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ABSTRACT
SUMMARY: Traditional digital subtraction angiography provides rather limited evaluation of contrast flow dynamics when studying and
treating intracranial brain aneurysms. A 1000-frames-per-second photon-counting x-ray detector was used to image detailed iodine-
contrast flow patterns in an internal carotid artery aneurysm of a 3D-printed vascular phantom. High-speed imaging revealed differences
in vortex and inflow patterns with and without a Pipeline Embolization Device flow diverter in more detail and clarity than could be seen
in standard pulsed angiography. Improved temporal imaging has the potential to impact the outcomes of endovascular interventions by
allowing clinicians to better understand and act on flow dynamics in real-time.

ABBREVIATION: fps � frames per second

Hemodynamics are important in determining intervention

outcomes. Conventional flat panel x-ray detectors operating

at 30 – 60 frames per second (fps) offer limited visualization of

aneurysmal flow patterns due to insufficient temporal resolu-

tion. Instead, studies seeking to understand the hemodynamics

of intracranial arteries currently use computational fluid dy-

namics,1 with complex algorithms to recreate flow patterns as

opposed to directly measuring them. Although computational

fluid dynamics is excellent for the display of detail in hemody-

namics, it is an approximation of flow conditions and requires

a long computational time to run the simulations, which sig-

nificantly limits real-time applicability. We herein present a

new method of using a new high-speed x-ray detector to visu-

alize the details of arterial hemodynamics during an interven-

tional procedure.

Aneurysms are abnormal outpouchings on arteries, and 1

treatment option involves the use of flow-diverting stents, such as

the Pipeline Embolization Device (PED; Covidien, Irvine, Cali-

fornia). Flow diverters induce a modification of blood flow within

and around the inflow zone of an aneurysm that leads to gradual

intra-aneurysmal thrombosis and healing. During the interven-

tion, clinicians must make critical judgements regarding place-

ment, repositioning, and stacking of flow diverters that will ulti-

mately impact treatment efficacy 6 months to a year later; thus, a

detailed understanding of how flow is altered could critically im-

pact treatment. In this work, we present the use of a 1000-fps

single-photon-counting x-ray detector to visualize changes in de-

tailed flow patterns in and around a 3D-printed flow-diverter-

treated internal carotid artery aneurysm model in high spatial and

temporal resolution.

MATERIALS AND METHODS
Detector Description
The Actaeon detector (XCounter, Danderyd, Sweden) is a single-

photon-counting direct cadmium telluride detector with a

100-�m pixel pitch and a 256 � 256 matrix size, capable of acqui-

sition speeds up to 1000 fps.2

Aneurysm Model Description
The process for fabricating 3D-printed models has been previ-

ously described.3 The model, simulating an internal carotid artery

aneurysm, was connected to a pulsatile flow loop with water used
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as the circulating fluid. A 21-mm aluminum block was added

underneath the model to approximate the x-ray attenuation of a

human head (RQA5 attenuator, IEC 61267-1, 62220-1).

Image Acquisition
The detector was mounted on a Unistrut platform (Unistrut,

Harvey, Illinois) and positioned 6 cm above the phantom, re-

sulting in a magnification factor of 1.08, and was set to acquire

continuously at 1000 fps. An Infinix biplane C-arm system

(Model INFX-8000V; Canon, Otawara, Japan) was used as the

x-ray source. Peak tube voltage was set to 92 kV, the tube

current was set to 160 mA, and the exposure pulse width was

set to 100 ms with a medium focal spot. A 6F catheter (Model

7512–23; Merit Medical, South Jordan, Utah) was placed prox-

imal to the aneurysm region. With the catheter in place, an

AutoSyringe (Model PPD11060507; Medrad, Warrendale,

Pennsylvania) was used to inject a 10-mL burst of 350 mg of

undiluted iodine per milliliter of contrast agent into the 3D

printed vessel at 10 mL/s. The delay between the injection and

the x-ray trigger was varied to observe contrast flow variation

at different time intervals postinjection.

We acquired images of contrast flow before and after PED

deployment. The PED was partially deployed, resulting in

complete coverage of the aneurysmal ostia to accommodate

multiple experiments. Images were acquired at 1000 fps, yield-

ing 100 images for every 100-ms x-ray exposure period. For

comparison with standard angiogra-

phy, we averaged 40 of these frames to

simulate 1 image acquired with an ex-

posure pulse width of 40 ms.

Exposure
The air kerma at the phantom en-

trance surface was measured using a

6-mL PTW ionization chamber and

electrometer (Model T10023 Unidos;

PTW, Freiburg, Germany).

RESULTS AND DISCUSSION
The air kerma per frame was 12.3 �Gy

at the phantom entrance surface for

each of the 1-ms images acquired at

1000 fps. The air kerma for frames

integrated over a sequence of 100 ms

was 1.23 mGy at the entrance surface.

This is approximately the dose ex-

pected from a DSA run containing 20

frames.

Figure 1 (A–C) shows 3 images with

no PED from a 100-image sequence ac-

quired at 1000 fps. Figure 1D shows an

image averaged over 40 frames from the

same sequence with reduced noise and

increased motion blurring. The blur for

an actual DSA frame will depend on the

pulse width used and the velocity of the

blood flow. Noise reduction and blur-

ring over a few tens of a millisecond

pulse width would correspond to those of a standard angiography

frame. Future studies will be needed to better evaluate any poten-

tial effect of noise and noise variation across a nonhomogeneous

phantom. Figure 2 shows the corresponding image datasets with a

PED partially deployed.

Compared with standard angiographic images, Figs 1A–C

and 2A–C demonstrate that additional information, such as

detailed flow patterns in the aneurysm region, is visualized in

images acquired at 1000 fps due to higher temporal resolution.

When no PED flow diverter was deployed, images acquired at

1000 fps (Fig 1A–C and On-line Video 1) clearly show flow into

the aneurysm with the development of vortices of contrast in

the aneurysmal sac. Images acquired with a PED flow diverter

in place (Fig 2A–C and On-line Video 2) show more diffuse

flow of contrast into the aneurysm with lower apparent flow

velocities and delayed development of vortices in the aneurysm

sac. While with the flow phantom reported on here, changes in

contrast media streamlines and blob shapes could easily be

seen with 1-ms frame intervals, lower imaging speeds might be

sufficient under certain circumstances. This will require fur-

ther study.

For this demonstration, the synchronization between the

high-speed detector and the x-ray source was done manually. The

100-ms exposure time used in this study is a limitation of the x-ray

source.

FIG 1. DSA images show flow detail in an internal carotid artery aneurysm model when no PED
flow diverter is deployed, acquired at 1000 fps and separated by 25 frames each (A–C), and a single
averaged image for one 40-ms x-ray pulse (D). The vertical line shows the 1-pixel boundary
between detector modules. For the full sequence, see On-line Video 1.
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High-speed imaging, enabled by this new detector, allows

clinicians to observe detailed flow patterns in the 3D-printed

phantom, including differentiation of flow patterns into the

target aneurysm versus the parent vessel. These gains in tem-

poral information could potentially impact treatment deci-

sions by allowing clinicians to assess flow patterns in real-time

during a procedure. During treatment, clinicians assess the

adequacy of stent placement by looking for indirect signs of

flow diversion, such as evaluating wall apposition and looking

for contrast stasis within the aneurysm sac. Detailed visualiza-

tion of changes in flow dynamics could allow clinicians to di-

rectly assess factors that have been shown to improve the effi-

cacy of flow diverters, such as decreases in flow vortices.4 Other

potential clinical uses include the detection of endoleaks near

an aneurysm, identification of residual flow that could cause

an aneurysm to regrow, blood impingement pattern that could

lead to coil compaction, and diversion of jets into an aneurysm

at locations where flow may be less intuitive (such as at a

bifurcation).

The imager described here is a small-FOV, ROI detector. It is

contemplated that within a system that also provides a conven-

tional full FOV capability, a high-speed unit somewhat larger than

that shown here could be deployed during an interventional pro-

cedure in a manner similar to that of the Micro-Angiographic

Fluoroscope (Canon Stroke and Vascular Research Center, Uni-

versity at Buffalo, Buffalo, New York), which has been previously

described5 and has evolved into the cur-

rent Hi-Def Detector System (Canon

Medical, Tustin, California).

CONCLUSIONS
Improvements in spatial and temporal

resolution of angiography have the po-

tential to significantly improve out-

comes by giving clinicians additional

real-time insights into the details of flow

dynamics, which allow intraprocedural

modifications to improve procedural

safety and long-term efficacy.
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FIG 2. DSA images show flow detail in an internal carotid artery aneurysm model when a PED flow
diverter is deployed, acquired at 1000 fps and separated by 25 frames each (A–C), and a single
averaged image for one 40-ms x-ray pulse (D). For the full sequence, see On-line Video 2.
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