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Abstract The internal carotid artery comprises seven anatomical segments, with the internal carotid artery siphon (ICAS) exhibit-
ing the greatest curvature, This complex geometry increases the risk of cerebrovascular diseases, including aneurysm formation,
by inducing flow turbulence and elevated shear stress, and also limits the accuracy of magnetic resonance angiography (MRA)
and Doppler ultrasound. Additionally, high inter-individual anatomical variability limits reproducible validation of ICAS structure
and hemodynamics. This study aimed to fabricate a reproducible ICAS phantom using medical imaging-based three-dimensional
printing and to systematically evaluate its structural and hemodynamic characteristics using layered tissue mimicking materials
(TMM). A T-mnrthick elastic resin phantom was constructed from time-of-flight MRA data of a healthy adult. Soft tissue, fat,
and mixed TMM layers were applied sequentially. Flow velocities were measured at key locations using Doppler ultrasound
under pulsatile flow generated by a pulsatile pump with a starch-based blood-mimicking fluid. Across all phantom configurations,
flow velocity decreased at the first bend relative to the inlet, increased at the second bend, and decreased again at the outlet.
This pattern reflects known ICAS hemodynamics, where sharp curvature and non-planar geometry are known to generate lo-
calized low- and high-velocity regions and flow disturbances. In addition, differences in measured flow velocity were observed
depending on the TMM type, which may be attributed to Doppler signal errors caused by differences in the acoustic properties
of each TMM, The ICAS phantom fabricated in this study reliably reproduced the structural and hemodynamic characteristics
of ICAS and is expected to serve as a useful platform for imaging studies of complex vascular structures, personalized vascular

modeling, and applications in imaging system performance evaluation, preventive medicine, and education,
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Fig. 1. Fabrication process of the intemal carotid artery siphon
phantom using medical imaging.
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Fig. 2, Cross-sectional views of schematic diagrams(A-C) and
phantoms(D-F) with different TMM layer compositions,
(A, D) ICAS_Soft tissue, (B, E) ICAS_Fat. (C, F) ICAS_Mixture,
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Fig. 3. Measurement regions of flow velocity in the internal
carotid artery siphon phantom,
(A) Inlet, (B) 1st bend. (C) 2nd bend. (D) Outlet,
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ICAS NoneollA 7P B4t 552 YdaFroflA] 81.86+
Table 1, Mean flow velocities by sections for different phantom types
Mean Difference +
Mean + Standard i L
™M . - Standard Deviation
. Section Deviation F P Factor1 Factor2
Material oms) (Factor1-Factor2)
(cmys)
Inlet 3186 + 202 1st bend 13.48 * 3,38 {0.001
Inlet 2nd bend 4.87 £ 3.69 {0.001
Ist bend 08.38 £ 2.71 Outlet 15.6 + 3.34 (0,001
None 280.10 <0.001 N
nd bend 76.99 + 3.09 Lt bend 2nd bend 8,61 + 411 0,001
Outlet 2,12 + 3.80 0.013
Outlet 06.26 + 2.06 2nd bend Outlet 1073 + 4.08 (0,001
Inlet 8108 * 442 1st bend 10.71 + 4.88 <0,001
Inlet 2nd bend 0.03 £ 5.75 1
1st bend 70.37 = 2,07 Qutlet 16.72 = 5,55 <0.001
Soft tissue 157.13 <0.001 N
nd bend 8105 + 3.68 Lt bend 2nd bend -10.68 + 4,22 0,001
Outlet 6.01 + 395 (0,001
Outlet 04.36 £ 3.36 2nd bend Outlet 16,69 = 4.98 (0,001
Inlet 8466 + 3.52 1st bend 1252 £ 4.45 <0.001
Inlet 2nd bend 9.82 + 4.76 <0.001
1st bend 72.14 = 2.80 QOutlet 18.08 = 4.80 <0.001
Fat 280.10 <0.001 n
2nd bend 74.84 £ 327 1st bend 2nd bend -2.70 £ 4.30 0.008
Outlet 5.56 + 4.27 (0,001
Outlet 06.58 £ 3.23 2nd bend Outlet 8.26 + 4.60 (0,001
Inlet 80.98 + 3.33 1st bend 9.41 £3.93 {0.001
Inlet 2nd bend 2.79 £ 453 <0.001
‘ Ist bend 7157 £ 217 Outlet 15.05 + 3.58 (0,001
Mixture 260,46 <0.001 N
nd bend 7819 + 3.13 Lt bend 2nd bend 6.62 £ 3,78 {0.001
Outlet 5.64 + 2.56 (0,001
Outlet 65.93 £ 1.33 2nd bend Qutlet 12.26 + 3.39 <0.001
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M Inlet

M 1st bend
2nd bend
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90

[+2]
o

Average Velacity [cm/s]

~
o

None Soft tissue Fat Mixture

Fig. 4. Comparison of mean flow velocities across sections for different phantom types. *p ¢ 0.05

Table 2, Mean flow velocities by phantom types for different sections

M Diff +
Mean + Standard can Lierence

™M Standard Deviation
Section . Deviation F Factor1 Factor2
Material s P (Factor1-Factor2) p
(cmy/s)
None 81.86 + 2.02 Soft tissue 0.78 + 4.86 0.817
None Fat 2.8 * 4.06 0.011
Soft tissue 81.08 = 4.42 Mixture 0.88 * 3.89 0.761
Inlet 6.89 <0.001 o 4 ) )
Fat 8466 + 3.52 Soft tissue Fat -3.58 £ 565 (0.001
Mixture 0.1 =553 1.000
Mixture 80.98 £ 3.33 Fat Mixture 3.68 £ 4.85 (0,001
None 68.38 + 2.71 Soft tissue -1.99 + 3.41 0.011
None Fat -3.76 = 3.9 0.001
Soft tissue 70.37 = 2.07 Mixture 319 + 347 (0.001
1st bend 11.53 0.001 ' N ’ )
Fat 72,14 + 2.80 Soft tissue Fat 177+ 548 0.032
Mixture -12+3 0.247
Mixture 7157 £ 217 Fat Mixture 0.57 + 3.54 0.81
None 76.99 + 3.00 Soft tissue -4.07 + 4,81 €0.001
None Fat 215 £ 45 0.062
nd Soft tissue 81.05 = 3.68 Mixture 12+ 44 0.506
bend 16.35 <0.001 N
en Fat 74 84 + 327 Soft tissue Fat 6.22 = 492 €0.001
Mixture 2.87 = 483 0.006
Mixture 78.19 + 313 Fat Mixture 335 £ 453 (0,001
None 66.26 + 2.66 Soft tissue 1.9 = 429 0.044
None Fat -0.32 + 4.18 0.971
Soft tissue 64.36 * 3.36 Mixture 034 + 2.97 0.967
Outlet 2.67 0.056 : N i '
Fat 6658 + 3.23 Soft tissue Fat 222 £ 466 0.013
Mixture -1.57 £ 3.61 0.139
Mixture 05.93 + 1.33 Fat Mixture 0.65 + 3.49 0.804

ol M A st 452 ICAS None 81.86+ 2,02 ™, ICAS Fat? thE A o= Fofdt Aol Hele
cm/s, ICAS ST 81.08+4.42 cm/s, ICAS Fat 84.66+ H(p€0.05), ©] & Z3ollA+= 8203t 2lo|& Holx| it}
3.52 cm/s, ICAS Mixture 80.98+3.33 con/s2 SAE %S (p0.05). 12} ZFZofxl= ICAS None 68.38+2.71cm/s,
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Average Velocity [cm/s]

Inlet 1st bend

H None

B Soft tissue
Fat
Mixture

2nd bend

Outlet

Fig. 5, Comparison of mean flow velocities across phantom types for different sections, *p { 0.05

ICAS ST 70.37+2.07 cm/s, ICAS Fat 72.14+2.80 cm/s,
ICAS Mixture 71,57+2.17 cm/s= SA =% ICAS ST
2} ICAS Mixture, ICAS Fatd} ICAS Mixtures A|LJet L
£ A TtollA folgt o7t Lreldth(p<0.05). 22t =]
A= ICAS None 76,994+3.09cm/s, ICAS ST 81,05+
3.68cm/s, ICAS Fat 74.84+3.27 cm/s, ICAS Mixture
78.19+3.13 cm/s2 &4E|.0™, ICAS Noned} ICAS Fat,
ICAS Noned} ICAS MixtureE Al2Jet 2= 22 7hojA
It AJol7F LrERTHp(0.05). E<ollA= ICAS None
66.26+2.66 cm/s, ICAS ST 64.36+3.36 cm/s, ICAS Fat
66.58+3.23 cm/s, ICAS Mixture 65.93+1.33 cm/sZ =
griglon], Ao T2 f Aol AR O Golsk o
EHp=0.056)(Table 2, Fig. 5).
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