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Abstract: The non-invasive determination of the vasculature volume would be very useful in many fields of medi-
cine such as oncology and implantation. The purpose of this research was, therefore, to develop a methodology 
to investigate vascularisation in phantoms using microcomputed tomography (μCT) without having to visualise 
the single vessels. Epoxy resin and cotton candy were used to form the phantoms with microchannels. The size 
of the channels was measured via microscopy and the proportion of the void volume (PVV) was calculated. 
The phantoms were placed in contrast agent solutions of different concentrations and scanned in μCT. The mean 
CT numbers of the phantoms were calculated with the Amira software and displayed as a function of the deter-
mined PVV and the contrast agent concentration (CAC). The fabricated microchannels had the size of biological 
capillaries (diameter: 5 µm to 15 µm) and the phantoms showed a microchannel density of 5 to15 microchannels 
per mm². With an increasing CAC, the CT numbers increased significantly. Additionally, the phantoms with 
a higher PVV also had a higher CT number. The CT numbers and the PVV correlated moderately together, but 
significantly. The slope of the regression line increased with an increasing CAC.

Keywords: capillary phantoms; contrast enhanced; epoxy resin; imaging

Many implantation complications are due 
to  a  lack of  micro-vascularisation (Santos and 
Reis 2010). Particularly when using previtalised 
implants, a quick supply of attached cells is im-
portant (Cassell et  al. 2002; Nomi et  al. 2002; 
Malda et al. 2007), as otherwise they could die off 
(McMurtrey 2016). In order to sufficiently supply 
these cells with oxygen and nutrients, the rapid for-
mation of blood vessels is essential, as the average 
diffusion depth of these substances only reaches 
100–200 µm in the extracellular medium (Cassell 
et al. 2002; Rouwkema et al. 2010). However, most 
clinical imaging techniques, such as computed to-
mography (CT), are not capable of dissolving these 
fine, few microns thick capillaries (Schmidt et al. 
2010; Pal 2017).

In order to  investigate the progress of vascu-
larisation in animals, the implant is either exam-
ined through intravital fluorescence microscopy 
or removed at different times and examined his-
tologically. However, both methods require highly 
invasive surgical interventions, which often lead 
to the death of many laboratory animals. Therefore, 
this study attempts to develop an in vivo (artificial 
simulated) and non-invasive method to indirectly 
determine the vascularisation in tissue, i.e., without 
directly dissolving the individual capillaries using 
imaging techniques.

In order to simulate freshly vascularised tissue, 
phantoms with microchannels the size of capillar-
ies were created (Bellan et al. 2009). These phan-
toms  were scanned in  different contrast agent 
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FIgure 1concentrations (CACs) in a micro-CT (µCT), whose 
spatial resolution was considerably higher than 
the microchannel size. The microchannel volume 
should only be estimated from the radiodensity 
[stated as the CT-number in Hounsfield Units (HU)] 
of the examined volume at different CACs. The 
possibility of evaluating the micro-vascularisation 
in vivo would reduce the necessity for laboratory 
animals in sequential studies like is required in the 
Basel Declaration in the 3R Principle.

MATERIAL AND METHODS

Development of the microchannel phantoms

The basic material used for the phantoms was 
epoxy resin (epoxy resin L  385; R&G Faserver-
bundwerkstoffe GmbH, Waldenbruch, Germany), 
as the resin is easy to process and did not show any 
water absorption in the preliminary studies.

To produce microchannels , spun sugar fi-
bres were used from a  commercially available 
cotton candy machine (ZWM 3478; Clatronic 
International GmbH, Kempen, Germany). A thin 
layer was removed from the spun cotton candy and 
placed on a cured resin layer (base layer). Thick 
threads approximately 0.5 mm to 2 mm in size were 
pulled from the heated viscous sugar mass and laid 
in squares over the thin cotton candy layer to en-
sure connection to the microchannels. Thereby, 
the resin-sugar construct was divided into small 
fields of different sizes. This sugar network was 
then doused with a second layer of epoxy resin 
and degassed. The resin casting steps took place 
in a rectangular plastic box and the phantom was 
removed after curing.

The resin-sugar construct was then placed 
in a bigger mould filled with distilled water and 
stored in a heated ultrasonic bath until the sugar 
network in the resin was completely dissolved and 
fine microchannels were formed in addition to the 
large main channels. The resulting microchannel 
phantoms consisted only of the epoxy resin and 
were divided by the main channels into small fields 
with microchannels (Figure 1). Two phantoms with 
dimensions of 80 mm × 110 mm were made this way. 
One with 12 fields (Figure 1) and one with 14 fields. 
The total thickness of the phantoms is about 9 mm, 
of which about 5.6 mm is the base layer and the 
microchannels are in a 3.4 mm thick layer only.

Analysis of the microchannel volume

To measure the diameter of the microchannels, the 
phantoms were crushed and the top layer of random-
ly selected pieces was carefully ground off so that the 
diameter of the microchannels could be measured 
with a light microscope (KF2; Carl Zeiss Jena GmbH, 
Jena, Germany) at 400-fold magnification with a cali-
brated ocular grid. A total of 217 randomly selected 
microchannels were measured in this way. A repre-
sentative distribution of the size of the microchan-
nels was determined. In addition, the mean diameter -
dm and the mean cross-sectional area 

-
Am (assuming 

a circular cross-section) of the microchannels were 
calculated. To determine the total microchannel vol-
ume of a field, digital images (Nex-5T; Sony Inc., 
Tokyo, Japan) were taken at 20-fold magnification 
with a reflected light microscope (Stereomicroscope; 
Phywe System GmbH&Co. KG, Göttingen, Germany) 
(see Figure 2A). The images were then converted into 
8-bit representation using the ImageJ software (NIH, 
Bethesda, MD, USA) and treated with a bandpass 
filter to provide uniform background brightness 
throughout the image (Figure 2B). The microchan-
nels could be separated from the background with the 
threshold function, and their area and percentage pm 
on the image were calculated (Figure 2C). Assuming 
that the predetermined distribution of the micro-
channel diameters was the same for all the fields, the 
void volumes of the microchannels of each field Vm 
were calculated as follows:
						    

(1)V p A A
dm m F

m

m
� � �

�

Figure 1. Top view of one of the two microchannel phan-
toms with the main channels – A and microchannels – B 
within its 12 fields
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Figure 3

Fgure 2CFigure 2BFigure 2A

where:
pm 		        – denotes the percentage of channels in the  
		          digital image;
AF 		       – the area of a field;
-Am and -dm – the mean values of  the circular cross- 
		        sectional area and the diameter of  the  
		          microchannels, respectively.

µCT scans

The phantoms were placed in contrast agent so-
lutions [Xenetix 350 (Iobitridol); Guerbet GmbH, 
Sulzbach, Germany] at various concentrations. For 
this purpose, distilled water was mixed with the 
contrast agent at a concentration of 0, 3, 6, 9, 12 
or 15 ml of contrast agent per litre of water (CAC0, 
CAC3, CAC6, CAC9, CAC12, CAC15), respective-
ly. To ensure that the contrast medium solution also 
penetrated into the microchannels, the phantoms 
were stored for 48 h in the respective solution be-
fore scanning. Both phantoms were scanned with 
all the different CACs. For this purpose, they were 
rinsed in between with distilled water for 48 h each.

All the scans were performed on an XtremeCT 
(Scanco Medical AG, Brüttisellen, Switzerland) 
with a fixed tube voltage of 60 kV. For the spatial 
resolution and integration time, values of 81 μm 
and 1 400 ms were selected, respectively.

Analysis of the µCT scans

All the scans were converted into DICOMs and 
evaluated with the Amira software (v6.5.0; Thermo 

Fisher Scientific Inc., Waltham, MA, USA). By means 
of suitable contrast settings, it was possible to iden-
tify and segment the main channels and thereby the 
individual fields of the phantom. The segmentation 
of each field was performed manually and oriented 
on the main channels that were also clearly visible 
in the µCT images (see Figure 3). For the thick-
ness or depth, we were guided by the resin cover 
layer, which we could recognise particularly well 
in the transverse sectional plane in the µCT images. 
Since the main channels lay directly on the resin 
base layer, the cover layer extended exactly from 
the lower end of the main channels to the surface 
of the phantoms. This created a kind of template for 
each field, which we could also use with the other 

Figure 2. Analysis and evaluation of the microchannel pictures
(A) Digital image of the microchannels under the reflecting microscope at 20-fold magnification. (B) The microchan-
nels could be clearly detached from the background by converting them into an 8-bit image and using a bandpass filter. 
(C) The threshold function divides the image into black and white and allows the evaluation of the percentage pm of black 
in the image

Figure 3. Exemplary µCT image (resolution: 81  µm) 
of a phantom at a contrast agent concentration of 9 ml 
per litre of water
The main channels can be seen very well and, thus, also 
the individual fields

(A) (B) (C)
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Figure 5

Figure 4

contrast agent concentrations. Both the volume and 
the mean CT number of each segmented field were 
calculated automatically using the Amira software.

Statistical analysis

The estimated microchannel volume was divided 
by the segmental volume of the field to determine 
the percentage of the microchannel volume in the 
total volume of the field. The measured CT num-
bers were plotted against the proportion of the void 
volume (PVV) and against the CAC. The change 
in the CT numbers of the 26 fields (N = 26) with 
an increasing contrast agent concentration (CAC) 
with an analysis of variance (ANOVA) after the 
CT numbers of the 26 fields were tested on normal 
distribution (Kolmogorov-Smirnov) at each CAC. 
As the ANOVA indicated a significant (P < 0.001) 
change, each group was compared to the group 
with the next highest CAC using a paired t-test.

In addition, the 26  fields were divided into 
13 fields with a small PVV (N = 13) and 13 fields 
with a large PVV (N = 13) and the same statisti-
cal analysis was performed (Kolmogorov-Smirnov, 
ANOVA, paired t-test). The respective dependency 
was also tested with a correlation and regression 
analysis. Subsequently, the differences in the two 
groups (small PVV – large PVV) at the same CAC 
were directly calculated with a paired t-test.

RESULTS

Analysis of the microchannel volume

All the measured microchannels showed a diam-
eter between 0 and 50 µm, with the majority (78%) 
between 5 and 15 µm. This resulted in an average 
diameter dm of 11.1 µm and a cross-sectional area -
Am of 138 µm². The distribution of the diameters 
is shown in Figure 4.

The 26  fields of  the two phantoms had a mi-
crochannel volume between 0.47 and 2.77 mm³ 
per field with an average of 1.30 mm³. Since the 
individual fields differed in size, this correspond-
ed to a PVV of 0.07% to 0.21% with an average 
of 0.14% at a thickness of 3.4 mm. This equalled 
a  microchannel density of  approximately 5.0 
to 15.1 microchannels per mm², with an average 
of 10.0 mm–2 (formula: PVV × 1 mm²/

-
Am).

Analysis of the µCT scans

The analysis of the 26 fields in the µCT [Figure 5 
and Table S1 in electronic supplementary material 
(ESM); for the supplementary material see the elec-
tronic version] showed a significant increase in the 
CT number with a stepwise increase in the CAC from 
CAC0 to CAC9. Although the increase in CAC12 
or CAC15 also led to an enhancement in the CT 
number, the change was not significant.

The evaluation of the 13 fields with the smallest 
PVV (0.07–0.15%) showed an increasing CT num-
ber until CAC9 and a minimal decrease thereafter 
(CAC12 and CAC15). A significant difference was 
only detected in the increase from CAC0 to CAC3 
and CAC6 to CAC9. In the evaluation of the 13 fields 
with the higher PVV (0.15–0.21%), the CT number 
always increased significantly from 53.0 HU (CAC0) 
to 71.8 HU (CAC15); one exception was the change 
from CAC9 to CAC12. When both groups were 

Figure 5. Increase in the CT-numbers of the fields with 
an increasing contrast agent concentration
The orange bar shows the averaged CT-numbers of the 
13 fields with the smallest proportion of the void volume. 
The grey bar shows the averaged CT-numbers of  the 
13 fields with the largest proportion of the void volume. 
The blue bar is the average of all 26 fields

Figure 4. Distribution of the diameters of the 217 meas-
ured microchannels
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Figure 6

compared, the CT numbers of the 13 fields with 
the higher PVV were significantly higher (t-test: 
P < 0.006) than the 13 fields with the smaller PVV, 
with the exception of CAC0 (P = 0.10).

The analysis of the correlation between the PVV 
and CT numbers of each field showed a moderate, 

but significant, correlation for all the CACs with 
values of Pearson’s correlation coefficient ranging 
between 0.41 and 0.74.

Figure 6 and supplementary Table S2 in ESM pre-
sent the results of the linear regression analysis. 
With an increasing CAC, the slope of the regression 

Figure 6. Regression analysis of the proportion of the void volume and the CT-numbers at different contrast agent 
concentrations
The blue shaded area marks the interval of confidence (95%) and the dotted lines represent the interval of prediction (95%)
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line became steeper from 48 HU/ml/kg (at CAC0) 
to 119 HU/ml/kg (at CAC15). Only at CAC9, the 
slope was less steep compared to the slopes at lower 
CAC. The quality of the fit of the regression lines 
to the data points (coefficient of determination R²) 
varied between 0.17 and 0.55 for all the CAC. 
The values of the intercepts ranged from 44 HU 
to 57 HU (mean: 50 HU).

DISCUSSION

One objective of this study was to fabricate phan-
toms with microchannels with the size of capil-
laries. The results of the microscopic evaluation 
showed a very good match between the microchan-
nel diameter (78% in the range of 5–15 µm) with 
blood capillaries, which are approximately 5–10 μm 
in size (Schmidt et al. 2010; Pal 2017).

Needless to say, the microscopic analysis of the 
PVV of the fields is only an approximation to have 
a rough idea of the extent of the PVV and to be able 
to sort them according to size. The approximation 
is based on the presumption that each field has a sim-
ilar microchannel distribution to the 217 randomly 
measured channels. The other presumption we have 
made is that all the channels are circular in diameter, 
which, of course, does not agree with natural condi-
tions, but is necessary to simplify the approximation.

Deviations from this distribution are natural and 
cannot be eliminated. However, due to the relatively 
high number of microchannels in the field, these 
deviations were kept as low as possible.

To minimise overlapping, we only used a very 
thin layer of cotton candy to process the phantoms. 
Therefore, the microchannel network in the resin 
was almost certainly a two-dimensional network. 
A  minimal underestimation, of  course, cannot 
be precluded for fields with a high PVV.

The phantoms were filled with water with 
Xenetix350 with a total of 0 ml to 15 ml per kilogram 
of water. In the information leaflet for Xenetix350, 
a dose of 1–2.5 ml per kilogram of body weight 
is suggested for CT scans (Guerbet GmbH 2009). 
However, since blood – where the contrast agent 
is mainly distributed in – only amounts to 7% of the 
body weight, correspondingly higher CACs were 
used in the study. In addition, in living organisms, 
the CAC is normally not evenly distributed, but can 
rise during a bolus, so that much higher CACs will 
be reached in clinical use than those in our study.

The statistical analysis of the μCT results showed 
that with an increasing CAC, a significant increase 
in the CT number was usually detected (Figure 5 
and Table S1 in ESM). This implies that the μCT 
is basically sufficiently sensitive to detect even small 
changes in the CT number provoked by a contrast 
injection as would be dispensed in the living organ-
ism later. The relatively high standard deviations 
are caused by averaging over different sized PVVs 
and, of course, by the natural noise and uncertainty 
of a µCT scan. These lie in the same scale as the small 
changes in the CT number and hinder the analysis.

The evaluation of  the dependence of  the CT 
number on the PVV of the individual fields showed 
similar results. There was a correlation between the 
CT number and the PVV as well as an increment 
in the slope of the regression line with a higher CAC 
(Figure 6 and Table S2 in ESM). This is, in principle, 
the prerequisite for being able to draw quantita-
tive conclusions concerning an increase in the PVV 
from an increase in the CT numbers. However, the 
individually measured values also showed consider-
able variability, so that the differences in CT scores 
based on a different PVV or CAC were partially 
masked by the noise of μCT.

A higher PVV or microchannel density has more 
of an impact on the CT numbers and could reduce 
the variance in the measurements. In our study, 
the phantoms had a mean microchannel density 
of about ten microchannels per mm². This is a rath-
er small number, as previous research in animals 
and humans showed capillary densities of several 
hundred capillaries per mm² (c/mm²) (Arieli and Ar 
1981; McGuire and Secomb 2003; Egginton 2011). 
Willems et al. (2012) even measured a capillary ra-
tio of 5–10% in vascularised allogenic bone grafts 
in rats. Although the capillary densities strongly 
depend on the particular species and the respec-
tive organ, they are always significantly higher than 
those of self-made phantoms, demonstrating that 
our microchannel density of only 10 c/mm² is too 
low even for newly vascularised tissue. An improve-
ment in the manufacturing process that guarantees 
a higher microchannel density could help to en-
hance the signal-to-noise ratio.

Modern experimental μCT or nano-CT are even 
partly able to dissolve capillaries and, thus, used 
to calculate the capillary volume (Kampschulte 
et al. 2016; Epah et al. 2018). However, these devices 
are not yet part of standard equipment in clinical 
practice.
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Therefore, the purpose of this pilot study was 
to be able to draw conclusions regarding the PVV 
of the microchannels whose size was deliberately 
too small for the spatial resolution of  the µCT 
(82 μm voxel size). Thus, the conclusions should 
only be based on the differences in the brightness 
in the CT slice image and on changes in the CT 
numbers. Later, it should be possible to make quan-
titative statements about the neovascularisation of, 
for example, a previtalised implant using a conven-
tional clinical CT whose resolution is in the range 
of hundreds of micrometres. It remains to be con-
sidered that when measuring in real tissue, one can 
only draw conclusions about the PVV when the CT 
number changes. It is not possible to say whether 
the PVV is distributed over large or small capillar-
ies. Either way, a larger PVV always indicates better 
blood flow. So far, the results of the presented study 
have not yet allowed such quantitative conclusions 
to be drawn because of the wide distribution of the 
measured values.

Nevertheless, they do show that this could be 
possible if the phantoms are developed further. 
As mentioned above, this development involves 
a higher and more diversified microchannel density 
in the order of 10–500 c/mm². A further innova-
tion should be connecting the phantoms to a hose 
system including a pump to be able to imitate bolus 
tracks.

Needless to say, many problems still need to be 
solved for clinical applications.

For example, the parameters of the µCT still have 
to be transferred to a clinical CT, and the radia-
tion exposure has to be reduced in order to be able 
to measure them on living patients in the future. 
However, these problems are not yet relevant for 
the current status of the study. The main aim of this 
pilot study was to show to what extent a quanti-
fication of the void volume below the resolution 
limit is possible, and what improvements need to be 
made to the study design in order to achieve suc-
cessful further development.

This pilot study demonstrates a method to pro-
duce phantoms with microchannels the size of cap-
illaries using epoxy resin and cotton candy. It also 
shows that the μCT is basically sufficiently sensitive 
to estimate the void volume of the microchannels 
based on the differences in the CT numbers at dif-
ferent contrast agent concentrations. Nevertheless, 
the noise partially masks these differences, so that 
further development of  phantoms and further 

measurements are essential to enable clinical ap-
plications of this method. The clinical application 
of such a method could reduce the need for labo-
ratory animals, as required by the 3Rs principle.
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