due to data size, computational time was approximately 2–3 days

on a PC workstation, suggesting that this method would not be feasible in this current implementation

for large datasets without prior image down-sampling. It also precluded any detailed attempt to

optimize the methodology, as evaluating the method over a range of input parameters was not

considered feasible in the time-frame of the present study. Thus, level set methods are not considered

further in the present study.

Quantification of the cranial vascular volume after segmentation was performed to evaluate

robustness and replicability of the suggested segmentation approach. Comparing the extracted vascular

volume after GF enhancement showed no statistically significant difference for any of the three tested

methods, Otsu-thresholding, k-means, and SRM, respectively (Figure 5K; GF Otsu vs. GF k-means

p 0.1742; GF Otsu vs. GF SRM p > 0.9999; GF k-means vs. GF SRM p 0.5454). Interestingly, the CoV varied

strongly between the suggested methods after GF, namely Otsu-thresholding 18.34%, k-means 20.79%,

and SRM 58.59%. Suggesting that Otsu-thresholding delivered the most consistent segmentation.

Quantification of the vascular volume after TF enhancement showed statistically significant

differences between the suggested segmentation methods as follows: TF Otsu vs. TF k-means,

p 0.0293; TF Otsu vs. TF SRM, p 0.0058; and TF k-means vs. TF SRM, p > 0.9999 (Figure 5L). Again,

Otsu-thresholding provided the lowest CoV of 10.71%, while the CoV for k-means and SRM were

15.24% and 30.00%, respectively.

Based on the high CoV after GF we suggest that TF enhancement prior to segmentation delivered

more robust and reliable results in comparison to GF. Also, our data imply that Otsu-thresholding

delivered more accurate segmentation results than k-means or SRM. Together, we suggest that

enhancement with TF followed by Otsu-thresholding can be used to extract useful quantitative

measures of the cranial vasculature volume.

This vascular enhancement and segmentation approach has been optimized and validated

using the reporter line Tg(kdrl:HRAS-mCherry)s916 which was shown in Section 3.1.1 to have high

image quality and endothelial specific expression. Hence, future studies will need to investigate the

translation of the approach to other transgenic reporter lines with lower CNR levels and/or more

unspecific fluorophore expression. Furthermore, while we have demonstrated that the optimum

segmentation approach provides the most precise measurement of vascular volume, the current

lack of a gold standard makes it difficult to assess the accuracy of the method and this work has

relied on subjective visual assessment to provide a gauge, which is far from ideal. Future work

will need to address the lack of a gold standard for the segmentation of the zebrafish vasculature.

Because no technique is currently available as the gold-standard for zebrafish vascular segmentation,

laborious manual segmentation would be required. Instead, we suggest further investigation of

accuracy and sensitivity by the use of experimental approaches (such as inhibition of angiogenesis to
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assess segmentation sensitivity), computational approaches (such as vasculature modelling to refine

following parameter settings), or both in combination.

 

 

Figure 5. (A) Readily implemented segmentation methods of the Fiji image analysis software were

applied to images after pre-processing using GF. (B) It was found that intensity-based Otsu-thresholding

delivered the most robust results in comparison to other methods, such as k-means clustering

((C); red asterisks: vessels not extracted), SRM (D), or fast-marching level set (E). (F) The same

segmentation methods were applied to images after vessel enhancement with TF. Again, it was found

that intensity-based Otsu-thresholding delivered the most reliable results (G). While k-means clustering

(H), SRM (I), and the tested fast-marching level set implementation (J) resulted in an unsatisfactory

segmentation. (K) Vascular volume quantification after GF showed no statistically significant difference

between the tested segmentation methods. (L) Quantification of the vascular volume after TF showed

a statistically significant difference between the assessed segmentation methods. Namely, TF Otsu vs.

TF k-means p 0.0293, TF Otsu vs. TF SRM 0.0058, and TF k-means vs. TF SRM p > 0.9999. CoV was

found to be lower after TF with 15.24% k-means and 30.00% SRM and only 10.71% Otsu-thresholding

(n = 7, Mann-Whitney U test; representative images).

4. Conclusions

In this work, we have investigated image pre-processing and segmentation approaches to provide

a work-flow for quantitatively characterising the zebrafish cranial vascular volume. We have shown

that inter-plane motion correction can be successfully corrected utilizing scale invariant features,

as demonstrated in two different transgenic lines, which have different data properties. We have also

shown that CNR varies between different transgenic reporter lines, but is largely independent of age

(between 2-to-5 dpf), anatomical location, or vessel size. Testing GF and TF for vascular enhancement,

we found that TF delivered optimum results when the scale size was in the range of “to be enhanced”

vessels. Following, we tested different segmentation methods and found that the combination of
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TF and Otsu thresholding allowed for robust quantification of the cranial vascular volume. Thus,

we suggest that biologically relevant information can be extracted to study vascular development,

disease influence, or effect of drugs. This segmentation of the cranial vasculature will be the foundation

for future extraction of further physiologically relevant data, such as vessel length, branching point,

or diameter.

Future work may also consider the collation of vessel enhancement data from multiple scales to

allow application to vascular beds with a wider range of vessel sizes. Also, being able to visualize

vessel walls of lumenised vessels by the use of transgenic lines and LSFM could allow future

approaches to quantify vessel wall thickness and luminal volumes for the further understanding

of cardiovascular diseases.
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Abbreviations

The following abbreviations are used in this manuscript:

ACeV anterior cerebral vein

BA basal artery

CNR contrast-to-noise ratio

CoV coefficient of variance

DA dorsal aorta

DLAV dorsal longitudinal vein

dpf days post fertilization

GF general filtering

hpf hours post fertilization

H Hours

ISV intersomitic vessel

LP laser power

LSFM light sheet fluorescence microscopy

min Minutes

MIP Maximum intensity projection

MMCtA middle mesencephalic central artery

PCeV posterior cerebral vein

PCS posterior communicating segment

PMBC primordial midbrain channel

PrA prosencephalic artery

ROI region of interest

s Seconds

SRM statistical region merging

TF tubular filtering



J. Imaging 2019, 5, 0 12 of 13

References

1. Gut, P.; Reischauer, S.; Stainier, D.Y.R.; Arnaout, R. Little Fish, Big Data: Zebrafish as a Model for

Cardiovascular and Metabolic Disease. Physiol. Rev. 2017, 97, 889–938. [CrossRef] [PubMed]

2. Cha, Y.R.; Weinstein, B.M. Visualization and experimental analysis of blood vessel formation using transgenic

zebrafish. Birth Defects Res. Part C Embryo Today Rev. 2007, 81, 286–296. [CrossRef] [PubMed]

3. Huisken, J.; Swoger, J.; Del Bene, F.; Wittbrodt, J.; Stelzer, E.H.K. Optical sectioning deep inside live embryos

by selective plane illumination microscopy. Science 2004, 305, 1007–1009. [CrossRef] [PubMed]

4. Kaufmann, A.; Mickoleit, M.; Weber, M.; Huisken, J. Multilayer mounting enables long-term imaging of

zebrafish development in a light sheet microscope. Development 2012, 139, 3242–3247. [CrossRef] [PubMed]

5. Lesage, D.; Angelini, E.D.; Bloch, I.; Funka-Lea, G. A review of 3D vessel lumen segmentation techniques:

Models, features and extraction schemes. Med. Image Anal. 2009, 13, 819–845. [CrossRef] [PubMed]

6. Feng, J.; Ip, H.H.S.; Cheng, S.H.; Chan, P.K. A relational-tubular (ReTu) deformable model for vasculature

quantification of zebrafish embryo from microangiography image series. Comput. Med. Imaging Graph. Off. J.

Comput. Med. Imaging Soc. 2004, 28, 333–344. [CrossRef] [PubMed]

7. Feng, J.; Cheng, S.H.; Chan, P.K.; Ip, H.H.S. Reconstruction and representation of caudal vasculature of

zebrafish embryo from confocal scanning laser fluorescence microscopic images. Comput. Biol. Med. 2005, 35,

915–931. [CrossRef] [PubMed]

8. Feng, J.; Ip, H.H.S. A statistical assembled deformable model (SAMTUS) for vasculature reconstruction.

Comput. Biol. Med. 2009, 39, 489–500. [CrossRef] [PubMed]

9. Ip, H.; Feng, J.; Cheng, H. Automatic Segmentation and Tracking of Vasculature from Confocal Scanning Laser

Fluorescence Microscope Images sequences using Multi-Orientation Dissection Sections. In Proceedings

of the IEEE International Symposium on Biomedical Imaging, Washington, DC, USA, 7–10 July 2002;

pp. 249–252.

10. Schneider, S. Segmentation of Zebrafish Vasculature; Technical Report; MOSAIC Group: Towson, MD,

USA, 2015.

11. Tam, S.; Richmond, D.; Kaminker, J.; Modrusan, Z.; Martin-McNulty, B.; Cao, T.; Weimer, R.; Carano, R.D.;

van Bruggen, N.; Watts, R. Death Receptors DR6 and TROY Regulate Brain Vascular Development. Dev. Cell

2012, 22, 403–417. [CrossRef] [PubMed]

12. Chen, Q.; Jiang, L.; Li, C.; Hu, D.; Bu, J.W.; Cai, D.; Du, J.L. Haemodynamics-Driven Developmental Pruning

of Brain Vasculature in Zebrafish. PLoS Biol. 2012, 10, e1001374. [CrossRef] [PubMed]

13. Kugler, E.; Chico, T.; Armitage, P. Image Analysis in Light Sheet Fluorescence Microscopy Images of

Transgenic Zebrafish Vascular Development. In Medical Image Understanding and Analysis. MIUA 2018;

Communications in Computer and Information Science; Nixon, M., Mahmoodi, S., Zwiggelaar, R., Eds.;

Springer: Cham, Switzerland, 2018; Volume 894, pp. 343–353.

14. Chi, N.C.; Shaw, R.M.; De Val, S.; Kang, G.; Jan, L.Y.; Black, B.L.; Stainier, D.Y. Foxn4 directly regulates tbx2b

expression and atrioventricular canal formation. Genes Dev. 2008, 22, 734–739. [CrossRef] [PubMed]

15. Lawson, N.D.; Weinstein, B.M. In Vivo Imaging of Embryonic Vascular Development Using Transgenic

Zebrafish. Dev. Biol. 2002, 248, 307–318. [CrossRef] [PubMed]

16. Sato, Y.; Nakajima, S.; Atsumi, H.; Koller, T.; Gerig, G.; Yoshida, S.; Kikinis, R. 3D multi-scale line filter for

segmentation and visualization of curvilinear structures in medical images. In CVRMed-MRCAS’97; Lecture

Notes in Computer Science; Springer: Berlin/Heidelberg, Germany, 1997; pp. 213–222.

17. Schindelin, J.; Arganda-Carreras, I.; Frise, E.; Kaynig, V.; Longair, M.; Pietzsch, T.; Preibisch, S.; Rueden, C.;

Saalfeld, S.; Schmid, B.; et al. Fiji—An Open Source platform for biological image analysis. Nat. Methods

2012, 9, 676–682. [CrossRef] [PubMed]

18. Westerfield, M. The Zebrafish Book: A Guide for Laboratory Use of Zebrafish (Brachydanio Rerio), 2nd ed.;

University of Oregon Press: Eugene, OR, USA, 1993.

19. Kimmel, C.B.; Ballard, W.W.; Kimmel, S.R.; Ullmann, B.; Schilling, T.F. Stages of embryonic development of

the zebrafish. Dev. Dyn. 1995, 203, 253–310. [CrossRef] [PubMed]

20. Lim, J. Two-Dimensional Signal and Image Processing; Prentice Hall: Englewood Cliffs, NJ, USA, 1990;

pp. 469–476.

21. Stelzer. Contrast, resolution, pixelation, dynamic range and signal-to-noise ratio: Fundamental limits to

resolution in fluorescence light microscopy. J. Microsc. 1998, 189, 15–24. [CrossRef]

http://dx.doi.org/10.1152/physrev.00038.2016
http://www.ncbi.nlm.nih.gov/pubmed/28468832
http://dx.doi.org/10.1002/bdrc.20103
http://www.ncbi.nlm.nih.gov/pubmed/18228261
http://dx.doi.org/10.1126/science.1100035
http://www.ncbi.nlm.nih.gov/pubmed/15310904
http://dx.doi.org/10.1242/dev.082586
http://www.ncbi.nlm.nih.gov/pubmed/22872089
http://dx.doi.org/10.1016/j.media.2009.07.011
http://www.ncbi.nlm.nih.gov/pubmed/19818675
http://dx.doi.org/10.1016/j.compmedimag.2004.03.005
http://www.ncbi.nlm.nih.gov/pubmed/15294311
http://dx.doi.org/10.1016/j.compbiomed.2004.05.003
http://www.ncbi.nlm.nih.gov/pubmed/16263106
http://dx.doi.org/10.1016/j.compbiomed.2009.03.002
http://www.ncbi.nlm.nih.gov/pubmed/19423090
http://dx.doi.org/10.1016/j.devcel.2011.11.018
http://www.ncbi.nlm.nih.gov/pubmed/22340501
http://dx.doi.org/10.1371/journal.pbio.1001374
http://www.ncbi.nlm.nih.gov/pubmed/22904685
http://dx.doi.org/10.1101/gad.1629408
http://www.ncbi.nlm.nih.gov/pubmed/18347092
http://dx.doi.org/10.1006/dbio.2002.0711
http://www.ncbi.nlm.nih.gov/pubmed/12167406
http://dx.doi.org/10.1038/nmeth.2019
http://www.ncbi.nlm.nih.gov/pubmed/22743772
http://dx.doi.org/10.1002/aja.1002030302
http://www.ncbi.nlm.nih.gov/pubmed/8589427
http://dx.doi.org/10.1046/j.1365-2818.1998.00290.x


J. Imaging 2019, 5, 0 13 of 13

22. Otsu, N. A threshold selection method from gray-level histograms. Trans. Syst. Man Cybern. 1979, 9, 62–66.

[CrossRef]

23. Jain, A.K.; Dubes, R.C. Algorithms for Clustering Data; Prentice-Hall, Inc.: Upper Saddle River, NJ, USA, 1988.

24. Arthur, D.; Vassilvitskii, S. K-means++: The Advantages of Careful Seeding. In Proceedings of the Eighteenth

Annual ACM-SIAM Symposium on Discrete Algorithms, SODA ’07, New Orleans, Louisiana, 7–9 January 2007;

Society for Industrial and Applied Mathematics: Philadelphia, PA, USA, 2007; pp. 1027–1035.

25. Nock, R.; Nielsen, F. Statistical region merging. IEEE Trans. Pattern Anal. Mach. Intell. 2004, 26, 1452–1458.

[CrossRef] [PubMed]

26. Nielsen, F.; Nock, R. On region merging: The statistical soundness of fast sorting, with applications.

In Proceedings of the 2003 IEEE Computer Society Conference on Computer Vision and Pattern Recognition,

Madison, WI, USA, 18–20 June 2003; Volume 2, pp. 19–26. [CrossRef]

27. Sethian, J. Level Set Methods: Evolving Interfaces in Geometry, Fluid Mechanics, Computer Vision, and Materials

Science; Cambridge University Press: Cambridge, UK, 1996.

28. D’Agostino, R.B.; Belanger, A. A Suggestion for Using Powerful and Informative Tests of Normality. Am. Stat.

1990, 44, 316–321. [CrossRef]

29. Lowe, D.G. Distinctive Image Features from Scale-Invariant Keypoints. Int. J. Comput. Vis. 2004, 60, 91–110.

[CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access

article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1109/TSMC.1979.4310076
http://dx.doi.org/10.1109/TPAMI.2004.110
http://www.ncbi.nlm.nih.gov/pubmed/15521493
http://dx.doi.org/10.1109/CVPR.2003.1211447
http://dx.doi.org/10.2307/2684359
http://dx.doi.org/10.1023/B:VISI.0000029664.99615.94
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Zebrafish Husbandry 
	Image Acquisition 
	Data Analysis 
	Contrast-to-Noise Ratio (CNR) 
	Image Pre-Processing 
	Image Segmentation and Total Volume Measurement 

	Statistics and Data Representation 

	Results and Discussion 
	Image Pre-Processing 
	Assessment of Image Quality by CNR Quantification 
	Correction of Motion Artefacts 

	Vascular Enhancement and Segmentation 
	Vascular Enhancement 
	Segmentation Approaches 


	Conclusions 
	References

