
© Quantitative Imaging in Medicine and Surgery. All rights reserved.   Quant Imaging Med Surg 2024;14(2):1729-1746 | https://dx.doi.org/10.21037/qims-23-1065

Original Article

Multi-parametric investigations on the effects of vascular 
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Background: Vascular disrupting agents (VDAs) are known to specifically target preexisting tumoural 
vasculature. However, systemic side effects as safety or toxicity issues have been reported from clinical trials, 
which call for further preclinical investigations. The purpose is to gain insights into their non-specific off-
targeting effects on normal vasculature and provide clues for exploring underlying molecular mechanisms.
Methods: Based on a recently introduced platform consisting laser speckle contrast imaging (LSCI), 
chick embryo chorioallantoic membrane (CAM), and assisted deep learning techniques, for evaluation of 
vasoactive medicines, hemodynamics on embryonic day 12 under constant intravascular infusion of two 
VDAs were qualitatively observed and quantitatively measured in real time for 30 min. Blood perfusion, 
vessel diameter, vessel density, and vessel total length were further analyzed and compared between blank 
control and medicines dose groups by using multi-factor analysis of variance (ANOVA) analysis with 
factorial interactions. Conventional histopathology and fluorescent immunohistochemistry (FIHC) assays 
for endothelial cytoskeleton including ß-tubulin and F-actin were qualitatively demonstrated, quantitatively 
analyzed and further correlated with hemodynamic and vascular parameters.
Results: The normal vasculature was systemically negatively affected by VDAs with statistical significance 
(P<0.0001), as evidenced by four positively correlated parameters, which can explain the side-effects observed 
among clinical patients. Such effects appeared to be dose dependent (P<0.0001). FIHC assays qualitatively 
and quantitatively verified the results and exposed molecular mechanisms.
Conclusions: LSCI-CAM platform combining with deep learning technique proves useful in preclinical 
evaluations of vasoactive medications. Such new evidences provide new reference to clinical practice.
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Introduction

As a major branch of vascular-targeting therapies (VTTs), 
vascular disrupting agents (VDAs) have been ardently explored 
over the last two decades for potential anticancer purpose (1,2). 
According to the definition, VDAs specifically target existent 
tumoural vasculature by acting on, and exploiting the intrinsic 
defect of, their endothelial cells, and consequently cause 
vascular shutdown, blood flow stoppage and pervasive necrosis 
in the tumor interior that usually resists to conventional 
chemotherapy and radiation therapy (3-5). Noticeable 
specificity is that VDAs can leave normal tissue relatively  
intact (6) or affect little on non-malignant tissues (3), revealing 
a mild safety profile among tested patients.

Based on preclinical and clinical studies, a viable rim 
always remains in the tumors after intravenous (IV) 
administration of VDAs, presumably because it derives 
nutrients from adjacent normal blood vessels (6,7). 
Therefore, to overcome such incomplete anticancer 
efficacy, multiple doses of VDAs are often combined 
with other modalities such as chemotherapy (8-10), anti-
angiogenic agents (AAs) (11,12), AAs and chemotherapy (13)  
and radiation therapy (14). But the outcomes of phase II-
III clinical trials on VDAs with both monotherapy and 
combinational therapy are still unsatisfactory due to rapid 
tumor regrowth and poor ultimate drug efficacy resulting 
from viable tumor residues at the periphery, which impeded 
the authority approvals on oncological applications of  
VDAs (7). To tackle such bottleneck problems of tumor 
residue and cancer relapse common to all VDAs, a dual 
targeting pan-anticancer theragnostic strategy called 
OncoCiDia has been attempted, in which a single dose 
of VDA is first used to create massive tumor necrosis that 
serves as the target for a secondary single dose of a radio-
iodinated necrosis-avid compound hypericin on the next 
day to exert local persistent irradiation-cleansing of the 
remaining cancer cells due to I-131’s 8-days decaying half-
life and emission of high energy betta particles. The co-
emitted gamma rays can also facilitate nuclear imaging 
of the cancer under treatment, hence a true theragnostic 
property of OncoCiDia (15). 

Meanwhile, a number of safety issues have been reported 
from clinical trials with VDAs (16). Besides other adverse 

effects including dyspnea, tumour pain, abdominal pain, 
neurotoxicity, headache, nausea and vomiting (5,16,17), 
cardiovascular toxicities are prominent with hypertension 
as the most common one, followed by QTc prolongation, 
tachycardia and bradycardia, myocardial infarction, and 
atrial fibrillation (17). These systemic side effects or off-
target toxicities are characterized by acute, transient, 
noncumulative and reversible natures (16), but are rather 
difficult to explain by VDAs’ specificity on tumoural 
vasculature, with a few hypotheses being proposed. For 
instance, VDAs can impact on non-malignant tissues (18) 
either directly on the healthy organs/tissues or indirectly 
by the cytokines released when VDAs act on tumor-
related blood vessels (16). Hypertension induced by VDAs 
is a compensatory response to an increase in peripheral 
resistance (18), and VDAs may influence blood pressure 
by activating the angiotensin-renin system (19). These 
uncertainties call for further laboratory research.

The purpose of this study is to gain more insights into 
the non-specific effects of VDAs on normal vasculature 
and provide clues for exploring underlying molecular 
mechanisms, in order to substantiate those hypotheses and 
propose possible directions for VDA research.

The chick embryo with chorioallantoic membrane 
(CAM) possesses all necessary organs and circulatory system 
of vertebrates, as complete living form (4) and the CAM has 
been proved as suitable in vivo model to study numerous 
anti-cancer therapies (20-22), toxicant vascular effects (23), 
and molecular mechanisms (24,25). A laser speckle contrast 
imaging (LSCI)-CAM platform for evaluation of vasoactive 
medications has been introduced recently (26), which could 
be an ideal means to study VDAs’ non-specific effects on 
normal vasculature. 

We designed and performed the present experiment to 
answer the following questions. (I) Is it feasible to do VDA 
studies on normal vasculature at a recently established 
LSCI-CAM platform? (II) Are multiple parameters such 
as blood perfusion, vascular diameter, density and length 
affected by VDAs? (III) Whether such parameters can 
be recorded and quantified by the platform? (IV) Can we 
gain any molecular insight into the mechanisms of VDAs 
particularly with fluorescent immunohistochemistry 
(FIHC)? And (V) to what extent can the results from this 
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Figure 1. Flow chart of experimental Protocol
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Figure 1 Flow chart of experimental protocol. C118P, C118 phosphate; CA4P, combretastatin A4-phosphate; CAM, chorioallantoic 
membrane; LSCI, laser speckle contrast imaging; FLPI, full-field laser perfusion imager; FIHC, fluorescent immunohistochemistry.

study on CAM explain clinical pharmacologic and adverse 
effects of VDAs?

Methods

Ethical approval was waived by the Institutional Ethics 
Committee of KU Leuven since chick embryos are not 
considered animals before ED18, in compliance with The 

European Parliament and the European Council Directive 
2010/63/EU (24,27). The present experimental study on 
chick embryos was executed according to the protocol as 
illustrated in Figure 1.

Studied agents

C118 phosphate (C118P) as a new CA4P analogue of VDAs 
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was supplied by Nanjing Sanhome Pharmaceutical Co. Ltd 
(Nanjing, China) (Figure 1A). Combretastatin A4-phosphate 
(CA4P) as a benchmark VDA was purchased from Shanghai 
Yuanye Biotech Co. Ltd (Shanghai, China) (Figure 1B).  
Sterile 0.9% normal saline (B. Braun, Melsungen, 
Germany) was used as a vehicle control agent (Figure 1C).

Chick embryo incubation and preparation for 
catheterization

Freshly laid fertilized chicken eggs (Xinyang species) 
were provided by Shanghai Poultry Breeding Co. Ltd 
(Shanghai, China). On embryonic day (ED) 1, the eggs 
were transferred into a digital incubator (Rcom MARU 
MAX, Korea). The blunt side of every embryonic egg 
was facing upward and fixed within the holding tray and 
maintain at 37.5 ℃ and 65% humidity during incubation 
process. The trays changed ±45° angle automatically every 
hour for balanced development of embryo. On ED 12 
as an optimal moment (26), when CAM vessels have the 
most suitable status (size, maturity, richness, blood flow 
and locations) to be monitored and analyzed responding to 
different vasoactive medications, embryos were taken out 
from incubator to the ambient laboratory consecutively for 
the in ovo experiment.

A circular observation window about 2.0 cm in diameter 
was opened on the egg shell along the edge of the air cell 
(Figure 1D), and a square injection window about 1.0 cm2 
in size on the lateral shell was opened carefully to expose 
an underneath major CAM blood vessel (Figure 1E) as 
described in details previously (26). 

A custom-made fine needle catheter of 30 Gauge was 
produced and connected with the micro-injection pump 
through a silicon micro-tube (Figure 1E,1F). After the CAM 
blood vessel was punctured and catheterized by the tiny needle 
at the injection window, intravascular drug administration was 
driven by the micro-injection pump, while the rest of CAM 
still remained intact (26,28) (Figure 1D-1G).

Equipment hardware and software

An LSCI centered platform included one full-field laser 
perfusion imager (FLPI) from Moor Instruments (www.
moorclinical.com, Devon, UK) (Figure 1H), a wire-
connected desktop computer and catheter-infusion-pump 
unit. An electric blanket was put underneath the egg holder 
to simulate incubator temperature about 37.5 ℃ and to 
avoid cold stress of embryo during the experiment. Imaging 

settings were configured as: camera auto focus, auto gain, 
180° rotation and low-speed/high-resolution; default  
20 ms integration time; 250 images at a 10-second interval 
as temporal filter to reconstruct one effective frame 
for analysis; thus 30 min measurement could generate  
180 integrated frames. The position and system parameters 
were kept constant during each entire experiment (26). 

Regarding the working mechanism of LSCI technique, 
the FLPI device projects laser light on the tissue surface 
and generates a random interference, which yields different 
contrasts, named as laser speckle patterns sensitive to blood 
flow velocity that is coded into a contrast intensity map. 
The flowing red blood cells in a blood vessel decreases 
the contrast, so the blood flows with high speed reveal 
low contrast regions and conversely low blood flow speed 
appears as high contrast (29-32).

Speckle contrast Flux images generated from LSCI-
CAM platform can be processed by the connected PC with 
the software Moor FLPI Review V5.0 (Moor Instruments 
Ltd., UK) to display and analyze those images (Figure 1I). 
In addition, ImageJ Fiji Software (https://imagej.nih.gov/ij/
index.html) was used to measure vessel diameter (26). The 
vessel diameter is an important parameter to represent chick 
vascular status and network, as described in (33).

To explore the above Flux images for more extended 
parametric analyses, this study also adopted a commercial 
deep learning aided IKOSA® platform (www.ikosa.ai) 
produced by KML Vision GmbH (www.kmlvision.com, Graz, 
Austria), which is dedicated for bio-image data management 
and automated analysis in the field of the pharmaceutical and 
medical sciences. An existing IKOSA Prisma deep learning-
based algorithm, CAM Assay-V 3.0.0, was kindly provided by 
the company and implemented in this research.

Experimental protocol

According to the maximum tolerated doses (MTDs) derived 
from animal studies and clinical trial experiences (34),  
two VDAs were dissolved with 0.9% saline into three 
concentrations: 10, 5 and 2 mg/mL, respectively. As 
shown in Figure 1, on the predetermined optimal ED 
12 (26), altogether 42 chick eggs were randomly divided 
into 6 treatment groups for receiving intra-vascular 
administrations of the above 3 concentrations of either 
C118P or CA4P, and a vehicle control group receiving 0.9% 
saline, respectively (n=6, each).

Through injection window, 0.5 mL of a VDA solution 
was infused into a CAM surface blood vessel for 30 min, via 

http://www.moorclinical.com
http://www.moorclinical.com
https://imagej.nih.gov/ij/index.html
https://imagej.nih.gov/ij/index.html
http://www.ikosa.ai
http://www.kmlvision.com
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a microinjection pump at a speed of 1 mL/h (approximately 
15 μL/min). Multiparametric measurements were performed 
simultaneously on the CAM-LSCI platform for real time 
monitoring of vascular and hemodynamic changes at an 
analytical interval of every 5 min (Figure 1). Conventional 
monitoring parameters include blood perfusion (Flux) and 
vascular diameter (26); in addition IKOSA deep learning 
platform contributed two more parameters of vascular 
density and vascular total length. Histology of HE staining 
and FIHC analysis were carried out to explore microscopic 
molecular insights.

Monitoring and data acquisition

Intravascular infusion, LSCI real time monitoring and data 
acquisition were simultaneously conducted during 30 min 
for this in ovo experiment in the laboratory environment at 
temperature about 22–23 ℃. 

The head of FLPI device was positioned 25 cm upright 
above observation window of the egg embryo. The 
correct positioning was facilitated by targeting beam (red 
laser) to the field of interest, which can be controlled by 
PC software of “zoom” function. With this LSCI-CAM 
platform, the CAM hemodynamics and vasculature could 
be real time scanned efficiently for dynamically monitoring 
and capturing the alterations of blood perfusion and 
microcirculation during the pharmacological interventions 
with VDAs, and recorded by the PC for analyses by the 
software. Based on generated real-time 2D images (Flux), 
regions of interests (ROIs) are determined by drawing a 
1.0 mm2 circle on a major vessel trunk in the observation 
window, as previously optimized (26). Mean perfusion unit 
values (PU) during 30 min were reported and analyzed 
by the software based on ROIs of all embryos of different 
treatment groups and thereby all real-time perfusion results 
were exported into one graph as a function of time for 
further statistical analyses. 

The diameter measurements were designated at 
junction point of major vessels near its branch, facilitating 
the fixation of the position. The diameters of the same-
positioned vasculature on 2D image of individual CAMs 
were quantified using MoorFLPI-2 review software V5.0 
with the accuracy of a millimeter scale and those images 
were transferred to ImageJ (Fiji software) for distance 
measurement at a micrometer level.

Two parameters of vascular density (
vessel total area

ROI area ) and 
vascular total length were elaborated by using IKOSA deep 
learning system. First, Flux images generated from LSCI-

CAM platform were converted into grayscale ones, and then 
uploaded into the image library of IKOSA deep learning 
platform. Every selected image was encircled in a 2 cm2 
circle from the whole image as a ROI. Analytical resolution 
of images could reach 10 μm/Pixel. The results of relevant 
parameters for the quantification of blood vessels on CAM 
assays were automatically reported following IKOSA deep 
learning algorithm analyses. The parameters selected 
for this study were defined by comparing phenotypic 
characteristics of normal vessels or tumoral vessels (5) as 
well as the capacities of the applied LSCI-CAM platform. 

Histology and cytoskeleton FIHC analyses 

One piece of major vessel at observation window was excised 
into a centrifugal tube, and undertaken shock cooling by 
liquid nitrogen, followed by deep frozen storage at −80 ℃.  
The specimens were sectioned at 8 μm by a cryotome, 
and stained with hematoxylin-eosin (HE) staining for 
histological analysis. The observations and documentation 
were executed under a digital section scanner NanoZoomer 
S210 with the software NDP view2 (Hamamatsu, Japan).

For FIHC, β-tubulin and F-actin ( f i lamentous 
actin) are two predominant proteins within endothelial 
cytoskeleton of blood vessels, which are identified in this 
immunofluorescence double-staining protocol as detailed 
below.

Slides of frozen sections at 8μm were kept at room 
temperature to defrost for of 30 min, followed by (I) three 
times washing for 5 min with phosphate buffered saline 
(PBS); (II) treatment in PBS containing 0.1% Triton X-100 
(PBS-T) and three times of PBS washing for 5 min; (III) 
specimens being blocked with goat serum for 30min before 
incubation with antibodies; (IV) specimens being incubated 
with the first antibody for anti-β-tubulin (ABCAM, 
ab179513) in 1:50 overnight at 4 ℃ in wet box and 
three times of PBS washing for 5 min; (V) using a FITC 
(fluorescein isothiocyanate)-conjugated goat anti-rabbit 
(ABCAM, ab150077) kit in 1:100 as a secondary antibody 
for anti-β-tubulin for 30 min under dark incubation at 
room temperature and three times of PBS washing for 
5 min; (VI) using Phalloidin iFluor 555 (40737ES75) 
at 1:100 in PBS-T for 60 min under dark incubation at 
room temperature to label, identify and visualize spectrum 
red F-actin followed by three times of PBS washing for  
5 min; (VII) specimens being washed and embedded with 
4’,6-diamidino-2-phenylindole (DAPI, Sigma, D9542) to 
stain nuclei; and (VIII) sealing slides by anti-fluorescence 
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quenching agent. Finally, immunofluorescence images were 
obtained by fluorescence scanner PANNORAMIC MIDI II 
(3D Histech, Hungary), equipped with three filter sets for 
FITC (spGreen), Phalloidin (spOrange), and DAPI (spBlue). 
Mean fluorescent intensity of β-tubulin and F-actin at each 
immunofluorescence images were determined by image 
analysis software VISIOPHARM 2022.07 (Visiopharm, 
Denmark).

Data process and statistical analysis 

All parameters including blood perfusion, vessel diameter, 
vascular density and vascular length were expressed 
as the mean ± standard error of the mean (SEM). 
Statistical analyses were performed by using SPSS (for 
Windows Version 23, IBM, Chicago, IL, USA) and 
MATLAB (R2016b, MathWorks Inc., NATICK, MA, 
USA). In all experiments of this research, analytical time 
points were designed for every 5 min interval starting 
from 0 min until 30 min. Because of the variations 
among individual eggs, relative values or ratios of 
the multiple parameters against the initial values on 
time point zero were adopted for quantifications and 
comparisons of vascular parameters, which conform to 
the published literature (26,35). The ratio greater than  
1.0 means an increase in parameters, whereas the ratio 
smaller than 1.0 indicates a decrease in the parameters. 
The higher fluctuation of increase or decreases of the ratio, 
the more significant were the true value changes. Such 
relative values proved more realistic for the comparison 
and interpretation of the data and results. All multivariate 
analyses were carried out by using the multi-factor analysis 
of variance (ANOVA) with factorial interactions. Linear 
regression was applied for correlation analyses of every 
two parameters, in which Pearson correlation coefficients 
were obtained. The values of P<0.05 were considered 
statistically significant (Figure 1J).

Results

General aspects

All chick embryos (n=42) kept alive well during the 
incubation period until ED12 when the experiment was 
executed. The injection window on the eggshell uniformly 
in size of 1 cm2 could cover a pre-captured major lateral 
blood vessel for catheterization and pump infusion of a 
VDA or normal saline, whereas the observation window 

opened at the air-chamber averaging 2.6±0.23 cm (mean ± 
SEM) in diameter could ensure imaging acquisitions with 
LSCI during 30 min, followed by cracking the egg for tissue 
sampling (Figure 1). ED12 proved to be an optimal date for 
VDAs evaluation on CAM as suggested earlier (26).

Functional & morphological alterations on CAM 
vasculature detected by LSCI

Qualitative observations
From the series of images generated from LSCI-CAM 
platform (Figure 2) and subsequent IKOSA deep leaning 
platform (Figure 3), a trend of obvious alterations on the 
four parameters could be discerned. Blood perfusion as 
a functional parameter was demonstrated by the images 
acquired at serial time points during infusion of a VDA 
of different concentrations, taking those with C118P as 
examples (Figure 2). From Figure 2, the control group hardly 
displayed any changes throughout 30 min administration 
of normal saline. Whereas, with a VDA (C118P or 
CA4P), blood perfusion initially enhanced during the first  
10–15 min at levels proportional to administered drug 
volumes, but decayed with time until the end of treatments. 
From the gradually altered images, overall evolutions could 
be observed at all categories of blood vessels. The coexisting 
red shadows besides blood vessels on CAM Flux images 
(Figure 2) were caused presumably by the underneath 
embryo structures (for instance vasculature or other 
capillary networks on the vitelline membrane) with ample 
blood perfusion.

The bifurcation point of major vessels was always selected 
for the measurement of vascular diameters (Figure 2), which 
displayed a similar trend as that with blood perfusion, i.e. 
constant with saline control group but decreasing during 
30-min VDA treatments in a dose-dependent manner. The 
transient slight diameter increase around 10–15 min could 
be attributed to the volume effect of infused liquid, which 
was overcome by the later VDA pharmacologic effect.

The density and total length of vessels as two additional 
parameters determined by IKOSA deep learning platform 
are discerned in Figure 3, taking those with CA4P as 
examples for interpretation. During the first 10–15 min, 
both the density and length of CAM blood vessels were 
visually increasing, which then followed by attenuation or 
diminishing until the end of VDA administration at 30 min, 
findings similar to Flux and diameter changes in Figure 2.

By  contras t ,  contro l  group  d id  not  show any 
pharmacologic effect on vascular density and total length 
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Figure 2 FLPI captured Flux images of blood perfusion in CAM sequentially generated by the LSCI-CAM platform. Horizontal line lists 
0.9% saline control, 2 mg/mL, 5 mg/mL, 10 mg/mL of C118P; vertical line lists successive analytical time points; color bar at right side is 
PU indicator. FLPI, full-field laser perfusion imager; CAM, chorioallantoic membrane; LSCI, laser speckle contrast imaging; PU, perfusion 
unit values.
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Time 0.9% saline CA4P 2 mg/mL CA4P 5 mg/mL CA4P 10 mg/mL
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Figure 3 CAM images analyses using the IKOSA Prisma deep learning model, CAM Assay-V 3.0.0. Resulting images were sequentially 
generated and displayed. Horizontal line lists 0.9% saline control, 2, 5, 10 mg/mL of CA4P; vertical line lists successive analytical time 
points. Each item includes two ROI-delineating images, left one being input image in grayscale from LSCI-CAM platform, and right one 
being interpretative results of blood vessels by IKOSA platform. CAM, chorioallantoic membrane; ROI, region of interest; LSCI, laser 
speckle contrast imaging.

but with only slight volume effect during normal saline 
infusion.

Quantitative measurements
LSCI-CAM and IKOSA deep learning plat forms 
provided quantitative analytical results. Blood perfusion  

(Figure  4A )  was  inf luenced by VDAs during the 
administration. Among both VDAs, 10 mg/mL caused 
approximately 40% reduction of blood perfusion; 5 mg/mL  
induced approximately 20–25% reduction; but 2 mg/mL  
only yielded approximately 5–8% reduction. For this 
functional parameter, there is no statistically significant 
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Figure 4 Three-dimensional plots of relative values from multiple parameters comparing saline control group with two VDAs of 3 doses 
each. (A) Blood perfusion; (B) vessel diameter; (C) vessel density; (D) vessel total length. Color bar at right side is the heatmap indicator. 
VDAs, vascular-disrupting agents.

difference between CA4P and C118P on their CAM 
perfusion effects. 

Vessel diameter (Figure 4B) altered at a smaller scale 
relative to that with the blood perfusion. Among two 
VDAs, 10, 5 and 2 mg/mL induced approximately 20–25%, 
15–20% and 7% shrinkage of vessel diameter respectively, 
relative to the null effect with normal saline. Similarly, 
CA4P and C118P showed no statistically significant 
difference in diameter effects.

Vessel density (Figure 4C) exhibited the greatest reduction 
at 35% by 10 mg C118P treatments, whereas CA4P at 
various concentrations induced 10–20% decreases. Both 
VDAs created statistically significant differences relative 
to the saline control. Higher concentration induced more 
density reduction. At control, densities at all intermediate 
time points are higher than the two terminal points, with a 
peak at 20 min, reflecting only a volume effect.

Vessel total length (Figure 4D) showed statistically 
significant reductions at doses of 10 and 5 mg/mL, with 
about 35% by C118P and 25% by CA4P respectively. 
Two VDAs at 2 mg/mL exerted the limited effects within 
10%. Control treatment caused a similar trend as that 
with vascular density, implying a lack of VDAs’ volume-
counteractive effect.

Table 1 of statistical analyses demonstrates respectively the 
effects of three factors on four parameters (upper part) (36)  
and interactions between each two factors in details (lower 
part). Statistically significant differences (P<0.0001) 
are revealed among the three factors with respect to  
4 parameters by multivariate ANOVA analyses. 

Factor of treatment and parameter of blood perfusion 
are chosen as examples to explain here. A superscripted 
letter “a” appearing after the values with both CA4P and 
C118P in the table group means no statistically significant 
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Table 1 Multi-factorial analysis of variance analyses with interactions

Factors Blood perfusion Vascular diameter Vascular density Vascular length

Treatment

CA4P 90.93±1.47a 97.73±0.99a 95.44±1.71a 96.63±1.87a

C118P 92.77±1.57a 99.70±1.39a 86.89±1.67b 84.56±1.53b

Saline 106.03±0.77b 107.27±0.89b 105.67±1.27c 107.67±1.79c

P value <0.0001 <0.0001 <0.0001 <0.0001

Concentration, mg/mL

10 90.59±1.77a 98.10±1.30a 90.06±1.99a 90.70±2.13a

5 96.24±1.36b 100.45±1.22b 94.38±1.82b 93.71±2.10a

2 102.89±0.91c 105.15±0.96c 101.19±1.47c 101.06±1.77b

Saline 106.09±1.06d 107.21±1.80c 105.67±2.38d 107.67±2.83c

P value <0.0001 <0.0001 <0.0001 <0.0001

Time

5 min 103.02±1.10a 106.69±0.90a 102.16±1.73a 102.48±2.29a

10 min 103.67±1.35ab 109.82±1.21b 100.48±1.85ab 102.97±2.66a

15 min 99.91±1.74bc 108.29±1.35ab 96.97±2.27b 96.26±1.99b

20 min 97.20±2.13c 99.69±1.35c 96.77±3.10b 96.16±3.03b

25 min 90.43±2.21d 93.43±1.48d 88.61±2.76c 88.48±3.31c

30 min 85.22±2.38e 89.47±1.55e 83.94±2.65c 82.29±2.68d

P value <0.0001 <0.0001 <0.0001 <0.0001

Factor interactions (P values)

Treatment × time <0.0001 <0.0001 <0.0001 0.0894

Treatment × concentration <0.0001 <0.0001 0.5679 1.0000

Concentration × time 0.0063 0.4729 0.7435 0.2011

Data are expressed as relative percentage values (mean ± standard error of the mean) after being standardized against the initial values. 
Three factors (treatment, concentration, time) as analytical variates are compared individually based on all possible pair combinations. 
Similar superscripted letters (a, b, c, d, e) after each value indicate no significant difference (P>0.05) while comparing pairs within the same 
group of parameter versus the factor in the table. P values indicate overall difference comparing individual factors or parameters. 

difference in-between CA4P and C118P (P>0.05); whereas 
a superscripted letter “b” after the value with saline 
denotes its statistically significant difference (P<0.0001) 
against CA4P and C118P individually. Overall, P<0.0001 
in this group demonstrates that two VDAs have significant 
impacts on CAM blood perfusion. All other P<0.0001 
values in the upper part of Table 1 express that the three 
factors have significant impacts on all four parameters. In 
the group Concentration and Time, different superscripted 
letters “a” “b” “c” “d” “e” demonstrate that the two 
paired values are of statistically significant difference from  

each other. 
From the interactions between paired factors (lower part 

of Table 1), it is demonstrated that “treatment” and “time” 
interact significantly on blood perfusion, vascular diameter, 
vascular density, but not on vascular length; “treatment” and 
“concentration” interact significantly on blood perfusion, 
vascular diameter, but not on the other two parameters; 
“concentration” and “time” interact significantly on blood 
perfusion, but not on the other three parameters. Blood 
perfusion and vessel diameter are more sensitive to the 
factors than vessel density and length.
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Figure 5 Linear regression analyses for the correlations between two parameters. (A) Blood perfusion-vessel diameter; (B) blood perfusion-
vessels density; (C) blood perfusion-vessels total length; (D) vessel diameter-vessels density; (E) vessel diameter-vessels total length; (F) 
vessels density-vessels total length.

Cross correlations of multi-parameters

The correlations between each two parameters were also 
analyzed and shown in Figure 5 to determine correct 
selection of parameters and potential mutual influences. 
Totally six pairs of correlation are listed, which all 
demonstrate positive-correlation profiles with statistical 
significance (P<0.0001). Each equation and r value are 
respectively given (Figure 5).

FIHC of cytoskeleton and insight on molecular mechanism

Qualitative observations
The effects of VDAs on the main components of 
cytoskeleton including β-tubulin and F-actin were evaluated 
to further explore the molecular mechanisms on vascular 
endothelial cells in response to VDAs. 

As shown in Figure 6, green fluorescent β-tubulin networks 
are prominent in the saline control group, from endothelia to 
other peripheral structures. By contrast, green fluorescence 
diminished on images with both CA4P and C118P as a 
function of their incremental doses, suggesting depolymerized 
tubulin in cytoskeleton of endothelium by these two VDAs. 

At 2 mg/mL concentration of them, green fluorescence from 
vascular endothelia is fairly visible. But, both VDAs at 5 mg/mL 
concentration result in a significantly faded green fluorescence 
of tubulin network. At concentration of 10 mg/mL,  
both CA4P and C118P cause virtually disappearance of 
green fluorescence and the vascular structure becomes almost 
undiscernible presumably due to a lack of tubulin network. 
Collectively, comparing FIHC images, C118P demonstrated 
more severe tubulin disruption on normal CAM vessels than 
CA4P at the same concentration levels.

Controversial to the suggested tubulin depolymerization, 
there is no disrupting effect of both VDAs on the F-actin 
component of the endothelial cytoskeleton. FIHC proves 
that different concentrations of VDAs did not affect 
the degrees of red fluorescence with F-actin and VDAs 
selectively disrupted only one component (tubulin) of 
endothelial cytoskeleton in normal blood vessels. VDAs 
does not seem to affect red blood cells either. 

Quantitative measurements
Quantitative measurements and analyses of the mean 
fluorescent intensities for both β-tubulin and F-actin 
in terms of VDA treatments and concentrations are 
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Figure 6 FIHC microscopies on vascular endothelial cytoskeleton in chorioallantoic membrane. Pictures of β-tubulin (green fluorescence) 
and F-actin (red fluorescence) and merged images are displayed against the treatment with 0.9% saline (control), CA4P (2, 5, 10 mg/mL) 
and C118P (2, 5, 10 mg/mL), respectively, to demonstrate cytoskeletal changes. Nuclei are counterstained with DAPI (blue). On HE stained 
slide, arrows indicate the focused blood vessels with endothelial cells. All magnifications are ×200. The nucleated chicken red blood cells are 
counterstained in blue color by DAPI (34), which facilitate visualizing vascular structures and contrasting with β-tubulin and F-actin. FIHC, 
fluorescent immunohistochemistry; CA4P, combretastatin A4-phosphate; DAPI, 4',6-diamidino-2-phenylindole; HE, hematoxylin-eosin.

summarized in Tables 2,3 respectively with statistical results. 
From Table 2, ANOVA analysis reveals statistically 

significant differences between saline control and two VDAs 
treatments on β-tubulin, but no difference in-between 
the two VDAs, suggesting ascertained effects of VDAs on 
β-tubulin cytoskeleton of normal CAM vessels.

In terms of concentrations, there is no difference 
between saline control and 2 mg/mL, but an increasingly 
significant difference between control and 5 and 10 mg/mL,  

respectively; with no difference between 5 and 10 mg/mL,  
yet significant differences between 2 and 5 mg/mL or 
between 2 and 10 mg/mL. 

From Table 3, ANOVA analysis reveals no difference 
at all between control and treatments with two VDAs 
on F-actin of cytoskeleton in normal CAM vasculature, 
in terms of both applied VADs and their concentrations 
relative to saline control. 

The above CAM findings support the notions that 
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Table 2 β-tubulin fluorescent immunohistochemistry analysis of variance analysis

Factors
Mean fluorescent intensity Multi-variates 

Variates Value Pair combinations P

Treatments 0.9% saline 0.5 mL 32.40±3.87 Control-CA4P 0.004

CA4P 16.39±2.58 Control-C118P 0.006

C118P 17.41±2.58 CA4P-C118P 0.784

Concentrations 0.9% saline 32.40±3.87 Control-2 mg/mL 0.603

2 mg/mL 29.75±3.16 Control-5 mg/mL 0.002

5 mg/mL 13.70±3.16 Control-10 mg/mL 0.000

10 mg/mL 7.25±3.16 2 mg/mL-5 mg/mL 0.003

2 mg/mL-10 mg/mL 0.000

5 mg/mL-10 mg/mL 0.169

Mean fluorescent intensity values (mean ± standard error of the mean) were measured and presented for β-tubulin. Two factors (treatment, 
concentration) as analytical variates are distinguished individually based on all possible pair combinations. Significant difference was set 
at P<0.05. 

Table 3 F-actin fluorescent immunohistochemistry analysis of variance analysis

Factors
Mean fluorescent intensity Multi-variates

Variates Value Pair combinations P

Treatments 0.9% saline 0.5 mL 54.60±12.33 Control-CA4P 0.523

CA4P 44.90±8.22 Control-C118P 0.841

C118P 57.63±8.22 CA4P-C118P 0.291

Concentrations 0.9% saline 54.60±12.33 Control-2 mg/mL 0.739

2 mg/mL 60.00±10.07 Control-5 mg/mL 0.528

5 mg/mL 44.33±10.07 Control-10 mg/mL 0.752

10 mg/mL 49.49±10.07 2 mg/mL-5 mg/mL 0.288

2 mg/mL-10 mg/mL 0.471

5 mg/mL-10 mg/mL 0.723

Mean fluorescent intensity values (mean ± standard error of the mean) were measured and presented for F-actin. Two factors (treatment, 
concentration) as analytical variates are distinguished individually based on all possible pair combinations. Significant difference was set 
at P<0.05. 

VDAs selectively affect tubulin alone and simultaneously 
keep F-actin intact, which is the basis of VDAs for their 
anticancer property (1-3).

Correlations of FIHC with LSCI derived parameters
FIHC molecular assay corresponded and verified the 
results of four LSCI derived functional and morphological 
parameters (Figure 7). Mean values of β-tubulin and F-actin 
fluorescent intensity are applied in correlation analysis. 

In the upper row, all four pairs demonstrate positive-
correlation profiles with statistical significance for β-tubulin. 
Contrarily in the lower row, all four pairs fail to show any 
correlation profiles with F-actin. Such correlation analyses 
have again verified the VDAs’ specificity on tubulin. 

Discussion

Based on the present LSCI-CAM platform for evaluation 
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of vasoactive medications (26) at ED12 assisted with a deep 
learning setting, under constant intravascular infusion of two 
VDAs for 30 min, four parameters of blood perfusion, vessel 
diameter, vessel density and vessel total length have been 
collected and analyzed. Both qualitative observation and 
quantitative measurements on these four parameters have 
been successfully executed. The results comprehensively 
demonstrated the effects of two VDAs on CAM vasculature, 
supported by multi-factorial ANOVA analysis with 
statistical significance. The specific interactions among 
factors and correlations between parameters have been 
verified. Molecular FIHC assays of cytoskeleton performed 
in this study have yielded more insights on the mechanism 
underlying VDAs’ pharmacologic effects. This combination 
of platforms proves innovative for in vivo evaluations of 
vascular-targeting drugs, particularly in compliance with 
current 3R principle in scientific experimental research. To 
the best of our knowledge and of literature review, it is the 
first time that VDAs have been comprehensively evaluated 
in vivo in the CAM of chick embryos by using LSCI for 
multiparametric hemodynamic assessment and FIHC for 
molecular verifications, suggesting a new methodology 
for preclinical screening of tubulin and actin cytoskeleton 
interfering drugs. The clinicians may refer our discoveries 
to execute more precautions when VDAs eventually 
entering clinical applications. Those results might 
systemically extend to and inform next studies with tumour 
models and other vasoactive medications.

Cooperation of LSCI-CAM platform and IKOSA deep 
learning model

LSCI-CAM platform could efficiently and effectively 
monitor the hemodynamic alterations in real-time, in which 
blood perfusion is a major functional parameter to study 
vasculature in ovo. However, in view of the frontier deep 
learning technology to assist bio-medical research, IKOSA 
deep learning platform was integrated to introduce new 
morphological parameters in this study. Normally the deep 
learning model requires microscopic CAM images for the 
analysis, and LSCI-CAM platform could just generate colorful 
Flux images. Whereas in a recent study, LSCI and IKOSA 
deep learning platform were designed and established as two 
independent methods for angiogenesis measurement (37). 

However, we explored to integrate two platforms in 
current research, Flux images were converted into grayscale 
images and put into IKOSA platform for analysis, which 
proved feasible. Through measurement and statistical 

analysis, it has confirmed that more accurate results and 
factorial interactions could be created through LSCI-CAM 
platform.

Performance of two VDAs

Tubulin-binding agents of small molecular VDAs are 
selected as medications in current study, because this class 
of drugs are currently under intensive research. CA4P 
is the first VDA discovered and has advanced to phase 3 
clinical trials (38). C118P is newly synthesized VDA, with 
improved water solubility and prolonged half-life, and 
has been tested in preclinical pharmacokinetics (39) and 
pharmacological (40) studies as well as in early clinical 
trials. Based on blood perfusion and vascular diameter, 
two VDAs exerted the same effects on normal vessels 
without statistically significant difference. However, on 
vascular density and total vascular length, C118P showed 
significantly stronger effects on morphology of normal 
vasculature than CA4P, of which clinical influence has to 
be investigated. 

Correlation between blood perfusion and vascular diameter

In a previous publication (26), a reverse correlation between 
blood perfusion and vascular diameter was documented 
during the vascular evolution of chick embryos from 
ED9 to ED12. However in current research, a positive 
correlation between blood perfusion and vascular diameter 
was uncovered. However, unlike the observations on the 
natural vascular evolution during ED 9 and ED 15 in 
the previous study (26), it must be noted that the current 
study monitored vascular alterations during 30 min under 
the treatment of VDAs on ED 12, which involved the 
pharmacological effects of vasoactive drugs.

Volumetric effects

Most obviously seen in saline control group, all of four 
parameters experienced a parabolic trend phenomenon 
during 30 min intravascular infusion, which could be related 
to volumetric effects caused by slow infusion of 0.5 mL 
saline solution into the enclosed vascular circulation of the 
embryonic egg with a total blood volume about 2.0 ml on 
ED 12 (41). Those blood and vascular parameters returned 
to normal levels probably due to physiological adaptation 
by the embryo to excrete the extra normal saline into urine. 
However, in the VDA treatment groups, although the same 



Chen et al. VDAs CAM platform1744

© Quantitative Imaging in Medicine and Surgery. All rights reserved.   Quant Imaging Med Surg 2024;14(2):1729-1746 | https://dx.doi.org/10.21037/qims-23-1065

phenomenon of less extents could also be observed, the 
values of all parameters declined with later time due to the 
VDAs’ pharmacological effects that counteracted to the 
volumetric effects in a dose dependent manner. 

Clinical implications

This experiment explored both gross vascular alterations 
and molecular mechanisms after the treatment with 
both VDAs, which might be referential to their clinical 
applications. Based on our results, these VDAs transiently 
disrupted the overall normal vasculature to a certain extent, 
which is somewhat different from the previous notions 
about tumor selectivity of VDAs (2,3,6,7). For instance, 
the narrowed diameter of normal blood vessels (Figure 4B)  
caused by VDAs’ effect could explain the transient 
hypertension as an adverse effect observed during drug 
infusion in patients of clinical trials (38), to whom proper 
antihypertensive drugs should be made ready to prevent 
severe therapy-related complications. 

Study limitations

There existed some technical limitations in this study. For 
example, when Flux images were converted into grayscale 
images for IKOSA platform processing and analysis, 
imaging artifacts may appear, which were mainly caused 
by wrinkles of CAM, contrast fluctuation, light reflection, 
depth of vessels, etc. In the future, it is necessary to de-noise 
images before proceeding with the deep learning platform 
by additional algorithms and noise filters (42-44).

Regarding FIHC assays ,  CD31 and CD34 are 
endothelium-specific biomarkers to characterize and 
illustrate the structures and alterations of blood vessels. 
However, we failed to obtain fluorescence-tagged antibodies 
particularly for chick origin and to realize in this research, 
which remained a pity that however was fortunately 
overcome by the acquisitions of dedicated β-tubulin and 
F-actin FIHC kits as demonstrated in this paper (Figure 6). 

Conclusions

LSCI-CAM platform in combination with a deep learning 
platform was proved effective to execute preclinical 
evaluations of two VDAs on normal vasculature of CAM. 
The four parameters (blood perfusion, vessel diameter, 
vessel density and vessel total length) characterizing normal 
vasculature could be positively correlated to each other, and 

negatively affected by applied VDAs in a dose dependent 
manner with statistical significance. Such findings could 
explain the phenomena of side-effects on patients in clinical 
trials. FIHC assay of endothelial cytoskeleton by β-tubulin 
and F-actin could verify these discoveries at molecular 
levels. 
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