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Abstract

Some cerebral arterial silicone phantoms have been used in preclinical evaluations. How-

ever, typical silicone-based phantoms are limited in their capacity to reproduce real contrast

filling dynamics of the human cerebral artery. This study aimed to develop a cerebral arterial

silicone phantom to analyze the feasibility of real contrast filling dynamics. The fluid circula-

tion phantom system consisted of a cerebral arterial silicone phantom without or with addi-

tional devices, a pump, an injection system, a pressure-monitoring system, a constant-

temperature bath, and a venous drainage container. Vascular resistance was reproduced

with a plastic cistern only or a plastic cistern filled with a sponge pad. Three phantom groups

were constructed as follows: a) the cerebral arterial silicone phantom used as the control

group (type A), b) phantom with the incorporated plastic cistern (type B), and c) phantom

with the incorporated plastic cistern filled with a sponge pad (type C). The contrast concen-

tration–time curve patterns of the three groups obtained from digital subtraction angiography

(DSA) were compared. Consequently, the DSA pattern of the type C phantom was the most

similar to that obtained from the control group as the reference data, which showed the

broadest full-width-at-half-maximum and the area under the curve values and the highest

maximum contrast concentration. In conclusion, we could emulate the arterial contrast filling

dynamics of clinical cerebral angiography by applying a small cistern filled with a sponge

pad at the drainage side of the phantom.

Introduction

Understanding the concentration change of the contrast medium (CM) in cerebral angiogra-

phy is vital in determining the relationship between contrast concentration and the timing of
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cerebral blood circulation. However, research on this subject is complicated, as it is ethically

inappropriate to repeatedly inject CM into a patient and expose them to radiation. Ahmed

et al. represented the bolus geometry of intra-arterial flow by injecting CM into animals [1]. A

major limitation of that study was that the hemodynamic conditions among the experimental

animals could not be kept constant. After injecting the CM into the animal, recirculation of

the CM throughout the animal body may affect the results of subsequent experiment batches

[2]. In addition, ethical considerations limit animal testing [3]. In this context, cerebral arterial

silicone phantoms that can maintain stable conditions and control external confounding fac-

tors such as a constant heart rate, body temperature, and blood pressure would be useful for

preclinical evaluation. Various in vitro silicone vascular phantoms have been successfully used

in previous preclinical studies [4–8]. However, one of the limitations associated with silicone

phantoms connected with a closed fluid circuit was the difficulty in emulating real contrast fill-

ing dynamics identified in cerebral angiography in real clinical settings. This is attributed to

the fact that most of the silicone vascular phantoms were developed based on a large arteriove-

nous shunt without any peripheral resistance, irrespective of whether they were connected to

peristaltic or pulsatile pumps.

Several studies have represented contrast concentration-time curves (CCTCs) with CM at

the internal carotid artery (ICA) [9,10]. The characteristic of this CCTC graph was that the

slope from the CM injection to the maximum intensity point was steeper than it from the max-

imum intensity point to washing-out. In other words, the CM was rapidly filled up to the max-

imum intensity point, but the pattern progressed slowly when the CM was drained out

because of peripheral vascular resistance. We endeavored to emulate the peripheral vascular

resistance of the precapillary arterioles of the brain parenchyma by applying an additional

structure in between the silicone vascular phantom segment and the draining side of the closed

circuit.

The objective of this study was to determine the feasibility of developing a cerebral arterial

silicone phantom to replicate real contrast filling dynamics of conventional cerebral

angiography.

Materials and methods

Patient selection

This study was approved by Asan Medical Center Institutional Review Board (No. 2020–

1013). Informed consent was waived because of the retrospective nature of the study and the

analysis used anonymous clinical data. We analyzed 376 patients who underwent intraarterial

catheter angiography in our center from March 1 to June 30 in 2018. The exclusion criteria

were as follows: the presence of intracranial stenosis, arteriovenous fistula, or arteriovenous

malformation, which can affect the cerebral circulation time; and any other disease, except for

an unruptured aneurysm. After the application of the exclusion criteria, 30 cases remained had

the same graph pattern as the studies mentioned above [9,10]. Therefore, one patient data

among 30 cases was used as a control to represent the shape of the entire CCTC graphs to com-

pare the CCTC with a cerebral arterial silicone vascular phantom (Fig 1). The silicone vascular

phantom was manufactured with three-dimensional (3D) printing and mold techniques using

the 3D volume data of the selected representative patient. An additional component was

attached to reproduce the wash-out of the actual arterial phase. The detailed fabrication

description using 3D printing is presented in the “Cerebral arterial silicone phantoms compo-

sition” section.

An Artis zee biplane interventional radiology and fluoroscopy system (Siemens Healthi-

neers) was used for intraarterial catheter angiography. A 4-Fr diagnostic angiocatheter was
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placed at the level of the C3–C4 vertebrae for the DSA imaging. A power injector (Medrad

Mark V ProVis; Bayer healthcare) was used to inject 8 mL of CM (Visipaque, iodine 270 mgI/

mL, GE Healthcare) from a 50 mL bottle at a rate of 4 mL/s for two-dimensional (2D) angiog-

raphy. This same CM injection protocol was used for experiments with the three types of cere-

bral arterial silicone phantoms (CASPs).

Image processing with the iFlow

Quantitative comparisons of contrast concentration variations were performed as time pro-

gressed in the cerebral artery based on Syngo iFlow (Siemens Healthineers), an image process-

ing software. The Syngo iFlow color-coding tool was used for 2D-DSA acquisitions. In these

analyses, the color represented the transit time [11]. With these data, a CCTC of the CM bolus

at selected locations within these 2D-DSA images could be created (Fig 2). A coronal plane of

the cerebral DSA images for the Syngo iFlow was serially obtained at 7.5 frames/s over a period

of 4 s, 4 frames/s for 6 s, and 2 frames/s. To avoid any vascular overlapping, we foundthe termi-

nal ICA in the frontal plane was the most appropriate portion in measuring the contrast

concentration.

Cerebral arterial silicone phantoms composition

A CASP vessel model was created from 3D angiography of the control group data. After identi-

fication of the region-of-interest (ROI) on 3D angiography images, the vessel was segmented

based on the intensity (Hounsfield units), and modeled with the use of the software Mimics

17.0 (Materialize NV), Meshmixer 2.0 (Autodesk), and Aview 2010. Segmented vessels were

converted to a stereolithography file format for 3D printing (Fig 3A).

Subsequently, the CASP constructed based on the blood vessel model was developed by a

3D printer (Zortrax M200). The vessel model was printed with the copolymer acrylonitrile

butadiene styrene at a resolution of 90–390 μm. The surface of the output was sprayed with

Fig 1. Flow diagram of patient selection.

https://doi.org/10.1371/journal.pone.0280395.g001
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acetone. Additionally, sandpaper and varnish solution were used to trim the 3D-printed vascu-

lar model. The varnish solution was used to fill the irregular fine grooves of the vascular model

surface. Subsequently, the vascular model was immersed in liquid silicone (Psycho paint;

smooth-on, USA) (Fig 3B). After the silicone had solidified, it was cut off to remove the vascu-

lar model, leaving a hollow silicone mold (Fig 3C and 3D). Molten wax was injected into the

Fig 2. Display of the region-of-interest in color-coded digital subtraction via the anteroposterior (AP) view. The contrast concentration was measured at the terminal

internal carotid artery (white arrow) in the AP view.

https://doi.org/10.1371/journal.pone.0280395.g002
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silicone mold to obtain a vascular wax model. Subsequently, a thin silicone layer was applied

to the wax model approximately five times. The silicone-coated wax model was placed in a

rectangular silicone housing (Fig 3E). Holes were punched in the silicone housing to allow a

connection with the silicone-coated wax model. Transparent jelly-type silicone was then

Fig 3. Cerebral arterial silicone phantom (CASP) used to replicate real contrast filling dynamics on cerebral angiography. (a) A three-dimensional (3D) vessel image

in a stereolithography file format used for 3D printing. (b) A 3D-printed vascular acrylonitrile butadiene styrene copolymer model in a container containing liquid

silicone. (c and d) Elimination of the surrounding silicone and extraction of the 3D-printed model. (e) The silicone-coated wax model was placed in rectangular silicone

housing. (f) The resistance module of the fluid circulation CASP was composed of a plastic cistern and was filled with a sponge pad.

https://doi.org/10.1371/journal.pone.0280395.g003
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poured into the silicone housing to complete the hexahedral cerebral arterial phantom, after

which the mold was placed in an oven to melt the wax. Finally, a CASP was constructed in the

shape of the control group’s cerebral artery (Fig 3F).

Configuration of the fluid circulation cerebral arterial silicone phantoms

Our fluid circulation CASP system consisted of a CASP with or without additional devices,

a pump, an injection system, a pressure-monitoring system, a constant-temperature bath,

and a venous drainage container. The entire platform is shown in Fig 4. To mimic blood cir-

culation, water was transferred from a constant-temperature (37˚C) bath to the venous

drainage container by a peristaltic flow pump (Ecoline VC-380; ISMATEC). Additionally,

the physiological parameters (pulse rate, blood pressure, viscosity, body temperature) of the

actual patient were measured to reproduce an accurate hemodynamic environment, and

were used as the input data for the fluid circulation CASP. The peristaltic pump was

Fig 4. Photograph of the entire fluid circulation cerebral arterial silicone phantom system.

https://doi.org/10.1371/journal.pone.0280395.g004

PLOS ONE A cerebral arterial silicone phantom replicating real contrast filling dynamics

PLOS ONE | https://doi.org/10.1371/journal.pone.0280395 January 17, 2023 6 / 13

https://doi.org/10.1371/journal.pone.0280395.g004
https://doi.org/10.1371/journal.pone.0280395


controlled to generate a pulse rate of 60 beats per minute (bpm) and a systolic pressure of

100 mmHg in the platform, similar to that of the patient. A 40:60 glycerol/water mixture for

fluid viscosity was applied as the working fluid [12]. In fact, the dynamic viscosity of the

blood-simulating fluid produced in the above-mentioned experiment was 3.22 [12], similar

to the patient’s dynamic viscosity. Therefore, we utilized the same dilution to obtain the

same viscosity. The dynamic viscosities between the actual patient’s blood and the fluid cir-

culation CASP were 3.00 × 10−3 kg/m�s and 3.22 × 10−3 kg/m�s, respectively. A venous sinus

pressure of approximately 10 cmH2O was achieved by elevating the venous drainage con-

tainer to a height of 10 cm above the overall system height. Iodine-based CM was injected

via a 4-Fr catheter with a power injector, similar to the contrast injection method applied to

the control group. Lastly, a plastic cistern filled with a sponge was utilized to represent real

peripheral resistance. Both were cylindrical in shape, and the specifications were as follows:

plastic cistern: the circle had a radius of 1.7 cm, the height of 4.2 cm, and a total volume of

38.11 cm3; a sponge pad: porosity of 50 pixels per inch (ppi), a circle with a radius of 1.6 cm,

and a height of 3.3 cm, with a total volume of 26.53 cm3, and a density of 1.76 μg/mm3 (Fig

3F). Real contrast filling dynamics were designed to control the resistance of the phantom’s

flow system as follows: a) the CASP was considered as the control group (type A), b) the

CASP with the incorporated plastic cistern (type B), and c) CASP with the incorporated

plastic cistern filled with a sponge pad (type C).

Evaluation of the cerebral arterial silicone phantoms

To evaluate the fluid circulation in the CASP, CCTC patterns from the Syngo iFlow system

were compared (control group vs. three phantom types). The intraarterial catheter-based

angiograms were conducted using similar X-ray projection angles and catheter positions. The

iFlow images were obtained at the same frame rate and projection angle.

Four parameters of the CCTC were adopted to analyze the iFlow images as follows: maxi-

mum contrast concentration, time-to-peak, full-width-at-half-maximum (FWHM), and area

under the curve (AUC) (Fig 5A). Because it is essential to measure similarity in the duration of

the contrast concentration until the next wash-out after reaching that maximum, the FWHM

was utilized for this purpose. The maximum contrast concentration was defined as the value at

which the contrast concentration was the highest. The time-to-peak usually represents the

degree of contrast concentration at the selected ROI, and is considered illustrative of the tem-

poral changes in arterial vasculature [11]. Herein, the time-to-peak was defined as the time at

which X-ray attenuation reached its maximum level in the angiographic series. The reference

time (t = 0) indicates the first instance at which a mask (defined to match the initial skull

image) was visible. The first frame was considered at the initial viewing window when there

was a difference in contrast. The last frame of the run was the end of the viewing window. The

time-to-peak was then recorded as the maximum value that appeared on the time axis. Subse-

quently, the FWHM and AUC were measured to compare the widths of the curves. The

FWHM was defined as the time at which the contrast concentration reached half the maxi-

mum value, and the AUC yielded the area under the CCTC graph. We repeated the experi-

ment 10 times in the same ROI (terminal ICA on the frontal plane) of A, B, and C types to

obtain median values for the four parameters of the contrast concentration–time curve. These

four parameters and overall graph patterns were compared between phantom circuits with

and without the plastic cistern and the sponge pad.

Lastly, we compared the pure time delay since this is functionally very important to ventila-

tory control applications and is essential for achieving a safe and reliable result in dynamic

tests for the experimental system (Fig 5A) [13,14].
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Statistical analysis

All statistical analyses were performed with the use of the software SPSS (version 24.0, IBM).

The Wilcoxon signed-rank test (nonparametric method) was utilized to compare the four

parameters between each type of cerebrovascular phantom model and the control group data.

All P values were two-sided; a P value < .05 was considered statistically significant.

Results

All four parameters representing the changes in contrast concentration exhibited serial

increases in their values in the cases of types A, B, and C (Table 1). We compared differences

in each value among the three groups. For the maximum contrast concentration, the median

values for types A, B, and C were 271.5 (interquartile range (IQR); 257–276), 364.5 (IQR: 351–

377), and 390.0 (IQR: 383–411), respectively. Compared with the control group’s maximum

contrast concentration, the closest match occurred in the case of type B (P = .168). The time-

to-peak value of the control group was 3.60 s; this was the closest to type A (3.74 s, IQR; 3.60–

3.87), and there was a significant difference between them (P < .001). In the case of FWHM,

the closest value was 2.34 s (IQR: 2.12–2.42) for type C, but there were numerical and statistical

differences compared with control group data (P < .001). In the case of the AUC, the median

Fig 5. Graph descriptions of contrast concentration-time curves (CCTCs) (a) and comparisons between the original control group (blue lines), and three types of

cerebrovascular phantoms (red lines) (b–d). (a) The CCTC comprises four parameters (maximum contrast concentration, time-to-peak, full-width-at-half-maximum

[FWHM], and area under curve [AUC]). The time-to-peak represents the time at the maximum contrast concentration of the selected ROI. The FWHM and AUC were

measured to compare the widths of curves. (b) Pairwise comparisons between the original control group data and (b) the CASP phantom (type A), (c) phantom with

plastic cistern only (type C), and (d) plastic cistern with a sponge pad (type C).

https://doi.org/10.1371/journal.pone.0280395.g005
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value of type C (1572.83, IQR; 1492.73–1860.27) was similar to that of the control group

(1519.55), but there was a significant difference between them (P< .001). Despite this statisti-

cal result, type C was the most similar one with the FWHM and AUC values closer to those of

the control group.

The overall graph patterns of CCTCs of the different groups are shown in Fig 5. The three

graphs generated from the median values of contrast concentration measurements determined

the shapes of the CCTCs. These plots were compared with the graph of the control group (Fig

5B, 5C and 5D). The DSA pattern of the fluid circuit CASP could be adjusted to mimic that of

the control group by adding a sponge pad to the plastic cistern (type C). We further found that

the CCTC of type C became broader, showing the widest FWHM and AUC, and higher peak

contrast concentration compared with those obtained from types A, and B. As a result, type C

showed that the slope of the CCTC graph before and after maximum intensity concentration

point was most similar to that of the control group.

The pure time delay was as follows: the control group, 1.33 s; type A, 1.87 s; type B, 2.13 s;

type C, 2.00 s; Compared with the control group, the closest match occurred in the case of type

A, but the irregular graph pattern was represented. Type B was a more stable graph pattern

than that of type A but had the largest difference from the value of the control group among

the three types. The pure time delay of type C showed the most constant and stable value

among other types (Fig 5). In addition, calculating the difference between the time to peak and

the pure time delay, the value showed 2.27 s (control group), 1.67 s (type A), 1.61 s (type B),

and 1.94 s (type C), respectively. As a result, type C was confirmed to be closest to the control

group.

Discussion

In this comparative analysis of the fluid circulation CASP and cerebral DSA, we hypothesized

that a capacitor formed of a hollow cistern and a sponge pad body could receive blood from

the cerebral arterial system on cerebral angiography. As a result, an acrylic hollow cistern filled

with a sponge pad was introduced to replicate real contrast filling dynamics. In our study, the

Table 1. Four parameters for temporal changes in contrast opacity in the phantom types A, B, and C.

Control group Type A† (n = 10) P value� Type B‡ (n = 10) P value� Type C§ (n = 10) P value�

Maximum contrast concentration

Median (interquartile range [IQR]) 365.00 271.50 (257.00–276.00) < .001 364.50 (351.00–377.00) 0.168 390.00 (383.00–411.00) < .001

(Min–Max) (241.00–298.00) (339.00–385.00) (300.00–431.00)

Time-to-peak

Median (IQR) 3.60 3.54 (3.47–3.60) < .001 3.74 (3.60–3.87) < .001 3.94 (3.73–4.27) < .001

(Min–Max) (3.33–3.73) (3.47–4.00) (3.73–4.27)

Full-width-at-half maximum

Median (IQR) 3.22 1.71 (1.68–1.72) < .001 1.87 (1.77–1.96) < .001 2.34 (2.12–2.42) < .001

(Min–Max) (1.61–1.82) (1.70–2.10) (1.98–4.15)

Area under curve

Median (IQR) 1519.55 657.23 (631.84–720.94) < .001 993.58 (909.79–1062.31) < .001 1572.83 (1492.73–1860.27) < .001

(Min–Max) (592.36–752.22) (809.90–1189.80) (1313.38–1974.29)

� P value in comparison with control group values according to Wilcoxon signed-rank test.
† Type A: Only with the CASP.
‡ Type B: CASP with the plastic cistern.
§ Type C: CASP with the plastic cistern filled with a sponge pad.

https://doi.org/10.1371/journal.pone.0280395.t001
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response of the sponge-containing plastic cistern was evaluated by representing the real

peripheral resistance system of the brain with a fluid circulation CASP, in conjunction with

the Syngo iFlow application. The Syngo iFlow application demonstrated time-dependent

changes in the remaining contrast in the large cerebral artery [15–17]. Specifically, the CCTC

pattern became broader, and the y-axis values of curves were closer to the control group’s

graph when each plastic cistern (type B) and a plastic cistern with a sponge pad (type C) were

applied than when only CASP was used (type A) (Fig 5). Between the two phantom types

(types B vs. C), the DSA pattern of the CASP fluid circuit of type C was most similar to that of

the control group because of the addition of a sponge pad to the plastic cistern. Consequently,

we confirmed that the resistance generated toward the distal part of the cerebral blood vessel

could be reproduced with the artificial capacitor. Quantitatively, four parameters were com-

pared between different types of cerebrovascular phantoms. These parameters could be used

to study time-related changes in contrast concentration in the cerebral artery. In the case of

maximum contrast concentration and the time-to-peak, type C was not the most similar to

that of the control group, but it was marginal from the other two types (A, B). Conversely, type

C showed significantly similar values to the control group in the FWHM and the AUC, unlike

the other two (type A, and B). Furthermore, the most notable results in our study were the

changes of the overall graph patterns. Particularly, from the time-to-peak to the 15 s timepoint,

the CCTC of type C yielded the most similar patent to that of the control group data. Along

with the facts proven above, the pure time delay of type C was not irregular and showed the

most constant and stable pattern, so it was possible to reproduce the blood flow of the cerebral

artery most similarly compared to other types. As a result, a plastic cistern filled with a sponge

pad could reproduce a lower resistance, replicating real contrast filling dynamics of the cere-

bral artery.

The cerebral circulation time, which is thought to be closely related to CCTC, can be

obtained by measuring the contrast concentration on cerebral angiography. Each cerebral dis-

ease is associated with various patterns of angiographic cerebral circulation time. Based on

extensive investigations of cerebral arteriography for diseases, such as atherosclerosis and

thrombotic cerebral vascular disease, we observed a considerable delay in contrast opacifica-

tion of small cerebral arteries [18]. A prior study on an occlusive ICA lesion suggested that

angiographic cerebral circulation time and cerebral vasoreactivity are well-correlated [19].

Furthermore, a recent study on multiple sclerosis has demonstrated a significant difference in

cerebral circulation time between multiple patients with sclerosis (mean = 4.9 s, standard devi-

ation [SD] = 1.27 s) and normal control subjects (mean = 2.8 s, SD = 0.51 s). This suggests that

an increased cerebral circulation time in multiple patients with sclerosis corresponds to micro-

vascular dysfunction [20]. Another study has revealed differences in cerebral circulation time

between patients with hemorrhagic and non-hemorrhagic moyamoya disease [21]. Cerebral

circulation time of the contrast may vary depending on the degree of cerebral perfusion in the

brain parenchyma. Additionally, recent studies on dementia have investigated cerebral perfu-

sion in the brain parenchyma [22–24].

Through our study, various cerebrovascular in vitro phantoms that can aid in the study of

each disease were available by adjusting the transition time of the fluid circulation CASP to

reproduce the characteristic cerebral circulation time of a given disease group. When creating

an in vitro cerebrovascular platform, the key point pertains to the resistance level that should

be assigned to the circuit. This fluid circulation of CASP attached to an artificial device, such

as the plastic cistern and a sponge pad, is expected to emulate the patient’s brain perfusion pat-

tern because the transit time of the intraarterial vasculature can be controlled by adjusting the

resistance of the phantom circuit. Future studies are needed to quantitatively express and con-

trol resistance in phantom flow circuits.
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This study has several limitations. Firstly, the iFlow reference data of the control group

were obtained from only one DSA run, and may not be completely accurate. This situation

was inevitable considering the ethics of human experimentation, which reflects the importance

of the phantom experiment in this study. Although the comparison between phantoms and

the single patient dataset was phenomenologically limiting, this was not proven to be a major

problem in the application, as the DSA images yielded similar patterns. Secondly, although

several studies had investigated the cerebral circulation time of patients with specific diseases

(e.g., shunt and steno-occlusion) compared with that of normal patients with color-coded

quantitative DSA [11,15], most of the published papers did not directly yield normal graph

patterns with the iFlow. Thus, selecting specific patient data as the control group data was con-

siderably tricky. Nevertheless, because the selection of data from the specific patient studied

herein was based on careful evaluations and consensus of two observers with extensive clinical

experience, the research results are thought to be reliable. Finally, we could not perform

detailed examinations based on the control of the amount of a sponge pad. Nevertheless, this

study was considered valuable, as it constitutes the first pilot study showing the possibility of

emulating contrast filling dynamics with a sponge pad in angiographic studies. It is believed

that better realistic graphic curves could be obtained if changes in the amount of sponge and

pore size are evaluated in future experiments.

Despite of these limitations in the study design, few experiments have examined the similar-

ities of hemodynamic curves from arterial-pressure-monitoring data obtained from the

human body. Ultimately, we were able to verify the feasibility of a silicone vascular phantom

replicating real arterial contrast filling dynamics on cerebral angiography. Overall, we were

able to develop an in vitro phantom that can model the resistance which develops toward the

distal parts of blood vessels, which has not been reproduced by several previously developed

silicone phantoms.

Conclusions

Patient CCTC could be simulated in the phantom model by adjustment of the resistance of the

phantom flow system using an acrylic hollow cistern filled with a sponge pad. In conclusion,

with the hand-made CASPs, we could replicate the contrast filling dynamics of clinical cerebral

angiography by applying a small cistern filling with a sponge pad at the venous side of the

phantom. In the future, further modifications to the mechanical details of the proposed

approach for variable cerebral hemodynamic conditions will be necessary.

Acknowledgments

We would like to express our gratitude to Byung Joon Lee for his technical help in developing

the cerebral arterial silicone phantom), Jaeyoung Kwon for general experimental support, and

Ji Sung Lee for statistical analysis application support.

Author Contributions

Conceptualization: Deok Hee Lee.

Formal analysis: Ki Baek Lee, Jae Jon Sheen.

Funding acquisition: Deok Hee Lee.

Investigation: Ki Baek Lee, Jae Jon Sheen, Jong-Tae Yoon, Mi Hyeon Kim, Jun Young Maeng,

Sun Moon Hwang, Joon Ho Choi.

Methodology: Jae Jon Sheen, Deok Hee Lee.

PLOS ONE A cerebral arterial silicone phantom replicating real contrast filling dynamics

PLOS ONE | https://doi.org/10.1371/journal.pone.0280395 January 17, 2023 11 / 13

https://doi.org/10.1371/journal.pone.0280395


Supervision: Deok Hee Lee.

Validation: Ki Baek Lee, Jun Young Maeng, Sun Moon Hwang, Joon Ho Choi.

Visualization: Ki Baek Lee, Jong-Tae Yoon, Mi Hyeon Kim.

Writing – original draft: Ki Baek Lee, Jae Jon Sheen.

Writing – review & editing: Ki Baek Lee, Deok Hee Lee.

References
1. Ahmed AS, Deuerling-Zheng Y, Strother CM, Pulfer KA, Zellerhoff M, Redel T, et al. Impact of intra-

arterial injection parameters on arterial, capillary, and venous time-concentration curves in a canine

model. AJNR Am J Neuroradiol. 2009; 30(7):1337–41. https://doi.org/10.3174/ajnr.A1586 PMID:

19461063.

2. Burbank FH, Brody WR, Bradley BR. Effect of volume and rate of contrast medium injection on intrave-

nous digital subtraction angiographic contrast medium curves. J Am Coll Cardiol. 1984; 4(2):308–15.

https://doi.org/10.1016/s0735-1097(84)80219-3 PMID: 6376594.

3. Ghasemi M, Dehpour AR. Ethical considerations in animal studies. J Med Ethics Hist Med. 2009; 2:12.

PMID: 23908726.

4. Chueh JY, Wakhloo AK, Gounis MJ. Neurovascular modeling: small-batch manufacturing of silicone

vascular replicas. AJNR Am J Neuroradiol. 2009; 30(6):1159–64. https://doi.org/10.3174/ajnr.A1543

PMID: 19321626.

5. Reddy AS, Liu Y, Cockrum J, Gebrezgiabhier D, Davis E, Zheng Y, et al. Construction of a comprehen-

sive endovascular test bed for research and device development in mechanical thrombectomy in stroke.

J Neurosurg. 2020; 134(3):1190–7. https://doi.org/10.3171/2020.1.JNS192732 PMID: 32244204.

6. Liu Y, Abbasi M, Larco JLA, Kadirvel R, Kallmes DF, Brinjikji W, et al. Preclinical testing platforms for

mechanical thrombectomy in stroke: a review on phantoms, in-vivo animal, and cadaveric models. J Neu-

rointerv Surg. Forthcoming 2021. https://doi.org/10.1136/neurintsurg-2020-017133 PMID: 33722966.

7. Fahrig R, Nikolov H, Fox AJ, Holdsworth DW. A three-dimensional cerebrovascular flow phantom. Med

Phys. 1999; 26(8):1589–99. https://doi.org/10.1118/1.598672 PMID: 10501059.

8. Benninghaus A, Baledent O, Lokossou A, Castelar C, Leonhardt S, Radermacher K. Enhanced in vitro

model of the CSF dynamics. Fluids Barriers CNS. 2019; 16(1):11. https://doi.org/10.1186/s12987-019-

0131-z PMID: 31039805.

9. Ishibashi T, Toyama S, Miki K, Karakama J, Yoshino Y, Ishibashi S, et al. Effects of propofol versus

sevoflurane on cerebral circulation time in patients undergoing coiling for cerebral artery aneurysm: a

prospective randomized crossover study. J Clin Monit Comput. 2019; 33(6):987–98. https://doi.org/10.

1007/s10877-018-00251-2 PMID: 30610516.

10. Lee H, Hong J, Lin C, Kao Y, Chang F, Luo C, et al. Automatic flow analysis of digital subtraction angiog-

raphy using independent component analysis in patients with carotid stenosis. PLoS One. 2017; 12(9):

e0185330. https://doi.org/10.1371/journal.pone.0185330 PMID: 28949999.

11. Strother CM, Bender F, Deuerling-Zheng Y, Royalty K, Pulfer KA, Baumgart J, et al. Parametric color

coding of digital subtraction angiography. AJNR Am J Neuroradiol. 2010; 31(5):919–24. https://doi.org/

10.3174/ajnr.A2020 PMID: 20167651.

12. Ha H, Hwang D, Kim GB, Kweon J, Lee SJ, Baek J, et al. Estimation of turbulent kinetic energy using

4D phase-contrast MRI: Effect of scan parameters and target vessel size. Magn Reson Imaging. 2016;

34(6):715–23. https://doi.org/10.1016/j.mri.2016.03.008 PMID: 26968139.

13. Enokida R, Stoten D, Kajiwara K. Stability analysis and comparative experimentation for two substruc-

turing schemes, with a pure time delay in the actuation system. Journal of Sound and Vibration. 2015;

346(23):1–16. https://doi.org/10.1016/j.jsv.2015.02.024

14. Cavalcanti S, Belardinelli E. Modeling of cardiovascular variability using a differential delay equation.

IEEE Trans Biomed Eng. 1996; 43(10):982–9. https://doi.org/10.1109/10.536899 PMID: 9214815.

15. Lin C, Hung S, Guo W, Chang F, Luo C, Beilner J, et al. Monitoring peri-therapeutic cerebral circulation

time: a feasibility study using color-coded quantitative DSA in patients with steno-occlusive arterial dis-

ease. AJNR Am J Neuroradiol. 2012; 33(9):1685–90. https://doi.org/10.3174/ajnr.A3049 PMID:

22499839.

16. Cover KS, Lagerwaard FJ, van den Berg R, Buis DR, Slotman BJ. Color intensity projection of digitally

subtracted angiography for the visualization of brain arteriovenous malformations. Neurosurgery. 2007;

60(3):511–4. https://doi.org/10.1227/01.NEU.0000255331.49791.B4 PMID: 17327796.

PLOS ONE A cerebral arterial silicone phantom replicating real contrast filling dynamics

PLOS ONE | https://doi.org/10.1371/journal.pone.0280395 January 17, 2023 12 / 13

https://doi.org/10.3174/ajnr.A1586
http://www.ncbi.nlm.nih.gov/pubmed/19461063
https://doi.org/10.1016/s0735-1097(84)80219-3
http://www.ncbi.nlm.nih.gov/pubmed/6376594
http://www.ncbi.nlm.nih.gov/pubmed/23908726
https://doi.org/10.3174/ajnr.A1543
http://www.ncbi.nlm.nih.gov/pubmed/19321626
https://doi.org/10.3171/2020.1.JNS192732
http://www.ncbi.nlm.nih.gov/pubmed/32244204
https://doi.org/10.1136/neurintsurg-2020-017133
http://www.ncbi.nlm.nih.gov/pubmed/33722966
https://doi.org/10.1118/1.598672
http://www.ncbi.nlm.nih.gov/pubmed/10501059
https://doi.org/10.1186/s12987-019-0131-z
https://doi.org/10.1186/s12987-019-0131-z
http://www.ncbi.nlm.nih.gov/pubmed/31039805
https://doi.org/10.1007/s10877-018-00251-2
https://doi.org/10.1007/s10877-018-00251-2
http://www.ncbi.nlm.nih.gov/pubmed/30610516
https://doi.org/10.1371/journal.pone.0185330
http://www.ncbi.nlm.nih.gov/pubmed/28949999
https://doi.org/10.3174/ajnr.A2020
https://doi.org/10.3174/ajnr.A2020
http://www.ncbi.nlm.nih.gov/pubmed/20167651
https://doi.org/10.1016/j.mri.2016.03.008
http://www.ncbi.nlm.nih.gov/pubmed/26968139
https://doi.org/10.1016/j.jsv.2015.02.024
https://doi.org/10.1109/10.536899
http://www.ncbi.nlm.nih.gov/pubmed/9214815
https://doi.org/10.3174/ajnr.A3049
http://www.ncbi.nlm.nih.gov/pubmed/22499839
https://doi.org/10.1227/01.NEU.0000255331.49791.B4
http://www.ncbi.nlm.nih.gov/pubmed/17327796
https://doi.org/10.1371/journal.pone.0280395


17. Lin C, Luo C, Hung S, Guo W, Chang F, Beilner J, et al. Application of color-coded digital subtraction

angiography in treatment of indirect carotid-cavernous fistulas: initial experience. J Chin Med Assoc.

2013; 76(4):218–24. https://doi.org/10.1016/j.jcma.2012.12.009 PMID: 23557889.

18. Gotham JE, Gilroy J, Meyer JS. Studies of cerebral circulation time in man. Normal values and alter-

ations with cerebral vascular disease and tumour in arm-to-retina circulation times. J Neurol Neurosurg

Psychiatry. 1962; 25(4):292–302. https://doi.org/10.1136/jnnp.25.4.292 PMID: 13949429.

19. Yamamoto S, Watanabe M, Uematsu T, Takasawa K, Nukata M, Kinoshita N. Correlation of angio-

graphic circulation time and cerebrovascular reserve by acetazolamide-challenged single photon emis-

sion CT. AJNR Am J Neuroradiol. 2004; 25(2):242–7. PMID: 14970024.

20. Monti L, Donati D, Menci E, et al. Cerebral circulation time is prolonged and not correlated with EDSS in

multiple sclerosis patients: a study using digital subtracted angiography. PLoS One. 2015; 10(2):

e0116681. https://doi.org/10.1371/journal.pone.0116681 PMID: 25679526.

21. Kang K, Lu J, Zhang D, Li Y, Wang D, Liu P, et al. Difference in cerebral circulation time between sub-

types of moyamoya disease and moyamoya syndrome. Sci Rep. 2017; 7(1):2587. https://doi.org/10.

1038/s41598-017-02588-1 PMID: 28566764.

22. Fallmar D, Lilja J, Velickaite V, Danfors T, Lubberink M, Ahlgren A, et al. Visual assessment of brain per-

fusion MRI scans in dementia: a pilot study. J Neuroimaging. 2016; 26(3):324–30. https://doi.org/10.

1111/jon.12296 PMID: 26376736.

23. de Roos A, van der Grond J, Mitchell G, Westenberg J. Magnetic resonance imaging of cardiovascular

function and the brain: is dementia a cardiovascular-driven disease? Circulation. 2017; 135(22):2178–

95. https://doi.org/10.1161/CIRCULATIONAHA.116.021978 PMID: 28559496.

24. Wolters FJ, Zonneveld HI, Hofman A, Lugt AVD, Koudstaal PJ, Vernooij MW, et al. Cerebral perfusion

and the risk of dementia: a population-based study. Circulation. 2017; 136(8):719–28. https://doi.org/

10.1161/CIRCULATIONAHA.117.027448 PMID: 28588075.

PLOS ONE A cerebral arterial silicone phantom replicating real contrast filling dynamics

PLOS ONE | https://doi.org/10.1371/journal.pone.0280395 January 17, 2023 13 / 13

https://doi.org/10.1016/j.jcma.2012.12.009
http://www.ncbi.nlm.nih.gov/pubmed/23557889
https://doi.org/10.1136/jnnp.25.4.292
http://www.ncbi.nlm.nih.gov/pubmed/13949429
http://www.ncbi.nlm.nih.gov/pubmed/14970024
https://doi.org/10.1371/journal.pone.0116681
http://www.ncbi.nlm.nih.gov/pubmed/25679526
https://doi.org/10.1038/s41598-017-02588-1
https://doi.org/10.1038/s41598-017-02588-1
http://www.ncbi.nlm.nih.gov/pubmed/28566764
https://doi.org/10.1111/jon.12296
https://doi.org/10.1111/jon.12296
http://www.ncbi.nlm.nih.gov/pubmed/26376736
https://doi.org/10.1161/CIRCULATIONAHA.116.021978
http://www.ncbi.nlm.nih.gov/pubmed/28559496
https://doi.org/10.1161/CIRCULATIONAHA.117.027448
https://doi.org/10.1161/CIRCULATIONAHA.117.027448
http://www.ncbi.nlm.nih.gov/pubmed/28588075
https://doi.org/10.1371/journal.pone.0280395

