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Abstract

Purpose: To evaluate the injection location effect on the distribution of yttrium-90 (90Y) 

microspheres in the liver during radioembolization and discuss the potential effects of radial 

movements of the catheter tip.

Materials and Methods: Numerical studies were conducted using images from a representative 

patient with hepatocellular carcinoma. The right hepatic artery (RHA) was segmented from 

the patient contrast-enhanced cone-beam computed tomography scans. The blood flow was 

investigated in the trunk of the RHA using numerical simulations for six injection position 

scenarios in two sites located at a distance of ~5 and 20 mm upstream of the first bifurcation 

(RHA diameters ~ 4.6 mm). The 90Y delivery to downstream vessels was calculated from the 

simulated hepatic artery hemodynamics.

Results: Varying the injection location along the RHA and across the vessel cross-section 

resulted in different simulated microsphere distributions in the downstream vascular bed. When 

the catheter tip was at 5 mm upstream of the bifurcation, 90Y distribution in the downstream 

branches varied as large as 53% with a 1.5 mm-radial-movement of the catheter tip. However, the 

catheter radial movement had a weaker effect on the microsphere distribution when the injection 

plane was farther from the first bifurcation (20 mm) with a maximum delivery variation of 9% to a 

downstream branch.

Conclusion: An injection location far from bifurcations is recommended to minimize the effect 

of radial movements of the catheter tip on the microsphere distribution.
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INTRODUCTION

Liver cancer radioembolization with yttrium-90 (90Y) microspheres is widely used for the 

treatment of hepatocellular carcinoma and hepatic metastases [1], [2]. After careful planning 

of the injection location and activity before treatment [3], the microspheres are injected 

into the hepatic artery through a catheter to irradiate the tumors internally. Clinical studies 

have suggested that the injection location, catheter tip position, and catheter design (e.g. 

conventional end-hole versus antireflux) affect the microsphere distribution and potentially 

the procedure efficacy [4]–[6]. A more quantitative understanding of the effect of the 

catheter position on the microsphere distribution can guide the optimization of the injection 

for each patient [7].

Computational fluid dynamics (CFD) simulations use numerical methods to analyze 

hemodynamics by solving fluid mechanics governing equations in regions of interest (i.e., 

computational domain). Previous investigations used CFD simulation of the hepatic blood 

flow to predict the 90Y microsphere distribution in the liver [8]–[10]. CFD simulations were 

also used to make recommendations about the injection flow rate, location within the arterial 

cross-section (i.e., radial location), and location along the hepatic artery (i.e., axial location) 

to target the tumors more efficiently [11]–[14]. Clinical implementation of these engineering 

recommendations may not be technically feasible yet because of the limited control over 

catheter tip placement with respect to the radial location at a given axial location [11]. 

The objective of this work is to utilize pre-treatment noninvasive numerical simulations to 

suggest clinically relevant and practicable recommendations on the effect of the injection 

location on 90Y microsphere distribution, focusing on factors that can be controlled during 

administration. This is an pilot investigation on one patient dataset to develop the necessary 

foundation for more complex simulations with a larger patient cohort.

MATERIALS AND METHODS

Hemodynamics simulations were used to investigate the transport of 90Y microspheres in 

an image-based reconstruction of a section of the hepatic artery defining the computational 

domain. Figure 1 shows the flowchart of this retrospective study which was conducted after 

institutional review board approval.

A contrast-enhanced C-arm cone-beam computed tomography (CBCT) of a sample patient 

with hepatocellular carcinoma (scheduled for lobectomy) was acquired during treatment 

planning. The CBCT scan was obtained under breath-hold with a coverage of 198 degrees 

and angular sampling of 0.5 degrees using an Artis Zeego angiography system (Siemens 

Healthineers, Knoxville, TN). The tumor was located in the right hepatic lobe (involving 

segments 6, 7, and 8). Iohexol (Omnipaque 300, GE Healthcare, Chicago, IL) was 

administered to visualize the arteries. Figure 2a-c shows the coronal view of the CBCT 

with a correlated image from a digital subtraction angiography (DSA) and an axial contrast-

enhanced CT performed during the procedure.
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Hepatic Artery Segmentation

The hepatic arterial tree was segmented from the CBCT scans by a previously developed 

fast marching method [15] using the open-source Vascular Modeling Toolkit (vmtk 1.4.0, 

Orobix Srl, Bergamo, Italy) and MATLAB (R2018b, The MathWorks, Inc., Natick, MA, 

USA). Figure 2d shows the 3D right hepatic artery (RHA) and its daughter branches with 

70 segmented outlets feeding the downstream vascular bed in the right hepatic lobe. The 

segmented artery diameters ranged from 0.56 mm to 4.60 mm.

Computational Domain

The computational domain was chosen to allow for the sampling of the injection location 

and study the resulting downstream microsphere distribution. The computational domain 

(Fig 2e) was limited to the trunk of the RHA with one inlet and six outlets (O1-O6) in order 

to reduce the computation time to an affordable level. This reduction has previously shown 

minimal effects on CFD simulation results (i.e., distal 90Y distribution estimation) [16].

Blood Flow Simulation

To simulate a lobar injection (intended to shrink the right lobe before lobectomy), the 

injection sites were only selected in the RHA upstream of the first bifurcation. Since the 

radial position of the catheter in the injection plane changes due to the cardiac cycle and 

injection velocity, the blood flow in the computational domain was modeled for injection 

locations at different eccentricities in two planes of A and B (~20 mm and 5 mm upstream of 

the first bifurcation, respectively). The axial and radial arrangements of these locations are 

shown in Fig 3. The goal of this study was not to replicate the clinical procedure (e.g., the 

catheter location used during the procedure), rather to sample the parameter space defined 

by the catheter geometry, positioning, and patient arterial tree. The patient’s hepatic artery 

geometry was used as an experimental model to study the effect of catheter location in a 

realistic geometry. The computational domain was discretized by tetrahedral mesh elements 

(Appendix A).

A pulsatile blood flow rate was imposed at the inlet for unsteady simulations. The flow rate 

was corrected for the tumor presence in the right hepatic lobe compared to a healthy liver 

[8], [17]. For each catheter position, the velocity profile at the inlet was calculated using a 

pipeline that generates the inlet boundary condition in the presence of a catheter [18]. In 

all simulations, a 2.4F microcatheter (ProGreat, Terumo Interventional Systems, Somerset, 

NJ) with an outer diameter of 0.8 mm and an inner diameter of 0.57 mm was modeled at 

the inlet, similar to what is routinely used clinically. The injection flow was assumed to be 

fully-developed with a parabolic velocity profile and a rate of 0.33 ml/sec (~ injection using 

a 20 ml syringe injected over 60 seconds). At each outlet, the behavior of the downstream 

vascular bed including the differences in blood flow to the tumor and normal parenchyma 

was represented with a lumped parameter model consisting of a proximal resistance, a distal 

resistance, and a capacitance. The total resistance (i.e. summation of distal and proximal 

resistances), the ratio between proximal and distal resistances, and the total capacitance 

of each liver segment were calculated based on previous studies [19], [20] and were split 

between the outlets associated with that segment based on Murray’s law [21] with a Murray 
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coefficient of 2.5 [22]. A distal pressure of 19 mmHg was considered at the sinusoid level 

[20].

Blood was assumed to be an incompressible Newtonian fluid with a dynamic viscosity and 

density of 4 × 10−3 gr.mm−1.sec−1 and 1.06 × 10−3 gr.mm−3, respectively. Similar to prior 

CFD studies [11], [23], the arterial walls were assumed to be rigid. A no-slip condition was 

considered at the arterial and catheter walls. The incompressible Navier-Stokes equations 

of conservation of mass and momentum were solved to calculate the flow field. The 

simulations were run for a duration of six cardiac cycles with a step size of 0.01 of a 

cardiac cycle (~ 0.01 sec) to ensure convergence (lower bound on the residual norm equal 

to 10−3). The open-source software SimVascular was used to carry out the CFD simulations 

[21]. Each simulation took about seven hours on a 64-bit Windows machine with Intel Xeon 

Silver 4110 CPU and 64 GB RAM.

90Y Microsphere Distribution

Based on the blood viscosity, the density (~ 3600 kg.m−3) and diameter (20–30 µm) of 
90Y glass microspheres (TheraSpheres®, Boston Scientific, Marlborough MA), the Stokes 

number that determines the microsphere behavior in the flow is much less than 1 in all 

investigated cases. Therefore, it was assumed that the 90Y microspheres were transported 

along the blood flow streamlines [24] and that the microsphere distribution was correlated 

with the blood flow distribution in the hepatic arterial tree. Furthermore, it was assumed that 

the microspheres do not alter the downstream flow. This assumption may not be accurate for 

dose vials with a high number of particles (or the use of multiple vials with large numbers of 

particles).

To quantitatively analyze the distribution of 90Y microspheres, the CFD simulation results 

were used to create particle release maps (PRMs) at the catheter outlet for 10 intervals of the 

cardiac cycle. A PRM is a map generated by integrating the blood flow streamlines from the 

catheter outlet (located within the computational domain inlet) to the computational domain 

outlets. Thus, it depicts the final destination of the microspheres released from any specific 

point in the catheter outlet cross-section (e.g., which outlet or hepatic segment). Figure 4a 

shows a representative PRM where each color corresponds to an outlet.

It was assumed that the microspheres were distributed homogenously in the catheter tip 

cross-section. Due to the parabolic velocity profile of the injection flow, the farther the 

microspheres are from the catheter wall, the faster they move (Fig 4b). Thus, to calculate the 

fraction of microspheres delivered to each outlet, the injection velocity was integrated over 

the PRM area corresponding to each outlet (i.e., with the same color in Fig 4). The results 

were then integrated over a cardiac cycle since the PRMs vary with the pulsatile blood flow 

[19].

RESULTS

Catheter Flow Streamlines

Figure 5 shows the catheter flow streamlines (i.e., the flow ejected from the catheter) for 

all models at three time points during a cardiac cycle (t* =0, 0.2, and 0.5). The streamline 
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colors represent the axial velocity of the blood flow. The streamlines and their corresponding 

target outlets changed during the cardiac cycle in all simulations regardless of the injection 

location. For example, for an injection at the center of plane A, while a part of the 90Y 

microspheres was delivered to outlet O2 at t* = 0, this outlet received no activity at either 

t* = 0.2 or 0.5. Similar variations can be seen for the rest of the injection locations. The 

final delivery of the microspheres highly depends on the injection plane and the catheter 

eccentricity. For example, at t* = 0.5, while the catheter flow was distributed between outlets 

O3, O4, and O5 for an injection at the center of plane A, it was delivered to outlets O2, O3, 

and O5 when the catheter was placed at the center of plane B.

Local Circulations

Figure 6 shows the blood flow and catheter flow streamlines downstream of the injection 

location for the CFD models with the catheter tip in plane A at t* = 0.8. The slower 

blood flow adjacent to the catheter tended to mix with the faster catheter flow close to the 

catheter outlet. Similar behavior was observed when considering other injection time points 

within the cardiac cycle. Recirculation zones were also observed in configurations where the 

catheter was closer to the arterial wall (i.e., larger eccentricity values). This was due to the 

catheter flow faster than the blood flow between the catheter jet and the arterial walls. A 

recirculation zone is shown in the right panel of Fig 6 with an eccentricity of 1.5 mm (~ 65% 

of the RHA radius).

When the injection is closer to the bifurcation (plane B versus plane A), stronger 

recirculation zones appear close to the bifurcations, affecting the downstream blood flow 

streamlines and microsphere distribution. For example, Fig 7 shows the recirculation zone 

generated in the entrance of outlet O2 when the catheter was located in plane B compared to 

plane A with an eccentricity of 0.5 mm. The arrows indicate the magnitude of the velocity 

components in the selected cross-section, i.e., section 5–6-7–8. Results showed that the 

recirculation zone existed with varying swirl strength throughout the cardiac cycle. When 

the blood flow is slower (e.g., at t* = 0), the difference between the velocity of the blood 

flow and the catheter jet is larger, resulting in a larger swirl strength. While at t* = 0.2 with a 

higher blood flow rate, the recirculation was weaker.

Particle Release Maps and 90Y Distribution

Figure 8 shows the delivery of 90Y microspheres to each outlet calculated from the PRMs 

for each injection location (far or near the bifurcation and for different eccentricities). 

Results show that the microsphere distribution depends on the axial and radial position of 

the catheter inside the RHA. For the catheter tip in plane A (far from the bifurcation), 63–

72%microspheres were delivered to outlet O5 and 20–23% to outlet O3. Outlets O1 and O6 

almost received no catheter flow and microspheres. When the catheter outlet was positioned 

in plane B, the microsphere distribution varied significantly with the catheter eccentricity. 

For example, by positioning the catheter 1.5 mm off the vessel center, while the microsphere 

delivery to outlet O4 decreased by 53% (from 62% to 9%), it increased by ~21% to outlet 

O2. These simulations in a truncated geometry indicate large differences in microsphere 

distribution between daughter branches considered in this computational domain. These 
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variations will propagate in smaller branches further downstream, affecting the irradiation of 

the tumor.

DISCUSSION

Numerical simulations were carried out to noninvasively investigate and quantify the effect 

of injection location on the microsphere delivery in liver cancer radioembolization in one 

patient, with the ultimate goal of providing guidance on the importance of these parameters 

when planning the intervention. These results, presented for one patient, do not yield general 

quantitative conclusions (e.g., about 90Y distribution).

Results confirmed that the injection location affects the local flow field downstream of 

the inlet and consequently changes the 90Y microsphere distribution. These results are 

consistent with previous studies about the impact of the catheter tip position on the hepatic 

artery hemodynamics [25]. These CFD simulations are part of a broader framework called 

CFDose under development to calculate the absorbed dose distribution in the liver using 

voxel dosimetry by combining 90Y radiation physics and CFD [10]. We qualitatively 

validated this approach against positron emission tomography (PET) and have recently 

demonstrated the use of total body PET which high sensitivity and spatial resolution will be 

leveraged for quantitative validation [26].

One of the main objectives of this study was to evaluate the impact of the injection distance 

from a bifurcation. Considering the computational cost of numerical simulations and the 

infinite combinations of radial and axial catheter tip positions upstream of a bifurcation, 

it is impossible to sample all potential injection sites in these simulations. Therefore, two 

injection sites, far and near the bifurcation, were selected. In addition, since the radial 

position of the catheter cannot be controlled clinically, the microsphere distribution was 

estimated at three different radial positions in each injection site to investigate the effect 

of radial movements of the catheter tip during the injection. Results showed that variations 

in the microsphere distribution between the outlets resulting from placing the catheter 

in different radial locations (i.e., different eccentricities) were within 10% of the total 

number of microspheres when the catheter tip was at an axial distance of three times the 

RHA diameter from the first bifurcation. However, an injection plane closer to the first 

downstream bifurcation created stronger flow disturbances downstream of the catheter.

It then strongly affected the catheter flow distribution when changing the catheter’s radial 

position. The following suggestions are made based on these findings.

First, the variations in the microsphere distribution due to radial movement of the catheter 

position within the injection plane depend on the distance between the injection plane and 

the first bifurcation in the downstream vascular bed. The farther the injection plane from the 

bifurcation is selected, the smaller the variations. Therefore, since it is difficult or impossible 

to control the radial position of the catheter especially in the distal locations, these results 

recommend using an injection plane where the effect of radial position is smaller. The 

optimal distance between the injection plane and the first bifurcation depends on different 

factors, including the hepatic arterial velocity and anatomy. For the vascular bed considered 
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in this work, an injection plane at a distance of three RHA diameters upstream of the first 

bifurcation resulted in a maximum of 10% variations (due to inevitable radial movements of 

the catheter tip) in the microspheres delivered to the downstream branches.

Second, the strong effect of catheter positioning can be extended to 99mTc-macroaggregated 

albumin (MAA). Even if it is assumed that MAA can simulate the behavior of 90Y 

microspheres regardless of their different physical properties, any deviation from the 

position of the catheter during the pre-treatment injection might result in a different 

distribution of the 90Y microspheres during the treatment especially when the injection 

plane is near a bifurcation. This is consistent with the previous clinical studies suggesting 

that the misposition of the catheter tip results in disagreements between 99mTc-MAA and 
90Y distribution of activity concentration [4].

This study was carried out for one patient only with some assumptions, such as 

a fully-developed injection flow. Future studies may employ a more realistic inlet 

condition to account for other parameters such as the effect of the release valve in 

glass microsphere administrative kits, microsphere clumping, nonuniform trapping, impact 

of tumor vascularity, additional tumors, pulsatile 90Y injection (to enhance turbulence), 

different rates of injection, injection during specific phases of the cardiac cycle (e.g., diastole 

to increase eddies), and vascular bed saturation. A larger patient cohort might also bring 

general recommendations such as the minimum distance of the catheter tip from the first 

downstream bifurcation.

In conclusion, this study proved the feasibility of using pre-treatment simulations to quantify 

the impact of injection location from bifurcation on 90Y microsphere distribution. These 

numerical simulations could estimate the range of the number of microspheres transported to 

different parts of the liver for different radial locations of the catheter in the injection plane 

and thus provide a measure of the resulting error for the interventional radiologist to choose 

accordingly. These estimations can help achieve personalized dosimetry based on the hepatic 

hemodynamics of each patient to increase the radiation dose to the diseased region while 

decreasing it to normal tissue. This study also offered a validation of clinical findings that 

microsphere distribution is often affected when the tip of the catheter is near the bifurcation 

especially in the presence of inevitable radial movements of the catheter tip.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Research Highlights

• In radioembolization, the variations in the 90Y microsphere distribution due to 

radial movement of the catheter tip within the injection plane depend on the 

distance between the injection site and the first bifurcation in the downstream 

vascular bed

• An injection location far from bifurcations is recommended to minimize the 

effect of radial movements of the catheter tip on the microsphere distribution

• Numerical simulations could estimate the variation of the microsphere 

distribution in different parts of the liver as a result of unwanted radial 

movements of the catheter tip in the injection plane
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Figure 1 –. 
Flowchart of the study.
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Figure 2 –. 
Hepatic arterial tree segmentation and the region of interest definition. The patient was 

diagnosed with hepatocellular carcinoma in segments 7 and 8, based on a 4-phase contrast-

enhanced CT obtained prior to treatment planning. The main lesion was measured to be 61.2 

mm. Outlet O5 is located in a branch going to the tumor. The patient was treated with a 

total of GBq of 90Y microspheres delivered in a selective injection (1.37 GBq) and a lobar 

injection (1.63 Gbq). (a) Digital subtraction angiography. (b) Coronal view of cone-beam 

CT scan. (c) Axial view of contrast-enhanced CT scan. (d) 3D right hepatic arterial tree 

segmented from cone-beam CT. The viewing angle is slightly different in subfigures (a), (b), 

and (d). (e) Section of the right hepatic artery trunk selected as the region of interest, i.e., the 

computational domain.
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Figure 3 –. 
Computational domain, two injection planes A and B along the axis of the RHA, and 

radial injection locations, i.e., injections in the same injection plane but with different 

eccentricities. The eccentricity (e), which is calculated as the distance between the centers of 

the vessel and the catheter, varies from 0 to 1.5 mm.
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Figure 4 –. 
(a) An arbitrary particle release map (PRM). (b) Injection parabolic velocity profile.
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Figure 5 –. 
Catheter flow streamlines at three time points (t* = 0, 0.2, and 0.5) during a cardiac cycle for 

different injection locations in planes A and B with eccentricities ranging from 0 to 1.5 mm. 

See online supplementary video for dynamic streamlines during a cardiac cycle.
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Figure 6 –. 
Local flow field downstream of the injection plane for three catheter locations in plane A at 

t* = 0.8, shown in arterial cross-sections. The black lines show the catheter and blood flow 

streamlines.
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Figure 7 –. 
A recirculation zone in a cross-section close to one of the bifurcations splitting to outlet O2 

and the main trunk. The catheter was located in plane A and plane B with an eccentricity of 

0.5 mm.
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Figure 8 –. 
90Y distribution for injection locations in planes A and B with different eccentricities, 0 < e 

< 1.5 mm.
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