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artery using dynamic digital x-ray images. This hypothesis was tested by constructing
a blood flow waveform shape model from many waveforms collected by
electromagnetic flow meter recordings using a blood flow test circuit under varying
conditions of flow. This shape model was then used to constrain the measurement of
blood flow in a blood flow circuit using the concentration-distance curve-matching
algorithm previously developed(8).

2 Method

2.1 Physiological Blood Flow Circuit
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Fig. 1. Physiological blood flow circuit. Fig. 2. Programmable vessel manipulator.

Figure 1 shows a schematic of the physiological blood flow circuit used to simulate
pulsatile blood flow in the human circulation. A 15 cm section of silicone tubing was
used to simulate a blood vessel. Date-expired whole blood was obtained and used as
the circulating fluid. Pulsatile flow was generated using a pulsatile syringe pump
(Pulsatile Blood Pump 1405, Harvard Apparatus). This allowed adjustment of mean
flow rate by two means: (1) by altering the pumping frequency; (2) by altering the
stroke volume. A 6mm calibre electromagnetic flow meter (Electromagnetic Blood
Flow Sensor / Electromagnetic Blood Flow and Velocity Meter, Skalar) was placed
downstream from the simulated blood vessel. This provided outputs of instantaneous
and mean flow rate. These were recorded using an analogue recording system
(MacLab 8s, AD Instruments) that was interfaced to a Macintosh notebook. Our x-ray
technique was validated by correlating x-ray measurements with those made
independently by the EMF. The pressure in the circuit was monitored using a pressure
transducer connected to the MacLab. Physiological pressures were maintained by
varying the height of the fluid reservoir. A 4-F catheter was inserted just upstream
from the blood vessel to allow injection of iodine-based contrast medium using a 10
ml syringe. Figure 2 shows the programmable vessel manipulator that simulated
vessel motion such as that seen in the coronary arteries during the cardiac cycle. This
consisted of a geared d.c. electric motor driving a caddy on a linear axis. The motor
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y = 1.0774x + 14.927
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y = 0.8541x + 94.129
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Fig. 9. Scatter plot of instantaneous flow
values calculated using the model-based
algorithm and the electromagnetic flow

meter.

Fig. 10. Scatter plot of average flow values
calculated by the model-based algorithm

and the electromagnetic flow meter.

MB Algorithm ORG Algorithm PA Algorithm
Instantaneous Flow Correlation 0.934 0.908 0.913

Mean Difference In Instantaneous Flow
And 95% CI ml/min ( X-Ray � EMF )

44.4
-266.0 to 354.7

17.1
-346.8 to 380.9

29.1
-314.0 to 372.1

Average Flow Correlation 0.906 0.913 0.909
Mean Difference In Average Flow

And 95% CI ml/min ( X-Ray � EMF )
37.4

-41.5 to 116.3
24.2

-70.2 to 118.7
35.1

-53.8 to 123.9

Table 1. Summary of results of instantaneous and average flow measurement by the x-ray
techniques compared to the electromagnetic flow meter measurments. p<0.001 for all
correlation coefficients.

In order to study the effect of image quality on the performance of the algorithms,
different amounts of Gaussian-distributed noise were added to one of the parametric
images obtained. Gaussian noise with standard deviation of 1% to 30% of the
maximum pixel grey value in the parametric image was used. Figure 11 illustrates the
correlation with the EMF of instantaneous flow values obtained by the three
algorithms as function of added percentage noise. It can be seen that there is
minimum reduction of correlation for the MB algorithm and maximum for the ORG
algorithm, with the PA algorithm performing marginally better than ORG algorithm.
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Fig. 11. Variation of correlation between x-ray and electromagnetic flow meter instantaneous
values as a function of percentage added Gaussian noise.
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4 Conclusion

We have demonstrated a novel model-based algorithm to measure blood flow from
dynamic digital x-ray images of arteries. The model-based algorithm has shown
narrower limits of agreement with the electromagnetic flow meter measurements
when compared to our existing algorithms for both instantaneous and average flow
values. Also, this algorithm has been shown to be less sensitive to degradation in
image quality than the other algorithms. Compared to the images of our vessel
phantom, clinical angiograms will be of poorer image quality. Factors such as scatter,
beam hardening, over-lapping vessels, and patient motion will contribute to reduce
image quality. The model-based algorithm is therefore likely to give more reliable
estimates of blood flow from clinical data than our previously reported techniques.
We a view to test this algorithm clinically, we are collecting blood flow waveforms
from target arteries in healthy volunteers using Doppler ultrasound. These waveforms
will be used to form waveform shape models for these different arteries.
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