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Abstract 
Background: Wave Intensity (WI) Analysis applied to epicardial pressure and flow 
velocity signals is a powerful tool that can distinguish between forward- (aortic origin) 
and backward-traveling (microcirculatory origin) waves. We hypothesized that the 
size of the backward waves is dependent on coronary microvascular resistance (MR) 
and that they can therefore be used for assessment of the coronary microcirculation. 

Methods: ECG, aortic pressure (Pa) and distal coronary pressure (Pd) and flow velocity 
(v) were recorded at rest and during maximal hyperemia in 26 patients in a normal 
reference vessel and in a diseased vessel before and after stent placement. From the 
WI contour the areas of two major backward and two major forward waves were 
calculated, representing wave energy. Microvascular resistance was computed as 
MR = Pd/v and microvascular conductance, MC, as its inverse: 1/MR. 

Results: Vasodilation induced a decrease in Pd and MR (P<0.0001) and was associated 
with an increase in the area of both backward waves (P<0.005). The changes induced 
by stent placement in the energy of hyperemic backward waves were strongly 
correlated to the accompanying changes in MC (P<0.0005). Wave intensities at 
hyperemia and at rest were strongly correlated as well.

Conclusions: The increase in the energy of the hyperemic backward waves after stent 
placement is indicative of a decrease in hyperemic coronary microvascular 
resistance, occurring concomitantly with coronary pressure restoration. Wave intensity 
is more strongly determined by MR than stenosis resistance.  
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Introduction 
Assessing the effect of treatments designed to improve myocardial perfusion is 
becoming increasingly important [3]. However, the means available in the 
catheterization laboratory to assess the coronary microcirculation in patients are 
limited. Currently available techniques to quantify coronary microvascular resistance 
rely on time-averaged indices derived from hemodynamic measurements in 
epicardial vessels. Moreover, the interpretation of changes in microvascular resistance 
is model-dependent and no consensus exists on the underlying model structure [22].  

Wave intensity analysis (WIA) is a time domain method that can serve as an 
alternative tool to obtain information about the coronary microcirculation from 
epicardial measurements [2, 10, 17]. Coronary wave intensity is derived from 
incremental changes in local pressure and velocity and describes the rate of energy 
transported per unit area by traveling waves generated by cardiac contraction and 
relaxation. WIA discriminates forward-running waves, propagating in the direction of 
blood flow, and backward-running waves, which propagate in the opposite direction. 
These waves are further classified as compression and expansion waves according to 
whether they increase or decrease pressure, respectively. The four possible types of 
waves are therefore forward and backward compression and expansion waves. 
Pressure and flow change together in forward waves, but with opposite sign in 
backward waves. Coincident forward and backward waves are superimposed to 
form the net wave intensity at the measuring location. If local pulse wave velocity is 
known, the measured pressure and velocity waveforms and net wave intensity can be 
separated into their forward and backward components.  

Forward coronary waves arise from changes in proximal aortic pressure and 
backward waves originate from tissue compression of the small intramyocardial 
vessels. WIA is therefore uniquely suited to investigate the coronary circulation as it 
distinguishes between the relative influence of upstream (aortic) and downstream 
(microcirculatory) events from a single set of measurements at a site remote from 
where the waves are initiated. 

Coronary wave intensity profiles [5, 24] typically display a sequence of four dominant 
waves related to ventricular contractile events: a backward compression wave (BCW) 
in early systole generated by isovolumic contraction, followed by a forward 
compression wave (FCW) after the opening of the aortic valve; a forward expansion 
wave (FEW) arises as coronary pressure decreases with the onset of ventricular 
relaxation, and a backward expansion wave (BEW) as relaxation continues after 
aortic valve closure. Coronary blood flow is accelerated by either a FCW or BEW, and 
decelerated by either a BCW or FEW. 

Our goal was to exploit wave intensity to address the controversial issue of the 
pressure-dependency of microvascular resistance in the fully dilated bed in humans. 
Previous studies in animals demonstrated that the intensity of backward waves 
increases by reducing microvascular resistance by vasodilatation [24, 25]. We 
hypothesized therefore that similar changes in wave intensity during hyperemia would 
be induced by PCI as a result of decreased hyperemic coronary resistance.  
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Methods

Study group 

Twenty-six patients (21 males) with stable angina pectoris scheduled for elective PTCA 
and stent placement were studied. Inclusion criteria were a single lesion in one 
coronary artery and one angiographically normal reference vessel, defined as <30% 
diameter stenosis. Exclusion criteria included diffuse disease, significant left main 
coronary artery stenosis, subtotal lesions in the target vessel, hypertrophic 
cardiomyopathy, serious valve abnormalities or recent myocardial infarction. All 
patients gave informed written consent and the Medical Ethics Committee of our 
institute approved the study protocol. 

Protocol

Antianginal and antiplatelet medication was continued as clinically indicated. All 
patients received lorazepam (1 mg) before cardiac catheterization. Heparin was 
administered at the beginning of the procedure (7500 IU IV). Catheterization was 
performed by standard femoral approach using a 5F or 6F guiding catheter, followed 
by an intracoronary bolus of 0.1 mg nitroglycerin in order to minimize epicardial vessel 
tone.  

Measurements were obtained at rest and throughout the hyperemic response to an 
intracoronary bolus injection of 20-40 μg adenosine in the reference vessel, and in the 
target vessel before and after percutaneous coronary intervention (PCI) with stent 
placement. At each step of the protocol, vessel dimensions were angiographically 
recorded at rest.  

Hemodynamic measurements 

Aortic pressure (Pa) was measured via the guiding catheter. A 0.014-inch dual-sensor 
guidewire (Volcano Corp., Rancho Cordova, CA ) with a Doppler transducer at the 
tip and a pressure sensor 3 cm proximal to the tip was used to simultaneously measure 
coronary pressure (Pd) and blood flow velocity (v) in a distal segment of the reference 
and target vessel. Care was taken to position the sensors at the same location after 
stent placement. After processing using standard equipment (WaveMap and FloMap, 
Volcano Corp.) the analogue signals and ECG were recorded on a personal 
computer after 12-bit A/D conversion at a sampling rate of 120 Hz for off-line analysis. 

Time delay 

The hardware-related time lag between pressure and velocity was measured in a 
closed-loop fluid-filled system made of stiff plastic tubing. Corn starch was added to 
improve the quality of the Doppler velocity signal. A step-increase in pressure and flow 
velocity was induced by rapidly pushing the plunger of a 20 ml syringe connected to 
the loop. All signals were sampled at 1 kHz. The time delay was determined in 42 
observations based on initiation of the step increase. The pressure signal lagged the 
velocity signal by 0.9 ± 0.9 ms (mean ± SEM). The sampling rate in the clinical setting 
was 8.3 ms and no time shift was necessary to align the recorded distal pressure and 
velocity waveforms. 
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Data analysis 

Quantitative coronary angiography (QCA-CMS version 5.1, MEDIS) was performed to 
obtain percent diameter stenosis. Hemodynamic data were processed using custom 
software written in Delphi (vs. 6.0, Borland Software Corp., Cupertino, CA). From the 
continuous recordings, 8-9 heart cycles at resting conditions and 2-3 heart cycles at 
maximal hyperemia were selected. Respective means were calculated for the 
measured hemodynamic signals as well as for velocity-based indices of hyperemic 
stenosis resistance, HSR = (Pa-Pd)/v, microvascular resistance, MR = Pd/v, and 
conductance, MC = 1/MR [14, 27]. Fractional Flow Reserve (FFR) was obtained as the 
ratio of mean hyperemic Pd over Pa.

The distal pressure and velocity signals were smoothed with a Savitzky-Golay filter to 
reduce signal noise with minimal influence on peak magnitudes [18]. Net wave 
intensity normalized for the sampling interval (in W·m-2·s-2) was calculated from the 
time-derivatives of the filtered signals as [5, 17]  

dt
dv

dt
dPWI d  (5.1) 

The separated forward (WI>0) and backward (WI<0) waves (in W·m-2·s-2) then follow 
from [5, 9]  

2
d

dt
dvc

dt
dP

c4
1WI  (5.2) 

The coronary pressure derivative (in mm Hg/s) was separated by [10]  

dt
dvc

dt
dP

2
1

dt
dP d   (5.3) 

Blood density was taken as  =1050 kg/m3 and wave speed (c, in m/s) was 
determined from the single-point method [6] as  

2

2
d

dv

dP1c  (5.4) 

with summations over consecutive heart cycles.  

Using ECG for alignment, ensemble averages for all waveforms were derived over the 
respective resting and hyperemic cycles. The sign of the respective wave intensity 
identified forward and backward waves. Compression and expansion waves were 
classified based on the sign of the net and separated (Eq. 5.3) distal pressure 
derivatives. The resulting dominant separated waves were quantified by calculating 
the area under the curve, which represents the energy (in J·m-2·s-2) transported by the 
wave, normalized to the cross-sectional area of the vessel.  

Since left ventricular pressure was not measured, an index of cardiac contractility 
reflecting the rate of pressure build-up in the left ventricle was calculated from the 
ensembled aortic pressure waveform as the minimum Pa divided by the time interval 
between the R-peak of the ECG and the time of minimum Pa.
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Statistical analysis 

Continuous data are expressed as mean ± SEM unless otherwise indicated. Average 
values within each step of the protocol were compared using paired Student’s t test. 
Results from different steps of the protocol were compared using ANOVA with 
repeated measures followed by contrast analysis (SPSS version 12.0.1). Relationships 
between variables were investigated with linear regression analysis and compared 
using Student’s t test. Values of P<0.05 were considered statistically significant.  

Results

Patient characteristics 

The mean age of the patients was 59 ± 2 years (Table 5.1). Mean diameter stenosis of 
55.4 ± 2.4% was reduced to 4.0 ± 2.7% after stent placement. The majority (65%) of the 
target vessels were left anterior descending arteries and 85% of the reference vessels 
were left circumflex arteries. Suitable reference measurements were not available in 6 
patients.  

Table 5.1: Clinical characteristics (n = 26)  

Age, y 59 ± 2 
Male Gender, n 21
Diameter Stenosis (%) 55.4 ± 2.4 
Target vessel, n 
 LAD/LCx/RCA 17/4/5 
Reference vessel, n 
 LAD/LCx/RCA 1/17/2 
Coronary risk factors, n (%) 
 Diabetes mellitus 2 (8%) 
 Hyperlipidemia 14 (54%) 
 Hypertension 10 (38%) 
 Positive family history 17 (65%) 
 Prior coronary angioplasty in other vessel 7 (27%) 
 Prior myocardial infarction >6 weeks 9 (35%) 
 Smoking 8 (31%) 
Medication n (%) 
 ACE inhibitors 5 (19%) 
 Aspirin 25 (96%) 

-blockers 22 (85%) 
 Calcium antagonists 14 (54%) 
 Lipid-lowering drugs 21 (81%) 
 Nitrates 11 (42%) 

LAD, left anterior descending artery; LCx, left circumflex artery; RCA, right coronary artery. 

Hemodynamic parameters 

Heart rate (70 ± 1 bpm) and contractility index (1194 ± 32 mm Hg/s) remained 
constant throughout the protocol. Mean aortic pressure at rest was 103 ± 2 mm Hg 
and slightly decreased to 98 ± 2 mm Hg during hyperemia (P<0.0001). Figure 5.1 
illustrates changes in blood flow velocity, distal coronary pressure and microvascular 
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resistance induced by vasodilation and by PCI. Distal vasodilation significantly 
increased flow velocity and reduced MR and distal pressure (P<0.0001). Stent 
placement raised basal velocity by 18% (P<0.05) and hyperemic velocity by 90% 
(P<0.0001), to a value close to that obtained in the reference vessel. Distal pressure 
increased by 20% at rest after PCI and by 39% during hyperemia (P<0.0001). Basal MR 
did not change significantly throughout the protocol, whereas hyperemic MR 
decreased by 33% after PCI (P<0.01), becoming lower than in the reference vessel 
(P<0.05). FFR increased from 0.64 ± 0.03 to 0.90 ± 0.02 with stent placement (P<0.0001) 
and HSR was reduced from 1.83 ± 0.39 to 0.20 ± 0.04 mm Hg·s/cm (P<0.001).  
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Figure 5.1: Mean flow velocity, coronary pressure (Pd) and microvascular resistance (MR) at rest and hyperemia 
before and after revascularization by stent placement and in the reference vessel. Vasodilation reduced distal 
pressure and increased flow velocity in all conditions. Stent placement restored hyperemic coronary pressure 
and decreased hyperemic microvascular resistance.  
*P<0.05, †P<0.01, ‡P<0.001, §P<0.0001. 

Coronary wave intensity pattern 

Typical examples of coronary wave intensity obtained in the reference (left circumflex 
artery) and target vessel (right coronary artery) of a 59 year old patient are depicted 
in Figure 5.2. In each panel, the ensembled pressure and velocity waveforms are 
displayed above the corresponding net wave intensity (thick lines) and its separated 
forward and backward components. In all cases, coronary wave intensity 
demonstrated the characteristic pattern in relation to pressure and velocity 
waveforms during the cardiac cycle. As illustrated in Figure 5.2A for the reference 
vessel, a net BCW occurs at the start of cardiac contraction before the opening of the 
aortic valve, followed by a net FCW as soon as the valve is opened. With the onset of 
cardiac relaxation, a net FEW appears as pressure decreases, followed by a net BEW 
after closure of the valve. These waves are also discernable in the separated wave 
intensities, with compression and expansion waves indicated by shaded and dotted 
areas, respectively. Vasodilation of the coronary microvasculature induced an 
increase in the size of all waves without altering the characteristic WI pattern 
(Figure 5.2A, right panel). In the presence of a 66% diameter stenosis (Figure 5.2B), the 
same pattern of four dominant waves was observed, but all waves were 
comparatively reduced in size and distal coronary vasodilation had little effect on the 
size of the waves in the stenotic vessel. The residual stenosis after stent placement was 
11%. Revascularization preferentially induced an increase in the basal FCW and 
augmented all waves during hyperemia (Figure 5.2C).  
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Figure 5.2: Hemodynamic waveforms and associated coronary wave intensity pattern at rest (left panels) and 
hyperemia (right panels) for a reference vessel (A), and target vessel before (B) and after (C) revascularization. 
The typical pattern of four dominant waves was maintained in all vessel conditions. Vasodilation increased the 
size of both net (thick line) and separated (thin lines) waves. Distal to a 66% diameter stenosis (B), wave 
intensities were markedly reduced, both at rest and vasodilation. Removal of the stenosis (C) increased 
velocity, distal pressure and wave intensity. BCW, backward compression wave; FCW, forward compression 
wave; FEW, forward expansion wave; BEW, backward expansion wave. Compression waves are shaded in 
gray; expansion waves are dotted. 
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Changes in wave energy induced by PCI and vasodilation 

The energies of the four dominant waves are summarized in Table 5.2 for both net and 
separated wave intensity. The net wave energies were comparatively smaller than 
their respective contributing backward and forward components, but generally 
demonstrated similar changes with hyperemia or stent placement. After 
revascularization, the total energy carried by the four separated waves increased by 
15% (P<0.05) at rest and by 82% (P<0.0005) during hyperemia.

Table 5.2. Net and separated wave energies 

stenosis
(n = 26) 

stent
(n = 26) 

reference 
(n = 20) 

Net waves, J/m2/s2 × 103

Rest
 BCW  2.9 ± 0.5  1.6 ± 0.4  2.3 ± 0.6 
 FCW  2.0 ± 0.3  3.9 ± 0.6†  6.5 ± 1.6‡

 FEW  1.3 ± 0.3  1.6 ± 0.4  1.9 ± 0.5 
 BEW  4.9 ± 0.9  2.9 ± 0.5†  3.4 ± 1.1 
Hyperemia
 BCW  7.2 ± 1.0*  13.4 ± 1.3*†  10.2 ± 2.2*

 FCW  4.1 ± 1.0  7.9 ± 1.3*  9.7 ± 2.1*‡

 FEW  2.6 ± 0.6*  3.1 ± 0.7*  4.4 ± 1.0*

 BEW  6.2 ± 0.8  10.0 ± 1.1*†  8.7 ± 1.8*

   
Separated waves, J/m2/s2 × 103

Rest
 BCW  4.5 ± 0.6  4.6 ± 0.5  5.9 ± 1.0 
 FCW  4.0 ± 0.5  6.4 ± 0.8†  9.5 ± 1.8‡

 FEW  2.1 ± 0.3  2.7 ± 0.4  3.1 ± 0.7 
 BEW  6.8 ± 1.0  6.2 ± 0.7  6.6 ± 1.4 
Hyperemia
 BCW  8.1 ± 1.0*  15.2 ± 1.3*†  14.1 ± 2.5*‡

 FCW  5.3 ± 0.8  10.2 ± 1.4*†  14.4 ± 2.2*‡

 FEW  3.6 ± 0.6*  5.1 ± 0.7*  6.5 ± 1.2*

 BEW  7.8 ± 0.9  14.3 ± 1.3*†  14.5 ± 2.6*‡

BCW, backward compression wave; BEW, backward expansion wave; FCW, forward compression wave; FEW, 
forward expansion wave.  
*P<0.05 compared to rest; †P<0.05 compared to previous step; ‡P<0.05 reference compared to stenosis.

The separated wave energies are depicted in Figure 5.3. The BCW was in all cases 
larger at hyperemia than at rest (P<0.005). The hyperemic BCW further increased by 
87% after stent placement (P<0.0005), carrying approximately the same energy as in 
the reference vessel, while no changes occurred at rest (Figure 5.3A). Energy changes 
in the BEW followed the same pattern, except that it was not influenced by hyperemia 
prior to revascularization. The backward expansion and compression waves carried 
the same energy except for the diseased and treated vessel at rest, where the BEW 
exceeded the BCW (P<0.005).  
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Figure 5.3: Average energies of the dominant backward (A) and forward (B) separated waves. Distal 
vasodilation generally augmented the size of the waves. Stent placement increased the size of the forward 
compression wave and of the hyperemic backward waves.  
*P<0.05, †P<0.01, ‡P<0.001, §P<0.0001. 

The energies of the two separated forward waves were affected differently (Figure 
5.3B). Hyperemia enhanced the FCW in the treated and in the reference vessel 
(P<0.001), but not in the stenotic vessel. Stent placement increased the energy of the 
FCW by 61% at rest and by 94% during hyperemia (both P<0.05), with no significant 
difference between the treated and the reference vessel. Vasodilation augmented 
the FEW in all vessels (P<0.01), but revascularization had no influence on its energy. The 
FEW was in all cases smaller than the FCW (P<0.01). As shown in Figure 5.4, the 
individual energies of expansion and compression waves traveling in the same 
direction were remarkably correlated regardless of vessel condition. Since there was 
no difference between vessel conditions, only the combined relationship is shown in 
each panel. For the backward waves (panel A) the slope between compression and 
expansion waves was close to 1 (rest: slope = 1.2, r = 0.80, P<0.0001; hyperemia: slope 
= 0.76, r = 0.74, P<0.0001). The energy of the forward expansion wave (panel B), 
however, was less than that of the forward compression wave (rest: slope = 0.31, r = 
0.76, P<0.0001; hyperemia: slope = 0.44, r = 0.84, P<0.0001).  
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expansion waves (B) were significantly smaller than forward compression waves (P< 0.001). 

For the reference vessel and target vessel after stent placement there was a good 
correlation between the backward waves at rest and at hyperemia (Figure 5.5). 
Similar correlations were found for the forward waves between hyperemia and rest 
(data not shown). 
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Relation between wave energies and microvascular resistance and conductance 

The backward wave energies in the reference vessel were positively related to 
microvascular conductance (P<0.05), with a rightward shift after vasodilation (Figure 
5.6A). The resulting distinct regimes are also clearly distinguishable in the inverse 
relationship to microvascular resistance (Figure 5.6B). Backward wave energies 
remained low at the larger basal resistance values and increased progressively with 
declining resistance values during hyperemia. The effect of PCI in the target vessel is 
illustrated in Figure 5.6B by the arrows representing the magnitude and direction of 
changes at rest (dotted lines) and during hyperemia (solid lines). The hyperbolic 
relationship to microvascular resistance was essentially also present in the target vessel 
despite confounding effects of different stenosis severities, which precluded a 
meaningful correlation with microvascular conductance.  
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Figure 5.6: (A) Correlation between backward compression (left) and expansion waves (right) with 
microvascular conductance in the reference vessels. Distinct relationships exist at rest and during hyperemia. 
Corresponding plots in terms of microvascular resistance (MR) yield hyperbolic dependencies (B). The arrows 
indicate the magnitude and direction of changes observed due to revascularization of the target vessel at rest 
(dotted lines) and during hyperemia (solid lines). Note that these changes follow the non-linear relationship 
observed in the reference vessel. 

The PCI-related increase in microvascular conductance was strongly related to the 
increase in the energy of both the BCW (slope 27.2 x 103, r = 0.73, P<0.0001) and BEW 
(slope 24.2 x 103, r = 0.68, P<0.0005) during hyperemia (Figure 5.7). A weaker 
correlation was still present during basal conditions. These results underline the 
hyperbolic relationship between the backward waves and microvascular resistance 
(Figure 5.6B).  

A

B



82 Chapter 5

-1 -0.5 0 0.5 1
MC (cm/(mm Hg•s))

-20

-10

0

10

20

30

B
C

W
  (

J/
m

2 /
s2

) x
10

3

rest
hyperemia

-1 -0.5 0 0.5 1
MC (cm/(mm Hg•s))

-20

-10

0

10

20

30

B
EW

  (
J/

m
2 /

s2
) x

10
3

rest
Y = 24165 * X + 197
r = 0.56, P<0.005

hyperemia
Y = 27153 * X + 1675
r = 0.73, P<0.0001

rest
Y = 30350 * X - 426
r = 0.52, P<0.01

hyperemia
Y = 24169 * X + 1734
r = 0.68, P<0.0005

Figure 5.7: Relationship between the PCI-induced changes in energy of the backward compression (BCW, left) 
and expansion (BEW, right) waves and the corresponding change in microvascular conductance (MC).  

The presence of a proximal stenosis damped the energy in the backward waves, with, 
especially at hyperemia, a hyperbolic relation between backward wave energy and 
stenosis resistance (Figure 5.8). However, no correlation was found between backward 
wave energy and stenosis resistance for HSR values above 0.8 mm Hg·s/cm, the 
threshold for inducible ischemia [14]. Both forward waves demonstrated much more 
dispersion with respect to microvascular parameters (not shown) and no relationship 
was found with the decrease in microvascular resistance after revascularization. The 
forward waves were also not related to stenosis resistance, percent diameter stenosis, 
or their respective changes after PCI. 
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Discussion
In this first study to report on coronary wave intensity in diseased human coronary 
arteries we examined the effect of angioplasty and stent placement on wave energy 
in relation to changes in microvascular parameters. Revascularization of an epicardial 
stenosis increased the energy carried during hyperemia by the backward (upstream) 
traveling expansion and compression waves, which serve to accelerate and 
decelerate coronary blood flow, respectively. These waves originate from the 
coronary microcirculation and their increase was related to a concomitant decrease 
in hyperemic microvascular resistance after PCI. The forward compression wave, 
which travels downstream from the ostium and is associated with systolic acceleration 
of blood flow, also benefited from removal of the proximal stenosis. 

Mechanisms underlying wave generation and microvascular impediment 

The magnitude of waves propagating in the epicardial conduit arteries is the 
consequence of the force by which waves are generated and the parameters that 
cause their attenuation. A backward wave is generated by ventricular interaction 
with the intramural microcirculation, originating in a diffuse way from the smallest 
vessels in different myocardial layers and merging to become a discernible wave in 
the proximal conduit arteries. Forward waves, caused by rapid increase and decrease 
in aortic pressure, arrive in the proximal conduit arteries and travel downstream to be 
divided and diffusively absorbed in more distal vessels. Since a stenosis is a disturbing 
factor in wave propagation, mechanistic insight can best be obtained from the 
measurements in the reference vessel.  

Contraction and relaxation of the left ventricle affected backward traveling 
compression and expansion waves to a similar degree, as indicated by similar 
energies in the BCW and BEW and their remarkably close relationship both at rest and 
in hyperemia (Figure 5.4). This finding is in line with the concept of the intramyocardial 
pump, where compressive and relaxation forces are coupled by an intramyocardial 
compliance [21].

Forward waves also increase by microvascular dilation suggesting that the ease by 
which a wave can leave the conduit vessels and propagate downstream additionally 
determines the energy of these waves. During systole myocardial stiffness is 
continuously changing and the forward waves occur at higher muscle stiffness than 
the backward waves. This demonstrates that the microcirculation remains compliant 
despite being embedded in stiff tissue during systole [12, 20]. The forward waves were 
also closely related, but the FCW was significantly larger than the FEW in all conditions. 
This is most likely due the difference in myocardial stiffness, which increases during 
systole and is larger at the time of the FEW than at the time of the FCW. A stiffer 
myocardium will attenuate wave formation for which intramural vascular volume 
change is needed. 

An indication of how waves are affected by left ventricular contraction may be 
derived from the pressure waveform in epicardial lymphatic vessels [8, 26]. These 
patterns suggest that during the isovolumic contraction phase of the left ventricle, the 
stiffness of the ventricular wall is still so low that the change in left ventricular pressure, 
PLV, dominates lymph pressure. Hence, the rise of PLV in early systole is generating the 
compression waves. Similarly, at the end of systole the myocardial stiffness again 
becomes so low that the drop in PLV gives rise to the expansion waves. This sequence 
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of events is directly supported by the near absence of backward waves in mid-systole 
when elastance is greatest. This absence of backward waves in mid-systole 
contradicts the view that changes in elastance cause the pulsatility in coronary blood 
flow [13], but supports the hypothesis that elastance shields the microcirculation from 
compression by left ventricular pressure [11].  

These basic mechanisms also apply to the target vessels before and after treatment, 
although a stenosis substantially impeded energy transmission of both forward and 
backward waves especially during hyperemia. 

Wave intensity, microvascular conductance and stenosis resistance

A heart with a high backward wave energy at rest also had a high wave energy at 
hyperemia (Figure 5.5), which indicates that vascular anatomy has an important 
influence on these backward waves. Vasodilation substantially alters the relative 
distribution of resistance over the coronary arterial tree [4], thereby altering the 
transmission of the waves in the microcirculation. This change of resistance distribution 
results in different relationships between backward waves and coronary conductance 
at rest and during hyperemia.  

Although revascularization increased backward wave energy (Figure 5.7), there was 
no relationship between backward energy and stenosis resistance prior to treatment 
(Figure 5.8). Moreover, in case stenosis removal would increase the backward wave 
energy, this should also occur at rest, which was not the case (Figure 5.3). Therefore, it 
is most likely that the higher backward wave energy after stent placement results from 
a reduction in microvascular resistance rather than stenosis resistance. 

It has been demonstrated in vitro and in vivo that a stenosis attenuates transmitted 
waves, decreasing their magnitude as they propagate through it [15, 16, 23]. Although 
the FCW was on average lower in the presence of a stenosis, forward wave energy 
measured downstream of the stenosis was not related to lesion severity. Similarly, 
alterations after treatment did not correlate with the corresponding changes in HSR.  

Methodological considerations 

The characteristic sequence we observed of backward and forward compression 
waves during cardiac contraction followed by forward and backward expansion 
waves during early relaxation in both the reference and target vessel agrees with that 
reported by others for healthy coronary vessels [5, 24]. It should be noted that our 
measurements were made in a distal segment of the coronary artery, while in previous 
WIA studies wave intensity was assessed at a proximal location closer to the ostium, 
which may affect the relative magnitudes of the dominant waves [7].

Davies et al. [5] described two successive BCWs during early ventricular compression. 
We were rarely able to differentiate these two BCWs, especially in the presence of a 
stenosis, and we treated them as one BCW. We also did not consistently observe the 
previously reported [5] late FCW that is associated with the brief augmentation in 
pressure during aortic valve closure. The dicrotic notch was rarely maintained in the 
presence of a stenosis and the percentage FCW was previously shown to decrease 
with age [5]. For all cases where it was discernable, the late FCW amounted only to 
about 5% of the total wave energy and was therefore not included in our analysis.
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Distal pressure and velocity were not recorded at the same location, since the sensors 
were mounted 3 cm apart on the dual-sensor guidewire used in the present study. 
However, both sensors were placed in a distal vessel segment without focal 
obstructions and it is unlikely that the pressure waveform was affected by this 
distance. Moreover, the same configuration was used to determine the time delay 
correction in vitro and at a coronary wave speed in the order of 20 m/s [6], the 3-cm 
distance was covered by the traveling pressure waves in less than one sampling 
interval. The WI waveforms we obtained provide evidence that no sizable errors were 
introduced by this sensor distance. 

Clinical implications 

Most of the models that are presently in use to interpret clinically obtained coronary 
flow and pressure signals make use of simplifying assumptions regarding the 
biophysical processes generating these signals. These models are static and essentially 
limited to the interpretation of beat-averaged pressure and flow signals, and resulted 
in widely used indices such as FFR and CFVR. However, because of its unique 
dynamics the coronary circulation is too complicated a system to study by static 
models alone. Hence, application of a dynamic analysis as afforded by WIA may 
shed light on underlying mechanisms that are not revealed unambiguously by static 
models.  

Our present analysis of the dynamic coronary pressure and velocity signals based on 
WIA clearly demonstrates that wave intensity in the coronary artery is associated with 
changes in microvascular resistance induced by vasodilatation and by stent 
placement [19, 27]. This outcome provides plausible evidence that the mathematical 
transformation of coronary pressure-flow relations at maximal vasodilation to yield a 
pressure-independent hyperemic resistance [1] is not justified and is likely to result in an 
overestimation of collateral blood flow. One may anticipate that some kind of 
integration of dynamic and static models will result in a better estimate of collateral 
flow and pressure-dependence of coronary microvascular resistance at maximal 
dilation [22]. A recent clinical study has shown that wave intensity is altered in 
hypertrophy [5] and animal studies demonstrated the effect of cardiac contractility 
on WI [25]. It is therefore to be expected that dynamic analysis based on WIA will 
provide an additional and powerful means to advance the study of coronary and 
myocardial interaction. 

Conclusions
The backward waves derived from the coronary pressure and Doppler velocity signals 
in early and late systole are consistent with the intramyocardial pump model relating 
coronary flow variations to intramural blood volume variations. While the forward 
waves occur more towards the middle of systole, no waves of significant energy are 
discernable in mid-systole. Forward waves, which are generated by the transients in 
aortic pressure, are absorbed by the coronary microcirculation, thus demonstrating 
the presence of vascular compliance within the stiff myocardium. The increase in 
hyperemic wave intensity after PCI indicates that hyperemic coronary microvascular 
resistance is pressure-dependent and is reduced with restoration of coronary pressure 
after stent placement, thereby contributing to the therapeutic effect of stent 
placement. The study of flow and pressure pulsations by WIA in the coronary artery 
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can deliver a useful contribution to our understanding of the mechanisms of perfusion 
of the coronary microcirculation.  
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