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Abstract

An evaluation of the relation between parametric imaging results obtained from Digital 

Subtraction Angiography (DSA) images and blood-flow velocity measured using Doppler 

ultrasound in patient-specific neurovascular phantoms is provided. A silicone neurovascular 

phantom containing internal carotid artery, middle cerebral artery and anterior communicating 

artery was embedded in a tissue equivalent gel. The gel prevented movement of the vessels when 

blood mimicking fluid was pumped through it to obtain Colour Doppler images. The phantom was 

connected to a peristaltic pump, simulating physiological flow conditions. To obtain the 

parametric images, water was pumped through the phantom at various flow rates (100, 120 and 

160 ml/min) and 10 ml contrast boluses were injected. DSA images were obtained at 10 

frames/sec from the Toshiba C-arm and DSA image sequences were input into LabVIEW software 

to get parametric maps from time-density curves. The parametric maps were compared with 

velocities determined by Doppler ultrasound at the internal carotid artery. The velocities measured 

by the Doppler ultrasound were 38, 48 and 65 cm/s for flow rates of 100, 120 and 160 ml/min, 

respectively. For the 20% increase in flow rate, the percentage change of blood velocity measured 

by Doppler ultrasound was 26.3%. Correspondingly, there was a 20% decrease of Bolus Arrival 

Time (BAT) and 14.3% decrease of Mean Transit Time (MTT), showing strong inverse correlation 

with Doppler measured velocity. The parametric imaging parameters are quite sensitive to velocity 

changes and are well correlated to the velocities measured by Doppler ultrasound.

INTRODUCTION

During neurovascular procedures, interventionalists frequently use Digital Subtraction 

Angiography (DSA) sequences to evaluate diseased structure and blood flow. Due to its 

inherent high signal to noise ratio and high spatial and temporal resolution, this imaging 

modality has become the gold standard for neurovascular diagnosis. In some situations the 

flow of the contrast is used to assess physiological flow conditions. Interventionalists assign 

various flow grades, such as TIMI (Thrombolysis in Myocardial Infarction)1, but they are 

regarded by the medical community as somewhat subjective. In response to this need, 

quantitative tools have been developed to evaluate the contrast flow in angiography. Such a 

tool is angiography-based parametric imaging (PI) also referred to as color-coded DSA.2, 3, 6

PI provides semi-quantitative blood flow information through the vasculature. PI maps are 

obtained by analysing contrast behaviour at each pixel in the images of the sequence. The 

value of the pixels in each frame are tracked and Time Density Curve (TDC) is generated for 

each. Various parameters such as Bolus Arrival Time (BAT) and Mean Transit Time (MTT) 
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are obtained from the TDC which are displayed using a colorized mapping convention 

(Figure 1). These parameters are a good estimation of blood velocity in the vessels. Thus, a 

higher blood velocity will have a lower value of BAT and MTT compared to a lower blood 

velocity, which would have higher values of BAT and MTT.

Parametric maps are being used currently in angiographic suites to acquire blood flow 

information. While in its infancy, the method provides surgeons with an extra tool to 

diagnose and plan the treatment for neurovascular afflictions such as ischemic or 

haemorrhagic strokes, arteriovenous malformations and other pathologies 1.

As indicated above, the method is regarded as a semi-quantitative tool due to the fact that it 

is based on a single projection view. This constraint challenges accurate flow measurements 

due to overlapping vessels and foreshortening. Previous studies1 including ours2–5, 

dedicated significant efforts to establish the reliability of this imaging tool and make a 

transition to a consistent quantitative method. We are trying to evaluate how well this tool 

responds to small changes in flow and validating it using Doppler ultrasound. Non-invasive 

ultrasonic duplex Doppler examination has been a standard method for the clinical 

evaluation of the carotid arteries for a third of a century8, 9. Doppler velocity waveforms are 

gathered from the common and internal carotid arteries to detect local elevated blood 

velocity as a marker of arterial stenosis allowing categorical classification of the right and 

left common and internal carotid arteries into clinically useful categories.10 Doppler 

ultrasound is based on the shift in frequency between incident and reflected sound waves 

due to reflection from moving red blood cells.

This paper is aligned with the previous efforts to verify the dependence of PI on change in 

flow conditions. The novelty of this study consists in the correlation of PI with the results of 

Doppler ultrasound14, 15 measurements in a patient-specific neurovascular phantom which 

adds a high degree of precision and freedom of operation. We have found that, despite using 

one view, parametric imaging is capable of showing significant changes in the calculated 

maps when flow is increased by only 20%.

MATERIALS AND METHODS

The parametric imaging software used by surgeons is still a semi-quantitative method. In 

order to evaluate its accuracy, we use Doppler ultrasound to measure blood velocity in the 

vasculature. To validate parametric imaging, a silicone vascular phantom was used. The 

phantom contained the carotid artery, the middle cerebral artery and the anterior 

communicating artery. To obtain adequate color Doppler images and to prevent external 

disturbances of the velocity measurements, the exterior of the vascular phantom was covered 

with ballistic gel (CLEAR Ballistics, Arkansas, USA). Ballistic gel is a medium which 

scientifically correlates well to swine muscle tissue. It has a density and viscosity similar to 

that of animal and human muscle tissue.

The ballistic gel was melted on a hot plate to about 130°C. It was heated until all the bubbles 

escaped the medium. To prevent any damage to the silicone phantom, the phantom was 

Balasubramoniam et al. Page 2

Proc SPIE Int Soc Opt Eng. Author manuscript; available in PMC 2017 June 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



placed in an ice bath and ice cold water was flushed through the phantom vessels (Figure 2). 

The silicone phantom with the ballistic gel was allowed to cool for about 1 hour (Figure 3).

To evaluate the parametric images, we must first get the parametric maps from Digital 

Subtraction Angiography (DSA) images using the set-up in Figure 4. We connected the 

silicone phantom to a peristaltic pump and a warm water reservoir. We manually injected 10 

ml contrast boluses of iodine contrast agent. DSA images were obtained at 10 frames/sec 

using a Toshiba Infinix C-arm and at system-selected parameters of kV and mA. Three sets 

of DSA images were obtained at different flow rates namely, 100 ml/min, 120 ml/min and 

160 ml/min. In order to get the ultrasound images, we replaced the water in the reservoir 

with ultrasound blood mimicking fluid (CIRS 046) so that the particle movement in the fluid 

can be picked up by the ultrasound probe. We used the Toshiba Aplio XG ultrasound system 

to obtain the images. The probe was placed at the internal carotid artery16. A distal point on 

the carotid artery was chosen as the ROI for assessing parametric data as shown in Figure 5. 

The ultrasound probe was kept at an angle between 30° – 60° with the vessel17, 18 and the 

gate was adjusted to get the average velocity over the vessel. The DSA images obtained 

were saved in “.raw” format and input into a LabVIEW program which generated parametric 

maps. The parameters of PI were calculated for the ROI shown in Figure 5.

RESULTS

The velocities obtained from the ultrasound images are given in Table 1 along with the 

parametric image parameters of Bolus Arrival Time (BAT) and Mean Transit Time (MTT). 

From the table we can see that, as the blood velocity increases the PI parameters decrease. 

The time decrease of contrast bolus arrival and average mean transit time of contrast in the 

vessels correlates with the increase in blood velocity in the vessels. The percentage change 

between the initial and final values of the parameters is shown in Table 2. For a 20% 

increase in flow rate and a 26.3% increase in blood velocity measured from Doppler 

ultrasound, there is a 20% decrease of BAT and 14.3% decrease of MTT. The parametric 

maps of BAT and MTT generated from the LabVIEW software are given below in Figure 6 

and Figure 7.

The velocity images obtained from ultrasound are shown in Figure 8.

DISCUSSION

These results reinforce the significance of parametric imaging in diagnosis and post-

treatment analysis of neurovascular diseases. The velocities obtained from Doppler 

ultrasound support the PI parameters. Clinically this can be very useful. Doppler ultrasound 

is used to check degree of stenosis in the carotid artery; this gives us the blood flow only 

over a small region of the artery, however, PI can cover a larger region and also show the 

physiology and blood flow through the arteries. This makes diagnosis of diseases easier and 

gives neuro interventionalists an overview of the diseased vasculature which will help in 

treatment planning.
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There are a few limitations while using the method in this paper. Limitations of the image 

acquisition system, temporal sampling rate, affects the results. As the velocity increase we 

see a lesser change in the BAT and MTT compared with at lower velocities.

Another point to be noted is the angle at which the probe is held to obtain the velocities. The 

probe should be inclined at an angle between 30° – 60° with the vessel, else there will be an 

incorrect velocity reading. Thus, to ensure accuracy and reproducibility of the experiment, 

the positioning of the ultrasound probe is important.

With these results reinforcing the importance of PI, this method can be extensively used 

clinically for treatment planning and diagnosis. In order to overcome the present methods of 

generating Parametric maps which makes use of single plane DSA and uses pixel values of 

overlapping vessels, 3D parametric imaging could be the future of this current method. In 

3D parametric imaging, we could use bi-plane DSA, use pixel values where there is no 

vessel overlap and interpolate pixel values at regions of overlap. Thus, in the future we could 

look forward to a more accurate 3D Parametric Imaging method being used in a clinical 

environment.

CONCLUSION

The results show an inverse correlation between blood velocity and PI parameters as 

predicted. This study thus shows that parametric imaging can have good correlation to the 

blood flow in the vessels and thus, can potentially be useful for diagnosis of various 

neurovascular diseases7.
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Figure 1. 
Steps involved in obtaining parametric images. The pixel values in each image of the DSA 

sequence are read and a matrix is created. A time density curve is generated at each matrix 

element by reading the values in each frame of the sequence. From the time density curves 

we can obtain values of MTT, BAT and TTP.

Balasubramoniam et al. Page 6

Proc SPIE Int Soc Opt Eng. Author manuscript; available in PMC 2017 June 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Setup for pouring hot ballistic gel on the silicone phantom to prevent damage to the 

phantom.
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Figure 3. 
Phantom with ballistic gel.
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Figure 4. 
Experimental setup for obtaining DSA and ultrasound images.
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Figure 5. 
The Region of interest (ROI) where the PI parameters were calculated.
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Figure 6. 
Parametric maps of BAT at different Doppler-ultrasound measured velocities.
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Figure 7. 
Parametric maps of MTT at different Doppler-ultrasound measured velocities.

Balasubramoniam et al. Page 12

Proc SPIE Int Soc Opt Eng. Author manuscript; available in PMC 2017 June 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 8. 
Ultrasound images showing velocity measurements at various flow rates – (a) 100 ml/min, 

(b) 120 ml/min and (c) 160 ml/min
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Table 1

Values of blood velocity, BAT and MTT obtained at different flow rates

Flow rate (ml/min) Velocity from Ultrasound (cm/s) BAT (s) MTT (s)

100 38 0.5 2.1

120 48 0.4 1.8

160 65 0.3 1.7
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Table 2

Per cent change in parameters and Doppler measured velocity for a 20% change in flow rate.

Flow Rate Velocity BAT (s) MTT (s)

Percentage change between initial and final values (%) 20 26.3 −20 −14.3
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