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Physiological basis underlying clinical decision making for 
revascularization

Coronary artery disease (CAD) accounts for almost 2 million deaths per year 
within the EU. CAD is often characterized by focal narrowing of epicardial arteries, 
limiting coronary arterial flow and myocardial perfusion. As discussed in Chapter 2, 
revascularization therapy of CAD started approximately 50 years ago by open heart 
bypass surgery, later followed by catheter based balloon and stent dilatation of the 
stenosis denoted as percutaneous coronary intervention (PCI). Initially, coronary 
angiography was used to evaluate coronary lumen reduction as basis for treatment 
decision during PCI. Later, guide wires were equipped with a pressure sensor or a 
Doppler flow velocity probe at the tip allowing the determination of the hemodynamic 
effect of a stenosis. From those hemodynamic signals, clinical indices of functional 
stenosis severity were derived based on either flow velocity, such as the coronary 
flow velocity reserve (CFVR), or pressure, such as the fractional flow reserve (FFR). 
These indices improved the prediction of reversible ischemia and more recently it 
was demonstrated that FFR guided PCI improved clinical outcome compared to the 
use of angiography (1, 2). However, there is still room for improvement, since CFVR 
and FFR were shown to result in conflicting treatment advice in approximately 30% 
of patients (3). More recently, dual sensor-equipped guide wires were introduced, 
enabling the simultaneous assessment of coronary pressure and flow velocity. With 
the use of those simultaneously assessed hemodynamic signals, the stenosis pressure 
gradient-flow velocity (ΔP-v) relationship can be measured as illustrated in Chapters 
2, 3 and 6. Moreover, indices of the resistance to flow from a stenosis and that of the 
coronary microcirculation can be defined. The hyperemic stenosis resistance (HSR) 
index was shown to improve treatment decision in daily clinical practice compared 
to sole pressure- or flow velocity-derived functional indices of stenosis severity 
(4). The hyperemic microvascular resistance (HMR) index can be useful to identify 
coronary microvascular disease as discussed in Chapters 7 and 8. In addition to the 
invasive assessment of intracoronary hemodynamics to assess the epicardial and 
microvascular status of the diseased coronary bed, also non-invasive methods can 
be used for diagnostics purposes by the assessment of myocardial perfusion deficits, 
such as magnetic resonance imaging (MRI) or myocardial perfusion scintigraphy 
(MPS) as discussed in Chapter 2. Integration of all these techniques will in the end 
allow for a more personalized diagnosis and treatment planning. In this chapter, we 
will summarize the most important findings of this thesis, which can contribute to 
this improvement, and recommendations with respect to both future research and 
applicability of our findings into daily clinical practice will be discussed.

Clinical indices of functional stenosis severity not requiring 
maximal hyperemia

The assessment of functional coronary lesion severity using intracoronary 
physiological parameters such as CFVR, and the more widely used FFR, relies 
critically on the establishment of maximal hyperemia, usually obtained by an 
intracoronary dose of adenosine. Although to a smaller degree than FFR and CFVR, 
also HSR depends on the achievement of maximal hyperemia. However, adenosine 
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is not readily available in every catheterization laboratory, and presently there is 
no consensus on the intracoronary dose of adenosine that is required to obtain 
this maximal hyperemic condition (5). The use of a vasodilator free evaluation of 
stenosis severity may overcome these issues. Recently, the instantaneous wave free 
ratio (iFR), defined as the ratio of coronary distal to aortic pressure during a specific 
mid-diastolic, wave-free period, was introduced as such a drug free index to assess 
coronary lesion severity (6), as it was shown to correlate closely to FFR and yielded 
an excellent diagnostic performance. However, simulations work by Johnson et al. (7, 
8) as well as a study by van t Veer et al. (8) showed that iFR is a weak predictor of FFR 
and concluded that iFR is not useful for clinical decision making. Yet several patient 
studies are underway to validate its usefulness.

At the same time, we introduced the baseline stenosis resistance (BSR) index (Chapter 
5) as a vasodilator free index of functional stenosis severity. For BSR, discrimination 
of lesion severity is facilitated by high-fidelity measurements of both pressure and 
flow velocity, whereas iFR is based on sole pressure measurements. Both indices 
however do not require any vasodilation at all and are therefore relatively easy to 
obtain in daily clinical practice. We demonstrated that the diagnostic performance 
of BSR (area under the receiver operating characteristic curve (AUC) of 0.77) was 
as accurate as FFR and CFVR (AUC of 0.77 and 0.75, respectively) with the use of 
MPS outcome on reversible perfusion defects as gold standard. However, HSR was 
still superior (AUC of 0.81) to all other investigated parameters, highlighting the 
importance of reducing microvascular resistance of the coronary bed to accurately 
assess functional stenosis severity.

One of the reasons that BSR performs less than HSR may be to the result of relative 
measurement uncertainties due to the smaller values of flow velocity and pressure 
gradient at resting flow. This also holds for iFR. Another reason for the lower 
diagnostic performance of BSR may be that the slope of the pressure drop-flow 
velocity relationship of a specific stenosis depends on the non-linear part of the 
pressure drop due to acceleration losses, meaning the pressure drop-flow velocity 
relationship of different stenoses can cross at higher flow rates, i.e. a stenosis that is 
less severe at baseline flow can become more severe at hyperemia. Finally, partially 
compliant lesions (25–30% diameter stenosis) can collapse at higher flow rates (i.e. 
lower intra-stenotic pressure), which will be missed at resting flow.

An alternative method was developed in Chapter 6, requiring some but not full 
vasodilation. This method is based on the stenosis pressure gradient obtained, c.q. 
predicted at a fixed flow velocity of 30 cm/s (dPv30). With a best cut-off value of 21.2 
mmHg to define functionally significant lesions, dPv30 yielded an AUC of 0.96 with 
the use of FFR≤0.8 as gold standard, 0.94 with FFR<0.75 and 1.00 with HSR as gold 
standard, respectively. This method was validated using adenosine for vasodilation, 
however the (submaximal) hyperemic response to a vasodilatory agent other 
than adenosine can be used to assess dPv30. Importantly, the submaximal reactive 
hyperemic response as consequence of contrast medium injection used to visualise 
the interrogated artery provides sufficient increase in coronary flow velocity to 
determine dPv30.
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Since both BSR and dPv30 do not require the use of adenosine to induce maximal 
hyperemia, these indices can improve the adoption of functional lesion assessment 
in daily clinical practice in these situations.

Association between hyperemic microvascular resistance 
and myocardial ischemia

Evidence has been gathered that in addition to the extent of epicardial disease, 
coronary microvascular dysfunction importantly contributes to (9, 10), or may even be 
the sole origin of (11) reversible myocardial ischemia. Abnormalities in microvascular 
function are likely associated with alterations in hyperemic coronary microvascular 
resistance (12). Despite the increasing evidence that CAD not only results in the 
narrowing of epicardial vessels but also extends into the microcirculation (9, 10), 
there is controversy regarding the quantification of an elevated minimal microvascular 
resistance distal to a coronary artery stenosis.

This controversy relates to the possible role of the collateral circulation in the 
calculation of microvascular resistance. As discussed in Chapter 3, the hyperemic 
coronary pressure-flow relationship within the physiological pressure range is not 
proportional but incremental-linear. This means that this relation does not pass 
through its origin (i.e. pressure=0 at flow=0), but has a non-zero pressure intercept 
at a value higher than venous pressure (Pv). There are two paradigms for the 
incremental-linear nature of the pressure-flow relationship. The first paradigm is 
that resistance of the dilated coronary vascular bed is dependent on pressure and 
heart contraction since microvessels are distensible and compressible and hence 
requires that microvascular resistance at maximal vasodilation is quantified by HMR 
= (Pd-Pv)/v, where Pd represents the coronary distal pressure and v coronary flow 
velocity. This implies that HMR increases with decreasing intraluminal pressure, i.e. 
with increasing stenosis severity. There is ample physiological evidence to support 
this paradigm (13, 14). Direct observations demonstrate changes in diameter of 
resistance vessels with pressure (15) and heart contraction (16). The compression 
effect on HMR, also referred to as extravascular resistance, has been well documented 
by demonstrating that coronary arterial flow increases with cardiac arrest but 
maintenance of coronary pressure (17). The extravascular resistance is especially 
noticeable at the subendocardium as demonstrated by microsphere studies (18–20).
The second paradigm is that coronary resistance is constant and collateral flow is 
linearly increasing with decreasing Pd. The intercept with the pressure axis then 
reflects the maximal collateral flow (21). Based on that assumption hyperemic 
microvascular resistance is quantified by subtracting the coronary wedge pressure 
from intracoronary pressure, as is done for the index of microcirculatory resistance 
(IMR), calculated as (Pd-Pw)/v (22). The evidence presented for this paradigm is, 
however, lacking support from independent measurement of collateral flow.

It is clinically important to resolve this controversy since analysis with HMR leads to 
the conclusion that revascularization results in a decrease of hyperemic microvascular 
resistance (23, 24), while analysis accounting for an assumed collateral contribution 
with IMR lead to the conclusion that this is not the case. Importantly, clinically Pw is 
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used as a measure reflecting the presence of collateral flow, while Pw is commonly 
within a range where its value can be better explained by myocardial wall stress (25).
Both paradigms were extensively discussed in Chapter 3. A more pragmatic approach 
of this discussion has been performed in Chapter 7. The definition most likely to 
be correct is the one with the highest prognostic value for reversible myocardial 
ischemia for a given stenosis as detected by an independent method such as MPS. 
We showed a significantly higher risk for reversible myocardial ischemia for lesions 
associated with high compared to low HMR, especially in functionally significant 
lesions (HSR>0.8 mmHg/cm/s). In Chapter 7, no Pw was measured and hence IMR 
could not be determined. However, adjusting HMR for collateral flow according to a 
correlative formula presented in the literature (26) demonstrated a loss of predictive 
power for ischemia. The discriminative value for the presence of reversible myocardial 
ischemia, assessed by the area under the receiver-operating-characteristics curve 
(AUC), was significantly higher for minimal microvascular resistance uncorrected for 
collateral flow (AUC of 0.67) compared to that of minimal microvascular resistance 
after Pw-based correction for collateral flow (AUC of 0.55) (data not shown in 
Chapter 7). In case a higher HMR would be artificial and thus the result of neglecting 
collateral flow, the high predictive value for HMR would be quite unlikely. Hence, 
from these results we conclude that HMR allows for the identification of alterations 
in microvascular resistance that are associated with an increased risk of associated 
pathology and may be considered as a useful tool to quantify the functional status of 
the coronary microvasculature in clinical practice.

Since FFR is proposed as the index of choice for clinical decision making (27), it is 
important to know how this index is influenced by microvascular resistance. As 
demonstrated in Chapter 7, an increased risk for reversible myocardial ischemia 
was found for lesions associated with high compared to low HMR. Importantly, in 
chapter 8 it was shown that the optimal FFR cut-off value was distinctly lower when 
HMR was low (optimal FFR cut-off 0.65) compared with when HMR was high (optimal 
FFR cut-off 0.76). Currently, a fixed cut-off value of 0.8 is used in clinical practice to 
identify functionally significant lesions. These results, however, imply that HMR is 
an important determinant of treatment decision in patients with stable coronary 
artery disease. Revascularization of an epicardial stenosis in patients with a high 
HMR is likely beneficial at higher FFR values due to the effects of perfusion pressure 
on resistance of the distal coronary vasculature. Conversely, revascularization of 
coronary lesions in patients with a low HMR may likely be deferred to FFR-values well 
below currently adopted cut-off thresholds in order to avoid inadvertent treatment 
of functionally non-significant coronary stenoses.

The results of both Chapter 7 and 8 provide novel insights into the consequences 
of an unaccounted extent of microvascular involvement of coronary artery disease 
in the contemporary revascularization strategy adopted in clinical practice, which 
relies on a coronary pressure-only and in essence sole assessment of the epicardial 
contribution to flow limitation to the myocardium. As such, appraising the 
magnitude of minimal microvascular resistance may benefit proper lesion selection 
for percutaneous coronary intervention, and thereby further improve outcomes of 
physiologically-guided coronary intervention.
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Effect of axial measurement location on clinical indices

To avoid effects of disturbed flow on the assessment of hemodynamic signals, current 
practice guidelines recommend to position a sensor-equipped guide wire at least 2 
cm beyond the stenosis (28), but no upper limit is specified. However, in clinical 
practice the distance between the actual measurement location and the throat of 
the stenosis may vary substantially in order to find an optimal and stable blood 
flow velocity signal. For a good interpretation of clinical indices derived from such 
measurements, it is therefore relevant to know to what extent intracoronary pressure 
and velocity signals are affected by the axial measurement location at which they 
are obtained. This location dependency was studied in Chapter 4, and it was found 
that based on group means, flow velocity is not affected by axial location, either in 
reference or distal to a stenosis in diseased vessels. Importantly for functional lesion 
assessment and quantification of microvascular status of diseased vessels, indices of 
stenosis and microvascular resistance were also not affected by axial location.

Another important issue is the use of flow velocity as a surrogate for coronary flow, 
based on the assumption that a decrease in cross-sectional area of the coronary 
bed is matched by a reduction in perfusion territory, thereby rendering flow 
velocity to be rather constant throughout the epicardial coronary vascular tree. 
The data of Chapter 4 supported the Square model, implying that flow velocity 
is indeed independent of changes in lumen diameter across branches and thus, 
rather constant throughout the epicardial vascular bed. However, when considering 
individual patient data rather than group averaged data, an inter-patient variability 
on flow velocity was found for reference vessels, which points to the influence of a 
patient-specific vascular morphology that was more pronounced at proximal than at 
distal measurement locations. Hence, the use of a more distal location to obtain flow 
velocity measurements may further reduce inter-patient variability of flow velocity 
or flow velocity-derived indices. The data presented in the other chapters were 
acquired rather distally, since the experience at our institution is that more stable 
signals can be obtained at that location.

Use of multiscale modeling to improve insights into 
understanding coronary physiology

Multiscale modelling aims at integrating physiological and biophysical mechanisms 
in predictive models than can be used in personalization of diagnosis. Although this 
thesis did not aim to develop such models of the coronary circulation, this research 
provided information for validating multiscale modelling as discussed in Chapter 
2. Findings from either invasive or non-invasive studies can sometimes result in 
conflicting treatment recommendations, while integration of information gained by 
these modalities via multiscale modelling may provide comprehensive insights into 
reasons why these differences occur and generate a more complete picture of the 
coronary physiology in health and disease. A typical example is the integration of 
information gathered by FFR, HMR and MPS, which clearly can yield an improvement 
in diagnosis. Additionally, models enable the simulation of pathologies such as 
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epicardial narrowing or microvascular disease as well as investigation of physiological 
mechanisms such as the role of cardiac contraction or left ventricular pressure 
in the regional distribution of coronary flow (29, 30). Integration of individual 
pathologies by simulations may reveal the nature of mutual interactions under 
different conditions, and may therefore enhance differentiation and personalization 
for diagnostic purposes.

Recommendations for clinical practice and future research

This thesis recommends the combined assessment of intracoronary pressure and 
flow velocity in daily clinical practice enabling 1) the derivation of clinical indices 
of functional stenosis severity do not require maximal vasodilation of the coronary 
microcirculation and 2) the assessment of HMR for optimal decision making of 
revascularization therapy.

Future research should incorporate the simultaneous assessment of intracoronary 
pressure and flow (velocity) for improvement and validation of indices of functional 
stenosis severity such as BSR and dPv30. The latter index requires more extensive 
research in a larger patient cohort with non-invasive assessment of myocardial 
ischemia as a gold standard to validate its diagnostic and prognostic value. Future 
research work should also involve a comparison of the diagnostic accuracy of these 
two newly proposed indices with currently used (hyperemic) indices of functional 
lesion severity and other recently introduced indices to assess functional lesion 
severity not requiring maximal hyperemia, such as iFR.

Furthermore, combined measurements of intracoronary pressure and flow velocity 
can be used to advance the understanding of coronary (patho-) physiology in humans. 
Diagnostics and treatment decision stand to benefit from the development of 
models that integrate information obtained from invasive and non-invasive methods 
to assess myocardial perfusion and predict treatment outcomes. Such developments 
can yield further insights into the coronary physiology of patients who - in contrast 
to most large animal models - present with multiple risk factors, co-morbidities 
and medications. Ultimately, these developments bear great potential to lead to 
improved, personalized patient care.



164

Chapter 9

References

1.   Topol EJ, Nissen SE. Our preoccupation with coronary luminology-the dissociation 
between clinical and angiographic findings in ischemic heart disease. Circulation 
1995;92:2333-2342.

2.  Tonino PA, Fearon WF, De Bruyne B, Oldroyd KG, Leesar MA, Ver Lee PN, Maccarthy 
PA, Van’t Veer M, Pijls NH. Angiographic versus functional severity of coronary artery 
stenoses in the FAME study fractional flow reserve versus angiography in multivessel 
evaluation. J Am Coll Cardiol 2010;55:2816-2821.

3.  Meuwissen M, Chamuleau SA, Siebes M, Schotborgh CE, Koch KT, de Winter RJ, Bax M, 
de Jong A, Spaan JA, Piek JJ. Role of variability in microvascular resistance on fractional 
flow reserve and coronary blood flow velocity reserve in intermediate coronary lesions. 
Circulation 2001;103:184-187.

4.  Meuwissen M, Siebes M, Chamuleau SA, van Eck-Smit BL, Koch KT, de Winter RJ, Tijssen 
JG, Spaan JA, Piek JJ. Hyperemic stenosis resistance index for evaluation of functional 
coronary lesion severity. Circulation 2002;106:441-446.

5.  van de Hoef TP, Meuwissen M, Escaned J, Davies JE, Siebes M, Spaan JA, Piek JJ. 
Fractional flow reserve as a surrogate for inducible myocardial ischaemia. Nat Rev Cardiol 
2013;10:439-452.

6.  Sen S, Escaned J, Malik IS, Mikhail GW, Foale RA, Mila R, Tarkin J, Petraco R, Broyd C, 
Jabbour R, Sethi A, Baker CS, Bellamy M, Al-Bustami M, Hackett D, Khan M, Lefroy D, Parker 
KH, Hughes AD, Francis DP, Di Mario C, Mayet J, Davies JE. Development and validation 
of a new adenosine-independent index of stenosis severity from coronary wave-intensity 
analysis: results of the ADVISE (ADenosine Vasodilator Independent Stenosis Evaluation) 
study. J Am Coll Cardiol 2012;59:1392-1402.

7.  Johnson NP, Kirkeeide RL, Asrress KN, Fearon WF, Lockie T, Marques KM, Pyxaras SA, 
Rolandi MC, van ‘t Veer M, De Bruyne B, Piek JJ, Pijls NH, Redwood S, Siebes M, Spaan 
JA, Gould KL. Does the instantaneous wave-free ratio approximate the fractional flow 
reserve? J Am Coll Cardiol 2013;61:1428-1435.

8.  Berry C, van ‘t Veer M, Witt N, Kala P, Bocek O, Pyxaras SA, McClure JD, Fearon WF, Barbato 
E, Tonino PA, De Bruyne B, Pijls NH, Oldroyd KG. VERIFY (VERification of Instantaneous 
Wave-Free Ratio and Fractional Flow Reserve for the Assessment of Coronary Artery 
Stenosis Severity in EverydaY Practice): a multicenter study in consecutive patients. J Am 
Coll Cardiol 2013;61:1421-1427.

9.  Camici PG, Crea F. Coronary microvascular dysfunction. New Engl J Med 2007;356:830-
840.

10.  Lanza GA, Crea F. Primary coronary microvascular dysfunction: clinical presentation, 
pathophysiology, and management. Circulation 2010;121:2317-2325.

11.  Shaw LJ, Merz CN, Pepine CJ, Reis SE, Bittner V, Kip KE, Kelsey SF, Olson M, Johnson BD, 
Mankad S, Sharaf BL, Rogers WJ, Pohost GM, Sopko G. The economic burden of angina 
in women with suspected ischemic heart disease: results from the National Institutes 
of Health-National Heart, Lung, and Blood Institute-sponsored Women’s Ischemia 
Syndrome Evaluation. Circulation 2006;114:894-904.

12. Siebes M. Coronary flow and physiology beyond the stenosis. Heart Met 2013;58:4-9.
13.  Spaan JA, Piek JJ, Hoffman JI, Siebes M. Physiological basis of clinically used coronary 

hemodynamic indices. Circulation 2006;113:446-455.



165

Discussion

9

14.  van de Hoef TP, Nolte F, Rolandi MC, Piek JJ, van den Wijngaard JP, Spaan JA, Siebes M. 
Coronary pressure-flow relations as basis for the understanding of coronary physiology. 
J Mol Cell Cardiol 2012;52:786-793.

15.  Kanatsuka H, Ashikawa K, Komaru T, Suzuki T, Takishima T. Diameter change and pressure-
red blood cell velocity relations in coronary microvessels during long diastoles in the 
canine left ventricle. Circ Res 1990;66:503-510.

16.  Yada T, Hiramatsu O, Kimura A, Goto M, Ogasawara Y, Tsujioka K, Yamamori S, Ohno K, 
Hosaka H, Kajiya F. In vivo observation of subendocardial microvessels of the beating 
porcine heart using a needle-probe videomicroscope with a CCD camera. Circ Res 
1993;72:939-946.

17.  Downey JM, Kirk ES. Inhibition of coronary blood flow by a vascular waterfall mechanism. 
Circ Res 1975;36:753-760.

18.  Fokkema DS, VanTeeffelen JW, Dekker S, Vergroesen I, Reitsma JB, Spaan JA. Diastolic 
time fraction as a determinant of subendocardial perfusion. Am J Physiol Heart Circ 
Physiol 2005;288:H2450-2456.

19.  Westerhof N, Boer C, Lamberts RR, Sipkema P. Cross-talk between cardiac muscle and 
coronary vasculature. Physiol Rev 2006;86:1263-1308.

20.  Bache RJ, Cobb FR. Effect of maximal coronary vasodilation on transmural myocardial 
perfusion during tachycardia in the awake dog. Circ Res 1977;41:648-653.

21.  Pijls NH, van Son JA, Kirkeeide RL, De Bruyne B, Gould KL. Experimental basis of 
determining maximum coronary, myocardial, and collateral blood flow by pressure 
measurements for assessing functional stenosis severity before and after percutaneous 
transluminal coronary angioplasty. Circulation 1993;87:1354-1367.

22.  Fearon WF, Balsam LB, Farouque HM, Caffarelli AD, Robbins RC, Fitzgerald PJ, Yock PG, 
Yeung AC. Novel index for invasively assessing the coronary microcirculation. Circulation 
2003;107:3129-3132.

23.  Chamuleau SA, Siebes M, Meuwissen M, Koch KT, Spaan JA, Piek JJ. Association between 
coronary lesion severity and distal microvascular resistance in patients with coronary 
artery disease. Am J Physiol Heart Circ Physiol 2003;285:H2194-2200.

24.  Verhoeff B-J, Siebes M, Meuwissen M, Atasever B, Voskuil M, de Winter RJ, Koch KT, 
Tijssen JG, Spaan JA, Piek JJ. Influence of percutaneous coronary intervention on coronary 
microvascular resistance index. Circulation 2005;111:76-82.

25.  Verhoeff B-J, van de Hoef TP, Spaan JA, Piek JJ, Siebes M. Minimal effect of collateral flow 
on coronary microvascular resistance in the presence of intermediate and noncritical 
coronary stenoses. Am J Physiol Heart Circ Physiol 2012;303:H422-428.

26.  Yong AS, Layland J, Fearon WF, Ho M, Shah MG, Daniels D, Whitbourn R, Macisaac A, 
Kritharides L, Wilson A, Ng MK. Calculation of the index of microcirculatory resistance 
without coronary wedge pressure measurement in the presence of epicardial stenosis. 
J Am Coll Cardiol Cardiov Interv 2013;6:53-58.

27.  Wijns W, Kolh P. Guidelines on myocardial revascularization The Task Force on Myocardial 
Revascularization of the European Society of Cardiology (ESC) and the European 
Association for Cardio-Thoracic Surgery (EACTS). Eur Heart J 2010;31:2501-2555.



166

Chapter 9

28.  Kern MJ, Lerman A, Bech JW, De Bruyne B, Eeckhout E, Fearon WF, Higano ST, Lim MJ, 
Meuwissen M, Piek JJ, Pijls NH, Siebes M, Spaan JA. Physiological assessment of coronary 
artery disease in the cardiac catheterization laboratory: a scientific statement from 
the American Heart Association Committee on Diagnostic and Interventional Cardiac 
Catheterization, Council on Clinical Cardiology. Circulation 2006;114:1321-1341.

29.  Cookson AN, Lee J, Michler C, Chabiniok R, Hyde E, Nordsletten DA, Sinclair M, Siebes M, 
Smith NP. A novel porous mechanical framework for modelling the interaction between 
coronary perfusion and myocardial mechanics. J Biomech 2012;45:850-855.

30.  Hyde ER, Cookson AN, Lee J, Michler C, Goyal A, Sochi T, Chabiniok R, Sinclair M, Nordsletten 
DA, Spaan J, van den Wijngaard JP, Siebes M, Smith NP. Multi-scale parameterisation 
of a myocardial perfusion model using whole-organ arterial networks. Ann Biomed Eng 
2013:doi:10.1007/s10439-10013-10951-y.


