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Introduction
Tissue perfusion and blood volume can be quantified by MRI after contrast media (CM) injection and a one compartment model that yields K1, the blood to tissue transfer constant (related to myocardial blood flow MBF) and Vd, the CM distribution volume. Using system identification theory and computer simulations, the confounding effects of volume and rate of a contrast injection on the reliability of K1 estimation was recently evaluated (Aerts MRM 2008; 59:1111). The simulations predict that the K1 is most reliable with a high injection volume administered in a single injection, where high rates only modestly improve K1. However, the data used for the simulation were taken from a model of rectal cancer. It is not known how these simulations apply to myocardial perfusion at rest and at stress. Therefore, the aim of this study was to apply system identification theory on realistic data encountered in cardiac patients.

Methods
To evaluate the effect of the bolus shape on the model, two arterial input functions (AIF), were derived from real data (narrow AIF with a small CM volume and fast injection rate 0.035 mmol/kg at 5 cc/sec and wide AIF with a larger CM volume and slower injection rate 0.08 mmol/kg at 0.5 cc/sec as shown in Figure 1) and used as input stimuli. Using constant rest and stress values for K1 (0.6 ml/ming/g and 2.4 ml/min/g) and Vd (15%), time transit curves (Cmyo) have been simulated by the discrete transfer function of the one compartment model derived from the Laplace transform (see Figure 1). The output error (OE) method was used as a system identification method to estimate K1 and Vd. Finally, estimated values of K1 and K2 are described for different realistic noise indices (the standard deviation of a zero mean Gaussian process varies from 0 to 10%) and different under-sampling levels (from 1 to 4×). Bias (fitted value/true value) in % and error (std dev/mean) in % of fitted K1 and Vd as well as the Bode diagram were obtained for each cases.[image: A12968_2009_Article_910_Fig1_HTML.jpg]
Figure 1





Results
At rest, no significant difference in bias and standard deviation were observed with the identification process between the two shapes of the arterial input function (narrow and wide). Under-sampled curves introduce an increase of standard deviation of rest K1 and K2 but with no significant effect on the bias (< 1% for noise up to 5%). At stress (see Figure 1), there was no significant bias for both arterial input functions red and green curves of Figure 1) as well as for the wide undersampled function (black curve). However, almost 5× increase of bias was observed in the undersampled narrow function (blue curve). The standard deviation was increased by undersampling as well by a slow injection rate. Regarding the distribution volume Vd, accurate measurement was obtained for all the conditions (bias < 1% for a noise of 0.05 and standard deviation < 4%).
The Bode diagram showed a similar pattern around the cut-off frequency for the narrow and wide AIF at rest as well as for the wide AIF at stress but not for the narrow undersampled AIF explaining the lowest performance of this AIF. See also Figure 2.[image: A12968_2009_Article_910_Fig2_HTML.jpg]
Figure 2





Conclusion
At rest, both slow and fast injection rates as well as undersampling up to 1 image/4 seconds yield accurate measurements of the myocardium blood flow and distribution volume. At stress the myocardium blood flow measurement is less accurate in case of a fast injection of a small volume of CM. The simulations indicated that MBF measurements at stress can improved by slowing the injection rate for the same sampling frequency.
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