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OVERVIEW OF THIS THESIS 

Knowledge of the characteristics of the atherosclerotic plaque (eccentricity, 
composition, effect of initial dilatation or ablation) and of the flow modifications 
induced by a coronary stenosis would establish more precisely the severity of the 
lesion under evaluation, improve the planning and guidance of therapeutic 
interventions, and facilitate the detection of subsequent complications. The 
miniaturization of the ultrasound catheters a11d the development of Doppler probes 
with guidewire technology have permitted the application of these techniques during 
diagnostic or therapeutic procedures in the Cardiac Catheterization Laboratory. In this 
thesis, the application of catheter-based ultrasound probes for the assessment of 
function and morphology of the coronary arterial tree is addressed. In particular, after 
a general introduction to the physical principles and probe teclmology in catheter
based diagnostic intracoronary teclmiques (Chapter 1), Chapter II and Ill discuss the 
application of intracoronary ultrasound for the quantitative assessment of arterial 
dimensions and the reconstruction of three-dimensional images of arterial segments. 
Chapter IV, V and VI report the results of experimental studies carried out to 
validate the accuracy of intravascular ultrasound for the assessment of wall 
morphology and pathology and of acute changes of arterial compliance and to study 
the effects of changes of the angle of incidence of the ultrasound beam. 

Using Doppler guidewires~ changes in flow velocity distal to a stenosis can be 
studied, providing information on the functional characteristics of the stenosis nnder 
assessment complementary to the morphological evaluation obtained with two
dimensional ultrasound imaging. In Chapter VII and VIII the physical and teclmical 
background of intracoronary Doppler is discussed and the advantages of a spectral 
analysis of the Doppler signal are established based on the comparison with the 
results obtained with a conventional zero-crossing detector. Based on the limitations 
of the conventional indexes of stenosis severity in the assessment of the results of 
coronary interventions (Chapter X), alternative indexes based on flow velocity 
measurements are proposed. Chapter IX explores the possibility of using the maximal 
velocity of the stenotic jet in the evaluation of the severity of a stenosis based on the 
continuity equation. Chapters X, XI and XII report the results obtained using a 
simultaneous assessment of pressure gradient and flow velocity, allowing the 
examination of stenosis hemodynamics as in an isolated hydraulic conduit. In Chapter 
XIII the possibility to study the relation between coronary pressure and flow velocity 
is tested in arteries with and without coronary stenoses. The potential usefulness of 
this approach, validated in animal models, for the assessment of an impaired 
coronary conductance due to the presence of a flow limiting stenosis or to the 
presence of a reduced maximal vasodilatation of the distal resistance vessels is 
discussed. In the fmal chapter of this thesis, the response of large conduit arteries and 
resistance vessels to endothelium-dependent vasodilators such as acetylcholine is 
assessed using quantitative angiography and intracoronary Doppler. 
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CHAPTER 1 

INTRACORONARY IMAGING AND NON-IMAGING 
TECHNIQUES FOR GillDANCE OF CORONARY 

INTERVENTIONS 

Carlo Di Mario, M.D., Jose Baptista, M.D., Peter de Jaegere, M.D., Ph.D., 
Pim J. de Feyter, M.D., Ph.D., Jos R.T.C. Roe!andt, M.D., Ph.D., 

Patrick W. Serruys, M.D., Ph.D. 

From the Intracoronary Imaging Laboratory and Cardiac Catheterization 
Laboratory, Thoraxcenter, Rotterdam, The Netherlands 



INTRODUCTION 

Coronary angiography is used during interventional procedures to assess the 
morphologic characteristics and to measure the absolute and relative dimensions of 
the stenotic segment. Computer~assisted quantitative coronary angiography has 
greatly increased the accuracy of these measurements, yielding precise and 
reproducible results [1,2]. However, multiple characteristics of the stenotic segment 
(minimal lwninal cross-sectional area and percent cross-sectional area stenosis, 
length, entrance and exit angles) must be determined to assess the functional severity 
of a coronary stenosis [3,4]. Angiographic measurements of the reference segment 
can be misleading because of the presence of a diffuse atherosclerotic narrowing, of 
post-stenotic ectasia or of intraluminal defects, as frequently observed after coronary 
interventions. Fnrther, angiography provides no information on plaque composition 
and no direct measurement of plaque thickness and eccentricity. Angiography bas 
also a low sensitivity in the detection of thrombosis and wall dissection. To 
overcome these limitations, new techniques have been developed to obtain a more 
complete and precise assessment of the morphological and functional characteristics 
of coronary stenoses using intracoronary probes. This manuscript reviews the role 
and limitations of four new catheter-based imaging and non-imaging techniques 
during coronary intervention. 

TWO-DIMENSIONAL INTRACORONARY ULTRASOUND 
IMAGING 

Intravascular ultrasound has the unique advantage of studying vessel wall mor
phology and pathology beneath the endothelial surface [5,6]. Although earlier 
prototypes have been described and tested in the seventies [7], the major impetus for 
the development of intracoronary ultrasound into a practical tool was a consequence 
of the introduction of catheter-based interventions for treatment of atherosclerotic 
disease both in coronary and peripheral arteries. The safety of the use of new 
generation intracoronary ultrasound probes has been confirmed in a recent 
multicentric survey, reviewing 1,904 examinations in 1,837 patients (Yock et al., 
personal communication). Minor complications (spasm, reversible occlusion, 
dissection) occurred in 64/1904 arteries studied (3.5%). Seven major complications 
(myocardial infarction, bypass surgery) occurred and in 3 cases were considered 
""certainly"" related to the ultrasound study (0.16%). No deaths were considered as 
possibly or certainly related to the ultrasound study. The major complications 
predominantly occurred (6/7) during interventional procedures. 

Technique 

Two approaches are currently applied to obtain cross-sectional images of the vessel 
wall. One approach is based on mechanical rotation of a single crystal (single 
element mechanical system) while in the other several crystals are mounted around 
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the tip of the catheter and used in sequence to scan around the circumference 
(multielement electronic system). Advantages and disadvantages of the two systems 
can be summarized as follows: 
Single element mechanical systems: Mechanical rotation of the ultrasound element 
permits to circnmferentially scan the vessel wall perpendicular to the long axis of the 
catheter. Rotating an acoustic reflector in front of a fixed transducer is an alternative 
approach. The principle is simple but realizing a driving mechanism while keeping 
the catheter fully flexible and steerable as well as its miniaturization are challenging 
problems. Distortion of the image because of an unequal rotation of the element/mir
ror at the catheter tip is a limitation of these systems. The advantages of the 
mechanical probes are imaging with high resolution and absence of near-field artifact 
Multi~element electronic systems: Sixty-four transducer elements are mounted 
around the circumference of the tip of a catheter which is as thin as an angioplasty 
intracoronary catheter. The signal is processed and multiplexed via ultra-miniatntized 
integrated circuits contained in the tip of the catheter. Each transducer element 
transmits and receives independently. Thus, this dynamic aperture array differs from 
phased array technology in which elements are activated in concert. Advantages of 
the system are: the catheter shaft, containing conductive wires only, is very flexible; 
a central lumen is available for guide-wire insertion; no distortion of the image due 
to inhomogeneous mechanical rotation is present. Disadvantages are a near-field 
artifact around the tip of the catheter, so that structures close to the catheter tip are 
not imaged, and the limited resolution and dynamic range of the system. 

ADVANTAGES OF INTRACORONARY ULTRASOUND 

Intracoronary ultrasonnd has three major advantages in comparison with angiography 
for the assessment of wall pathology. 

l. Detection of wall pathology in apparently normal angiographic segments: 
Glagov et al [9] have shown that coronary arteries undergo a progressive enlargement 
in relation to increases in plaque area, so that a reduction of lumen area is delayed 
until the atherosclerotic lesion occupies more than 40% of the area circumscribed by 
the internal elastic lamina. These fmdings explain why angiographically nortnal 
arterial segments may show an extensive atherosclerotic involvement at autopsy [9], 
by direct surgical inspection and on intraoperative epicardial high-frequency 
echograms. Intravascular ultrasound has confirmed that significant and diffuse 
atherosclerotic changes may be present in angiographlcally normal arterial segments 
(Fignre 1) [9,10,11]. Furthermore, intravascular ultrasound can facilitate the 
assessment of the severity of intermediate lesions or of lesions not clearly visualized 
with angiography (ostial lesions. proximal lesions not clearly visualized in multiple 
projections with angiography). 
Detection of plaque eccentricity: An accurate assessment of lumen eccentricity with 
angiography reqnires an angiogram perpendicular to the maximal plaque tltickness. 
Angiography determines the eccentricity of a stenosis comparing the proximal and 
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Fig. I. Ultrasonic image (left panel, A} showing a large concentric plaque at the site of a moderate 
stenosis in a proximal right coronary artery (position A, indicated with an arrow in the corresponding 
angiogram, right panel). Also in the position indicated with B, apparently nonnal in the angiographic 
image, a diffuse intimal thickening induces a 43% cross-sectional area stenosis. 
Calibration: 0.5 mm. 

distal segments of the vessel, assumed as ··normal"' reference segments so that a 
misinterpretation is possible if the eccentric plaque also involves the reference 
segments. Intravascular ultrasound detects the eccentricity of the lesion from a direct 
measurement of the maximal and minimal thickness of the plaque so that the 
eccentricity index calculated with intravascular ultrasound is independent from the 
characteristics of the contiguous segments [12]. The advantage of the ditect 
visualization of eccentric plaques is obvious in the guidance of percutaneous 
recanalization techniques which allow selective removal of atheromatous plaque, 
avoiding potentially dangerous procedures in areas of thin, normal wall [13]. 
Study of plaque composition: Two types of atherosclerotic plaques can be distin
guished (Figure 2). "Hard"" plaques are seen as highly echogeuic lesions and are 
likely to be composed of dense fibrous tissue. The additional presence of sbadowing 
and duplicate echoes indicates the presence of calcific deposits. "Soft" plaques are 
lesions with low echogenicity and may consist of thrombus, fibromuscular tissue or 
loose collagen. Occasionally, markedly hypoechoic areas can be identified within the 
plaque and are suggestive of lipid deposition or intraplaque necrotic degeneration. 
Most atherosclerotic lesions are complex plaques with multiple components, thus 
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Fig. 2. Examples of different echographic characteristics of atherosclerotic plaques in 4 different patients. 
Upper left panel: predominantly -soft- plaque with a small calcification with shadowing at 9:00 o"clock. 
Upper right panel: eccentric non-calcific -hard~ plaque. Note that the plaque echogenicity is similar to the 
echogenicity of the vascular adventitia. Lower left panel: mixed plaque with an inner area of low 
echogenicity surrounded by a more echogenic structure. The image is suggestive of an area of lipid 
deposition enclosed in a fibrous cap. Lower right panel: diffuse subendothelial calcification with 
shadowing and duplicate echoes (napkin's ring). 

explaining why most of the stenotic segments undergoing balloon dilatation show 
areas of different echographic characteristics within the plaque ("mixed" plaques). 
Different echogenic characteristics of the culprit lesion have been reported in patients 
with stable and unstable syndromes. A prevalence of soft plaques with fewer 
intralesional calcium deposits has been reported by Hodgson et al [14]. In our 
experience, although echogenically "soft" material was present in almost all the 57 
unstable lesions studied, the overall echographic characteristics of the plaque were 
similar in stable and unstable syndromes [15]. 

Knowledge of plaque composition may be helpful for deciding which lesions are 
more snitable for which specific trearment modality. "Soft" plaques are more likely 
to be dilated by compression, stretching and superficial intimal tears. Alternatively, 
"'hard" or clearly calcific plaques have a higher risk of extensive dissection [16]. The 
presence of diffuse subendothelial calcification is associated with a lower success rate 
and higher risk of complications after directional coronary atherectomy, suggesting 
that alternative techniques such as rotational atherectomy should be used [17]. Using 
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this last technique, intracoronary ultrasound has shown that the neo-lumen is more 
circular and regular after treatment of "hard"'fcalcific lesions than after treatment of 
"soft"' plaques [18]. On the contrary, after directional atherectomy a smaller amount 
of tissue is retrieved in the presence of "hard"' or calcific lesions and more 
complications occur [19]. However, when "'hard" lesions have been treated with 
directional atherectomy, they seem to be less prone to restenosis [19]. 

Mechanism of coronary interventions and restenosis 

The possibility to measure lumen area and area inside the external elastic lamina 
before and after coronary interventions allows one to study the mechanism of balloon 
dilatation. Wall stretching with or without wall dissection has been reported as the 
main operative mechanism of balloon angioplasty in both coronary [20] and 
peripheral arteries [21]. A significant plaque compression (absolute reduction of 
plaque area) has been more recently reported [22,23]. The evaluation of a single 
cross-section, at the site of the minimal luminal cross-sectional area before and after 
angioplasty, may be insufficient for a complete assessment of the mechanism of 
balloon dilatation, thus explaining the differences in the results reported in the 
literature. In 18 coronary stenoses treated with balloon angioplasty and examined 
with three-dimensional intracoronary ultrasound, Mintz et a! [24] noted the presence 
of an axial redistribution of the plaque away from the narrowest cross-sectional area, 
without significant changes in the total plaque volume. Intracoronary ultrasound has 
shown that gain in luminal area is primarily achieved by plaque removal with 
directional coronary atherectomy [13,20] (Figure 3). However, the measurement of 
plaque area before and after directional coronary atherectomy allows the detection 
of individual cases with an unchanged or almost unchanged plaque area after 
treatment. These different mechanisms may have a prognostic value to predict the 
long-term result after atherectomy. 

Immediate complications and long-term results can be predicted based on the 
morphological fmdings after the interventional procedure [16]. Pathology studies have 
sho\Vll that intimal splits or cracks with localized medial dissection are normal 
operative mechanisms of balloon angioplasty. Extensive medial tears (>50% of the 
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Fig. 3. From left to right minimal luminal cross-sectional area (MLCSA), plaque area and total area 
changes in 16 patients treated with directional coronary atherectomy. Although a significant plaque 
reduction occurred in most cases, accounting for most of the lumen gain, note the presence of individual 
cases with a minimal plaque decrease and in whom wall stretching (total area increase) was the 
mechanism of lumen enlargement. 
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vessel circumference), however, are at risk of abrupt closure [25,26]. A "smooth
walled" appearance is the most common angiographic pattern after balloon dilatation 
(41 %), followed by intimal flaps (22%) and intraluminal haziness (17%) [27]. The 
presence of a dissection flap on angiography is a predictor of abrupt occlusion after 
angioplasty, resulting in a 6.5 fold increase of a major complication in the following 
24 hours [28]. The identification of patients at high risk, requiring a prophylactic 
treatment such as stent implantation, however, is not possible based on the 
angiographic fmdings. Furthermore, the presence of an angiographically visible 
dissection immediately after balloon angioplasty is not a predictor of late restenosis 
[29]. Intravascular ultrasound is more sensitive than angiography in detecting 
development of dissections following interventional procedures [30-34] and can 
identify circumferential and longitudinal extension of a dissection post-angioplasty 
[35,36] (Figure 4). An increased risk of abrupt occlusion requiring stent implantation 
or emergency coronary bypass graft implantation was observed in the presence of 
circular dissections (20], major tears being observed 4 times more conunonly in the 
adverse outcome group. These lesions also showed an increased risk of long-term 
restenosis (>50%) [37]. At the other extreme, a higher restenosis rate has been 
reported in the absence of intimal dissection, when only plaque stretching is the 
mechanism of lumen enlargement [3 3]. 

Intravascular ultrasound has confirmed previous observations from in vitro models 
showing that tears tend to occur at the junction between normal wall and plaque or 

Fig. 4. Large dissection after PTCA in a large circumflex artery. The dissection starts at the origin of 
the obtuse marginal branch (B) and forms a large false lumen (C) for around LS em distally. Note that 
only an intraluminal filling defect is observed in the corresponding angiographic image. 
Calibration: 0.5 mm. 
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between "soft'" tissue and calcific plates [38]. The qualitative and quantitative 
information provided by intravascular ultrasound may be used to reconstruct 
computerized models of the vessel and measure the wall stress in order to predict 
risk and location of wall dissections [39]. 

Intravascular ultrasound gives a new insight into the causative mechanism of 
restenosis. Based on the results of serial intravascular ultrasound studies [40], the 
importance of nee-intimal hyperplasia in the process of restenosis has to be 
questioned. The increase in plaque area observed at the stenosis site from the 
measurements obtained immediately after angioplasty to the measurements obtained 
at 6 months' follow-up, accounted for ouly 32% of the loss in luminal gain [40]. 
Further, no significant changes of the echographic characteristics of the plaque were 
observed from the initial study to the follow-up study [41]. Based on these fmdings, 
mechanisms which must be considered as an alternative to or in combination with 
nee-intimal hyperplasia are an overestimation of the initial luminal area gain by 
angiography because of undetected intraluminal flaps (pseudorestenosis), late 
thrombotic obliteration of dissection planes and a process of chronic recoil. 

The metallic struts of current generation stents are poorly visible with fluoroscopy 
but are highly echogenic and show a clear and characteristic pattern with intravas
cular ultrasound [42]. An incomplete apposition of the struts to the vessel wall results 
in an increased risk of thrombosis and can be identified more easily with ultrasound 
than with angiography. A more frequent situation is the incomplete expansion of the 
stent due to the rigidity of the stenotic plaque. This suboptimal deployment, 
especially if the expansion of the stent is asymmetric, is not easily detected by 
angiography and prevents the normalization of luminal dimensions and restoration 
of a regular circular cross-sectional area. Ultrasound-guided inflations of short 
balloons within the stent can be used for the optimization of stent deployment. 
Intravascular ultrasound can also elucidate the mechanisms of restenosis within the 
stented segment and distinguish stent compression from nee-intimal proliferation 
[43]. 

Limitations 

The miniaturization of the currently available ultrasound catheter is still insufficient 
to allow the study of a clinically significant stenosis and of distal coronary arteries. 
Prototype catheter systems smaller than 3 Fr are now under clinical evaluation. 

All the elements of the catheter, including the distal end where the echo-transducer 
is mounted, must be fully flexible in order to allow safe and successful negotiation 
of tortuous vessels, especially in intracoronary application. Furthermore, with 
currently available intravascular ultrasound systems, the image quality is not 
consistently adequate to allow a complete evaluation of vascular dimensions and 
morphological changes. 

Limited steerability of the intravascular ultrasound catheters precludes correction 
for a non-coaxial or eccentric intravascular position. The perpendicularity of the 
ultrasound beam to the vascular wall influences the intensity with which the structure 

10 



is visualized and partial drop-outs occur above a critical angle of incidence [ 44]. In 
addition, the "blooming " effect induced by off-axis position of the catheter results 
in an overestimation of the vascular lumen and wall [ 45]. 

Intravascular ultrasound is an expensive technology. The additional diagnostic and 
prognostic information during recanalization procedures must be contrrmed in large 
studies to determine if the expected benefit outweighs the cost. 

Future developments 

Efforts are being made to combine intravascular imaging with ablation techniques, 
so that the echographic cross-sectional image can be used for accurate application of 
the selected atherectomy technique aiming at maximal plaque removal without 
damage to the underlying vessel wall [46,47]. 

Forward imaging would make assessment of vascular disease more comprehensive 
and guidance of interventions more practical. 

The implementation of software systems for on-line automatic quantification and 
three-dimensional reconstruction [48], providing spatial orientation and safe 
application of ablation devices, is a research goal (Figure 5). 

Fig. 5. Three-dimensional reconstruction of a proximal left anterior descending coronary artery after 
directional coronary atherectomy. An almost complete normalization of the lumen has been achieved as 
shown by the angiogram (left panel) and confirmed by the longitudinal view of the reconstructed segment 
(lower image of the mid-panel). The longitudinal view and the three-dimensional image (right panel), 
however, show length, thickness and circumferential extension of a large residual plaque, facilitating a 
further selective plaque removal. In the three-dimensional images on the right panel, note the presence of 
artifacts due to the catheter strut on the internal surface of the two half cylinders ( .. open-shell- format). 
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Analysis of the backscatter signals would allow a more accurate and quantitative 
characterization of plaque components. 

An improvement in image quality and a further miniaturization and increased 
flexibility of the ultrasound probes seem to be conflicting objectives with difficult 
technical solutions. The use of a miniaturized motor unit which can rotate the 
ultrasonic crystal at high speed avoiding a connection with an external unit is an 
example of the many possible revolutionary technical solutions tested in this rapidly 
evolving field. 

FIBEROPTIC INTRACORONARY ANGIOSCOPY 

The use of optical fibers in medicine has found a new application for the assessment 
of the surface of the vessel walL Although the initial experiences have been reported 
in the early eighties, only in the last few years has a larger clinical application been 
possible due to the miniaturization of the angioscopes, the improvement in resolution 
afforded by the use of multiple microscopic fibers and the incorporation of effective 
systems to occlude and flush the vessel proximal to the angioscope. 

Technique 

The angioscope used at the Thorax.center (ImageCath, Baxter Laboratories, Irvine, 
California) is mounted at the tip of a Monorail type catheter with a diameter of 4.5 F 
(1.43 =). This catheter features a compliant cuff which can be inflated at low 
pressure proximal to the stenosis to a diameter of up to 5 mm., a flush port distal to 
this cuff and a movable optical bnndle with an extension range of 5 em. The imaging 
bundle is composed of 3,000 individual optical fibers of 2 11m diameter and 
terminates at a grin lens constructed with a gradient index of refraction so that all the 
images tend to appear in focus regardless of the distance from the lens. The central 
imaging bundle is surrounded by 12 light fibers of 120 !liD of diameter, coupled to 
a light source located at the base of the catheter and with an illuminating power of 
100,000 lux, although only an effective illumination power of 45 lux is delivered at 
the tip of the catheter. After positioning of the angioscope over the wil-e in the 
segment to be exarrrined, the balloon is inflated and a continuous flushing with 
Ringer's lactate is performed at infusion rates variable from 30 to 50 ml/min. Once 
the crystalloid solution has cleared the image field from blood, the tip of the catheter 
is advanced to explore the lesion nnder study. 

Angioscopic characteristics of the lesion 

In vitro studies have confrrm.ed the ability of intracoronary angioscopy to detect 
ulcerated plaques and thrombi [49]. In a histopathological comparison with 
ultrasound [50], angioscopy showed a sensitivity of 100% for the detection of 
thrombi, significantly higher than the sensitivity observed with ultrasound (57%). 
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Fig. 6. Digital angiogram of the left coronary angiogram in a patient with post-infarction angina. An 
eccentric lesion with smooth contours and without contrast staining is present in the mid-segment of the 
left anterior descending coronary artery. The corresponding angioscopic image shows an area of mural 
thrombosis proximal to the lesion and a red protruding thrombus at the site of the narrowing. 

Angioscopy has been used intraoperatively to defme the mechanism of unstable 
angina, showing the presence of arterial thrombosis, undetected by angiography, in 
the vast majority of the cases [51] (Figure 6). Our experience [52-53] includes 27 
patients admitted to hospital within 2 weeks from the study because of unstable 
angina, 11 patient with chronic stable angina, 17 patients with recurrence of pain 
within 2 weeks after acute myocardial infarction. A complex lumen shape and an 
ulcerated vessel surface were present in 18 and 9% respectively of the patients with 
stable angina but were predominant in the group with unstable and post-infarction 
angina pectoris (48 and 50%, respectively, both p < 0.05). Thrombosis was present 
in 7 4% of the patients with an unstable syndrome vs 18% of the cases with stable 
angina pectoris. It is noteworthy that the thrombus had the characteristics of a mass 
protruding into the vessel lumen in 14/23 patients (61 %) with unstable syndromes. 
Only mural thrombi were observed in the patients with stable angina. Different 
characteristics of the thrombi were observed in patients with unstable angina and 
after acute myocardial infarction, with a prevalence of occlusive thrombi and of red 
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Fig. Z Digital angiograms showing a complex plaque in the mid-segment of a saphenous vein graft 7 
years after implantation. 'Three ultrasonic cross-sections obtained from proximal to distal at the site of the 
lesion (top panel, A, B and C) show the presence of a soft eccentric plaque containing a cavity 
communicating retrogradely with the vessel lumen. The corresponding angioscopic image (lower panel) 
shows a friable lesion composed of red-greyish material and suggestive of organizing thrombi. 

14 



thrombi in this last group [54]. The greyish appearance of the thrombus in unstable 
angina was correlated to the presence of a platelet rich matrix, as opposed to the red 
appearance of the thrombus during acute myocardial infarction, composed of a red 
blood cells trapped in a fibrin matrix. The same authors [55] have reported that 
xanthomatous plaques are more frequent in unstable syndromes than in patients with 
chronic stable angina. A high frequency of intravascular thrombi was observed also 
in degenerated venous bypass grafts prior to balloon angioplasty [56]. Friable lesions, 
composed of fragmented or loosely adherent plaque l.ining the vessel wall, and 
spontaneous dissections were also frequent in degenerated grafts (Figure 7). 

Application during coronary interventions 

i\ngioscopy has a higher sensitivity than angiography in the detection of wall 
dissections after coronary interveutions [57,58,59]. Superficial dissections, appearing 
as mobile whitish intraluminal fronds, may also be present before interventions, due 
to the trauma induced by the angioplasty guidewire and are an almost constant 
fmding after coronary interventions. Plaque fractures, appearing as deep crevices 
extending into the wall of the vessel, are more rare (Figure 8). In comparison with 
intravascular ultrasound, angioscopy has a higher sensitivity in the detection of small 

Fig. 8. Right panel: quantitative angiographic measurements before and after angioplasty of a large 
circumflex artery. Lumen enlargement after angioplasty is evident also in the corresponding angioscopic 
images before and after intervention. A deep tear induced by balloon inflation and not detected with 
angiography is indicated by an arrow. · 
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superficial tears but, for deeper dissections, is unable to study depth and longitudinal 
extension of the plaque fracture. In an in vitro setting angioscopy has also been used 
successfully to remove experimentally induced intimal flaps using a microbiopsy 
forceps under visual guidance [57]. In our experience including 17 patients studied 
with angioscopy before and after balloon angioplasty and 12 patients studied before 
and after directional coronary atherectomy, newly developed multiple superficial 
flaps or deep dissections were observed with angioscopy in 65 and 24% of the 
lesions, respectively [60]. A newly developed thrombus or the increase of a 
preexisting thrombus was also frequent after these interventions (38%) but remained 
undetected by angiography and intravascular ultrasound. An increase of the amount 
of thrombotic material in the frrst hours after balloon angioplasty has been 
documented with implications for acute complications and long-term restenosis [61]. 

The development of acute occlusion after angioplasty can be the result of a 
massive thrombosis or of an extensive dissection. Angioscopy has the potential to 
determine the mechanism of occlusion and provide information guiding appropriate 
therapy. In 10 patients studied by angioscopy innnediately following an abrupt 
occlusion after PTCA, Jain et al. [62] reported that a dissection was by far the most 
frequent cause of occlusion (80% ). 

During stent deployment, angioscopy can provide additional information with the 
identification of presence and extension of wall thrombosis, visualization of plaque 
bulging at the stent articulation and of incomplete stent apposition to the wall [63]. 

In 5 restenotic lesions late after balloon angioplasty, a pearl-white appearance was 
observed, consistent with a fibrous proliferation [ 64]. 

Limitations and future developments 

Fiberoptic angioscopy requires transient vessel occlusion and continuous flushing 
with a transparent crystalloid solution. Although significant arrhythmias are not 
normally observed during the short interval required for an angioscopic study 
(60-90 s per insertion), discomfort to the patient remains a limitation of the 
technique. The use of oxygen-carrying solutions has been proposed, with the aim to 
prolong the study and reduce patienfs symptoms. Their high viscosity, however, 
prevents an effective high-flow infusion. 

The most frequent cause of insdequate visualization by angioscopy is the eccentric 
position of the angioscope within the vessel lumen, with images limited to a small 
quadrant of the vessel wall. Improved steerability of the catheter or of the optical 
bundle may obviate this limitation in the future. An increase in the number of 
imaging optical fibers is desirable to further improve resolution. 

The subjective perception of colours is prone to a large interobserver variability, 
increased by the effect of variations of light intensity. An automatic measurement of 
colour intensity may facilitate a reproducible and objective classification of wall 
changes and may show a better correlation with the morphologic characteristics of 
the exantined structures [65]. Angioscopy is unable to provide quantitative 
measurements of lumen dimensions. With the use of a light-wire projecting a 
circumferential light bundle at a lmown distance from the angioscope, quantitative 

16 



measurements have been obtained in our laboratory. A malalignment of the 
angioscope with the long axis of the vessel, however, remains a potential limitation 
[66]. 

The dream of the interventional cardiologist is the incorporation of the angioscope 
in an interventional device, allowing a continuous visual assessment of the plaque 
removal comparable to the use of laparoscopy or endoscopy during percutaneous 
cholecystectomy or sphynterotomy. The optical fibers used to deliver the laser energy 
in the laser atherectomy catheters can also be nsed for imaging purposes. Further, 
there is increasing evidence that the replacement of blood with saline required during 
angioscopic runs, increases the efficacy of laser ablation. These two elements suggest 
that efforts should be concentrated in the development of a combined laser 
catheter/angioscope system. 

TRANS-STENOTIC PRESSURE GRADIENT MEASURED WITH 
PRESSURE MICROSENSORS 

Andreas Gruntzig, the inventor of coronary angioplasty. made use of the transstenotic 
pressure gradient to guide the progression of the balloon catheter in the coronary tree 
up to the targeted stenotic lesion, to demonstrate the severity of the stenotic lesion 
and to assess the results of the intervention [67,68]. The physiological value of 
measurements performed through the lumen of the balloon catheter has always been 
questioned since the catheter impedes flow by its presence. Experimental data 
obtained in dog femoral arteries suggest that the "true" stenosis gradient is 
overestimated in a predictable manner dependent on the ratio of the catheter diameter 
over the stenosis diameter [ 69]. The further miniarurization of the balloon catheter, 
the introduction of the movable guidewire and of the Monorail technique soon 
rendered measurement of pressure gradient less applicable. 

The interest for the use of post-stenotic pressure measurements in the Catheteri
zation Laboratory has been revived by the development of ultraminiarurized 
transducers, allowing a high-fidelity measurement of post-stenotic pressure with a 
negligible additional reduction of cross-sectional area [70]. 

Technique 

The pressure microsensor is located 3 em proximal to the flexible tip of a 0.018" 
guidewire (diameter 0.45 mm, cross-sectional area 0.17 = 2

, Radi Medical Systems, 
Uppsa!a, Sweden). Light is emitted from a control unit through a beam splitter and 
is transmitted to the sensor element along an optical fiber integrated in the guidewire. 
The sensor element consists of a silicon cantilever with a mirror integrated into its 
free end. Deflection of the mirror induced by the elastic movement of the sensor in 
response to changes in the external pressure modulates the reflected light. The signal 
is then transmitted back through the same optical fiber and is detected by a photo 
diode in the control unit. The system has been validated in vitro with regard to signal 
transfer characteristics, linearity and frequency response [70]. 
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Fluid-filled guidewire systems have also been designed and successfully tested in 
vitro and in vivo [71 J. These transducers have the advantage of lower cost and ease 
of use but cannot provide a phasic pressure recording. 

Application for the assessment of stenosis severity 

Baseline and hyperemic pressure gradients correlate well with angiographic 
measurements and with stenosis flow reserve [72]. More recently, Pijls et al. [73] 
have proposed a set of hydrodynamic equations based only on coronary pressure 
measurements to quantify separately the transstenotic flow from the contribution of 
the coronary collateral circulation. Measurements of absolute coronary flow using 
positron emission tomography have been used to validate in humans the myocardial 
flow reserve calculated from pressure measurements. A practical drawback of the 
technique is that a post-stenotic pressure during balloon occlusion (wedge pressure) 
is required for the relative estimation of anterograde transstenotic flow and collateral 
flow, lintiting the application of this technique for diagnostic purposes. 

POST-STENOTIC FLOW VELOCITY MEASURED WITH 
A DOPPLER-TIPPED ANGIOPLASTY GUIDEWIRE 

Technique 

The Doppler angioplasty guidewire is a 0.0!8" or 0.014" 175 em long flexible and 
steerable guidewire with a floppy shapable distal end mounting a 12-15 MHz 
piezoelectric transducer at the tip (Cardiometries Inc., Mountain View, CA) [74]. The 
sample volume is positioned at a distance of 5.2 mm from the transducer and has an 
approximate width of 2.25 mm due to the divergent ultrasound beam so that a large 
part of the flow velocity profile is included in the sample volume also in case of 
eccentric positions of the Doppler guidewire. After real-time processing of the 
quadrature audio signal a fast-Fourier transform algorithm is used to increase the 
reliability of the analysis [75], the Doppler system calculates and displays on-line 
several spectral variables including the instantaneous peak velocity and the time
averaged (mean of 2 beats) peak velocity. The flow velocity measurements obtained 
with this system have been validated in vitro and in an anintal model using 
simultaneous electromagnetic flow measurements for comparison [74]. Mean flow 
velocity is calculated as time-averaged peak velocity/2, assunting a fully developed 
parabolic flow velocity profile 76]. 

Application during coronary interventions 

Monitoring and assessment of the results of coronary interventions 
The Doppler guidewire can be used to assess the severity of the lesion to be treated 
before angioplasty. During the dilatation, the Doppler guide wire is left in place distal 
to the lesion in order to continuously record the Doppler signal and monitor the 
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development of collateral flow, the restoration of flow after balloon deflation, the 
phase of post-occlusive reactive hyperemia and, incidently, the development of flow 
limiting complications. Immediately after the inflation, the balloon is withdrawn into 
the guiding catheter in order to avoid the residual obstruction of flow due to the 
presence of the deflated balloon across the lesion. The restoration of anterograde flow 
can be immediately detected during the deflation of the balloon, before the 
disappearance of electrocardiographic changes or of symptoms. The rapid flow 
velocity increase in the phase of post -occlusion reactive hyperemia can be used to 
assess the adequacy of lumen enlargement post-angioplasty innnediately after the 
deflation of the balloon (Fignre 9). 

Fig. 9. Left panels: Flow velocity measurements distal to a severe stenosis of the right coronary artery 
in baseline conditions and at peak hyperemia induced by the injection of papaverine intra coronary. APV
time-averaged peak velocity. 
Mid-panels: On-line quantitative angiographic measurement (Philips DCI ACA analysis package, 
Eindhoven, The Netherlands). Absolute and relative measurements of stenosis severity are showed in the 
lower panel, reporting also a plot of the stenosis flow reserve. 
Right panels: The black arrow shows a clear indentation of the balloon during inflation. Note the Doppler 
guidewire, positioned distal to the stenosis (white arrow). Immediately after balloon deflation a rapid 
increase of flow velocity occurs in the post·ischemic period. Note the increase in time·averaged peak 
velocity and maximal diastolic velocity (from 47 crn/s and 52 cm[s before PTCA to 76 and 110 cm/s after 
PTCA, respectively). Note also the relative decrease of the systolic component after PTCA. 

In a study by Serruys et a!. [77] on 34 patients, coronary flow reserve, expressed 
as the ratio of hyperemic/baseline flow velocity, showed a moderate but significant 
increase post-PTCA (from 1.75 ± 0.55 to 2.39 ± 0.75 ,p < 0.005). A comparable flow 
velocity increase was observed post-PTCA in the phase of the maximal reactive 
hyperemia recorded following balloon dilatation and at the peak effect of a 
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papaverine injection (45 ± 22 crnfs peak reactive hyperemia vs 47 ± 20 crnfs after 
papaverine, NS). The ratio between mean diastolic and mean systolic flow velocity 
measured during baseline conditions distal to the stenosis was 1.51 ± 0.58 pre-PTCA, 
significantly lower than the ratio measured in 39 normal/near-norntal arteries 
(2.09 ± 0.90, p < 0.001). After angioplasty, the diastolic/systolic flow velocity ratio 
increased from 1.51 ± 0.58 to 2.16 ± 0.98 (p < 0.001) and did not differ from the 
control group. 

Segal et a!. [78] have also recently reported their results after balloon angioplasty 
in 38 patients. Twelve patients without significant coronary artery disease served as 
a control group. Following angioplasty. the time-averaged peak velocity in the distal 
vessel increased from 19 ± 12 to 35 ± 16 crnfs (p < 0.01), whereas in the proximal 
vessel velocity increased to a lesser extent (pre-angioplasty 34 ± 18 cm[s vs post
angioplasty 41 ± 14 cm[s, p=0.04). Coronary flow reserve did not increase 
significantly after angioplasty whether measured in either the distal or proximal 
coronary artery (p < 0.10). When measured distal to significant stenoses (> 70 %) 
before angioplasty, the diastolic/systolic flow patterns were noted to be abnorntal 
with low diastolic to systolic flow ratios (1.3 ± 0.5) when compared to coronary 
arteries in patients without significant stenoses (diastolic to systolic flow ratio = 

!.8 ± 0.5, p < 0.01). Phasic velocity patterns normalized with significant increases in 
diastolic to systolic flow ratios (1.9 ± 0.6, p < 0.01) within 10-15 minutes following 
successful balloon angioplasty. In the proximal vessel, phasic diastolic/systolic flow 
patterns were not significantly different than in norntal vessels (diastolic to systolic 
flow ratios= 1.8 ± 0.8 vs 1.8 ± 0.5, p < 0.10) and diastolic to systolic flow ratios did 
not increase significantly following angioplasty (p < 0.10). 

Similar fmdings have been reported by Ofili eta!. [79] before and after angioplasty 
In 32 patients, 15 with angiographic norntal arteries and 27 with significantly 
stenosed arteries. After angioplasty, improvement in the phasic pattern, increase in 
the total velocity integral and the peak diastolic velocity during hyperemia in the 
distal region were noted. The mean and peak diastolic velocity during hyperemia 
were also significantly higher in the proximal and distal stenotic regions compared 
to the pre-angioplasty values. An additional indicator of a satisfactory result was the 
improvement in the ratio of proximal to distal mean velocity which correlated with 
the angiographic success of the procedure. The distal mean velocity increased 200% 
compared to 90% for proximal mean velocity (p < 0.05), which resulted in near 
equalization and normalization of proximal and distal velocities and significant 
reduction in the proximal to distal mean velocity. Systolic velocity integrals were 
also significantly lower following angioplasty (2.1 ± 1.2 vs 1.2 ± 0.3, p < 0.02). 

Rationale for application of velocity indices during interventions 

Coronary flow reserve: The ratio of maximal flow to baseline flow (coronary flow 
reserve, CFR) is a well-established methodology to provide a normalized index which 
is comparable in arteries of different diameter and in different subjects and has been 
shown to be well correlated with the severity of coronary stenoses [80] (Figure 10). 
The possibility of measuring coronary flow velocity with a Doppler guidewire 
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Fig. 10. Flow velocity measurements distal to an angiographically intermediate lesion of the left anterior 
descending coronary artery before and after intracoronary injection of 12.5 mg of papaverine i.e. 

positioned distal to a stenosis avoids one of the major problems present with the use 
of Doppler catheters, the necessity to maintain the probe proximal to the stenosis. 
Confusing effects due to the interposition of side·branches between the site of the 
measurement and the stenosis can preclude a correct assessment of the velocity 
changes induced by the stenosis. As a ratio. however. CFR is influenced by changes 
in resting myocardial flow and by factors modifying the slope of the flow-pressure 
relationship during maximal hyperemia such as the presence of myocardial 
hypertrophy and changes in pre-load, heart rate and myocardial contractility [81-83]. 
Furthermore. the ratio between maximal hyperemic flow. which is linearly related to 
changes of driving pressure, and baseline flow, which is relatively independent from 
pressure changes in the autoregulatory range, is inherently variable with the level of 
aortic pressure at the time of measurement [11]. Coronary flow reserve, measured in 
clinical studies using Doppler or videodensitometry, correlated well with the 
angiographically measured stenosis severity only in very selected subsets of patients 
[84-86], but this index could not be successfully applied to a large population of 
patients with coronary artery disease [87]. Furthermore, after coronary interventions 
the increase in baseline flow and/or the persistence of an impaired vasodilatory 
response of the distal vasculature explains the unsuccessful results obtained using 
CFR for the inunediate assessment of the effects of interventional procedures 
[88,89,90,91,77,78, 79]. 
Diastolic to systolic flow velocity ratio: In contrast with the flow characteristics of 
most arterial beds, coronary arterial blood flow has a distinctive and mtique phasic 
pattern. Blood flow is higher in diastole and lower in systole (Figure 10). The 
classical experiments of Sabistom and Gregg have confirmed that the systolic 
reduction of arterial coronary flow is due to the contraction of the heart [92]. 
Squeezing of the capillary network was considered the cause of the flow changes 
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during the cardiac cycle and was attributed to the increase in tissue pressure 
consequent to the myocardial compression in the presence of a high systolic 
intraventricular pressure. More recently, an increased systolic stiffness of the cardiac 
myocytes has been proposed as a possible alternative [93,94]. 

Experimental and intraoperative human studies have shown that the contribution 
of the systolic components is increased distal to a stenosis [95-98]. A significant 
difference between distal diastolic to systolic velocity ratio was observed between 
nonnal arteries and arteries with significant stenosis [77,99,100] as well as in arteries 
examined before and after coronary angioplasty [77,78,79]. A limitation to the 
possible application of this index for the assessment of the hemodynamic severity of 
individual stenoses is the different pattern normally observed in the right and left 
coronary arteries and the variability of the diastolic to systolic velocity ratio and the 
changes of this ratio due to changes in cardiac contractility. 
Proximal ro distal velocity ratio: Only a moderate decrease of mean velocity, 
inversely proportional to the moderate increase in total cross-sectional area, occurs 
from proximal to distal segments in the epicardial coronary arteries. The uniform 
pattern of velocity decrease in epicardial nonnal arteries is drastically modified in the 
presence of a significant coronary stenosis, which induces a reduction of the post
stenotic velocity due to redistribution of flow in the lower resistance branches 
proximal to the stenosis. The ratio of proximal to distal mean velocity was 
significantly lower in normal arteries than in arteries with signfficant stenoses (1.1 ± 0.2 
vs 2.4 ± 0.7, p < 0.001) [101]. A trend towards a normalization of the proximal to 
distal velocity ratio has also been observed after coronary angioplasty [78, 79]. 
Despite these significant differences in the total population studied, a significant 
overlap was observed in patients with and without flow-limiting coronary stenoses. 
Furthermore, in the absence of important side-branches between the site of the 
proximal measurement and stenosis (very proximal stenosis, middle segment of the 
right coronary artery, bypass grafts) no redistribution of flow may occur and, for the 
principle of continuity of flow, constant proximal and distal velocities are measured. 
Instantaneous hyperemic velocity-pressure or pressure gradient relation: To over
come the limitations of the above mentioned indices, Mancini et al proposed the 
assessment of the instantaneous relation between aortic pressure and coronary flow 
during rnaxhnal hyperemia in the phase of progressive flow decrease (mid- and end
diastole) [102]. In their experhnental preparation, electromagnetic flowmeters were 
used to measure coronary flow and left ventricular pressure was used to defme the 
start- and end-points for the measurement, avoiding the diastolic phase influenced by 
the rapid cardiac relaxation and the phase of isovolumetric myocardial contraction. 
In separate series of experiments [102-1 03], the slope of the instantaneous hyperemic 
diastolic flow-pressure relation (lliDFPS) was shown to be independent from changes 
in heart rate, preload, aortic pressure and cardiac contractility. The lliDFPS showed 
a better correlation with the severity of coronary stenoses induced by epicardial 
constrictors than the conventional CPR. The measurement of coronary conductance 
obtained with this index was highly correlated with the measurement obtained using 
microspheres. In humans, selective measurements of instantaneous coronary flow 
cannot be easily performed in the cardiac catheterization laboratory. Intracoronary 
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Doppler, however, can accurately measure instantaneous flow velocities during the 
cardiac cycle [74,76]. Using Doppler-tipped guidewires the velocity measurements 
can be obtained distal to the stenosis, so that the flow changes will certainly reflect 
the severity of the lesion under study. 

We have studied feasibility, reproducibility and independency from the hemo
dynamic parameters at the rime of the assessment of the IHDVPS in 52 arteries with 
< 30% diameter stenosis [104]. Sensitivity and specificity of the IHDVPS for the 
assessment of a flow-limiting stenosis was established by comparing the measure
ments of IHDVPS in the control group with the measurements obtained in 24 arteries 
with ~30% diameter stenosis. 

Using a cut-off value of ~0.8 ctn'S-1 mm.Hg-1
, the sensitivity and specificity of 

this index in the detection of the absence of a :<:30% diameter stenosis were 95 and 
91%, respectively, with a sensitivity slightly greater than coronary flow reserve. 
Despite the potential interest of these initial observations, the assessment of a larger 
group of patients with flow limiting stenoses is required to establish the potential 
advantage of IHDVPS over CFR in the assessment of an impairment of coronary 
conductance. Furthermore, additional studies should address the value of this index 
for the assessment of changes of coronary conductance after coronary interventions. 
In this respect, the IHDVPS has the great potential advantage over CFR to be 
independent from hemodynamic changes and from changes in baseline velocity. 

The measurement of the relation between proximal coronary pressure and flow 
velocity distal to the stenosis explores both the changes in coronary conductance due 
to the presence of a stenosis and the vasodilatoty capacity of the distal coronary 
circulation. An independent assessment of these two components can be obtained if 
the pressure distal to the stenosis can be simultaneously measured. 

In a series of animal experiments performed by Gould et a!. [105], the relation 
between transstenotic pressure and flow velocity showed an excellent correlation with 
the severity of experimentally induced coronary stenoses. The simultaneous 
measurement of the transstenotic pressure gradient and flow velocity has several 
practical advantages. The possible misinterpretation of a low flow increase during 
maximal vasodilation is avoided because the simultaneous recording of the 
transstenotic pressure gradient discriminates a low flow increase due to a hemodyna
mically severe stenosis (high pressure gradient) from a low flow increase due to an 
impainnent of the distal vasodilatory mechanisms or to a competition of flow through 
a well-developed collateral circulation (low pressure gradient). Conversely, when a 
low maximal flow is present due to factors not dependent on the stenosis resistance, 
the measurement of a low transstenotic pressure gradient can be misleading and 
suggests the presence of a non-significant stenosis. 

Although the maximal flow and, consequently, the maximal transstenotic gradient 
is deter:rrllned also by factors independent from the stenosis resistance, the pressure 
gradientjflow relation is intimately correlated with the stenosis hemodynamics. Using 
a high-fidelity pressure transducer mounted on an angioplasty guidev.rire in 
combination with a separate Doppler guidewire, this approach has been recently 
applied in humans [77,106,107]. The initial results of the analysis of the instan
taneous pressure gradient-velocity relation suggest that this technique can repro-
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ducibly and accurately assess parameters which more precisely characterize the 
physiologic significance of coronary stenoses. 

CONCLUSIONS 

Coronary angiography provides a rapid overview and effective road-map during 
diagnostic or interventional procedures, has a low cost and enjoys a widespread 
availability. These advantages, coupled with the continuous improvement in image 
quality and possibility of on-line quantitative analysis, suggest that angiography will 
continue to be the principal imaging technique for coronary interventional procedures. 
However, knowledge on the qualitative and quantitative characteristics of the plaque 
is not available with angiography. Intracoronary ultrasound can image and 
quantitatively assess the vessel wall under the endothelial surface and is, at present, 
the technique with the greatest potential to become an established diagnostic 
technique for guidance of coronary interventions, especially when a selective plaque 
removal must be performed. The field of application of angioscopy is more limited, 
essentially including the qualitative assessment of the characteristics of the vessel 
wall surface. However, for this specific application and especially for the study of 
uustable plaques, angioscopy has an accuracy and resolution unmatched by any other 
imaging modality. 

The development of quantitative angiography and the introduction of new imaging 
techniques can not replace the functional methods for the assessment of stenosis 
severity. The measurement of the transstenotic pressure gradient and of the post
stenotic flow velocity using miniaturized sensors with guidewire technology offers 
an alternative to the conventional non-invasive methods which is immediately 
applicable in the Catheterization Laboratory during interventional procedures. The 
complexity of the coronary circulation, however, impairs the possibility to establish 
simple cut -off criteria to identify the presence of a flow-limiting stenosis. For 
intermediate lesions or in the presence of variable hemodynamic conditions, the 
accuracy of the assessment can be improved by the application of more complex 
indices proposed and validated in animal laboratories and based on the instantaneous 
relationship between pressure or pressure gradient and flow velocity. 

All these new techniques require technical improvements to further increase the 
quality of the image/signal and facilitate the integration in interventional procedures. 
Also at the present stage of development, however, the additional morphological and 
functional information provided by these techniques can modify the strategy of the 
operator in a substantial number of interventions [63,108]. However, still missing is 
a clear evidence that the modification in treatment modalities driven by these new 
techniques leads to a consistent improvement of the immediate results of the 
intervention and to a significant long-term clinical benefit. For intravascular 
ultrasound and Doppler, pilot studies (GUIDE II, PICTURE, VALID II, DEBATE) 
have been started to establish the ultrasonic/Doppler measutements and indexes with 
the best diagnostic and prognostic accuracy and which should be used in larger 
randomized trisls aimed at the comparison of an interventional strategy based ouly 
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on angiography and a strategy based also on these new diagnostic methods. 
Ultimately, only a positive resnlt of this type of trial may transform these promising 
research tools into diagnostic techniques of daily clinical use during coronary 
interventions. 
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37. Intravascular ultrasound: An evolving rival for 
quantitative coronary angiography 

CARLO DIMARIO, JOS R.T.C. ROELANDT. PETER P. DE 
JAEGERE, PIM J. DE FEYTER and PATRICK W. SERRUYS 

Introduction 

Quantitative angiography has been used to validate the accuracy of the 
measurement obtained with the early intravascular ultrasound catheters [1-
3]. In more recent reports [ 4-12] it was suggested that intravascular ultra
sound can be superior to quantitative angiography in the assessment of 
complex lesions (eccentric stenosis, asymmetric lesions, vascular dissections). 
In this article, advantages and limitations of the two techniques in the assess
ment of vascular dimensions are discussed based on the results reported in 
the literature and of our experience in 72 patients with coronary artery 
disease. 

Previous srudies comparing cintravascular ultrasound and angiography for 
the assessment of vascular dimensions 

The results of 11 clinical studies in which quantitative angiography and 
intravascular ultrasound were compared are summarized in Table 1. Differ
ences in equipment and methods of analysis limit the comparison and inter
pretation of data. Linear regression analysis is most commonly used as a 
statistical test in these studies. However, a regression coefficient close to 1 is 
not sufficient to conclude that the two techniques provide similar quantitative 
measurements [13]. The mean difference of the paired measurements and 
indexes of dispersion along the line of identity are more meaningful par
ameters but are not always reported. With the exception of Tobis [6] the 
results indicate that there is a good correlation between intravascular ultra
sound and angiographic measurements in normal or moderatey diseased 
segments (Fig. 1). In general larger cross-sectional areas were measured with 
intravascular ultrasound than with angiography [6, 8, 9, 11, 12]. A major 
limitation for a precise comparison is that the measurement of the same 
arterial cross-section is difficult. This is especially true when a major change 
of vascular cross-sectional area occurs along a very short segment. An angio
gram of sufficient quality to be quantitatively analyzed can not be obtained 
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Figure 1. Digital angiogram of a Palmaz-Schatz stent 4 months after implantation in a saphenous 
vein graft used as aorto-coronary bypass conduit. In the fluoroscopic image the poorly ra
dioopaque stent. indicated with arrows, is examined with a 4.3 rotating mirror ultrasound 
catheter. The minimal lumen of the moderate (re-)stenosis observed within the stent (position 
1) corresponds with ultrasound to a homogeneous area of poorly echogenic intimal thickening. 
Note that intravascular ultrasound in this case overestimates the minimal luminal cross-sectional 
area (4.94 mm2 with angiography vs 7.10 mm2 with ultrasound). A diffuse area of intimal 
thickening within the stent is detected also in position 2. a relatively normal segment angiograph
ically. Calibration: 0.5 mm. 

during the echogtaphic measurements since the catheter positioned in the 
stenotic segment partially occludes blood flow and hampers the run-off of 
contrast medium. In eccentric lesions or lesions treated with balloon angio
plasty a poor correlation and a large scatter of the paired measurements was 
found. After angioplasty, Tobis measured with intravascular ultrasound 
cross-sectional areas which were up to 50% larger than the corresponding 
angiogtaphic cross-sectional areas calculated assuming a circular model [ 6]. 

Percent diameter and cross sectional area stenosis: Which technique provides 
the correct measurements? 

The use of different reference measurements for the calculation of relative 
vascular dimensions with quantitative angiography and intravascular ultra
sound explains the large discordance of the results obtained with the two 
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Table 1. Quantitative angiography vs intravascular ultrasound: clinical comparative studies. 

Authors Patients Examined Arteries "r" SEE Mean % 
Diff. Diff 

Davidson et al.2 21 pts undergoing femoroiliac arteries 0.97 1.83 
cardiac cath. 

Sheikh et al. 3 15 pts undergoing femoral arteries 0.95 0.91 
cardiac cath. 

The et al. 4 S pts undergoing femoroiliac arteries 0.96 0.47 
cardiac cath. 

Bartorelli et al. 5 S pts undergoing normal common 0.96 0.3mm 4% 
cardiac cath. femoral arteries 

Tobis et al.6 27 CAD pts normal sites 0.26 2.1 mm2 30% 
undergoing PTCA stenosis post-PTCA 0.18 1.7mm::: 51% 

Nissen et al. 7 8 normal subjects normal coronaries 0.92 0.21 -0.05mm 1% 
43 CAD pts coron. art. (allies.) 0.86 0.43 0.05mm- 2% 

eccentric lesions 0.77 0.77 0.06mm 2% 
Werner et al. 8 14 CAD pts normal sites 0.86 

stenosis post-PTCA 0.48 
StGoar et al. <) 20 cardiac normal coronaries 0.86 O.D7 0.04mm 12% 

transplant (angiographially) 
recip. 

Jain et al. 10 6 CAD patients SVBG 0.96 
Hodgson et al. 11 34 CAD patients reference segment 0.77 

undergoing PTCA stenosis post-PTCA 0.63 
Haase et al. 1::: 20 CAD patients stenosis post-PTCA 0.53 2.3mm2 

CAD: coronary artery disease: PTCA: percutaneous transluminal coronary angioplasty: SVBG: 
saphenous vein bypass grafts. 

techniques (Fig. 2). Reference diameter and cross-sectional area are mea
sured in an angiographically normal segment of the vessel with quantitative 
angiography. In muscular arteries intravascular ultrasound allows a direct 
measurement of the area inside the internal elastic lamina, the so called 
original lumen area which equals to the sum of lumen and plaque area. This 
area is used as a reference in intravascular ultrasound. Intimal thickening 
is often present in angiographically normal reference segments (Fig. 3). 
Furthermore, a compensatory enlargement of the vessel can be present at 
the stenotic site [14]. These reasons explain why the lumen cross-sectional 
area used as angiographic reference is smaller than the ultrasonic reference 
area [15] so that less severe percent diameter and cross-sectional area stenosis 
will be calculated with quantitative angiography than with intravascular ultra~ 
sound. In the diagram of Fig. 2A, in the presence of a 1/2 mm thick intimal 
lesion in the reference segment, a major difference is observed in percent 
diameter and cross-sectional area stenosis between quantitative angiography 
and intravascular ultrasound. The practical occurrence of this phenomenon 
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-
QUANTITATIVE ANGIOGRAPHY 

% DIAMETER STENOSIS • 33 % 
% CSA STENOSIS , • 55 % 

~#IB-

INTRAVASCULAR ULTRASOUND 
% DIAMETER STENOSIS 50 % 
% CSA STENOSIS • 75 % 

Figure 2. A) Calculation of percent diameter and cross-sectional area stenosis based on intravas
cular ultrasound and quantitative angiographic measurements. The reference lumen diameter is 
measured with quantitative angiography in the normal segments of the vessel while intravascular 
ultrasound directly measures the thickness of the atherosclerotic plaque at the stenosis site. In 
the presence of compensatory enlargment of the stenotic site or. as in this example. of a 
diffuse concentric intimal thickening involving also the angiographic reference segment. the 
intravascular ultrasound reference diameter, traced within the black band representing the 
muscular media, is larger than the angiographic reference diameter. As a result the angiogra
phically moderate percent stenosis is considered more severe, ··significant" according to the 
normally used criteria (""50% diameter stenosis and ""75% cross-sectional area stenosis) with 
intravascular ultrasound. 

is illustrated in the example of Fig. lB. showing the presence of a large 
concentric plaque in the angiographic reference segment. 

Percent diameter and cross-sectional area stenosis are physiologically im
portant parameters and are major determinants of the pressure drop across 
a stenosis [16]. However, the results obtained from animal models of acute 
external constriction of normal vessels [17] can not be simply applied to the 
percent lumen reduction measured with quantitative angiography. Harrison 
showed that the stenosis-related impairment of post-occlusion reactive hyper
emia can not be predicted based on the coronary angiographic assessment 
of percent diameter and cross-sectional area stenosis [18]. Awareness of 
these drawbacks has already contributed to focus the interest in the measure
ment of absolute rather than relative lumen stenosis in quantitative angio
graphy [19]. Intravascular ultrasound can directly measure plaque area and 
avoid the use of a reference measurement in a potentially diseased segment 
of the vessel. However, this reference area does not necessarily reflect the 

37 



Intravascular ultrasound 699 

Figure 2. B) Digital angiogram of a right coronary artery with the reference diameter positioned 
at the site examined with intracoronary ultrasound. Note that in this angiographically normal 
reference segment intracoronary ultrasound shows the presence of a concentric plaque inducing 
a 44% diameter stenosis. Calibration: 0.5 mm. 

physiologically ideal vascular dimension because of the already mentioned 
compensatory enlargement. In particular the presence of a crescentic plaque 
with an outward remodelling of the vessel is likely not to influence the 
dimension of the vascular lumen. The presence of a reduction of the "ideal'" 
dimension of lumen cross-sectional area is more difficult to be judged in the 
presence of a diffuse circular ring of intimal thickening (Fig. 3) [20]. There
fore the assessment of the physiologic significance of a vascular stenosis 
requires different approaches such as the measurement of trans-stenotic 
velocity increase or of the pressure drop at maximal hyperemia across the 
stenosis or the calculation of coronary flow reserve based on angiographic 
or Doppler measurements. 

Advantages of intravascular ultrasound 

Advantages and disadvantages of intravascular ultrasound vs angiography 
are summarized in Table 2. 
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Figure 3. Digital angiogram of a right iliac artery showing multiple edge irregulaties and a mild 
stenosis. The arrowheads indicate the position of the ultrasound transducer during the acquisition 
of the displayed arterial cross-sectional images. Note the relatively concentric bright ring of 
intimal thickening in the two upper images. corresponding to an apparently normal circular 
lumen at angiography. In the following cross-section an eccentric. fibrocalcific plaque is shown 
in a segment of moderate lumen diameter stenosis with quantitative angiography. Note that 
the two lowest ultrasonic cross-sections. corresponding to a normal angiographic segment at 
angiography and showing a semilunar bright eccentric atherosclerotic plaque not protruding 
inside the regular circular lumen at ultrasound. Calibration: 1 mm. 

No calibration is required 

For angiography the measurement of a radiopaque structure of known dimen
sion is required for calibration. When the tip of the catheter is used as a 
scaling device. possible sources of error are off-plane position of the catheter 
and of the examined vessel, tapering of the catheter at the distal end and 
discordance between true catheter diameter and the diameter reported by 
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Table 2. Advantages and limitations of intravascular ultrasound for quantitative assessment of 
vascular dimensions. 

Advantages 
of intravascular ultrasound 

1) No calibration required 
2) Instantaneous and continuous 

measurements available 
3) No contrast medium required 

4) Independent of lumen eccentricity 
or complex lumen geometry 
(dissection) 

5) Simultaneous morphometric analysis 
of wall components 

Limitations 
of intravascular ultrasound 

1) Introduction of the catheter is necessary 
2) Potential errors due to 

catheter malalignment 
3) Artifacts from non-uniform rotation1

• 

near-field artifacts=. low sampling rate2 

4) Automatic edge-detection difficult 

5) Reproducibility of the measurements not 
yet tested 

1 Single element mechanically rotating systems: =multielement synthetic aperture array systems. 

the manufacturer [21]. Furthermore, calibration must be repeated for every 
angiographic view_ A potentially more precise but even more cumbersome 
approach is the geometric correction for beam divergence, based on the 
measurement of the distances between x-ray source, imaged object and image 
amplifier (isocenter technique) [22]. 

The measurement of a distance with ultrasound is based on the wavelength 
of the ultrasound beam and the velocity of sound in the medium. When the 
instrument is calibrated for the ultrasound speed in blood (1.560 m/s) a 
negligible overestimation occurs when saline is injected to replace the more 
echogenic blood and delineate the intimal contour. 

Instantaneous measurements are available 

Recently introduced digital angiographic equipment allows the performance 
of on-line measurements of vascular dimensions. As a consequence, quanti
tative angiography can be used for guidance and immediate evaluation of 
interventional procedures. The time required for the analysis, however, is 
still considerable when compared to the really instantaneous measurement 
available with ultrasound. 

No contrast medium required: A continuous monitoring is possible 

Angiography requires the injection of contrast material to delineate the 
vascular lumen. As a consequence, angiography can not be used for a con
tinuous monitoring of vascular dimension. Other disadvantages of the use of 
contrast medium are the modification of the intraluminal pressure during the 
forceful injection of contrast and the vasoactive properties of these agents. 
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Intravascular ultrasound allows a continuous real-time measurement of 
vascular dimensions, a great potential advantage for monitoring interventions 
and assessment of the effects of vasoactive agents on vascular dimensions 
and dynamics [23]. 

Morphometric analysis of the vessel wall 

Angiography provides only a shadowgram of the vascular lumen, so that the 
presence of vascular lesions is derived indirectly from irregularities of the 
luminal contour. The only information on the composition of atherosclerotic 
plaques concerns the presence of fluoroscopically visible vessel wall calcifi
cation. Pathology studies and, more recently, the application of intraoper
ative and intravascular high-frequency ultrasound have shown that coronary 
arteries undergo a progressive enlargement in relation with increases in 
plaque area, so that a reduction of lumen area is delayed until the atheroscler
otic lesion occupies more than 40% of the area circumscribed by the internal 
elastic lamina [14, 24, 25]. These findings explain why angiographically nor
mal arterial segments may show an extensive atherosclerotic involvement at 
autopsy and upon direct surgical inspection . Several reports have confirmed 
that intravascular ultrasound detects atherosclerotic changes in angiogra
phically normal segments [4, 9] (Fig. 2). Furthermore, intravascular ultra
sound displays the components of the atherosclerotic plaque with a different 
intensity proportional to their backscatter power [26-28], allowing their 
qualitative differentiation. In vitro studies have shown that intravascular 
ultrasound has a high sensitivity and specificity in the detection of intimal 
lesions and in the differentiation between fibrous, calcific and lipid-containing 
plaques [29]. Plaque thickness can be measured, especially if the presence 
of an echographically hypoechoic medial layer facilitates the delineation of 
plaque contours and if no shadowing or attenuation from plaque components 
is present [29]. 

The possibility to provide information on plaque morphology and dimen
sion at the same time makes intravascular ultrasound an ideal technique for 
the assessment of the mechanism of the different coronary interventions and 
the modalities of progression/regression of the atherosclerotic plaque. Wall 
stretching and wall dissection have been reported as the main operative 
mechanism of balloon angioplasty in both coronary [30] and peripheral 
arteries [31]. A significant plaque compression (absolute reduction of plaque 
area) has been more recently reported [32]. Standard methods used in quanti
tative angiography for the assessment of regression of atherosclerosis are the 
measurement of mean luminal area and severity of edge irregularities [33] 
(roughness profile). A long-term follow-up of large cohorts of patients is 
necessary to show a statistically significant trend towards regression or de
layed progression of plaques in peripheral [34, 35] and coronary [36, 37] 
atherosclerotic disease. 

Intravascular ultrasound has the potential of detecting atherosclerotic wall 
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ECCENTRICITY INDEX 

INTRAVASCULAR ULTRASOUND 

OUANTITAT!V£ ANGIOGRAPHY 

Figure 4. A) Eccentricity index calculated with quantitative angiography and intravascular 
ultrasound. Intravascular ultrasound allows the direct assessment of the wall thickness (t) so 
that the eccentricity index is based on the ratio between plaque thickness and thickness of the 
opposite wall. Quantitative angiography estimates the eccentricity of a plaque from the distance 
(d) between the center of the lumen and the luminal contours at the site of the stenosis. In this 
example. however. the presence of a different thickness of the wall also in the angiographically 
normal segment induces an underestimation of the plaque eccentricity. 

disease in the prestenotic phase and allows the measurement of both lumen 
and plaque area [38]. Dietary and pharmacologic interventions may cause a 
more rapid and complete regression of the vascular changes in the early 
"'prestenotic" phase of atherosclerosis rather than in the more advanced 
phases [39]. Animal studies have shown that intravascular ultrasound can 
detect plaque progression earlier and more accurately than quantitative 
angiography [40-42]. The possibility to differentiate lipid plaques, potentially 
amenable to regression after interventions, from fibro-calcific plaques, less 
likely to respond to such an intervention [ 43] is of particular interest. 

Plaque eccentricity 

In most cases, with the use of multiple projections, an angiogram perpendicu
lar to the maximal thickness of the plaque can be obtained. In less than 
50% of the cases, however, appropriate orthogonal projections, amenable to 
quantitative analysis, can be obtained to measure lumen area from its long
and short-axis when an elliptical area is present [44]. Furthermore, angio
graphy determines the eccentricity of a stenosis comparing the proximal and 
distal segments of the vessel, assumed as ·~normal"' reference segments so 
that a misinterpretation is possible if the eccentric plaque involves also the 
reference segments (Fig. 4). 

Intravascular ultrasound detects th.e eccentricity of the lesion from a direct 
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GIANTURCO-ROUBIN STI=NT 

Figure 4. B) Digital angiogram showing a regular lumen after implantation of a Gianturco 
Roubin stent in a proximal left anterior descending coronary artery. The stent is barely visible 
in the fluoroscopic image obtained during the ultrasound examination but the circumferentially 
arranged metallic wires of the stent show a high echogenicity with ultrasound. Note that an 
eccentric residual plaque is shown despite the regular circular lumen ( echographic images on 
the right), with a small protrusion of the plaque tissue through the wires of the stent. Calibration: 
0.5mm. 

measurement of the maximal and minimal thickness of the plaque. The 
eccentricity index calculated with intravascular ultrasound is independent 
from the characteristics of the contiguous segments [ 45]. The advantage of 
the direct visualization of eccentric plaques is obvious in the guidance of a 
selective removal of plaque, avoiding a potentially dangerous treatment in 
areas of thin, normal wall [ 46]. 

Complex lumen geometry (wall dissection) 

Pathology studies have shown that splitting of the vessel wall is extremely 
frequent after balloon angioplasty and is one of the major mechanisms of 
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effective lumen enlargement [ 47, 48]. Only large dissections are angiogra
phically evident after balloon angioplasty. Several reports [6, 30-32, 49-51] 
have confirmed that intravascular ultrasound is more sensitive than angio
graphy in the detection of plaque rupture. The absence of echographically 
evident plaque rupture has been recently reported to increase the risk of 
restenosis [52]. The quantitative measurement of residual stenosis early after 
balloon angioplasty is a poor indicator of the functional result of the proce
dure as assessed by coronary flow reserve [53] and persistence of scintigraphic 
and electrocardiographic signs of reversible myocardial ischemia. Several 
reasons may explain this finding but in some cases the comparison between 
echographic and quantitative angiographic measurements suggests that an 
overestimation of the lumen really available for blood passage may occur 
when a geometric technique (edge-detection) is used (Fig. 5). Densitometric 
measurements have been suggested in order to overcome the limitations 
of edge-detection in lesions of complex geometry (including stenosis post
angioplasty and eccentric lesions) [54]. Densitometry, however, requires a 
homogeneous filling of the lumen with contrast and a perfect orthogonality 
of the x-ray beam to the vessel lumen, is highly dependent on the radio
graphic setting and modalities of film processing and cannot directly provide 
absolute measurements [55]. 

Limitations of intravascnlar ultrasound (Table 2) 

Necessity of catheter insertion 

Intravascular ultrasound requires the insertion of the echo-catheter along the 
entire vascular segments to be studied. Instrumentation of a coronary vessel 
is the current practice for all the interventional techniques. However, espe
cially in the examination of the coronary arteries, the insertion of the echo
catheter increases the complexity and duration of the procedure and carries 
out a potential risk of complications. Recent improvements in catheter flexi
bility and miniaturization allow the examination of the proximal and middle 
coronary arteries in most patients. A possible limitation, however, concerns 
the examination of severe coronary stenosis before interventions, one of 
the most interesting potential applications of intravascular ultrasound. A 
quantitative angiographic study of large cohorts of candidates to balloon 
angioplasty [56] has shown that the measured minimal luminal diameter. 
before balloon dilatation (1.02 ± 0.37 mm) is similar to the diameter of the 
recently introduced second generation of catheters (from 3.5 to 4.3 French, 
equal to 1.15-1.4 mm), Fig. 6. 

The intravascular ultrasound examination after successful therapeutic in
terventions is facilitated by the increased lumen diameter. However, recross
ing large, unstable dissection flaps carries a potential risk of acute occlusion. 
Furthermore, a correct assessment of the real morphology of a complex 
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Figure 5. Intravascular ultrasound cross-sections of a severe stenosis in a left circumflex artery 
before and after balloon dilatation. Note that the eccentric plaque has been dissected at the site 
of its insertion on the normal wall. The complex lumen after angioplasty can not be correctly 
measured in any angiographic projection. Note that in this case the increase in lumen area 
seems to be largely dependent from the induction of a wall dissection and the stretching of the 
arterial wall. while no significant changes were observed in the plaque dimensions. Calibration: 
0.5mm. 

spiral dissection and the consequent impairment to blood passage is difficult 
because it would require a three-dimensional reconstruction of the ultrasonic 
cross-sections [57-61] and because the communication between true and 
false lumen is modified by the physical presence of the catheter. Proximal 
injection of saline or agitated contrast can help to delineate the lumen and 
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Figure 6. The distal end of four intravascular ultrasound coronary catheters is shown. A) Single 
element rotating mirror (arrow) catheter characterized by a completely independent external 
sheath and inner catheter: this system has the potential for an extreme miniaturization (3.5 
French catheters are in clinical use) but has the limitation that the insertion of the guidewire 
requires the removal of the ultrasound catheter: B) rotating element 4.1 French 30 MHz 
ultrasound catheter, characterized by a very small Monorail lumen at the distal end (DuMed. 
Rotterdam, The Netherlands): C) Single element rotating mirror intravascular ultrasound ca~ 
theter (Cvis. Sunnyvale. CA. USA) allowing the continuous use of a guidewire using a Monorail 
technique (diameter: 4.3 French): D) Multielement dynamic array catheter (a 5 French catheter 
is shov.rn but 3.5 French catheter and combined balloon/ultrasound catheters are available. 
Endosonics. Costa Mesa. CA. USA): 64 clements are aligned circumferentially around the tip 
so that a central lumen is available for catheter insertion and the shaft can be very flexible 
because no driving cable is required: the small dimension of the elements. however. is responsi
ble for a lower image quality in comparison with the mechanical scanners. 

detect the presence of stagnant blood flow but an effective injection through 
the proximal guiding catheter is not always possible with the relatively large 
ultrasound catheters in place. 

An example of another possible limitation of intravascular ultrasound in 
the pre-sence of wall dissection is shown in Fig. 7 in which drop-outs occur 
in segments of dissected wall which are explored with an unfavourable angle 
of incidence of the ultrasound beam [ 62]. Furthermore, the underlying struc
tures cannot be imaged. In our experience, these complex artifacts are more 
frequent in peripheral than in coronary arteries, because in these latter 
small vessels the physical presence of the ultrasound catheter modifies the 
orientation of the dissected flap. 
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Figure 7. In vivo intravascular ultrasound image of a human femoral artery after balloon 
dilatation. The echogenic blood clearly delineates the vascular lumen. An almost complete drop
out. however. occurs in the segments in which the vessel wall and the underlying perivascular 
structures (arrows) are oriented at a narrow angle with the direction of the ultrasound beam. 
This sudden disappearencc of the vessel wall can be clearly distinguished from drop-outs due 
to attenuation from blood. which would lead to a more progressive reduction in echo-intensity 
and would mainly affect the wall opposite to the position of the catheter. Courtesy of Dr. 
Pieterman/Dr. Gussenhoven. Radiology Depanment. Dijkzigt Academic Hospital. Rotterdam. 
Calibration = 1 mrn. 

The combination of intravascular ultrasound imaging and balloon angio
plasty or alternative debulking techniques in the same catheter can make the 
evaluation with intravascular ultrasound before and after interventions easier 
and more practical and can allow continuous monitoring and guidance during 
the procedure. At present, however, only prototypes of catheters for di
rectional atherectomy mounting ultrasound crystals are in the phase of pre
liminary clinical evaluation and in the already available echo-balloon cath
eters the transducer is mounted proximal to the balloon [63, 64]. This 
configuration maintains a low profile of the balloon and avoids the artifacts 
induced by the balloon membrane but precludes the possibility of a continu
ous assessment before, during and immediately after balloon dilatation. 

Catheter rna/alignment 

A central position of the catheter in the vessel lumen is not frequent in 
intravascular ultrasound. With a simple eccentricity of the catheter position, 
the echographic cross-section is still perpendicular to the long-axis of the 
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vessel so that no change in the measured area is expected. When the catheter 
is not only eccentric but also non-parallel to the long-axis of the vessel the 
vascular lumen is distorted, with an angle-dependent overestimation of the 
vascular lumen. In a bending artery, however, despite the centering effect 
of an over-the-wire system, the ultrasound catheter can frequently assume a 
non-parallel orientation with the long-axis of the vesseL Fortunately, in 
coronary arteries the small size of these vessels relative to the catheter 
diameter limits the practical relevance of this problem [9]. 

Non-uniform rotation, near field artifact, inadequate sampling rate 

With mechanically rotating catheters, a 1:1 rotation of the ultrasound element 
(or mirror) can be impossible if the catheter is inserted in very tortuous 
vessels, resulting in a variable distortion of the ultrasound image. 

In the multielement systems these artifacts are not present. A limitation 
of these systems, however, is that the near-field artifact is partially obscuring 
the structures close to the catheter. 

Artifacts can also result from the systo-diastolic changes of vascular dimen
sions or of the position of the catheter inside the vessel throughout the 
cardiac cycle if a sufficiently high sampling rate is not obtained. 

Application of automatic measurements 

Sophisticated techniques of edge-detection or videodensitometry have been 
developed for quantitative angiography [65]. The difference in brightness 
between the radiographic contrast filling the vascular lumen and the back
ground facilitates the application of the proposed algorithms for computer
assisted automatic contour detection. 

In intravascular ultrasound, on the contrary, the relatively similar echo
reflectivity of blood in comparison with the underlying vessel wall is of 
potential obstacle to fully automatic measurements of lumen area. The fre
quently necessary manual corrections may increase the subjectivity of the 
results [ 66]. In our Center a fully automatic technique, based on the measure
ment of the vessel wall displacement from a semiautomatic defined template 
image, is successfully used to measure the systo-diastolic changes of vascular 
dimensions [ 67]. 

Reproducibility of the measurements 

Changes in vascular tone, variability of repeated measurements, modifica
tions of radiographic projections and setting, cardiac and respiratory move
ments influence short- and long-term reproducibility of the angiographic 
measurements, making the assessment of the development of real changes 
in vascular dimensions more difficult. Intravascular ultrasound is not limited 
by some of these factors. A crucial element for reproducibility of repeated 
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Figure 8. Intravascular ultrasound cross-section of a proximal normal left circumflex artery 6 
months after cardiac transplantation. The simultaneous recording in the same position of flow 
velocity with a Doppler guidewire (Cardiometries. CA. USA) allows the calculation of the 
instantaneous absolute flow. Calibrations: intravascular ultrasound::::: 1 mm~ Doppler= 120 
cm/s. 

measurements, however" is a position of the catheter exactly at the same site 
in the vessel, a trivial requirement which is practically very difficult to satisfy. 

No assessment of blood flow 

Various angiographic techniques have been described which use the contrast 
medium as a marker of flow and calculate relative changes of blood flow 
based on contrast appearance time and/or on changes in the density of 
the myocardium [ 68-70]. This principle is not applicable with the current 
intravascular ultrasound imaging catheters. An alternative ultrasound-based 
technique is the measurement of the Doppler shift induced by the motion of 
the red blood cells to directly calculate blood flow velocity. Prototypes of 
combined imaging-Doppler catheters have been described [71, 72] and 
Doppler guidewires which can integrate the ultrasound imaging catheters are 
in current clinical use [73-75] (Fig. 8). 
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Conclusions 

Intravascular ultrasound can accurately assess luminal dimensions and has 
potential advantages on quantitative arteriography in the presence of ec
centric lesions and lumens of complex geometry. The application of this 
technique, however, increases duration, risk, complexity and cost of a con
ventional diagnostic or interventional procedure based on a purely angie
graphic quantitative assessment. In clinical practice, therefore, it seems un
likely that quantitative arteriography can be replaced by intravascular 
ultrasound as a routine technique of measurement of luminal dimensions. 

Intravascular ultrasound has a potential role as a research tool for the 
assessment of vessel dynamics and effects of pharmacologic interventions. 
The information concerning characteristics and composition of the athero
sclerotic plaque is not available with angiography and makes intravascular 
ultrasound potentially more suitable than angiography for the follow-up of 
interventions aimed at the regression of atherosclerotic lesions. Improve
ments in catheter technology can make quantitative intravascular ultrasound 
a valuable tool for the correct planning and guidance of interventional proce
dures. 
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Carlo Di Mario, Li Wenguang, David T. Linker, Pim J. de 
Feyter, Nicolaas Born, Patrick W. Serruys, Jos R. T. C. Roelandt 

Introduction 

In cardiovascular imaging three-dimensional reconstruction has been 
applied to well established techniques such as computed tomography, 
nuclear magnetic resonance, transthoracic and transesophageal echo
cardiography and digital angiography [1]. Many reasons explain why these 
sophisticated image processing techniques were so rapidly applied to 
intravascular ultrasound, a technique which is still under development 
[2,3]. Consecutive ultrasonic cross-sections may show large differences in 
luminal area and in dimension and composition of the atherosclerotic 
plaque (Figure 1). 

To obtain a better understanding of the spatial distribution of the wall 
changes one must be able to mentally reconstruct all these two-dimensional 
images into the three-dimensional equivalent of the arterial segment. 
Angiography gives no direct information concerning the presence and 
characteristics of wall pathology but it has the advantage to immediately 
display the relation of adjacent segments, thus providing essential 
information for road-mapping. Three-dimensional reconstruction of 
tomographic intravascular ultrasound images has the potential for a rapid 
conceptualization of the spatial relations of these complex structures, thus 
providing a complete assessment of lumen and wall changes. 
In this article we describe the different techniques proposed for three
dimensional reconstruction and review the initial results obtained in the 
quantification of lumen/wall changes and in the assessment of vascular 
interventions. 
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Figure I -Digital angiogram of a proximal right coronary artery 
with a severe stenosis and extraluminal contrast in a patienr 
treated with intracoronary thrombolysis. Intravascular ultra
sound shows I) a diffuse intimal thickening of the proximal 
artery; 2) a dilatation of the prestenotic artery, filled with 
inhomogeneous moderately echogenic material; 3) an echojree 
space in the plaque (at 3. 00 o'clock) corresponding to the 
apparently extravasal contrast. During directional atherectomy 
thrombotic material at various stages of organization was 
retrieved. 
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3-D reconstruction: techniques 

Three-dimensional reconstruction requires four basic sequential steps. The 
sequence of cross-sectional images must be correctly sampled and, after 
digitization and application of the chosen algorithm, the three-dimensional 
image can be displayed and the volumetric changes of lumen and wall 
analyzed. 

STEP I. IMAGE ACQUISITION 

The first step is the most cruciaL A sequence of cross-sectional images 
must be sampled in a known and predetermined format and with an 
optimal constant grey scale. Two techniques can be used: a sequential 
acquisition of adjacent cross-sections, interspaced by constant intervals, 
and a continuous pull-back along the examined vascular segment. The 
latter approach is facilitated by using motorized systems to achieve a 
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Figure 2 - Diagram showing the acquisition of a series of images from 
an artery specimen using a dedicated sensor (patent pending). The 
ultrasound catheter is introduced through a small disposable unit and 
its movement activates a rotating wheel connected to a potentiometer so 
that advancement or withdrawal of the catheter is accurately measured. 
The position of the cross-sections is displayed on-line and can be used 
to guide the three-dimensional reconstruction. 
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uniform speed. With these devices accurate measurements of axial 
displacement are possible [ 4]. 

At the Thoraxcentre a dedicated disposable sensor was developed to 
measure the depth of insertion of the ultrasound catheter and allow a 
precise definition of the spatial relation of successive cross-sections. 

STEP 2. DIGITAL CONVERSION AND !MAGE SEGMENTATION 

The analog image must be converted into a digital image using an 
adequately small pixel size for optimal resolution and a sufficiently high 
number of bits to define the grey level range of each pixel to preserve the 
dynamic range of the image. There is obviously a trade-off between 
resolution of the image and speed of computer processing. 
Image segmentation is the second step necessary to proceed to the 
reconstruction of the three-dimensional image. The "threshold method" 
define a threshold intensity to obtain binary images in which all the voxels 
with an intensity above or below the threshold are considered as belonging 
or not belonging to the structure to be reconstructed. The advantage is that 
this approach allows for a complete automatization but the loss of 
definition of wall components remains a major limitation. 
At the Thoraxcentre research in three-dimensional reconstruction of 
vascular images has been focused on the automatic detection of the 
boundaries of the lumen and the media, a preliminary but necessary step 
for the three-dimensional quantification of lumen and wall changes. After 
a temporal smoothing of consecutive frames to reduce blood echogenicity 
and enhance the lumen borders, a semiautomatic method of contour 
detection is used to define the leading edge of the blood-wall interface. 
The method is based on the application of a minimum cost algorithm and 
on the use of dynamic programming techniques to find an optimal contour 
based on an ellipse modeL The media bounded area is defined using a 
manual tracing as the area included between the intimal contour and the 
interface between the intima and the hypoechoic media (Figure 3). The 
contours of this template image are then used as a model to define the 
search region and resample the rest of the image into a polar coordinate 
format. For each frame the edge strength of both the lumen border and 
media is calculated separately in all resampled pixels and used to find the 
optimal contours through the data representing the strength of the edges. 
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This method has been extensively validated in vitro [5] and in vivo [6] and 
has been successfully used for automatic assessment of dynamic systo
diastolic changes of lumen cross-sectional area [7]. 

Figure 3 - Consecutive cross-sections obtained at 2 mm intervals 
in a left coronary anery after balloon angioplasty using a diplace
ment sensor. The above described method has been used to define 
the boundaries of the lumen and of the media. A large eccentric 
plaque, well defined by a thin hypoechoic media, is present along 
the entire segment examined. An intraluminal dissection flap is also 
evident in the first 5 cross-sections (from top to bottom). 
(Counesy Dr. H. Pieterman). 

STEP 3. 3-D RECONSTRUCTION 

Table I lists the different algorithms which are presently used for three
dimensional reconstruction. 

In the wire-mesh model the contours of the objects are manually or 
automatically defined and their contours on adjacent cross-sections 
interconnected by straight lines. The polygon representation defines the 
object surface. This technique is not ideal for representation of structures 
of complex geometry and has been largely substituted by methods using 
individual volumetric units (voxels). 

60 



68 C. DiMario et aL 

TABLE I. ALGORITHMS FOR 3-D RECONSTRUCTION 

MODEL ADVANTAGES DISADVANTAGES 

WIRE-MESH simple structures require not suitable for objects of 
small computer memory complex geometry 

BINARY IMAGE fully automated no definitions of wall 
components 

FULL GREY SCALE visualization of wall large computer memory; 
RECONSTRUCTION components long processing time 

Voxel modelling allows the reconstruction of the image using a categorical 
cut-off threshold (binary image) or maintaining the grey scale of the 
original ultrasonic cross-sections. The technical development in this field 
has been so rapid that three-dimensional reconstruction at high resolution 
and withfol/ grey scale range is now possible almost on-line. 

Figure 4 - The resulting reconstructed anery is opened longitudinally to 
visualize the internal structure of the vessel segment. The brightness of the 
voxels is computed from both the depth of the voxel, to provide depth 
perception, and the gradient vector of the voxel. 
(Counesy Dr. H. Pieterman). 
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At the Thoraxcentre a voxel modelling method is applied to reconstruct 
three-dimensionally the lumen and plaque from a sequence of cross
sectional images after detection of the lumen and plaque contours [8]. 

STEP 4. IMAGE D!SPLA Y 

When the three-dimensional reconstruction is complete, many possible 
formats are available to display the examined arterial segment. The analysis 
of the intimal surface is facilitated if the artery is opened longitudinally and 
is appropriately rotated. Two-dimensional cross-sections can be obtained 
from the reconstructed image along longitudinal, transverse and oblique 
planes. A longitudinal format, displayed in multiple planes, is particularly 
convenient to assess the longitudinal extension of wall dissections and to 
determine the extent of the atherosclerotic involvement along the examined 
segment. A combination of transverse and longitudinal sections, if available 
on-line in the interventional suite, gives an ideal guidance to appropriately 
position and orient the device used. 

STEP 5. QUANTITATIVE ANALYSIS 

The availability of a cubic matrix allows a direct measurement of volumes 
after three dimensional reconstruction. The limitation remains, as for two
dimensional intravascular ultrasound, the lack of a sharp definition of the 
contours of the wall layers. Automatic methods are used to calculate the 
lumen volume based on the possibility of a reliable automatic detection of 
the lumen-intima interface in many cases. Plaque volume, on the contrary, 
requires manual identification of the plaque contours in most cases. 

3-D reconstruction: Clinical applications 

ASSESSMENT OF LUMEN AND PLAQUE VOLUME 

Rosenfield at a! [9] have proposed the application of automated edge 
detection algorithms for the analysis of a three-dimensional lumen cast. 
With this method a rapid assessment of the minimal cross-sectional area 
before and after interventions on peripheral arteries was possible on-line 
in 19 patients. 
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Matar et al [10] used a motorized pull-back handle to obtain a uniform 
distance between consecutive cross-sections in the examination of 10 in 
vitro arterial specimens and of the coronary arteries of 16 patients. The 
volumes of the reconstructed lumen correlated well with the histology 
measurements and with the results of biplane quantitative angiography. 
The measurement of plaque volume opens allows a direct assessment of 
the changes induced by pharmacologic or dietary interventions aimed at 
regression of atherosclerosis [11, 12] and by interventional procedures. 
Galli et al [13] compared the true plaque volume of a vessel phantom and 
the measurements of plaque volume based on planimetry of consecutive 
cross-sections at a fixed interval and on direct three-dimensional 
reconstruction. Plaque volumes measured with three- dimensional 
reconstruction overestimated the true plaque volume of the phantom while 
more accurate measurements were obtained from direct planimetry of the 
echographic cross-sections. 

ASSESSMENT OF INTERVENTIONS 

Rationale: Intracoronary ultrasound has the potential for an accurate 
detection of plaque dimension and composition, an information of great 
usefulness to decide type and dimension of the devices to be used and to 
guide the intervention. Calcification of the target coronary lesion has been 
reported in 76-83% of the patients undergoing coronary angioplasty 
[14,15]. An increased incidence, depth and circumferential extension of 
dissection after balloon dilatation have been reported in calcified than in 
non-calcified plaques [15, 16, 17]. In the presence of diffuse subendothelial 
calcifications a higher incidence of complications and a smaller amount of 
retrievable material was observed after directional coronary atherectomy 
[18]. Only with three-dimensional intravascular ultrasound, however, the 
longitudinal extension and dimension of the calcific plaque components can 
be assessed along the entire segment to be dilated. 

Intravascular ultrasound has been used before and after interventions to 
identify the mechanism of balloon dilatation. Wall stretching and wall 
dissection have been reported as the main operative mechanism of balloon 
angioplasty in both coronary [19] and peripheral arteries [20]. A 
significant plaque compression (absolute reduction of plaque area) has been 
more recently reported [21]. A possible reason of these discrepancies is the 
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unavoidable difference in the examined arterial cross-section before and 
after interventions. The measurement of plaque volume after three
dimensional reconstruction along the entire dilated segment can provide a 
more reliable assessment of the plaque changes brought about by the 
dilatation process. 

Pathology studies have shown that diffuse plaque disruption is one of the 
predominant mechanisms of lumen enlargement after balloon angioplasty 
[22]. In the presence of complex intraluminal flaps angiography shows the 
presence of filling defects in a minority of cases. Intravascular ultrasound 
is more sensitive than angiography in the detection of intraluminal flaps 
after coronary interventions [23,24,25,26]. The standard cross-sectional 
display, however, does not show the longitudinal relation of these complex 
intraluminal flaps. On-line three-dimensional reconstruction would allow 
an immediate assessment of the wall changes induced by vascular inter
ventions. The prognostic value of these findings in the prediction of 
immediate outcome and restenosis has been recently reported [27]. 

Clinical application: From the on- and off-line analysis of the intravascular 
ultrasound examination of 52 peripheral and 22 coronary arteries 
Rosenfield et a! [28,29] have shown that sagittal reconstructions facilitate 
the analysis of dissections and the detection of tunnelling of a false lumen 
in the recanalization of total occlusions. Coy et al. [30] have reported an 
excellent agreement between three-dimensional reconstruction of intra
vascular ultrasound images and pathologic frndings in the evaluation of 
length and depth of post-balloon angioplasty dissection in arteries without 
diffuse intimal calcification. 

Recent reports [31 ,32] have shown the usefulness of computer assisted 
three-dimensional reconstruction in the identification of the true lumen and 
of the length of dissection before stenting as bail-out for extensive 
dissection after coronary angioplasty. After stenting three-dimensional 
reconstruction allows the measurements of longitudinal and radial 
dimensions of these poorly radiopacque vascular prostheses [33]. The 
normal appearance of the stent in contact with the vessel wall has been 
described and defined as a "cobblestoned" appearance. The technique has 
been shown to facilitate the detection of an incomplete expansion of the 
stent. Segments with an incomplete apposition between stent and vessel 
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wall, a condition with increased risk of acute thrombosis, are more easily 
identified. 

Intravascular ultrasound has been reported as a clinically useful tool in 
guidance of directional atherectomy [8,34]. Recent reports have shown that 
three-dimensional reconstruction facilitates the orientation of the cutter in 
relation to side-branches and the detection of deep cuts or spiral cuts from 
rotation of the atherectomy catheter during cutting [35]. The clinical utility 
of intravascular ultrasound in planning and guidance of a variety of 
transcatheter treatment modalities have been reported in 88 patients. Mintz 
et a! has suggested a specific usefulness in these cases of on-line three
dimensional reconstruction [36]. A more negative experience has been 
reported by Ferguson et a! [37]. The therapeutic strategy was influenced 
by intravascular ultrasound in 39% of the cases but no changes in the 
planned strategy were decided based on the results of the three-dimensional 
reconstruction of the echo graphic cross-sections. 

Limitations 

The limitations of three-dimensional reconstruction are listed in Table IT. 

TABLE II. LIMITATIONS OF 3-D RECONSTRUCTION 

IMAGE QUALITY 

Incomplete definition of the contours of 
the lumen and plaque (blood 
echogenicity, calcium shadowing) 

non-coaxial position of the ultrasound 
catheter inducing an elliptical distortion 
of the image 

non-uniform rotation of the transducer 
(mechanical probes) 

SEQUENCE OF ACQUISITION 

Inaccurate longitudinal 
reconstruction if the adjacent cross
sections are not equidistant 

curvature of the vessel induces a 
predictable distortion of the 
reconstructed image 

twisting of the catheter during pull
back induces a mismatch between 
orientation of sequential two
dimensional images 
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LIMITATIONS OF 3D RECONSTRUCTION 
OF CURVED VESSELS 

2 3 4 5 6 

EXPANSION 

COMPRESSION 

Figure 5 - Diagram showing the principle of image 
distonion induced by the three-dimensional recon
struction process in the presence of curvatures of 
the vessel. Upper panel: two plaques of similar 
thickness and length are present in the convexity 
and concavity induced by the presence of two 
opposite curves in the vessel. Lower panel: three
dimensional reconstruction is performed along a 
straight line, assuming a constant distance of 
adjacent cross-sections along both the opposite 
segments of the vessel wall, as indicated by the 
numbered lines. Consequently, smaller or larger 
plaque areas are shown according to the location 
of the plaque in the convexity or concavity of the 
vessel. 

The first critical factor 
conditioning the results 
of the three-dimension
al reconstruction is the 
quality of the acquired 
echographic cross
sections. An insuffi
cient delineation of the 
intimal border or the 
absence or incomplete 
circumferential detec
tion of the hypoechoic 
media preclude quantit
ative measurements of 
lumen and plaque vol-
umes. Calcium shadow
ing or intraluminal 
flaps oriented tangent
ially to the ultrasound 
beam may also obscure 
the underlying wall 
[38]. The use of cross
sectional images dis
torted by the non-uni
form rotation of the 
echographic transducer 
or by a non-coaxial 
position of the catheter 
inside the lumen rna y 
create complex artifacts 
in the reconstructed 
image. 

The second critical factor is the correct acquisition of the sequence of 
images. The presence of a fixed difference between adjacent cross-sections 
is mandatory but difficult to achieve also with sophisticated means such as 
the use of a motorized pull-back or of sensors measuring catheter displace
ment. The problem is the possible presence of bends of the ultrasound 
catheter which may induce a difference between movement of the tip and 
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of the proximal end of the catheter. Another potential source of error is 
the rotation of the catheter during pull-back, causing a mismatch between 
the orientation of sequential images. The use of a miniaturized receiving 
antenna located at the tip of the ultrasound catheter and of an external 
electromagnetic transmit antenna in a plane perpendicular to the catheter 
axis has been proposed as a possible method to measure the orientation of 
the ultrasound catheter [39]. Curvatures of the vessel may also induce a 
predictable distortion of the three-dimensional image which is 
reconstructed along a straight line connecting successive cross-sections 
(Figure 5). 

Expansion or compression of plaques may result in over/underestimation 
of the volumes measured from the reconstructed image. 

Conclusions 

In conclusion three-dimensional reconstruction of intravascular ultrasound 
images is a research tool of potential interest for the assessment of 
volumetric changes of lumen and plaque. The recent development of 
techniques of on-line reconstruction may allow the application of this 
method for guidance and immediate assessment of vascular interventions. 
High quality intravascular ultrasound cross-sectional images are mandatory 
to achieve an accurate detection of vessel lumen and plaque. Inaccuracies 
in image acquisition induce potentially misleading artifacts of the 
reconstructed image. 
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Detection and Characterization of Vascular 
Lesions by Intravascular Ultrasound: An In 

Vitro Study Correlated with Histology 
Drlo Di Mario, MD: S;licm H. K. The, MD. Sonkv M:tdretstm.., MD, 

Roberr J. v.m Suylen, MD, Rich:ud A. Wibon, MD,' Nicol:us Bom, PhD, 
Patrick W. Serruys, MD, Elm:t J. Gus..;;cnhoven, MD, :md Jos R.T.C. Rod:mdt., MD, wi!h 

the rcchnic::tl assistance of Yin Zhong, MSc, :md L Wcngu:mg, MSc, 
Rotterdam, Tbt Nahtrlands 

High-frequency intr:t.=scuhr ultrasound (30 and 40 MHz) was applied to :.'tndy 112 
hunun vascuhr specimens. The ultr.:LSound inuges were compared with histologic 
cross-sections. In 44 out of 58 of the histologically classified muscular arteries.. a 
hypoechoic middle byer was seen in the vessel wall, giving it a three-layered 
appe:trance. In 10 arteries.. fibrous degeneration of the musculu- media resulted in a 
homogeneous appearance of the vessel walls., where:lS atherosclerotic plaque precluded 
the vi..'>llilizacion of the arterial media in four of the arteries. A three-layered 
appear;mce was seen in seven of nine lm.1:ologic.illy C'hssified tr:msitional arterie..~, and a 
homogeneous arterial wall ·was sc:en in two of the nine. None of the 33 elastic arteries, 
veins.., venous bypass., and Goretex: conduits showed a hypocchoic m<:dial Lay.:::r. 
Histologica.Jly proved fibrou.s intimal thickening w:tS .:::chographically dctecr:<:d in 32 of 
48 sp.:::cim<:n.s (67%). It w:tS noted that these intimal lesions were easier to detect with 
40 MHz than with 30 MHz transducers. Hypoechoic = of lipid deposition were 
detected in 32 of 36 specimens (89%) and could be distinguished from :fibrOus 
plaques. Hi:.-rologically ~dent calcium deposits were detected with intr:J.v:lSeubr 
ultrasound in 35 of36 specimens (97%). Measurement of plaque area 'WaS only 
possible in CrOSS sections with a three-layered appe=ce. Quantitative analysis showed 
a significantly Larger lumen area mea.~ured from ultrasonic image.~ (26.3 :!;:. 21.3 mm~) 
than from histologic cross-sections (21.8 ::t: 16.6 mm'.p < 0.001), probably because of 
tissue shrinkage during processing for histology. A significant correlation (r = 0.96. 
p < 0.001) between ultrasonic and histologic measurements of lumen= V.'a.S 

observed, with and a negligible interobserver and intr.lobsCTVer variability. Plaque area 
and media.l th.icknes..~ correlated well with histology (r = 0.87,p < 0.001 and r = 0.93, 
p < 0.001, respectivdy). It appears from this in vitro study that intravascular 
ultrasound is an accurate teehn.ique for detection and ch=cterization of 
atherosclerotic lesions. Vessel lumen area can be measured in most instances... whereas 
plaque area and mc:dial thickness can only be reliably assessed in muscular arteries in 
which the hypoechoic media serves as a reference, and shadowing by calcium or 
attenuation by fibrous plaque components is absent. (J AM. Soc Eo--rOCARDrOGR 
1992~5:135-46.) 

F~om the Dep:mmenr of C:u:diology, Thora.-,;centre, :md Depm· 
menr of Pathology, Era.,mus Univen.ity Roncrdam.. :trtd lntcr· 
univmity Cl.rdiology Instirutc. 

The advmtagc of intravascular ultrasound over 
oilier imaging rechniques is irs unique capability to 
combine vist.t:ilization of rhe Ve5..~d lumen md in
spection of composition md o..-rent of rhe athero
sclerotic lesion. 1•3 
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lntemation:U FeUow~h.ip Gr:mr n. nY016330L 

Reprint requc.,c.: Elma J. Gu.•;senhoven, MD, Thora.-,;c~nrrc.. Ee 
2312 P.O . .Box 1738. 3000 DR Rott~rdam., TI1e Netherland~. 
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For better underst:mding md interpretation of in 
vivo images, ..... 7 however, in ·vitro srudies comparing 
ultrasound images wirh histOlogic data are of para
mount imporrmce.~·H The complex morphology of 
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Table la Crin:ria fOr hisrologic d:~..<..~ification of arterial specimens ( 100 :m:erics) :md intimal lesion." 
( 111 vessels) 

n(%) 

Mmcular Pn:vJ.lcnce of ~mooth mu.,cJc cdb in the mediJ.l 
layer of the artery 

58 (58%) 

Tr:m~itional Smooth mu,..;lc component ,;mdwiched :unon,; 
multiple parJlld ch,tic l:unina (intcrn.l! cJa.,tic 
l:unim well defined) 

9 (9~0) 

Den,dy pJcked multiple cla.,tic l:uninJ in the mc
di.ll bya (poorly ddined intcmo.l eh,-tic 
l:unina) 

33 (33%) 

:-Jom1J.l intim:t 

Fibrou' inrim.l! thickening 

.-\b,ence of a 'ub<:ndothcli.ll intimJ.l !Jycr. evident 
at low micro,copic magnification ( x 32). di
'~ding endothelium :tnd intcmJ.l cla.,tic laminJ 

Diffu_" or focal intimJ.l thickening witbout lipid 
or c.:t.k:ium dcpo,ition 

7(6%) 

48 (43%) 

Fo.::al plaque within the intimJ hJvint: ~ core of 
lipid' ;md C\~dent at low micro.-.copic magnifi
cation (x32) 

36 (31%) 

CJ.lcium dcpo,ition Micro,copically evident j,land, of c.l!cium desen
cr~uon 

36 (31%) 

the atherosclerotic lc..,.ions indic:J.tes tlut a large num
ber of arteric.~ must be studied to C!>Ublish 'the sen
sitivity and specificity of the criteria used tOr both 
the detection and the characteri7..ation of atheroscle
rotic pbqu<.'S \Vith inrravascular ultrasound. 

ThcrdOn:, w<,: <.:xamined and classified histologi
cally : 12 vessel specimens and compared thc."e d;ta 
with the rc..,.ults of qualitative and quantitative intra
Yascular ultr:J.sonic analy~es. 

METHODS 

Vascular Specim<.--ns 

Vascular specimens {n "" 112) '\vere collected either 
at surgery or at auropsy from 82 patients {mean age, 
66 vcm; range, l to 86 vcars; 51 men and 31 
wo~1en) withi; 8 to 20 hou;s after de:tth. A va..~cular 
segment of l 0 mm length wa..~ dissected from sur
ro~nding tissue and studied with inrravascular ultra
sound at room temperature immeiliatdy or after 
frozen srorage ar - 20° C and subsequent thawing. 
In a preliminary srudy, an inrravascular ulrraround 
examination of five arteries has bern pcrtOnned. 
showing no changes of the ultrasonic appearance of 
thc."e specimens :tfter freC7ing. TI1e following vessels 
\verc studied: 10 proximal and middle left and right 
coronarv arteries; 21 internal carotid arrcries and one 
e.\.Lemi carotid artery; one subclavian artery; three 
interr:al thoracic (mammary) arteries; one brachial 
artery; four mesenteric, one renal, and tOur splenic 
arteries; 33 iliac, 11 femocl, and one popliteal artery; 

two pulmonary arteries; seven descending aorta; 
si.-..: systemic and pulmonary veins; three coronary 
and peripheral venous bypas--" gr:tfu; and three 
Goretex conduits (Gore & A.~sociat<-'S, Inc., Elkton, 
Maryland). 

Hi$tologic E.xamin:ltion 

Mer the ultrasound examination, the proximal site 
of the vessel w::ts marked \vith India ink at the twelYe 
o'clock position of the ultrasonic cross section ::tr 
which ultrasound imaging was started. TI1e vessels 
were then fi.-..:cd in u)% ~buffered formalin for 12 
hours, decalcified, and further proce::•sed for routine 
paraffin embedding. Starting at the ink-marked level, 
two cross sections {th.ickness, 5 tJ.m) perpendicular 
ro the vascular long axis were cut at l mm intervals. 
One slice was stain~d with Verh<X.offs elastin van Gie
son and the other with hemaroxylin-azophloxin. 

Qualitative analysis. The histologic examination 
wa.s aimed at the classification of the type- of vessel 
and characterization of the vascular lesions on the 
basis of criteria presented in Table la. 

Quantitative analysis. Quantitative analysis of 
the histologic sections "vas performed using a com
mercially a;,ailable and pr<."\~Ously described!" system 
{IBAS. Kontron Instruments, Everett, Mass.). This 
computer-assisted analysis system allows comour 
rracing and area. measurement of the digiti:zed mi
crosc;pic image. Lumen area was definel as the area. 
surrounded by the most inner vessel contour. Plaque 
area was defined as the area lying between the lumen 
and the imcmal clastic lamina. Finally, the medial 
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Table lb Criteri:t for ulrr.Jsonic ch..;sificarion of type of artery ( 100 meries) :tnd intim:Lllesions (111 vessels) 

IntittJa\ h:;,lon n(%) 

Three-layered appearance 
Homogeneous appearance 
Non~ifuble 

Preence of a hypocdlolc middle byer 
Homogeneous echointenslry of the Ve>.'>CI byers 

51 (51%) 
42 (42%) 
7(7%) Outer wall not imaged bc:c::U.:t.'>C of concentric athcroselcrotic 

intimal lesion (:>h.adowing or attenuation) 
Normal intima Sinr;le cchoreflca:ive line between vessel lumen and hypoedloic 

intermed.i:ttc byer or. in the ab5ence of a hypoecllok medi:t., 
homogeneous ecbointensiry of the vessel >vall 

24 (22%) 

Fibrous intimal thickening Incre:t:;ed intirn:t! rhickness (when ddlned by a hypocclloic me~ 
dia) or different: im:irrul ccllointcn.,itv, wi.thout ultrasonic 
changes suggestive of lipid or Cllci~ depo.•ition (see 
below) 

32 (29%) 

Lipid deposits 
Calcium deposition 

,\fukedly hypoechoic = inside the intimal lesion 32 (29%) 
35 (32%) Highly cchordlecr::ivc areas with shadowing and/or rcverber-1-

uo~ 

areo. was calrulated as the area lying benveen the 
internal :md external elastic laminae. 

Intravascular Ultrasonic Imaging System 

Two different systems were used. The first 55 spec~ 
imens were amlyzed using an SF (diameter. 2.7 mm) 
co.therer with a 40 MHz single-dement rransducer. 
Circumferential imaging was realized by motor
driven catheter rip rotJ.cion. To complete one cross
secrional image, 20 s were required :md a video
scanned memory was used for image reconstruction. 
The laner 5i specimens were evaluated using a SF 
(diameter, 1.6 mm) catheter with a 30 MHz single
crystal transducer mounted on a flexible drive sha.fr. 
ro'tating at speeds berween 2 :md 16 revolutions/s. 
This system (DuMed., Ronerdam, The Netherlands) 
allows real-time acquisition, with a resolution of 
512 X 512 pi.."':eiS :md 256 grey levels. 

Ultrasonic Examination 

The specimens were embedded in a 1.2% agar-agar 
solution, vertically positioned, :md their lwnina filled 
with water. After insertion of the catheter in the 
proximal part of the vessel lumen., multiple ulrrasonic 
cross sections were sequentially obtained from prox
im:U to distal at 1 mm intervals. Ultrasonic cross 
sections were independendy :malyzed by rwo inves
tigators, without knowledge of the histologic results. 
One ultrasound cross section from each specimen was 
selected for comparison with hisrologic sample on 
the basis of the most significant lesion thickness. 

Qualitative analysis~ Type of vessel :md presence 
:md characteristics of intimal ch:mges were evaluated 
on the basis of criteria that are currendv used in our 
laboratOry for clinical studies (Table 1b). 

Quantitative analysis. From the Si specimens 
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srud.ied with the real-time ultrasonic sysrem... lumen 
area., plaque area. and medial area. were measured 
using a computer-assisted analysis sysrem. 16 After 
digitizarion of the video-recorded image of interest 
by a DT 2851 framegrabber (Data Translation, Inc., 
Marlboro, Mass.) :md storage on the hard-disk of an 
IBM compatible PC, a PC mouse was used to draw 
the selected boundaries, as shown in Figure l. To 
test reproducibility of the measurements, tbe analysis 
of the images was repeated in rwo separate sessions 
by the same observer :mel, independendy. by a second 
observer. The avenge of the three v::tlues was used 
for comparison with histOlogy. 

Statistical Analysis 

Sensitivity, specificity, :md positive :md negative pre
dictive values were calculated to compare the histO
logic with the ultrasonic dassifico.tion of type of vessel 
and atherosclerotic lesion. 17 Correlations of the quan
titative ultrasonic and histologic measurements were 
determined by linear regressi;n analysis for rwo vari
ables. The regression line was compared with the 
identity line to test the level of significance. Analysis 
of vari:mce was applied to test the significance of the 
differences for paired data. 

RESULTS 

Ultrasonic Patterns of Vessel Wall 

Histologic sections showed a ring of parallel smooth 
muscle cells (muscular type of artery) in 44 of 51 
specimens (86%) with a three~!ayered appear:mce on 
the ultrasonic image (Table 2). Mixed musrular and 
elastic components (transitional type of artery) were 
present in the remaining seven specimens (14%). 



138 Di Mario er al. 

Jourrcl of the 
AmcriCU~ Socicr~· of 
Echocardio~phy 

Figure 1 ~ Echogr.tphic cross-section of an iliac an:ery. Presence of hypocchoic middle 
band, corresponding to mm;cubr media., allows detection of a moderatdy eehoreflecrive ho
mogeneous area of intimal thickening (arrow). At histologic examination, this bright = 
corresponded to an area of dense fibrou~ intimal thickening, v.rirhour lipid deposition or mi
croscopically evident calcium degeneration. Thinning of the medial layer underneath the plaque 
i.~ evident. B, The echogt;J.phic image ;after digital processing and manual contour of rhree 
regions ofint=-r. Intmull. cirdt: marks the lumen area. The middlt: cirdt: i.~ traced at the juncrion 
of intimal layer (imemal c:la.."'tic lamina) and hypoechoic muscular media.. The t:XUYnJ:d circk is 
traced at the juncrion of hypocchoic media and the more: echorcflecrivc adventitia. 

Table 2 Histo!ogic-echographic correlations: type of vessel 

ru~rology (n) n (%) 

Muscul.lr arrer:ic:s (58) Three-!aye~d appcar.mcc 44(76%} 
10 (17%} 
4 (7%} 

7 (78%) 
2 (22%) 

30 (91%) 
3 (9%} 

Homogencou.' app<:;trmcc (mcdi:tl fibroU» dcgc:nerarion) 
Conccnrric athcro-ctcrotic lesions 

Tnru.irioml merie. (9) Thr~-L1yered lppemnc:c: 

Elastic :m:eric:s {33) 

V c:in.~ and venous bypass (9) 

Homogeneou.~ appc:tr:mce 
Homogencou.~ lppc:ar:mcc 
Outer wall not im;lgcd 
Homogencou.~ appearance 9 (100%) 

3 (100%} Gomo: bypa:» conduir:s (3) Homogencou.~ appearance with bright outer ring 

Founeen specimens were histologically classified as 
muscular aneries but did not show a rhree-lavered 
appearance on the ultr.J.Sonic image. In 10 specimens 
the smooth-muscle cells of the media \Vere replaced 
by collagen (fibrous degeneration of the media), and 
this layer was indistinguishable from the surrounding 
wall srrucrures on the ultrasonic imag<."S (Figure 2). 
In four other specimens, the muscular media was not 
detected on the ultrasonic images because of severe 
medial thinning from atherosclerotic involvement or 
diffuse shadowing induced by calcific plaques. 

A homogeneous ulrrasonic appear.mce of the ves
sel wall was observed in 30 of 33 specimens (91%) 
histoloticallv classified as elastic aneries. Dense fi
brous iliick~ning of the intimal byer with marked 
ulrrasound attenuation or diffuse intimal calcification 
\vith shadowing prevented ultrasonic evaluation of 
the outer vcsscl wall in the remaining three speci-

men.". A homogeneous vessel wall appearance was 
also observed in rwo specimens histologicilly clas
sified as transitional. 

All venous bypass g:rafu as well as systemic and 
pulmonary veins showed a homogeneous ultrasonic 
appear.mce of their walls. Gorete.'> bypass conduits 
\vere characterized by an O."temal bright ring on the 
ultrasonic images. 

Ultrasonic Detection of Fibrous 
Intimal Thickening 

Sensitivity, specificity, positive and negative predic
tive values, and interobscrver agreemenr of intravas
cub.r ulrrasound in differentiating fibrous intimal 
thickening from normal aneries or~lipid/ calcium de
posits are reponed in Table 3. 

Histologically diagnosed fibrous intimal thicken
ing was detected from ultra.mnic cross sections in 21 
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Figure 2 Hi~tologic (A) :md echogr:tphic (B) cross~sections of ili:tc arterv. Homogeneous 
:tppeamnce of the vessel wall :tt ultnsound preclude; the detection of a diffuse :trea of dense 
fibrous intimal thickening, c!c;u-ly shown in the maplificd hi~tologic eros._~ secrion. For the 
nujor part the muscuhr media is replaced by dense fibrous n .... ~ue. In the m:~gnified histologic 
imJ.ge (C) the rwo arrllWJ." indiotc the well preserved, corrugated b!Jck lines of the internal 
eb~tic b.mim (!EL) :md the frngmented extcm:tl ebstic I.:unim (EEL). In the enclosed medial 
b.yer, the n:mJ.ining mll$Cular component (yellow-omngc) c<1.n be distinguished by the prevalent 
fibrous tis._\ue (pink-purple). Arrow in A shows :t sm:t.ll ecccnrr:ic plague in which <1.n :m .. "":l of 
lipid deposition is surrounded. by :t fibroctlcific shell. In the echogrnphic llmgc, shJ.dowing
preclude.s evalu:ttion of composition and dim en~ ions of pbque behind bright line ofealcific:mon 
(amm~. (Verhocff's van Giesen stain, magnific:trion x6.8 :md x 102.) 

of 26 {Sl %) specimens with J. three-layered :tppe:tr
mce. In the remaining five specimens missed by ul
tr:l.SOund, only minimal thickening was pre..~cnt. Also, 
brge o.reas of intimo.l thickening \verc not recognized 

in ll of the 22 specimens (50%) \v:ithout o. three
hycrcd appc:tr.lrlce. It is norcv.-·orthy th::tt nine of 
the.."c ll specimens belonged tO the group of 55 
specimens srudied \vith :t 40 MHz transducer, :J .. 
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Figure 3 Histologic (A) and echographic (B) cross sections of an iliac artery. The well
prc:>erved muscubr media is imaged as a hypoechoic middle byer. The amnt'S in both image 
mdic::re :1 smill eccentric plaque, hisrologicilly offibroccllubr nature, recognized at ul~ound 
exarrumrion as rclarivelv ~soft" :rrea iru;Jdc the brighter subendothelial line. Note that in the 
segment of nonn;U or nC:tr-nonn;U rl1in intim;U bycr, the intem;ll ehstic l:unim induce.~ a bright 
and thick echoline. (Verhoeffs vm Gicson St;lin, nugnificarion x 5.1.) 

Table 3 Echographic detection of histologicilly proved v:JSCUhr lesions 

Hl~1o1ogy 

(11\o. of~pc<:lmcn.~) Sen...Jtlvity SJ)(:clliclty 

Fibrou.' intimal thickening 66.6% (32/4$) 100% (64/64) 
(.;$) 

Lipid Co:po~it.' (36) 88.9% (32/36) 100% (76176) 
Cllcium do:po..irion ( 36) 97.2% (35136) 93.7% (75176) 

thoug-h the 40 :md 30 MHz groups had :1 similar 
prcvak.-ncc of fibrous inrimol thickening. 

The echoimensitv of the thickened fibrous in rima 
was variable; in 18 inst:IIlCCS (56%) a low echoin
tensiry was present, corresponding to cellular areas 
with loose colhc;en md fibromuscular involvement 
(Figure 3). Den.~ly packed, almost acellular fibrous 
connective tissue was present in 14 specimens ( 44%) 
md corresponded to areas of high echointensity on 
ultrasonic cross sections. 

illtr.tsonic Detection of lipid Deposits 

Ar histology, large intraplaque lipid deposits were 
seen in 36 specimens { 32%) and consisted mainly of 
fatty debris or multiple cholesterol needles embedded 
in areas of loose colbc;en tissue with diffuse inter
position of foamy mac;oph:1ges. At intravascular ul
trasound 32 of36 {89%) of these intra-plaque lipid 
deposi3 were identified (Table 3) :md seen as hy
pocchoic areas covered by bright echoes (fibrou..~ cap) 
or mixed with bright spots with shadowing (Figure 
4). Deposits of calcium were present in 16 of 36 
specimens ( 44%). In four instances ( ll% ), the lipid 

Po:.ltlvc: pr.:dictlvc: 

~U< 

100% (32/32) 

100% (32/32) 
97.2% (35136} 

~~cp.-cdlctlvc: 

~U< 

80.0% (64/80) 

95.0% (76130) 
93.7% (75176) 

78.4% (29/37) 

85.7% (30135) 
97.2% (35/36) 

deposits were not identified from the ultrasonic im
age (folse negative) because of massive calcium de
position in the fibrous cap, masking the underlying 
lipid pool (Figure 2). 

Detection of Calcium Deposition 

With intravascular ultrasound the presence of his
tologically proved colcium deposition was found in 
35 of 36 (9i%) specimens (Table 3). Colcium de
posits were seen as bright areas, lines, or spots pro
ducing sh::tdowing md reverber:l.tions (Figures 2, 4, 
md 5). In one specimen, smoll, diffuse calcium de
posits were missed with intrava..'>CU!ar ultrasound. In 
mother specimen, shadowing behind a thick, bright 
intimal bmd was seen whereas histologic examina
tion showed only densely packed fibrous connective 
tissue without calcium deposits. 

Qu:llltitative Analysis 

Lumen area. A rotol of 40 of 57 lumen areas were 
anolyzed from paired ultrasonic md histologic 
cross sections. In 13 specimens the vessel dimen
sions were tOO large for the histologic molysis sys-
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Figure 4 Example of atherosclerotic plaque in an ebstic anery (intem:U carotid anery). The 
echognphic cross section (B) shows an echo-fr« = (opm arrow) corresponding in the 
histology image (A) to di:ffuse fatty debris (opm amnv), partially removed during histologic 
processing. C:Ucium deposirs induce an intc:nsd:y bright line with posterior shadowing and 
duplicate echoes (arrowheads in B). (Hematexylin =phloxin stUn. magni£c:ation x6.8.) 

tern. Four ultrasonic cross sections could not be 
analyzed or measured because of incomplete visual
ization involving more th:m 20% of the intimal cir
cumference. 

Minimal differences were observed in the measure
meats performed by the same observer in two differ
entsessions(26.1:!: 2L3mmzvs26.3:!: 2L3nun2, 

NS) and by the two different observers (26.1 ± 
21.3 nun2 vs 26.4 ± 21.4 mm2, NS), with a corre
lation coefficient of0.99 for both comparisons. 

Ultrasonic lumen areas were signi:ficmdy larger 
th:m those measured from histologic specimens 
{26.3 ± 21.3 mm2 vs 21.8 ± 16.6 mm2, p < 
0.001). The regression :malysis showed a highly 
significant correlation (r = 0.96, p < 0.001, Fig
ure 6, A). 

Plaque area. The border between the intimal area 
:md media could be identified in 12 specimens with 
a three-layered appearance. The middle hypoechoic 
layer was needed as a landmark for :malysis but, when 
it was thinned or obscured by calcium-containing 
lesions, the incomplete visualization precluded the 
quantitative measurements of plaque area. Both in
traobserver :md interobserver variability of plaque 
area measurements were slighdy larger th:m the vari
abilityofthemcasurementsoflumenarea. {8.6 ± 5.4 
mm2 vs 9.5 ± 6.9 nun2, NS, and 8.6 :!:: 5.4 mm2 vs 
9.5 :!:: 7.1 mm2, NS, respectively). 

Plaque areas measured from ultrasonic cross-sec
tions were consistendy larger than those from his
tologic examination (9.2 ± 6.3 mm2 vs 6.2 ± 6.8 
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mrn2,p < 0.01). The regression line is shown in Fig
ure 6, B (r = 0.87, p < 0.001). 

Medial thickness. In nvo of the 12 :malyzable 
specimens the C.'\Lcrnal border of middle hypoechoic 
layer could not be identified with certainty. Conse
quently, medial thickness measurements were avail
able from 10 paired cross sections. A moderate in
traobserver and intcrobserver variability was ob
served (9.5 ::!:: 6.6 mm2 vs 8.7 :t 6.3 mm2

, NS, and 
9.5::!:: 6.6mm2 vs9.6:!:: 6.7mm2,NS,respectivdy). 
Medial thickness was slightly smaller at ultrasound 
than at histologic examination (9.2 :t 6.5 nun2 vs 
9.5 :!:: 6.5 mm2• NS). Figure 6, C shows the corre
sponding regression line (r = 0.93,p < 0.001). 

DISCUSSION 

illtrasonic Cll.aracterization of the 
Arterial Media 

On the basis of the presence or absence of a distinct 
hypoechoic ring inside the vessel wall, the ultrasonic 
appearance of the arteries can be classified into two 
types. Such a simple classification has practical im
portance because a distinct hypoechoic layer facili
tates the identification of the outer boundary of the 
intimal laver and therefore allows the measurement 
of intimal thickness. Hypoechoic areas of lipid de
position and bright lines or spots corresponding to 
calcification are readily detected in elastic type arteries 
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Figure 5 Hi~cologic (A) :llld cchogr.1phic (B) cro&; section.~ of proxirm.l left :lllterior de
~cending coron:try :m:cry. A di~continuous but cle:u-ly defined hypocchoic intermediate layer 
(opm arrowfu:ads in B) corresponds ro the muscul:u- media. In both images dcsai arrows indicate 
:lil :m:a of calcium deposition inside a den.;;c fibrous plague. Non:: the marked brightne~~ of 
the cemr:.:J C:lkitied core of the plaque. Shadowing and duplicate echoes :u-c evident behind 
the calcified arc;J.. (Hemato:--ylin-:17.ophloxin stain, magnificarion x 17.) 

th:J.t othenvise hJ.vc J. homogeneous :1ppeJ.rmce. 
However, rebrivelv bn:!;e J.reJ.s of fibrous intimJJ 
thickeninc; mJ.v be Ous..~;d in some instmces bec:mse 
the echoi;ten;in• of the thickened intirm md of the 
elJ.Stic mediJ. J.r"e simibr. A higher ultrasound fre
quency (40 MHz) mJ..y hJ.ve J..d~·mtJ.ges for this d.if
ferentiJ.cion, but this J..dvmtJ.ge is ounveighcd by its 
reduced penctr.ltion, J. potential limitJ.tion when the 
CJ..th<..-rcr is J.pplied in vivo in :1n echordl.ccrive me
dium such J.s blood. 

MeJ.Suremcnt of pbquc J.re:J. is limited to muscubr 
type :J.rteries with J. wdl-ddincd hypocchoic mediJ.. 
However, the thrce-bvered Structure WJ.S not seen 
in :1pproximJ.tdy 30% of histologicolly cbssified 
muscular arteries. In some specimens diffUse :J.thero
sderoric inrimol chmges disrupted the imemol da..,.tic 
huninJ. w:ith thinning or disJ.ppeJ.rmce of the mus
cubr mediJ., or CJ.!cific:J.rion \v:ith shadowing pre
vented recognition and meJ..Surement of both intinul 
changes md pbque ::rre-a. ~~-~~In most of the specimens 
diffuse fibrous dec;cner:.1rion of the mediJ. obscured 
the intcrf.:tce !x.·rw~en the mediJ. :md the surroundinc; 
inrimol md :J.dvcntiriol bvers. This fibrous de~encr"":. 
J.tion W:lS found :llso in :ltteries rebrivdy free ;f :lth
eroscleroric inrimol chmges :md mJ.v be rebred ro 
the J.rteriol sriffeninf!; c~nnecred \~i.rh the :lgin~ 
process. ~0 ~ ~ ~ 

llitrasonic Detection of Fibrous and 
Atherom.3tous Intimal Pb.ques 

Fibrous or fibromuscuhr intimJ.l thickening is ;1 pro
cess thJ.t begins J.t young J.ge." 1 However, inrim:ll 

lesions with predomin:mt fibrous components ::rre 
present also in :lthcrosclcroric ;.m:eries, md most p:!
ricnrs have both lipid md fibrous pbques.~z .. n The 
ultr:lSonic distinction benveen hypoechoic :.ll"e:IS 

cJ..u::>cd by lipid deposition, loose colbgen., or fibro
muscubr tissue is difficult md will definitely lC:J.d to 
problems of interpretation in the in vivo siru:ltion. 
TypicJ..!Jy, lipid deposits ::rre m::rrkcdly hypoechoic md 
are seen :J.S b!J.ck ~bkes" in rhe im:l!:!;e. Thc:v CJ.n be 
distinguished from fibromuscul::rr pbques which hJ.ve 
a weJ.k rcsiduol echointensin·. However, the differ
enti:lrion remains difficult ~d subjective. 

ColcifiCJ..rion, :l m::rrker of p:1thologic vc."-.'>Cl degcn
crJ.tion thJ.t is easilv recognized from ultrJ.Sonic im
ages, occurs in both lipid :..Oct fibrous pbques. Dense 
fibrous tissue ffiJ.V induce a m:lrkc:d ultrJ.SOund J.t
renuJ..rion :md mimic the bri~hr echoes with sl1J.d
O\Ving rh:lt ::rre observed wit!; colcifiCJ..rion. In most 
instJ.nces, however, it is possible to distinguish be
tween the J..brupt md complete sh:ldowing behind 
the bright lines c:lused bv CJ..!cific tissue md the grad
uol reduction of echoinl:ensitv induced bv d~e fi-
brous pbques. ' • 

Echographic Quantitative Analysis 

Free lumen md pbque ::rreJ.S meJ.Sun::d histologiCJ.!ly 
were 17% md 33% smoller thm the corresponding 
me:lsuremems with ultrasOund. Processin~ tissue for 
hisrolog:ic srudv induces :1 \":J.ri:J.blc shrink;~e mainlv 
depend"-Cm on the tissue w:1rer content. Siegel er o.I.i4 

compJ..red lumen :md p!J.que :lrcJ.S in fresh mcriol 
specimens :md in the sJ.me histology-processed ves-
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Figw:"e 6 Linear regression :m:tlysi.~ of the echogro.phic-hisrologic measurement$ of lumen 
:u-co. (graph A), plaque :u-CJ. (graph B) 3nd media thickness {graph C). 

sds and observed a 20% to 30% reduction according 
to the different modalities used for tissue processin£; 
for histologic examination. The comp;:u-able differ
ence observed in our specimens suggests that fi"Ution, 
par:lffin-embedding, and suining for hisrology were 
responsible for the underestim:rtion of the v:lScular 
dimensions. The closer values reported in previous 
studies may be related to the fi."Urion under pressure11 

or to the smaller dimensioM (coronary arreries) of 
the examined vessels. 11 

Angiography em detect atherosclerotic involve
ment only when distinct changes in vascuhr lumen 
occur. Consequenrly, nonstenosing; plaques are ob
served at histology or high-frequency, int:r:loperative 
echography in vascular segments with nonn::tl angio-
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graphic appearance.~~-=, lnt:r:lv:lScubr ultrasound 
m;:tkes it possible ro ffie::t..'illre in vivo the thickness of 
the diseased intima. Both this study and previous 
reporrs"'-11 have shov.n a satisfactory correlation with 
histologic measurements. Even though ide::tl in vitro 
conditions were used. we were able to detect the 
C)."temal intimal border along most of the circumfer
ential profile of the vessel o'iily in a limited number 
of specimens and in none of the arreries \vith ho
mogeneous appear:mce of the vessel walL 

Although the commonly used definition of media 
thickness has been maintained. in our studv we used 
a planimcrric system for the measurement Of the hy
poechoic middle layer of arreries \vith a three-layered 
appearance. We felt that linear measurement of thick-
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ness could be inadequate in the presenceoffoca.larcas 
of medial thinning, as illustrated in Figure L Al
though a satisfacto;' correspondence b~een paired 
histologic J.Ild ultrasound measurements and l low 
intr:J.observer and interobscrver va.ri:1biliry were 
noted, the limited number of measurements suggests 
tlut intimal pbque components can mask the ;n~dial 
contours in I1llilY atherosclerotic segments. The 
slight underesrim:1tion of media :trel in the ultr:l.SOnic 
im';ges is prob:1bly rebtcd to the increased thickness 
of the inrern:tl dlStic Lnnina (Figure 3). This lrti
fucmal thickening, caused by the "'ielding edge" ef
fect, is possibly further Illlgnified by the increased 
echo reflectivity of the corrugated intern:tl clastic bm
inl of these undistended specimens. 

Limitations of the Study 

Histology is the reference method to srudy aspects 
of :1therosclerotic arterial disease and, therefore, J.Il 

in vitro ultr:l.SOund model was :1pplied in this srudy. 
However, several limit:ltiOns prevent a direct o..trap
obtion of these in \i.tro observ:1tions to the in \i.vo 
siruation: 

L The specimens were examined lt room tem
perature. Moriuchi et al.n found no differences 
in the qualitative characteristics of the echo
p-_:phic images obtained at 20° C and at 
.:>/ c. 

2. The specimens were exllllined without pressure 
distension. The absence of a distending intr.t
lwninal pressure induces m l!'tifucruai thick
ening of the vessel wall and a protrusion of the 
intirml pbques inro the vessel lumen. Thinning 
of the intermediate hypoechoic byer is ob
served in vivo when a physiologic pressure is 
present inside the vascular lumen.~~ In a sm:ill 
prcli.min.a.ry series (nine specimens), the mcries 
were also examined under application of l fi.xed 
pressure of 100 nun Hg. In no cases did the 
thinning of the medial layer preclude the de
tection of a three-l:1ycred-appearance in the ex
llllined specimens. The uncompressibility of 
the plaque components suggests that significant 
pressure-related changes of the echographic 
characteristics of the atherosclerotic plaques arc 
unlikely. 

3. The vessels were not examined in a system 6.llcd 
by circulating blood. The acoustic backscatter 
from the surrounding red blood cells incr~es 
with the fourth power of the ultrasound fre
quency, so that :1ttenuation from blood is of 
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concern with the high-frequency transducers 
uscd.29 Previous in vitro expcriences27 have 
shown thlt the J.ttenultion of ultraSOund docs 
not preclude the morphologic evalUltion of the 
vessel wall and the qu:mtit:ltive assessmenr of 
vascular dimensions. Furthermore, in our clin
ical experience30 we observed thlt circula.ting 
blood behaves as a natur.:L! echo-conrnst agent, 
delineating complex wall changes as o:tensive 
dissections or intraluminal thrombi. If neces
sary, pressure-injection of saline solution close 
to the rip of the intravascular ultr:l.Sound cath
eter can induce ideal conditions for the exam
ination in most cases. 

4. The ex:unined vessels were :fi..'>:ed, with the cath
eter in l stable central position. Rapid motion 
of the arteries, as in the coronary tree, can result 
in a blurring of the image if J.Il inadequately 
low sl!Ilpling rate is used. Furthermore, eccen
tric, off-a.xis catheter positions inside the vessel 
lumen induce l change in the ideally perpen
dicular J.Ilgie of incidence of the ultr:l.SOund 
beam with~ the vessel wall. with possible drop
ours of the circrunferential image and distortion 
and incorrect measurement of the luminal di
mensions.11 The o.:periencc in periphen.l arter
ies with the 30 MHz intravascular ultrasound 
system used for the last specimcns30 and recent 
reports of intr:J.corona.ry application7

•
31 suggest 

thlt images of quality comparable to the resultS 
of our in vitto srudy and ;:unenable to quanti
tative assessmenr-.33 can be obtained in vivo. 

CONCLUSIONS 

Comparison of histologic srudy with intr:J.vascular 
ultr:l.Sound indicates thlt, in most instances, with ul
tr:l.SOUDd the morphology of the vessel wall can be 
srudied, the presence of intimal chmges and calcifi
Cltion detected, and lesions with large lipid depositS 
can be differentiated from mainly fibrotic pbques. 
Although one should be cautious in tr.:msfcrring 
these in vitro results to the clinical setting, the pro
posed criteril of classification of the ultrasonic, in
travascular image have shovm a satisfuctory sensitiv
ity J.Ild specificity in detection and characterization 
of histologically proved vascular changes. Problems 
for ultr.tsound are (a) degenerative fibrosis of the 
muscula.r media concealing the typical three-byered 
appearance of the muscular arteries, (b) diffuse in-
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tima.l ca.J.cifiCJ.tion obscuring the vessel \\'all :md (c) 
hyporefieccive areas of l~se collagen or fibro· 
muscular tissue mimicking the presence of lipid de
positS. 

The highly reproducible measurementS of the ves· 
sel lumen show a close correlation with hisrology. 
although there is a svsterna.tic underestim:J.rion at his· 
tology~ probably oc'CJ.use of tissue shrinkage during 
histologic prepa.r:.1tion. In most instances plaque c:tl
cification :md an indistinct border bcnvcen plaque 
and underlying wa.ll structures in the absence of a 
hypoechoic middle layer prevenr a qumtintive as
sessment of plaque a.re:1. It appears, therefore, that 
qumtintive assessment of atherosclerosis in its ad· 
vmced st:J.ges will be limited. 

We dunk Mrs. Coby Peek~tok for preparing the histologic 
secriom and Mrs. Corrie: Eefting for her expert sccreuriJ.! 
support. 
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ABSTRACT 

Background: Previous studies have suggested that the compliance of large arteries 
is a purely passive phenomenon, dependent only on elastin and collagen constituents 
of the arterial walL However, the presence of smooth muscle fibers in the wall of 
these large arteries would suggest that arterial compliance might change in response 
to vasoactive substances. Thus, the purpose of this study is to determine the basal 
level of vasomotor tone in these arteries and to determine if the compliance of large 
conductance arteries can be altered in-vivo by vasoactive agents. 
Methods and Results: Proxhnal iliac arterial compliance was measured in 7 
anesthetized pigs, before and during local infusions of adenosine and norepinephrine. 
Luminal area was measured every 40 ms using a 30 MHz intravascnlar nltrasound 
catheter and an automatic edge detection program. Simnltaneous high-fidelity 
pressure measurements were obtained using a catheter-tipped pressure microtrans
ducer positioned at the origin of the iliac artery. Linear regression analysis of the 
area/pressure relationship in 2 consecutive cardiac cycles (systolic phase only) was 
performed before and during adenosine and norepinephrine infusions. The slope of 
the area/pressure regression line was defined as an index of arterial compliance. 
Measurements after 3 min of infusions of adenosine (5 - 5000 !'g/min) and 
norepinephrine (0.01 - 10 !'g/min) were compared with the control measurements. 
Even at the higbest infusion rate, adenosine did not significantly increase arterial 
compliance compared to baseline (25 ± 7 vs. 19 ± 4 mm2/mmHg x!0-3, respectively, 
p~ns). In contrast, norepinephrine decreased arterial compliance compared to the 
second baseline control (13 ± 3 vs. 20 ± 3 mm2/mmHg x!0-3, respectively, p < 0.01). 
Conclusions: Arterial compliance may be modified more by the acute infusion of 
norepinephrine than of adenosine in large conductance arteries such as the proximal 
iliac. Thus, in this animal model, smooth muscle tone tends to be minimal and 
arterial compliance near maximal (i.e., mostly a passive phenomenon). However, 
arterial compliance does not remain purely passive since smooth muscle tone can be 
increased by norepinephrine (resnlting in decreased arterial compliance). Intravascular 
ultrasound allows continuous and accurate monitoring of these changes of arterial 
dimensions, suggesting that this technique can be useful in the evaluation of 
pharmacologically induced changes in compliance of large arteries. 
Key Words: adenosine, norepinephrine, intravascular ultrasound. 

INTRODUCTION 

Previous studies have suggested that the compliance of large arteries is a purely 
passive phenomenon - dependent only on elastin and collagen constituents of the 
arterial wall [1-5] and the arterial distending pressure. However, the presence of 
smooth muscle cells within the wall of large conductance arteries such as the iliac 
would suggest that there may be an additive role for active smooth muscle 
contraction (increased resting tone) modifying arterial diameter and compliance. 
Early studies of large artery compliance attempted to characterize the compliance 
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in-vitro> where smooth muscle tone may not have been preserved (3,4,6]. More 
recent work using external ultrasound in an in-vitro model has demonstrated changes 
in vascular compliance Neural factors however> are absent in such a preparation [7]. 
In-vivo studies have demonstrated changes in large artery compliance in response to 
neural stimulation [8,9] as well as to pharmacologic agents [10-13]. However, these 
studies used external [8] or intralnminal [10,11] dimension gauges or surgically 
implanted ultrasonic dimension crystals [9,12,13] which may alter the vascular 
response to neural or pharmacologic agents and assnrne a circular shape to calculate 
lnminal area. The development of intravascular ultrasound allows accurate in-vivo 
measurements of arterial lnminal area on a beat-by-beat basis [14-16]. Thus, 
simultaneous measurement of arterial pressure and luminal area should allow accurate 
calculation of local compliance without disnrrbing the artery. Accordingly, the 
purpose of this study is: 1) to assess the feasibility of serial measurements of local 
arterial compliance in a large conductance artery, 2) to determine if pharmacologi
cally-induced changes in local compliance occur during in-vivo conditions, and 3) 
to gain some insight as to the level of resting smooth muscle tone in the artery. 

METHODS 

Surgical Preparation: 

After an overnight fast> cross-bred Landrace x Yorkshire pigs of either sex (n=7 > 

24-28 kg) were sedated with an intramuscular injection of 500 mg ketarnine (A.U.V. 
Cuijk, The Netherlands), anesthetized with !50 mg metomidate (Janssen Pharma
ceutica, Beerse, Belgium) intravenously, intubated and ventilated, using a volume 
controlled respirator, with a mixture of oxygen and nitrous oxide (1:2). Respiration 
rate and tidal volume were regulated to maintain arterial blood gases within the 
physiological range: pH 7.35-7.45, pC02 35-45 mmHg, and p02 120-180 mmHg. A 
catheter was placed in the superior vena cava via the left jugular vein for administra
tion of fluids and sodium pentobarbital (Sanofi, Paris, France), 25 mg[kg during the 
frrst half hour followed by a continuous infusion of 10 mg/kgfhr. Au SF micromano
meter-tipped catheter (Honeywell-Philips, Best, The Netherlands) was placed in the 
proximal left common iliac artery via the left carotid artery. To calibrate the 
rnicromanometer-tipped catheter and to guide placement of the 5F intravascular 
ultrasound catheter (Du-Med, The Netherlands) an SF fluid-filled sheath was placed 
in the left femoral artery. The side arm of the sheath was attached to a pressure 
transducer. Under fluoroscopic guidance the ultrasound catheter and the micromano
meter-tipped catheter were advanced into the left common iliac artery from opposite 
directions so that the ultrasound catheter was 1-2 em distal to the micromanometer
tipped pressure catheter. This pressure catheter also had a small distal side-hole 
which was used for local infusions of adenosine and norepinephrine. To alter venous 
return and thereby decrease systemic arterial pressure during norepinephrine infusion) 
a SF balloon-tipped Swan-Ganz catheter was placed in the inferior vena cava via the 
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right femoral vein. The balloon was inflated only if systemic pressure rose during the 
higher doses of norepinephrine. 

Data Acquisition: 

Simultaneous pressure recordings and ultrasound images were acquired at each study 
time pcint. The pressure signal was simultaneously acquired on the ultrasound 
videotape as well as on a strip chart recorder. Simultaneous pressure calibration was 
performed on both recordings. End-expiratory heart beats were used for all 
subsequent data analysis at each drug infusion leveL Ultrasound images were 
acquired using a 30 MHz mechanically rotated transducer providing 16 frames per 
second. 

Experimental Protocol: 

After a 20 min. stabilization period, baseline ultrasound and pressure measurements 
were obtained. These were followed by intra-arterial infusions of increasing 
concentrations of adenosine and later norepinephrine into the proximal left iliac 
artery at rates of 1 or 2 ml/min. Infusions of adenosine (0.005, 0.05, 0.5, and 5.0 
mgjmin) or norepinephrine (0.001, O.QJ, 0.1, 1.0, and 10 llgjmin) were continued for 
3 min. prior to data acquisition. There was a 3-4 min.. waiting period between 
different concentrations of each drug. There was a 15-20 min. washout period 
between adenosine and norepinephrine infusions. Prior to the infusion of norepine
phrine, a second baseline was obtained. 

Data Analysis: 

Luminal area of the left common iliac artery was measured on the intravascular 
ultrasound images using a previously described semiautomatic frame-to-frame 
tracking algorithm [14]. Briefly, this is a template-matching method which allows the 
measurement of the frame-to-frame changes in the luminal cross-sectional area from 
ultrasound images through the analysis of the regional wall displacement. The 
matching is performed by calculating a cross-correlation coefficient between the 
template image (taken at end--diastole) and the subsequent images throughout the 
cardiac cycle. The optimal matching is determined using the minimal-cost algorithm. 
This algorithm finds a path around the inner edge of the arterial wall based on the 
quality of the match at different radial positions to satisfy the constraints of 
smoothness and connectivity. This method proved to be more accurate for measuring 
small changes in arterial lumen area as compared to manual tracing (percent 
coefficient of variability 1.0% and 2.7%, respectively [14]). For each steady state 
infusion rate, 2 beats were analyzed and the results averaged. The simultaneous 
pressure was measured from the videotape to ensure no delays between the pressure 
and the luminal area measurement. Pressure measurements from the strip chart 
recorder were used to confirm the accuracy of the pressure measurements derived 
from the videotape recordings. 
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Local compliance of the left common iliac artery was calculated from matched area 
and pressure measurements from 2 consecutive beats as the slope of the area/pressure 
relationship. To avoid variations in luminal area due to hysteresis, ouly the end
diastolic and subsequent systolic data points were used. Depending on the heart rate, 
8-15 data points were used to calculate the slope of the area/pressure relationship. 
Luminal area at a given pressure of 80 mmHg was also calculated from the linear 
regression equation derived from the area/pressure relationship. 

Statistical Analysis: 

Diffences between baseline and drug infusion values were detennined by ANOV A 
with repeated measures analysis. A p value of < 0.05 was considered significant. 
Data are expressed as mean ± sem. 

RESULTS 

Systemic Hemodynamics: 

Systemic hemodynamic measurements at baseline and during increasing doses of 
adenosine and norepinephrine are shown in Table 1. Heart rate did not change 
significantly with adenosine infusion, but decreased slightly at the highest dose of 
norepinephrine (10 f!g/min). Systolic and mean arterial pressure did not change with 
either adenosine or norepinephrine infusion. However, diastolic pressure was slightly 
lower at the highest infusion rate of adenosine (5 mg/min). Baseline heart rates and 
blood pressures pre-adenosine and pre-norepinephrine were not significantly different. 

Arterial Compliance: 

Arterial compliance of the iliac artery did not change significantly with increasing 
doses of adenosine (Table 1). However, with norepinephrine infusion there was a 
progressive fall in compliance. At a given pressure of 80 mm Hg, the luminal area 
of the iliac artery did not change in response to increasing concentrations of locally 
infused adenosine. In contrast, increasing concentrations of norepinephrine resulted 
in progressively smaller luminal areas (Figure 1). There were no differences between 
the first and second baseline values for either arterial compliance or luminal area at 
80mmHg. 

DISCUSSION 

This study demonstrates the ability of intravascular ultrasound to measure arterial 
compliance in-vivo and to determine the resting tone of the artery by its response to 
vasodilating and vasoconstricting pharmacologic agents. Arterial compliance of the 
iliac artery was not significantly altered by the infusion of adenosine but was 
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Fig. 1. Intravascular ultrasound end-diastolic images of baseline (upper left panel), during adenosine 
(lower left panel), second baseline (upper right panel), and during norepinephrine (lower right panel) 
demonstrate the absence of vasodilation in response to adenosine but the presence of vasoconstriction in 
response to norepinephrine. 

Table 1. Hemodynamic Parameters and Arterial Compliance 

Adenosine (mg/min) Norepinephrine (f.lg/min) 

BL .005 .05 .5 5 BL .01 .1 10 

HR 90 89 90 91 93 89 86 84 84 82* 
(1/rnin) ±4 ±4 ±3 ±3 ±3 ±4 ±3 ±3 ±3 ±2 

SBP 110 110 112 109 105 110 103 102 103 106 
(mmHg) ±8 ±8 ±8 ±7 ±5 ±7 ±8 ±7 ±6 ±8 

MBP 86 85 87 84 77 85 82 83 83 86 
(mmHg) ±6 ±6 ±6 ±5 ±6 ±5 ±5 ±6 ±5 ±6 

DBP 75 73 76 74 66* 73 71 73 74 76 
(mmHg) ±5 ±5 ±5 ±4 ±4 ±4 ±5 ±5 ±5 ±5 

LA80 21 20 21 21 23 21 20 21 19* 13* 
(mm') ±4 ±3 ±3 ±3 ±3 ±3 ±3 ±3 ±3 ±3 

AC 19 25 16 19 25 20 18 15 14 13* 
(mm'/mmHg) ±4 ±7 ±2 ±4 ±7 ±3 ±3 ±3 ±3 ±3 
X 10·3 

Bl = baseline, HR - heart rate, SBP - systolic blood pressure, :MBP - mean blood pressure, DBP ~ 
diastolic blood pressure, LA 80 - luminal area at 80 mmHg, AC - arterial compliance (the change in 
area/the change in pressure), '~< "' p < 0.05 vs. baseline. 
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significantly decreased by norepinephrine. Thus, it appears that resting large artery 
tone in this experimental preparation is low. Previous studies have suggested that 
the compliance of large arteries is purely a passive phenomenon dependent only on 
the elastin and collagen constituents of the arterial wall [1-5,17]. The present stndy 
suggests that, in the resting state, the compliance of large conductance arteries such 
as the iliac is indeed mostly a passive phenomenon. However arterial compliance 
does not remain purely passive since smooth muscle tone can be increased by 
norepinephrine resulting in decreased arterial compliance. Thus, large conductance 
arteries are not purely passive conduits under all conditions. 

Study limitations: 

There are several potential limitations in this stndy. The method involves the use of 
2 catheters, one to measure pressure and the other to measure luminal area. This 
currently restricts the use of this methodology to large arteries. However, smaller 
pressure and intravascular ultrasound catheters are being developed to lessen this size 
limitation. 

The invasive natnre of the methodology raises the possibility that the catheter itself 
may affect the accuracy of the measurement of compliance. If the catheters were 
large relative to the arterial lumen, there could be a pressure gradient in the area of 
the measurement. For this reason an artery was chosen that had a much larger 
luminal area (approximately 5 times larger) than the size of the catheters. Arterial 
spasm induced by the ultrasound catheter could also potentially alter the measure
ment of arterial compliance. In this stndy it is unlikely that arterial spasm occurred 
since the artery did not dilate in response to adenosine but did constrict in response 
to norepinephrine. If spasm had been present, one would have expected the artery to 
have dilated in response to adenosine and to have not constricted in response to 
norepinephrine. 

The spatial and temporal resolution of the intravascular ultrasound system could 
potentially limit the accuracy of the measurement of arterial compliance. The axial 
resolution of the ultrasound imaging system was 80 filil. The lateral resolution of the 
ultrasound catheter used in this stndy was less than 225 fliD at a depth of 1 mm. 
Previous work has documented the ability of the intravascular ultrasound to 
reproducibly detect changes in arterial area of 1-2% [14]. In the present stndy the 
physiologic changes in luminal area exceeded these limits. However in smaller 
arteries or in atherosclerotic arteries the spatial resolution or variability of the luminal 
area measurements may not be sufficient to reliably measure changes in luminal area 
in response to changes in pressure. The temporal resolution of the ultrasound system 
was limited to 16 frames per second. It is possible that larger changes in luminal area 
could have been detected if the temporal resolution was better. 

Adenosine was chosen as the vasodilator to induce smooth muscle relaxation and 
thus increase arterial compliance because of its rapid onset of action and its rapid 
metabolism to allow serial studies in same animal. Adenosine has a major effect on 
smooth tone at the arteriolar level [18], but it is unclear as to the extent to which 
adenosine exerts an effect on the smooth muscle in larger vessels. However, previous 
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work has demonstrated a significant vasorelaxing effect of adenosine on large 
isolated, precontracted vessels [19-22]. 

Pentobarbital was used as the anesthetic in this study. In sheep anesthetized with 
pentobarbital, the aortic smooth muscle response to methoxamine was attenuated 
compared to the unanesthetized state [12]. Also pentobarbital has been shown to 
attenuate contractions of rat aorta strips induced by epinephrine, serotonin, and 
potassium chloride [23]. However, other studies demonstrated cbanges in characteris
tic impedance in response to a.-adrenergic blockade with phenoxybenzamine in dogs 
receiving pentobarbital anesthesia [13]. Thus, pentobarbital may have attenuated the 
a.-adrenergic response to norepinephrine by the porcine iliac artery used in this study. 

In conclusion, intravascular ultrasound can be used to study the compliance of 
large conductance arteries in the anesthetized swine. Under these experimental 
conditions, vasomotor tone appears to be mjnjmal and arterial compliance of the iliac 
artery near ma.ximal. However, vasoconstriction in response to norepinephrine 
suggests that even large conductance arteries can alter their compliance and thus 
influence arterial impedance. 
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The angle of incidence of the ultrasonic beam: 
A critical factor for the image quality in 
intravascular ultrasonography 

The effects of the angle of incidence of the ultrasound beam on the Image quality were studied 
in 21 pressurized arterial spec:Jmens examineO with a 30 MHz intravascular ultrasonographlc 
catheter. Whet~ the ultrasonographlc catheter was In an eccentric position ln the vessel lumen, 
the videodenslty of the segments of the vessel wall with the least favorable angle of 
interrogatlon (a shift of 49 ± 6 degrees from the tangent to the tlssue surface) was 27% ± 19% 
lower than the vldeodensity measured with the catheter in the center of the lumen. When the 
catheter was placed in a position that was not parallel to the long axis of the vessel, a further 
decrease was observed, especially in the vessel wall opposite the position of the catheter. An 
artificial dissection was induced in eight specimens. Dropouts that involved the dissection plane 
and the underlying structures were produced with positions of the echographic catheter inducing 
a narrow angle between ultrasound beam and dissection plane. These ex~rimentally induced 
artifacts were compared with similar findings from the in vivo evaluation of peripheral and 
coronary arteries. The angle of incidence of the ultrasound beam is a major determinant of the 
image quality in intravascular ultrasonography. Angle-dependent artifacts occur with eccentric 
and noncoaxial positions of the ultrasonographlc catheter and, in particular, with imaging of large 
intraluminal dissections. Awareness of this problem may prevent image misinterpretation and has 
relevance for future improvement of catheter technology and design. {AM HEART J 1993;125:442.) 
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Images that are obtained with intravascular ultra
sonography show great variability in quality and cre
ate problems in interpretation.1·3 An idenl, perpen
diculax angle of incidence of the ultrasound beam to 
the vessel wall requires a catheter position in the 
center of the lumen and parallel to the long axis of the 
vessel. In practice, several factors (e.g .• curvature of 

Copyrl.I:ht .. 1~93 by Mo,by-Y~ru- Book. In~. 

0002-8703/93/Sl.OO + .10 4/l/426l30 



Volume12S 

Numbo<"Z, P~rt1 Angle dependency in int:rauascular ultrasonography 443 

Fig. 1. Three intravascular ultrasonographic images of a common carotid artery (elastic type of artery ns 
determined from histologic studies) examined in vitro, with internal pressure maintained at 100 mm Hg. 
A, The catheter is in the center of the vessel lumen, and the vessel wall shows a unifonn intensity. 8, The 
catheter is eccentric in the lumen but parallel to the long axis of the vessel. Note the well-preserved cix
culnr shape of the lumen, with a mrucimal videodensity of the vessel wall in the segment beside the catheter 
and a minimal videodensity in the lateral walls. C, When the catheter is not parnllel to the long axis of the 
vessel, the lumen becomes elliptic, with a further decrease in videodensity of the vessel wall and especially 
of the segment opposite the catheter (calibration = 1 mm). D, The drawing shows the position of the re
gions of interest in which the videodensity has been measured.4 The angle of incidence of the ultrasound 
beam is measured as the angle included between the tangent to the midpoint of the intimal surface of the 
segment of interest and the line joining this point with the center of the catheter. 

the vessel. wall irregularities, or dissections) may 
preclude this optimal situation. In an attempt to im
prove interpretation of in vivo intravascular ultra
sonographic images we reproduced and quantita
tively studied angle-dependent artifacts in in vitro 
pressurized arteries with and without artificially in
duced arterial wall dissections. 

METHODS 
Material. Twenty-one arterial specimens of 5 to 6 em in 

length were obtained from 13 subjects at autopsy (18 com
mon or external iliac arteries and 3 common carotid nrt
eries). One end of the arterial specimen was closed, and the 
other was tied to a 7F valved sheath. Saline solution was 
injected through the side ann of the sheath, and the pres
sure, which was monitored with a Gould P23ID pressure 
trllll.Sduccr (Viggo-Spectrumed Inc., Critical Care Div., 

Oxnard, Calif.), was incrensed to 100 mm Hg and main
tained at this level throughout the examination. A SF 30 
MHz rotating element ultrasonographic catheter (Du
Med. Rotterdam, The Netherlands)3 was advanced to the 
midpoint of the arterial segment through the valved 
sheath. The internal diameters of the examined vessels 
were mcusured at 100 mm Hg with a previously described 
analysis progrum4 nnd rnnged from 6.2 to 8.9 mm (mean, 
7.4 ± 1.4 mm). 

Intravascular ultrasonographic examination. Cross
sectional imaging was performed with the catheter posi
tioned both in the center of the vessel lumen and close to 
the vessel wall (Fig. 1, A and B). The time-gain compensa· 
tion was unchanged throughout the examination proce
dure. Subsequently. the closed end of the vessel was rnised. 
which simulated n curvature of 10 to 50 degrees between 
the proximal segment of the vessel that contained the 
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echographic catheter and the imaged distul segment of the 
vessel (Fig. 1, C). A previously described computerized 
system5was used to calculate the mean videodensityoffour 
regions of interest, which were situated along the circum
ference of the vessel wall as shown in Fig. 1. D. These mea
surements were performed with the catheter positioned 
centJ:Dlly in the vessel lumen, close to the vessel wall {ec
centric position), and noncoaxial with the long axis of the 
vesseL The angle of interrogation of these regions was 
measured as the angle between the tangent to the vessel 
wall and the line that connected the midpoint of the inti
mDl contoUJ: of the region of interest with the center of the 
catheter (Fig. 1, D). 

In 8 of these 21 specimens nn a.rtificinl dissection was 
created by careful separation of the internal nnd external 
parts of the vessel wall through half of the circumference 
of the vesseL The specimens were then embedded in an 
agar-agar solution with the induced flap largely protruding 
inside the vessel lumen. Cross-sectional ultrasonic imaging 
was performed with the ultrasonographic catheter placed 
in vnrious positions within the true and false lumens of the 
vessel The examined positions of the vessel were marked 
with India ink and corresponding histologic cross-sections 
{5 p.m. in thickness) were obtained and stcined with hema
toxylin ozophloxine and Verhoeff's Elastin van Gieson. 

Statistical analysis. Analysis ofvarinnce (Fisher's exact 
test) was used to detect the presence of significant differ
ences in videodensity for each position of the transducer. 
When this test was statistically significant (eccentric nnd 
noncoaxial positions) a paired t test was used to compare 
each pair of regions of interest. An w::~pttired t test was used 
to compare the difference in videodensity of corresponding 
nreas that were examined with different positions of the 
transducer. 

RESULTS 

As determined from histologic examination, 13 ar
teries were classified as muscular, 5 as elastic, and 3 
as transitional according to previously reported cri
teria.s A thin layer of diffuse fibrous intimal thicken
ing was observed in 19 arteries. Two arteries showed 
an atherosclerotic plaque in the studied cross-sec
tion. In the eight arteries that were used as a model 
of wall dissection, the dissected wall was composed of 
a thickened intimal layer in two cases, intima and the 
full thickness of the medial layer in three cases, and 
intima and part of the media in three cases. With the 
exception of the two arteries with focal atheroscle
rotic plaques, the videodensity of the four regions of 
interest (Fig. 1, D) was si.mila.r when the catheter was 
in a central position in the vessel lumen (Fig. 2). 

Eccentric position of the catheter. When the cathe
ter was positioned close to the vessel wall, the video
density was higher in the segment close to the ultra
sonographictransducer (segment A) and was lower in 
the opposite vessel segment (segment C) (Fig. 2) 
(p < 0.01). The maximal reduction in videodensity, 
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however, was not observed in the position of maximal 
distance from the transducer but in the lateral seg~ 
ments (segments B and D in Fig. 2) (p < 0.01). For 
these two areas the angle between the ultrasound 
beam and the examined vessel segment was 49 ± 6 
degrees, and the mean videodensitywas27% ± 19% 
lower than the videodensity that was measured when 
the catheter was in a central position (p < 0.02). 

Noncoaxial orientation of the catheter. In the model 
that was used in this study, when the catheter was not 
parallel to the long axis of the imaged vesseL the 
catheter was also in an eccentric position in the ves
sel lumen (Fig. l, C). Thus the observed changes in 
vidoodensity were the combined result of the changes 
in two planes of the angle of incidence of the ultra
sound beam. In comparison with the measurements 
in an eccentric but coaxial position, a further de
crease in videodensity was observed, especially in the 
segment opposite the position of the catheter (NS). 

Wall dissection. In the presence of a dissected flap 
inside the vessel lumen, extremely narrow angles be
tween ultrasound beam and plane of dissection could 
be induced by manipulating the catheter both in the 
true lumen and the false lumen (Fig. 3). In these po~ 
sitions, the dissected flap could not be visualized with 
ultrasonography. Furthermore, the dissected :flap 
concealed the underlying lumen and vessel wall so 
that the identification of dimensions and shape of the 
true and false lumens became impossible. These ef* 
fects were dependent only on the angle of incidence 
of the ultrasound beam. Thickness, severity of inti
mal fibrosis, and presence or absence of medial 
layer in the dissected flap did not influence the re
ffilits. 

Atherosclerotic plaques. Fig. 4 shows that the de· 
lineation and characterization with intravascular ul
trasonography of the atherosclerotic plaque is more 
difEicult when this structure is imaged with an unfa
vorable angle of incidence. 

DISCUSSION 

The ratio of the dimensions of the wavelength of 
the incident beam to the dimensions of the target 
struc"ture is a major determinant of the backscattered 
power. If the dimensions of the target are much 
smaller than those of the beam wavelength, the ob
ject behaves as an ideal point scatterer. and its back
scatter is similar in all directions. On the contrary, 
larger structures cause a directional backscatter that 
depends on the shape of these structures. For a sim* 
pie flat interface, the backscattered energy decreases 
if the angle between the ultrasonic beam and the 
normal to the tissue surface increases. When these 
basic principles are applied to intravascular ultra-
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Fig. 2. The graph shows the videodensity of the four selected regions of interest (as indicated in Fig. 1, 
D) of 21 pressurized specimens. The videodensity is mettSUJ"ed in arbitrary units. With the catheter in a 
central position (upper line) the regions of interest show a similar videodensity. The eccentricity of the 
catheter induces (middle line) an angle of 49 :!:: 6 degrees between the ult:rosound beam and the tangent 
to the vessel wall in regions B and D and a consequent mean reduction of 27% of their videodensity. The 
noncoaxial position of the catheter, with an angle of 20 degrees with the long axis of the vessel (lower line), 
induces a further decrease in videodensity, especially in position C (opposite wall). The angles between ul
trnsound beam and tissue surface in segments Band D (lateral walls) are measured for eccentric positions 
of the catheter according to the drawing in Fig. 4. 

sonographic i.tnaging, red blood cell dimensions are 
similar to the wavelength of the high-frequency (30 
MHz) transducers which are used so that the back
scatter of blood ea.n be considered omnidirectional. 
The behavior of the vessel wall, on the contrary, is 
inhomogeneous and dependent on the dimension, 
shape, and orientation of its components, with the 
presence of various levels of directional backscatter. 
The uniform directional backscatter of the red blood 
cells explains why areas of vascular lumen are well 
delineated in Fig. 5, A and B, whereas the adjacent 
vessel walls show large dropouts. 

In vitro studies. Picano et a1,7 several years before 
the development of intravascular ultrasonography, 
reported that a strongly angle-dependent backscat
ter is typical of calcific and fibrous plaque compo
nents, whereas fatty plaques have a less directive 
pattern. More recently, de Kroon et al 8 showed an 
anisotropic behavior of the muscular and elastic me
dial layers, with a larger angle-dependent reduction 
of the integrated backscattered power in planes that 
are parallel to the long axis of the fibers than in planes 
that are perpendicular to this axis. In these studies, 
which were carried out with acoustic microscopes, the 
focus was on potential interest in these changes for 

tissue characterization. Nishimura et a1.9 used intra
vascular ultiasonographic catheters to measure cir
cular wells of lmown diameter. They observed that 
the luminal dimensions did not change with the po
sition of the catheter as long as it was parallel to the 
long axis of the well. A noncoaxial orientation at an 
angle of 30 degrees, on the contrary, resulted in an 
increase of 20% of the luminal area, which became 
elliptical. 

Our experience suggests that eccentric or nonco
axial positions of the catheter are not only i.tnportant 
for the accuracy of the measurements of the lumen 
area but also that they also influence the quality of 
the echographic i.tnages of both the normal wall and 
the atherosclerotic plaques. The lack of steerability 
of the present generation of ultrasonographic cathe
ters precludes an effective correction of eccentric or 
noncoaxial catheter positions. Improvement in cath
eter technology and design (steerability of the cath
eter, multiplane i.tnaging) is desirable to overcome 
the present limitations of intravascular ultrasonog
raphy. A model of artificial dissection was used to 
understand the i.tnagesafter balloon angioplasty. The 
complexity of these images is caused by the very nar
row angle between the dissected wall and the ultra-
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Fig. 3. Panels A-C show three intravasculnr ultrnsonic cross-sections of an iliac artery in which an arti
ficial dissection of the vessel wall is largely protruding inside the lumen. Asterisks mark the positions o! 
the echographic catheter in the corresponding histologic cross-section (panel D) for orientation. Complex 
dropouts of the dissection plane and the underlying vessel wall arc induced by narrow angles of incidence 
of the ultrD.OOund bcru:n on the dissected flap (ccl.ibration = 1 mm). 0, The histologic cross-section shows 
that the dissection flap consists of a thickened fibrotic intimal layer and part of the degenerated mu..'!CU.lar 
media (Verhoeff's stain; calibration= 1 m.m.) 

sound beam. The failure to image the vessel wall un
derlying these di.".Section flaps is likely to be the re
sult of the decrease in ultrasound energy as it crosses 
the dissected 'Wall in both directions of the wave 
propagation (from transducer to underlying struc
tures and vice versa) above a critical angle of inci
dence of the ultrasound beam. 

In vivo studies. An eccentric position of the ultra
sonographic catheter. close to the intimal surface of 
the vessel, is the rule rather than the exception in in
travascular ultrasonography. The angle between the 
ultrasound beam and the vessel wall depends on the 
dimension of the lumen, and wider angles are ob
served in larger vessels. The coronary arteries have a 
small diameter (normally 2 to 4 mm) relative to the 
diameter of the currently used ultrasonographic 
catheters (1.0 to 1.6 mm) so that presence and sever
ity of angle-dependent artifacts in these vessels are 
mi.nimized. In larger vessels, however, partial or 
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complete dropouts of the vessel wall may occur. The 
echogenicity and the omnidirectional backscatter of 
blood may allow the tracing of the contour of the 
vessel lumen despite the presence of relatively large 
circumferential dropouts of the vessel wall. Complex 
artifacts, which are due to the presence of large 
intraluminal dissections. have been common in our 
experience in patients who were undergoing balloon 
dilatation of peripheral arteries. Examinations of 
adjacent cross-sections and knowledge of the princi
ples that underlie the specific features of these 
images may facilitate their correct interpretation. 
Unfavorable or eccentric catheter positions have al
ready been reported as a cause of failure or overesti
mation and distortion of lumen area in intravascular 
ultrasonographic studies of both peripherall0-12 and 
coronary vessels.13·Z1l The peculiar characteristics of 
the artifacts that we observed with large protruding 
dissections (Fig. 5), however, have not been previ-
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Fig. 4. A, Histologic cross-section of an external iliac urtery. with a semicircular plaque composed of 
stratified lumina of dense fibrous tissue und a well-developed muscular media. (Verhoeff's stain; calibrn_
tion "" 1 rom.) B, and C, Corresponding intravascular ultrasonographic cross-sections with the catheter ad
jacent to the wssel wall and in the center of the lw:o.en. The atherosclerotic plaque is well delinen_ted when 
the ultrasound berun has a perpendicular orientntion, whereas identification of the plnque contours becomes 
impossible with a tnngential orientation of the ultrasound beam to the tissue surface. Note the sonolucent 
band corresponding to the mu..~ular media. 

Fig. 5. A, Intravascular ultrasonographic image of a superficial femoral urtery after balloon dilatation. The 
catheter is positioned in a crescent-shaped lumen. which is included between the vessel wall und a large 
intimal flap. Note that the false lumen and the opposite wall behind the dissection are visualized only in 
the a:reu of perpendicular orientation to the ultrasound beam .. A dropout of the underlying structures is ob
served in the presence of a narrow angle of incidence of the ultrasound be= on the dissection plane ( ar
rows). B, Intravasculurultrusonogruphic image of a superficial femoral artery after bnlloon dilatation. Large 
dropouts of the two extremities of the dissected plane (curved arrows) and of the underlying vessel wall 
and lumen cause interpretation problems. Note that the omnidirectional backscatter of blood clearly de
lineates the half-moon shape of the true lumen. 

ously described. We observed these changes only in 
peripheral vessels, probably because in the smaller 
coronary vessels the protruding plaques that were 
dissected from the balloon inflation were pushed 

against the opposite wall by the ultrasonographic 
catheter. thus avoiding the development of signifi
cant angle-dependent artifacts. 

Conclusions. The angle of incidence of the ultra-
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sound beam significantly affects the quality of the 
echograpbic image in intravascular ultrasonography 
and explains the image deterioration that occurs with 
eccentric or noncoaxial positions of the catheter and 
particularly in the presence of intraluminal dissec
tion flaps that protrude inside the lumen. Awareness 
of the importance of this phenomenon may improve 
image acquisition and prevent misinterpretation of 
intravascular ultrasonographic images. Future devel
opments in design of intravascular ultrasonograpbic 
catheters that allow steerability or multiplane imag
ing may improve image acquisition and circumvent 
these l:ixnitations. 

We t.lllmk M. G. M. de Kroon. PhD. N. de Jong, PhD, E. 
Boot'SOlll, PhD. C. Laoc~. PhD. aod J. Oomeo, PhD, for help, 
suggestions. aod criticisnu> io the proparation of this maouocript. 
The images shown ill Fig. 5 were obtained by Dr. H. Pietennao 
during iotravascularultraoonograpbic studies, which WCl'C carried 
out ill the Radiology Department, Academic Hoapit.9l Rottenimo
Dijgzigt. We thank Mrs. Coby Pooke.tok for preparing the histo
logic sectiollS £md Dr. R. J. van Suylen for iotcrprotiJJg them. 
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PRINCIPLES OF DOPPLER VELOCIMETRY 

An observer moving toward a sound source will hear a tone with higher frequency 
than at rest. An observer moving away from the source, will hear a tone of lower 
frequency. The same is observed when the source is moving and the observer is at 
rest. This change in frequency is called the Doppler effect after Christian Johann 
Doppler (1803-1853), an Austrian physicist who was the first to describe this 
phenomenon. This principle is applied in practice by mounting a piezoelectric crystal 
that emits and receives high-frequency sounds on the tip of an intravascular catheter. 
Changes in the velocity of blood flow velocity alter the return frequency, causing the 
Doppler shift. Sophisticated electronic circuits precisely determine the Doppler shift 
and provide a continuous record of blood flow velocity. Coronary flow velocity is 
calculated from the Doppler frequency shift (which is the difference between the 
transmitted and returning frequency), using the following Doppler equation: 

(Fl - FoJ (C) 
Velocity~ 

(2FoJ (Cos <!>) 

Where V ~ velocity of blood flow 
F0 ~ transmiuing (transducer) frequency 
F1 ~ returning frequency 
C ~ constant: speed of sound in blood 
<!> ~ angle of incidence 

Maximum velocity can be recorded provided the transducer beam is nearly parallel 
to blood flow and <1> is zero so that the cosine <!> is I. The waveform of the emitted 
sound is also important. For example, if continuous sinusoidal waves are employed 
(continuous wave Doppler), the Doppler signal will reflect all the flow velocities 
encountered by the exploring ultrasound beam. In contrast, a pulsed wave Doppler 
permits determination of both magnitude and direction of the flow changes at a 
predetermined distance from the transducer. Intracoronary Doppler has several 
advantages for the assessment of the coronary circulation. Doppler flowmeters 
directly measure the red blood cell velocity so that flow markers are not required, 
allowing a continuous assessment of flow. Since the catheter can be selectively 
inserted in epicardial vessels, regional measurements are possible. There is a direct 
relationship between velocity and volumetric flow, where blood flow ~ vessel cross
sectional area x mean flow velocity. The differences or changes in Doppler coronary 
flow velocities, thus, can be used to represent changes in absolute coronary flow 
provided the cross-sectional area remains constant. Intracoronary Doppler, however, 
has also several limitations. The method is extremely "space dependent" and may be 
affected by the stenosis geometty as well as by the intracoronary velocity profile [!]. 
The angle existing between the piezoelectric crystal and the main stream of the blood 
is critical for the estimation of flow velocity [2]. In addition, the sampling volume 
can be rather limited and does not necessarily represent the mean velocity of the 
bloodstream [3]. These limitations have been partially solved by recent technical 
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developments, as discussed below briefly, describing the different Doppler 
transducers available for intracoronary blood flow velocity measurements. 

INTRACORONARY DOPPLER PROBES 

1. Doppler probes mounted on angiographic catheters 

In 1977 Cole and Hartley reported the recording of Doppler tracings at the ostium 
of the native coronary vessels and of coronary venous bypass grafts using a 20 MHz 
piezoelectric circular crystal mounted at the tip of a standard 8 Fr Sones catheter [3]. 
In 58 patients the velocity pattern could be recorded in basal conditions and the 
hypereri:tic response to contrast media injection was measured. 

Recently, Kern described a left Judkins angiographic catheter with a 20 MHz 
crystal mounted caudally (6:00 o'clock position) at the tip of the catheter [4]. 

With these systems, however, no selective measurements can be made in the 
vessel(s) of interest and a contamination of the coronary flow due to aortic 
components may be present. Furthermore, the presence of the relatively large catheter 
in the coronary ostium may, to some extent, obstruct the coronary blood flow, 
especially during hyperemia. 

2. Intracoronary Doppler catheters 

Side-mounted probes: At the University of Iowa, special suction mounted epicardial 
Doppler probes were designed for intraoperative and experimental use [5]. ln order 
to apply Doppler velocirnetry during selective coronary catheterization, a Doppler 
crystal was mounted on one side of a 3 Fr Rentrop perfusion catheter with a flexible 
guidewire at the tip [6]. The orientation of the beam at 45° from the long axis of the 
catheter was designed to avoid flow interference from the catheter. Although this 
design resulted in a reduction of the maximal recorded velocities due to the non 
parallel orientation of the ultrasonic beam with the maximal flow velocity vector, this 
limitation was accepted because the main goal of the investigators was the evaluation 
of relative flow changes [7]. Despite fundamental design limitations, changes in 
coronary blood flow velocity measured with this intravascular ultrasonic flowmeter 
correlated well with flow measurement performed with microspheres, timed volume 
collection of coronary sinus flow, electromagnetic flowmeter measurement and 
coronary blood flow velocity recorded with epicardial Doppler probes [6,7]. 

With this system, a selective intracoronary measurement of flow velocities became 
possible during cardiac catheterization. Further technical development allowed an 
easier and safer integration of Doppler measurements in the Catheterization 
Laboratory during coronary interventions due to the availability of an internal lumen 
for a movable guidewire in the second generation catheters. 
End-mounted probes: Sibley eta!. [8] obtained subselective Doppler recordings using 
a circular end-mounted crystal on a flexible 3 Fr catheter amenable to guide-wire 
insertion. This system was designed to minimize the angle between the ultrasonic 
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beam and the centerline of the intravascular flow proflle (subsequently called "theta" 
angle), thus allowing the measurement of maximal intravascular velocity. As evident 
from the Doppler equation (page 2), with an end mounted crystal and a theoretical 
""theta" angle of 0', changes of 15' in either direction would induce a negligible 
reduction (-3.5%) of the .measured frequency shift. To contrary, the side-mounted 
probes with an angle of 45' with the centerline of flow may have a change of the 
""theta" angle by up to 15%, resulting in a shift of Doppler frequency by as much as 
23% from baseline [2]. 

The flow stream interference due to the presence of the catheter in the bloodstream 
is of concern if velocities close to the transducer have to be measured. Tadaoka et 
a! [9] reported that in an in-vitro model a blunt or M-shaped velocity profile, 
depressed at the centerline, is present several mm distal to the catheter tip, resulting 
in underestimation of flow velocity away from the transducer. A distance of at least 
10 catheter diameters was required to have a complete restoration of the flow
velocity proflle. 
Double side-mounted probes: A possible solution to the angle dependency of the 
Doppler flow velocity measurements is the use of two piezoelectric crystals located 
on the side of the Doppler catheter in such a way that a right angle between the 
transducers is obtained. A prototype of this still experimental system was validated 
in an in vitro continuous flow model and yielded accurate flow velocity measure
ments, independent of the catheter position [ 10]. 

3. Intracoronary Doppler balloon catheters 

A prototype series of coronary balloon-catheters with an end-mounted 20 MHz 
Doppler crystal have been successfully used at the Thoraxcenter to record 
intracoronary velocities dnring and after successive balloon inflations [11]. The 
system allowed the recording of high quality Doppler tracings distal to the stenosis 
before, dnring and after balloon inflation. The maximal hyperemic velocity after 
balloon inflation was found to be a useful guide for the assessment of the result of 
angioplasty. 

4. Doppler guidewire probes 

Although side- and end-mounted Doppler catheters have been extensively used in 
research cardiac catheterization laboratories, mainly for assessing relative changes of 
coronary velocities, several limitations have prevented a more widespread clinical 
application of these devices: 
I) Catheters of a diameter of I mm are unlikely to be an obstacle to flow in 
proxintal coronary arteries with a diameter of 3-4 mm, as confirmed also at high flow 
rates in experiments in calves. If, however, the recording is obtained across or distal 
to a stenotic segment, the obstruction due to the catheter may induce marked 
reduction or disappearance of the anterograde flow. 
2) The catheters must be inserted before and after coronary interventions, resulting 
in repeated and complex exchange procedures and in the inability to monitor 
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coronary blood flow velocities during the most critical phases of the procedure. 
3) The small sample volume of the current catheters requires an optimal position 
inside the vessel to record a high qnality signal, including the highest blood 
velocities. The lack of steerability of the present generation of Doppler catheters 
results in a high number of unsuccessful procedures. 
4) The 20 MHz transducers are currently activated with a pulse repetition frequency 
of 62.5 kHz. Only velocities up to 110 cmfs can be recorded, so that the high 
velocities across a stenosis can not be accurately measured. 
5) Only zero-crossing detectors are commercially available in combination with these 
Doppler probes. 

The Doppler guidewire is available as an 0.014" or an 0.018", 175 em long, 
flexible and steerable with a 12 MHz piezoelectric ultrasound transducer integrated 
onto the tip. It has handling characteristics similar to traditional angioplasty 
guidewires. The wire creates less disturbance of the flow profile distal to its tip when 
placed within a vessel and can be passed into the smaller coronary arteries without 
creating significant stenoses. The flexibility and steerability of the Doppler flowire 
are designed for crossing intracoronary arterial obstructions and maintaining a stable 
prolonged placement in the distal portion of the coronary artery during coronary 
angioplasty procedures. Substituting Doppler-tipped guidewire for a standard 
angioplasty guidewire, phasic coronary flow velocity measurements are easily 
incorporated into an angioplasty procedure without adding unnecessary technical 
maneuvers. 

The forward directed ultrasound beam diverges at 14° from the Doppler transducer 
so that the Doppler sample volume is approximately 0.65 mm thick by 2.25 mm in 
diameter when maintained 5.2 mm beyond the transducer, distal to the area of flow 
velocity profile distortion induced by the Doppler guidewire [9]. This broad 
ultrasound beam provides a relatively large area of insonification, sampling a large 
portion of the flow velocity profl.le. An adjustable pulse repetition frequency of 16-94 
kHz, pulse duration of 0.83 flS and sampling delay of 0.5 flS provides satisfactory 
parameters for spectral signal analysis. The signal transmitted from the piezoelectric 
transducer is processed from the quadrature Doppler audio signal by real-time 
spectral analyzer using on-line fast Fourier transform providing a scrolling gray scale 
spectral display. The frequency response of this system calculates approximately 90 
spectra/second. The spectral analysis of the signal and the Doppler audio-signals are 
videorecorded for later review. Simultaneous electrocardiogram and blood pressure 
are displayed with the spectral velocity. 

The Doppler guidewire has been validated during intravascular measurement of 
coronary arterial flow velocity by Doucette et a! [12]. The Doppler flow velocity 
signal was recorded in model tubes with pulsatile blood flow. In four straight tubes 
with internal diameters varying from 0.79 to 4.76 mm, the peak spectral flow 
velocity was linearly related to absolute flow velocity measured by on-line 
electromagnetic flow meters (r > 0.98 for each tube). Quantitative volumetric flow 
was calculated from vessel cross-sectional area and mean flow velocity. The average 
peak velocity was less accurate in larger tubes (> 7.5 mm) and a slightly reduced 
correlation with absolute flow was observed in some tortuous model segments. In 
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four canine circumflex coronary arteries, the electromagnetic flow probe and Doppler 
flow vessel also demonstrated high correlations in both the proximal and distal 
segments (fl. ~ 0.93 to 0.99 in the proximal vessel and 0.86 to 0.99 in the distal 
vessel). Using quantitative angiography to determine arterial diameter, quantitative 
flow velocity correlations for the two techniques was r ~ 0.95 in the model cannula 
and r ~ 0.85 in the proximal coronary artery. These data indicate that the Doppler 
guidewire accurately measures phasic flow velocity patterns and linearly tracks 
changes in flow rates in small predominantly straight coronary arteries. 

The Doppler guidewire flow velocity signals were not importantly affected by 
increasing heart rates to !50 beats/minute in the canine model. The motion attifact 
of rapidly changing heart rate might influence flow velocity, but was not observed 
in the initial validation studies. Changes of pulsatility intensity examined in the in 
vitro system demonstrated satisfactory tracking and correlation with electromagnetic 
flow responses at rapid heart rates. During in vivo pacing experiments, an excellent 
correlation was found between the average peak velocity of the Doppler guidewire 
system and flow meter response. 

The in vivo studies with the Doppler flowire established several important features 
applicable to patient use [13]. The Doppler guidewire could be easily steered in the 
proximal and distal branches of the coronary arterial tree with handling characteris
tics nearly identical to those of a normal 0.0 18" angioplasty guide wire. The phasic 
velocity recordings had a high signal-to-noise ratio and were satisfactory for 
prolonged monitoring periods in proximal and distal vessels as small as 1.2 mm in 
diameter. The Doppler spectra provided a precise estimate of forward and reverse 
flow which were well separated across the zero line [13]. Low frequency wall motion 
attifact was occasionally encountered, especially at the onset of systole. These 
artifacts, however, could be minimized by repositioning of the guidewire. 

Comparison studies were performed using both an 8 Fr Judkins Doppler catheter 
with a 20 MHz piezoelectric transducer embedded at its tip and the 12 MHz Doppler 
guidewire. After the Judkins-style Doppler catheter was positioned in the left main 
coronary artery, the 0.018" Doppler guidewire was advanced through the 8 French 
Doppler catheter to sample an identical location within the coronary arteries. Arterial 
pressure, electrocardiogram, phasic and mean velocity were displayed on a 
multichannel oscilloscope recorder. Simultaneous flow velocity data were obtained 
with both Doppler catheter techniques at baseline and following maximal coronary 
hyperemia with 10 mg of intracoronary papaverine [14]. There was no significant 
difference between the Doppler guidewire and Doppler catheter mean velocities and 
coronary vasodilator reserve. 

The safety of the instrumentation of normal and mildly diseased coronary arteries 
with the Dopppler guidewire during diagnostic coronary angiography was assessed 
in 120 patients. No complications related to the use of the guidewire were observed 
inunediately after the procedure and at a 6 months' follow-up [15]. 
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ANALYSIS OF THE DOPPLER SIGNAL: ADVANTAGES OF 
THE SPECTRAL ANALYSIS 

1. Principles of analysis 

Simple straightforward Doppler velocity registrations can be obtained with a zero
crossing (ZC) detector. The interval between each pair of adjacent zero-crossings of 
the same polarity is measured and the Doppler frequency sbift is calculated. Although 
inexpensive, simple and convenient~ this technique is less accurate than spectral 
signal analysis in areas of disturbed flow and is unable to detect the peak velocities 
[2]. Coronary blood flow often has regions of varying velocity. The corresponding 
Doppler signal is the sum of different velocity scatters and is best examined by a full 
power spectrwn provided by fast Fourier transformation. Spectral flow analysis has 
the advantage in distinguishing laminar from disturbed turbulent flow patterns. 

In the presence of composite flow signals, ouly the analysis of the frequency 
spectrwn of the Doppler signal can detect the maximal Doppler sbift and can be used 
to calculate the mean frequency by averaging the amount of power in the signal for 
each frequency. 
In vitro models: Tadaoka et al [9], using a straight tube perfused with continuous 
flow, observed that the ZC detector underestimates the true velocities measured with 
the fast Fourier transform (FFT) analysis. The ZC technique, however, seemed to be 
sufficiently reliable for the evaluation of relative flow changes. 
Animal experience: Kajiya et al [16] have reported that the velocity measured with 
a ZC detector is consistently lower than the mean velocity obtained with the FFf 
method in stenotic canine femoral arteries. In a canine model of adjustable coronary 
flow, Sudhir et al [17] reported that the absolute flow measured with an electromag
netic flo\Vllleter could be successfully estimated using the maximal velocities 
measured with the FFf. This value, however, was poorly correlated with the 
velocities measured with a ZC detector. In a separate experiment the same group [18] 
used stenosis phantoms of knovm diameter placed in canine coronary arteries and 
reported that the peak velocity proximal and across the stenosis gave the best 
estimate of the true cross-sectional area of the stenosis based on the continuity 
equation. The velocity measured with a conventional ZC detector showed no 
correlation with this area. 

Tanouchi et a! [19] reported that the flow velocity measured in the left anterior 
descending coronary artery with the FFf spectral analysis correlated well with those 
estimated by electromagnetic flowmeter (y = .88x + 9.7, r = .93, p < 0.001), whereas 
the velocities measured with a ZC detector significantly underestimated those by 
electromagnetic flowmeter (y = .23x + 1.6, r = .82). 
Clinical experience: At the Thoraxcenter, a Doppler fast Fourier transform (FFT) 
system was used to analyze the signal obtained using 20 MHz Doppler catheters [20]. 
The software of analysis included algorithms for the measurement of the instan
taneous maximal and mean velocities and of the standard deviation of the velocity 
distribution. The maximal velocity was defmed as the 90th percentile of the velocity 
distribution and the mean velocity was calculated as the intensity weighted average 
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of the velocity spectrum. Time-averaged values over 10 or 20 s of recording were 
also calculated and displayed. The mean velocity measured with a ZC detector 
(Millat MVD 20) was compared with the time-averaged maximal and mean velocities 
easured with the FFT technique in the same period in 19 patients undergoing 
percutaneous balloon coronaty angioplasty [20]. The comparison with the maximal 
and mean velocities measured with the FFT technique showed large differences 
among the paired measurements (SD = ±37% in both cases). Also the ratio between 
maximal hyperemic and basal flow velocity ( coronaty flow reserve) calculated using 
the ZC measurements and the maximal or mean FFT velocities showed large 
individual differences suggesting that the two techniques of analysis are not 
interchangeable also when relative measurements are required. Furthermore, only the 
spectral analysis allowed the detection of frequency aliasing when the flow velocity 
measurements were obtained withln the stenosis. 

The identification of the maximal velocity and the more accurate measurement of 
the mean velocity are not the ouly advantages of the spectral analysis. This system 
allows also the detection of morphologic modifications of the spectrum of velocity 
distribution related to physiological flow changes. Denardo eta! [21] calculated four 
indices of coronaty blood flow mrbulence from FFT analysis of the Doppler signal 
in 6 patients post-PTCA and 6 patients after coronaty atherectomy: spectral 
broadening index, coefficient of variatio~ coefficient of skewdness and coefficient 
of kurtosis. They concluded that flow within post directioual coronaty atherectomy 
regions was less mrbulent than upstream; flow within post-PTCA lesions was more 
mrbulent. 

Large differences between flow velocity measurements obtained with ZC and FFT 
were also observed by Piek et a! [22] in the assessment of collateral flow changes 
during coronaty angioplasty. 

In 12 normal subjects, Y arnagishi eta! [23] used an FFT technique for the analysis 
of Doppler signals recorded in the proximal left anterior descending coronaty artery. 
The percent variation in flow velocity obtained with cardiac pacing at increasing 
frequency was compared with the increase of great cardiac vein flow measured with 
the thermodilution technique. A high correlation of the percent increase measured 
with the two techniques was observed. 

CORONARY BLOOD FLOW VELOCITY PATTERNS 

Pulsatile characteristics of coronary flow: The pulsatility of coronaty arterial flow 
was already described by Scararnucci in the late XVIIth cenmry [24]. In contrast with 
the flow characteristics of most arterial districts, arterial coronaty blood flow has a 
distinctive and unique phasic pattern. Blood flow is higher in diastole and lower in 
systole. Large differences, however, may be present between the flow pattern in the 
left and in the right coronaty artery (Figure 1). An opposite flow pattern is present 
in the coronaty veins, which are characterized by a predominant systolic component, 
by flow variations during the cardiac cycle synchronous with the right atrial pressure 
waves and by large phasic changes due to respiration (Figure 2). These opposite flow 
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Fig. 1. Flow velocity measurements obtained in the left main coronary artery (LMC) and the proximal 
segments of the left anterior descending (LAD), left circumflex (LCX) and right coronary artery (RCA) 
of a patient without epicardial coronary stenoses. Note the prevalent diastolic component and the similar 
pattern and maximal velocity observed in the left anterior descending and left circumflex arteries. 

changes during the cardiac cycle can be explaffied only assuming the presence of a 
blood reservoir between the arterial and venous side of the coronary circulation 
(intramyocardial capacitance). The classical experiments of Sabistom and Gregg have 
conflnned that the systolic reduction of arterial coronary flow is due to the 
contraction of the heart [25]. Squeezing of the capillary network due to the increase 
in tissue pressure during myocardial compression related to the high systolic 
intraventricular pressure was considered the cause of the flow changes during the 
cardiac cycle. More recently, an increased systolic stiffness of the cardiac myocytes 
has been considered a possible alternative. The different patterns of flow during the 
cardiac cycle in the right and left coronary arteries is in part attributable to the 
greater systolic compressive force of the left ventricle or to the higher stiffness of the 
left ventricular myocytes during the contractile phase. Both theories can then explain 
the presence of a reversal of flow during systole in some patients with severe aortic 
valve stenosis or obstructive hypertrophic cardiomyopathy (26,27]. 
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Fig. 2. Flow velocity measurements obtained in the coronary sinus (A) and in the left anterior descending 
coronary artery (B). Note that the arterial flow is mainly diastolic while the flow in the coronary sinus 
shows a systolic and a diastolic positive component and two retrograde waves corresponding to the .. v .. 
and -a .. wave of the right atrial pressure. 

Normal blood flow velocity and flow pattern: Knowledge of normal flow velocity 
range and of signal characteristics in nonnal proximal and distal coronary arteries is 
an essential prerequisite for the evaluation of the flow velocity changes in patients 
with coronary lesions. In order to defme the normal range of coronary flow velocity, 
the time averaged blood flow velocity was measured in 81 proximal mid coronaty 
arteries without hemodynamically significant coronary stenosis (diameter stenosis 
measured with a computer-assisted automatic quantitative angiographic system 
< 30)%. A Doppler guide wire was advanced into a straight smooth and regular 
proximal /middle segment of the studied artery and the flow velocity signal was 
recorded during spectral velocity analysis. An on-line measurement of time-averaged 
peak blood flow velocity and mean diastolic-to-systolic velocity ratio is automatically 
available in the previously described Doppler guidewire system. In order to verify 
the accuracy of the quantitation of the systo-diastolic components of the velocity 
signal, the video-recorded Doppler tracing was analyzed after digital conversion using 
a custom-designed computer analysis system _ After calibration, the contoUIS of the 
Doppler envelope were traced using a digitizing tablet The systolic and diastolic 
components were defmed based on the simultaneously recorded electrocardiogram 
(QRS complex), aortic pressure (dicrotic notch) and flow changes. A repeated 
:independent analysis of 10 Doppler tracings from the same observer or from a 
second observer showed< 5% inter- and intraobserver variability for all the analyzed 
parameters. The time-averaged peak velocity was 23 ± 11 crnfs (mean ± sd of all the 
arterial segments). A large range of velocity (9-61 crnfs) was observed. Maximal 
blood flow velocity was 42 ± 17 crnfs (range 14-82 crnfs). In Figure 3 the time 
averaged velocity and the diastolic-to-systolic velocity is reported for the left anterior 
descending, left circumflex and right coronary artery. Significantly higher diastolic-
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to-systolic ratios of mean velocity and velocity integrals were measured in both 
branches of the left coronary artery compared to the right coronary artery 
(p < 0.0005). 

Ofili et al [28] have recently reported the results of the analysis of simultaneous 
flow velocity measurements in 55 angiographically normal, proximal and distal 
coronary arteries (right coronary artery~ 12, left circumflex artery ~ 19, left anterior 
descending coronary artery ~ 24) obtained both in baseline conditions and after the 
selective injection of 8 - 18 !Jg of adenosine intracoronary. Proximal and distal 
velocities in each artery were not different at baseline or hyperemia. Coronary flow 
reserve (hyperemic/basal flow velocity ratio) was also similar in the proximal and 
distal guidewire locations in all 3 arteries. 

Thus, proximal and <listal normal native coronary arteries have similar relative 
flow velocity parameters and vasodilator reserve with a diastolic predominant pattern, 
fmdings which are generally less marked in the right coronary artery. 

The minor reduction of flow velocity observed advancing the Doppler probe from 
proximal to distal is somewhat surprising when the large reduction of the correspon
ding cross-sectional areas and, consequently, coronary flow is considered. The 
maintainance of flow velocity across the length of the epicardial artery is due to the 
gradually diminishing vessel area as volumetric flow is distributed to side branches 
along the proximal to <listal vessel course. Anatomically, the division of the coronary 
arteries is extremely irregular, with the presence of small transmural arteries directly 
branching from the major epicardial arteries and of a non symmetrical division of the 
mother vessels into numerous smaller daughter branches. Stralher ordering and fractal 
models have been proposed to describe the heterogeneity of the vessel <listribution, 
in analogy of other physiological structures such as the airways of the lung [29]. 

When only the increase of the total arterial cross-sectional area between mother 
and daughter vessels in large epicardial arteries is considered, a progressive moderate 
increase is observed, in accordance with the principle of limited/adaptive vascular 
shear stress, minimum vascular volume at bifurcations and with the principle of 
minimum viscous energy loss. After three-dimensional reconstruction of the arterial 
tree, Seiler et a! [30] calculated a ratio between area of the mother vessel and mean 
of the areas of the daughter vessels of 1.647, similar to the ratio predicted based on 
the previously mentioned principles (1.588). These considerations explain with only 
a moderate decrease, inversely proportional to the moderate increase in total cross
sectional area, occurs from proximal to distal in the coronary arterial tree (Figure 4). 
Flow velocity, therefore, is relatively uniform in the epicardial arteries of the same 
patient and a rapid decrease indicates redistribution of flow in the lower resistance 
branches proximal to a flow-limiting coronary stenosis. 

The above considerations may explain the poor correlation between cross-sectional 
area and flow velocity observed in our control population (74 cases). In normal 
arteries or in arteries with early atherosclerotic changes not modifying the normal 
arterial cross-section, the variability of the flow velocity measurements seems to be 
dependent more on the variable basal flow requirements than on the anatomic 
differences in dimension or distribution of the major epicardial arteries. 
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Fig. 3. Time-averaged peak velocity, diastolic to systolic ratio of the mean velocity and of the velocity 
integrals in the left anterior descending (LAD). left circumflex (LCX) and right coronary artery (RCA). 

Flow velocity in saphenous veins and mammary aneries used as coronary conduits: 
The saphenous vein grafts have a predominantly diastolic flow, similar to the flow 
in native coronary arteries [31]. In the proximal saphenous veins used as aorto-

V = 15 cm/s 
F = 1.06 ml/s 

0 = 3.0 mm 
CSA = 7.1 mm2 

V = 9 cm/s 

V = 12 cm/s F = 0.26 mils 

F = 0.53 ml/s c= 
II ic= 

0 = 2.4 mm 
7
l ____ _ 

CSA = 4.5 mm2 0 = 1.9 mm 
CSA = 2.8 mm2 

area increase per bifurcation = 1.26 
prox. to distal vel. ratio per bifurcation =1.25 

Fig. 4. Diagram showing a schematics of variations of vascular diameter (0), cross-sectional area (CSA), 
flow (F) and flow velocity (V) from proximal to distal in the coronary arteries. In the example, the 
division between mother artery (AM) and daughter arteries (A0) is symmetrical and obeys the principle 
of limited/adaptive vascular shear stress. Note that the decrease in flow velocity from proximal to distal 
is much smaller than the decrease in cross-sectional area and volume flow. 
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coronary bypass, however, large high-peaked systolic waves may be present, 
probably reflecting the higher distensibility of these long thin-walled vascular 
conduits, with a higher vascular capacitance than the shorter and smaller native 
coronary arteries. In the proximal segment of in situ internal thoracic (mammary) 
arteries anastomosed to coronary arteries, the phasic blood flow velocity resembles 
the subclavian artery [31,32], with a predontinant systolic peak velocity (diastolic-to
systolic mean velocity ratio = 0.6 ± 0.2). The velocity pattern changes in the distal 
internal mammary with a predominant diastolic flow. Saphenous vein bypass grafts 
and mammary arteries also show significant differences in the absolute velocity 
measurements. Diastolic peak velocity of 14 ± 6 cmfs have been reported in venous 
aorta-coronary bypass grafts. In mammary arteries diastolic velocities similar to those 
recorded in native coronary arteries were observed (diastolic velocity = 45 ± 16 cmfs) 
[31]. A peculiar characteristics of saphenous veins used as sequential conduits is the 
sudden decrease in velocity observed distal to a coronary anastomosis, in contrast 
with the progressive velocity decrease observed from proximal to distal in native 
coronary arteries. The low flow velocity consequent to the inability to adjust the 
caliber according to flow demand may explain why saphenous vein grafts are more 
prone to accelerated atherosclerosis than native coronary arteries or mammary arteries 
used as coronary bypass. The low flow velocity and shear rate may facilitate 
thrombosis and greater interactions between blood elements and intimal surface. With 
the use of an implantable ultrasouic Doppler miuiprobe, the flow velocity in the 
internal thoracic artery and gastroepiploic artery as measured 2 weeks after 
implantation. Both grafts showed a significant increase during exercise and 
dobutamine infusion but no changes after uitroglycerin or uifedipine [33]. Interes
tingely, the gastroepiploic artery after coronary implantation continued to show a 
large increase in flow velocity (+83 ± 48%) between 30 and 90 min after the patient 
tald.ng meals. 

CALCULATION OF VOLUME FLOW FROM FLOW 
VELOCITY MEASUREMENTS 

Two crucial steps are required to accurately calculate absolute (volume) flow from 
flow velocity measurements: the calculation of the mean blood flow velocity in a 
given vascular cross-section and the accurate measurement of the cross-sectional area 
at the site of the measurement. 
Assessment of mean blood flow velocity: The measurement of the mean blood flow 
velocity requires an adequate Doppler sampling of the peak flow region within a 
vessel: 
a) the ultrasound beam should be aligned parallel with the centerline of flow. The 
Doppler guidewire has the piezoelectric crystal mounted at the tip so that a partial 
ma!alignment of the probe would only minimally affect the velocity recording, an 
angle of 30° with the velocity vector producing underestimation of flow of 
approximately 6%; 
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b) the entire flow profile or at least a significant proportion which includes the 
maximal velocity must be insonified; 
c) the physical presence of the Doppler probe should not modify the velocity profile 
at the site of the Doppler sample volume; 
d) a spectral analysis of the Doppler frequency should be performed to identify all 
the different velocities in the sample volume, including the maximal velocity. 
Theoretically, mean blood flow velocity can be measured from the weighted average 
of the velocity spectrum [34]. Several technical shortcomings limit the practical 
usefulness of the measurement of mean blood flow velocity from the velocity 
spectrum: 
!) the filtering process necessary to remove the high intensityflow velocity signals 
from vessel wall contact artifacts (wall "thumps") affects the accuracy of the 
measurement of mean velocity; 
2) measured from the intensity weighted velocity spectrum mean velocity is more 
sensitive than the maximal velocity to a variety of noise components of the signal; 
3) the mean velocity calculated from the intensity weighted velocity spectrum may 
be inaccurate, if the entire parabolic profile of the artery is not included in the 
sample volume. Accurate measurements can still be obtained from the maximal flow 
velocity. Small changes in the position of the tip of the catheter inside the vessel, are 
also more likely to change the mean than the maximal velocity; 
4) the weighing factors for the different velocities of the velocity spectrum can not 
be reliably determined as signal intensity is modified by several unlmown parameters 
such as rouleaux formation [35,36]. 
5) inhomogeneities in the distribution of ultrasonic beam power may cause significant 
errors in the measurement of mean coronary blood flow velocity [37]. 

A different approach is based on the use of the maximal blood flow velocity which 
is less sensitive to the presence of noise and is more easily included in the sample 
volume based on the above described characteristics of the Doppler system. Mean 
blood flow velocity can be estimated from the maximal BFV in the presence of a 
laminar flow field and a fuiiy developed velocity profile (Figure 5). 

An important limitation to the applicability of this formula is that the velocity 
profile is assumed to be parabolic and fuiiy developed. The distance L necessary to 
allow the fuii development of a parabolic flow proflie is defmed by the equation 
[38]: 

L ~ (0.03 RJ d 

where R, is the Reynolds number and d the diameter of the conduit. Consequently, 
the velocity measurement should be taken at a distance of 4-6 times the vessel 
diameter to allow a complete development of the velocity profile at the Reynolds 
numbers present in normal epicardial coronary arteries (150-200 units). The same 
issues must be considered sampling velocity distal to ruajor bifurcations of the vessel. 
Also in the presence of changes of the vascular diameter, the measurement of mean 
blood flow velocity from maximal velocity can be misleading if the stenotic segment 
is too short to allow a full development of the velocity profile. The non-Newtonian 
characteristics of blood will induce a flatter than expected velocity proftle so that the 
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Fig. 5. Diagram showing the fixed relation (2: 1) between maximal and mean flow velocity in a conduit 
with a laminar parabolic velocity profile. The fixed relation between maximal and mean velocity in a 
conduit with a laminar parabolic velocity profile can be derived from the classical equations describing 
the velocity of each streamline of flow according to its distance X from the centerline of flow and from 
the Poiseuille equation. 
AP = pressure gradient; ).1 = viscosity; r - conduit radius; L = length of the segment. 

mean blood flow velocity may be underestimated deriving this parameter from the 
maximal flow velocity [39]. These considerations underline the difficulties in 
obtaining reliable volumetric flow measurements based on blood flow velocity 
despite the recent progress in Doppler probe technology and signal analysis. 
Nevertheless, recent validation studies have shown a high correlation both in vitro 
and in vivo between volumetric flow measured with an electromagnetic flowmeter 
and flow derived from Doppler measurements obtained with the Doppler grtidewire 
probes [12]. 
Assessment of the cross-sectional area at the site of the Doppler sample volume: A 
hlgh quality angiogram, suitable for measurements of the cross-sectional at the site 
of the Doppler sample volume, can be performed almost simultaneously with the 
acquisition of the Doppler recording using the 0.018" Doppler guidewire. It must be 
noted, however, that more accurate measurements are obtained when the probe is 
positioned in an arterial segment of uniform caliber so that a mean cross-sectional 
area over a short arterial segment immediately distal to the Doppler probe 
(approximately 5 mm for the Doppler grtidewire) can be obtained. 

An alternative method is the combination of intracoronary Doppler and two
dimensional coronary ultrasound imaging. A continuous recording of high-quality 
echographlc cross-sections, suitable for automated quantitative analysis, can be 
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achieved with the modem ultrasound imaging catheters. Although prototype system 
of combined Doppler-imaging ultrasound catheters have been tested [40,41], the 
introduction of the Doppler guidewire allows a simultaneous assessment with 
ultrasound catheters. The slighty dilierent position of the Doppler sample volume and 
of the echographic cross-section and the potential electrical interference are minor 
limitations of this approach. 

ASSESSMENT OF CORONARY FLOW RESERVE 

Since the original work of Gould, Lipscomb, and Hamilton [58], the assessment of 
coronary flow reserve has been viewed as a method to establish the severity of a 
stenosis located in one of the major epicardial vessels. It is assumed that the 
reduction in hyperemic flow through the stenotic lesion would be an indicator of 
stenosis severity. This assumption is derived from the complex hemodynamic 
principles regulating the coronary circulation. At rest, flow is independent from the 
driving pressure over a wide range (60 - 180 mrnHg) of physiological pressures, a 
phenomenon classically described as autoregulation of the coronary circulation. 
During maximal vasodilatation, flow becomes linearly related to the driving pressure 
[59]. The presence of a flow limiting stenosis in a major epicardial vessel generates 
a pressure drop across the stenotic lesion which is the result of viscous and turbulent 
resistances, so that the driving pressure distal to the stenosis decreases exponentially 
in response to the flow increase [60]. 

The coronary flow reserve concept is appealing to the clinician because it 
constitutes a functional surrogate to the anatomic description of the lesions located 
in the epicardial vessels. Many investigators have shown in animal experiments that 
a decrease in flow reserve may discriminantly detect lesions of increasing severity 
[ 61]. Although the concept may be easily and accurately applied in an optintal 
physiological situation in humans [62,63], it should be recognized that coronary flow 
reserve is influenced by several factors independent from the hydrodynamic 
characteristics of the stenotic lesion. S:ince flow reserve is, by deimition a ratio, 
similar values may be obtained at very dilierent levels of resting and hyperemic flow. 
Changes in basal resting flow without changes in hyperemic flow will considerably 
affect the ratio. Furthermore, any factors affecting the hyperemic pressure flow 
relationship would likewise modify the flow reserve and thereby change the 
assessment of the severity of the coronary lesion under study. The hyperemic 
pressure flow relationship is influenced by factors such as heart rate, preload, 
myocardial hypertrophy or disease of the microvasculature [59,64]. 
Effects of the pharmacologic agents used to induce maximal hyperemia: An increase 
in coronary blood flow can be observed either during reactive hyperemia induced by 
transluminal occlusion or by pharmacologically induced hyperemia. Widely used 
vasodilator agents are dipyridamole, uitroglycerin, papaverine and adenosine. The 
hyperosmolar ionic and low osmolar non-ionic contrast media can not be used 
because they do not produce maximal vasodilatation [65]. Nitrates have a predomi
nant effect on large conductance vessels so that the flow changes due to peripheral 
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vasodilatation are partially masked by the large simultaneous increase in cross
sectional area in the proximal arterial segments. Continuous infusion of an adequate 
dose of dipyridamole results in maximal coronary vasodilation, but it has the 
disadvantage of a long duration of action, which makes the repeated assessment of 
the coronary hyperemic response of the coronary vascular bed or the assessment of 
different coronary vascular bed response during the same procedure impossible. 

Bookstein & Higgins [ 65] have shown in dogs that the hyperemic response after 
an intracoronary bolus injection of adenosine-triphosphate or papaverine is of the 
same magnitude as that occurring after a 15-second occlusion of the coronary artery. 
The dose range of intracoronary papaverine needed to produce maximal coronary 
vasodilation has been established in humans by Wilson & White [66]. Selective 
intracoronary infusion of papaverine produced a maximal hyperemic response in most 
(80%) coronary arteries after 8 mg and in all coronary arteries after 12 mg. 
Papaverine in this dose range (8 to 12 mg) produced a response equal to that of an 
intravenous infusion of dipyridamole in a dose of 0.56 to 0.84 mgjkg of body weight. 

The coronary vasodilation after intravenous or intracoronary adenosine is of a 
comparable magnitude to that observed after papaverine. The time from intracoronary 
injection of adenosine to peak hyperemia, as well as the total duration of the 
hyperemic response, is about four times shorter than that of papaverine (Figure 6) 
[67]. Furthermore, adenosine does not prolong QT interval and avoids the potentially 
dangerous ventricular arrhythmias observed after papaverine [68]. Wilson eta! [69] 
recently reported that an intracoronary bolus or infusion of adenosine increases 
coronary velocity to levels similar to those recorded after papaverine without 
significant systemic effects or symptoms. Adenosine can also be administered 
intravenously. Kern et al. have shown that a continuous intravenous infusion of 140 
l'g/Kg/min induces maximal coronary vasodilation in the vast majority of patients 
with the presence of mild hypotension and bradycardia [70]. The frequent develop
ment of symptoms (flushing: 35%, chest discomfort: 34%, headache; 21%, dyspnea: 
!9%) and of 1st-2nd degree atrio-ventricular block (< 10%) rarely requires 
discontinuation of the infusion [71]. In view of the extremely high safety prof'Ile of 
low dose intracoronary adenosine, this agent and route is the pharmacologic stimulus 
of choice. 

Intracoronary papaverine has been reported to increase coronary blood flow 
velocity to four-six times the resting value in patients with normal coronary arteries 
[66,72]. In these series, however, a highly selected patient population was studied, 
with the exclusion of myocardial hypertrophy, previous myocardial infarction or of 
any other condition lmown to increase the baseline flow (anemia, hypertyroidism, 
etc). 

Using papaverine 8-12.5 mg and a Doppler guidewire in an unselected series of 
patients with coronary artery disease, we observed in 81 arteries without hemodyna
mically significant coronary artery stenosis a coronary flow reserve of 2.9 ± 0.95, 
with a large individual variability (range 2.1-4.2). 
Effect of the pharmacologic agent used to induce hyperemia on stenosis geometry: 
The ideal vasodilator should dilate exclusively the resistance vessels without affecting 
the geometry of the flow limiting stenosis in the epicardial coronary artery. 
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Fi'g. 6. Flow velocity recording after selective intracoronary injection in the left anterior descending 
coronary artery of papaverine (125 mg), adenosine (18 pg) and Iopamidol (7 ml, 370 pg Iodine/ml). Note 
that the hyperemic response after contrast injection and adenosine are much shorter than the hyperemic 
state induced by papaverine. The hyperemic flow velocity after contrast injection is lower than the flow 
velocity observed after adenosine and papaverine. 

Unfortunately, as indicated by our results with intracoronary papaverine [73], the 
agents used to induce vasodilation of the resistance vessels also influence the 
epicardial coronary arteries. The hyperemia induced by intracoronary papaverine 
cannot be solely attributed to a fall in arteriolar resistance but is partiaJ!y due to 
changes in the geometry of epicardial stenoses. In other words, the methodologic 
approach affects the investigated phenomenon, namely the pressure - flow 
relationship of the flow-limiting stenoses. 

Gould & Kelley found important changes in stenosis geometry caused by 
papaverine induced hyperemia in dogs [74]. However, there are some qualitative 
differences between their results and ours, due to the different nature of human 
coronary atherosclerotic lesions and stenoses produced by an external constriction of 
normal coronary arteries in dogs. In this study an isolated increase in "normal ... area 
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without change in the stenosis lumen area was observed. In our study [73], on the 
contrary, the most significant change in stenosis geometry was the increase in the 
cross-sectional area of the stenosis. Since change in vessel caliber caused by the 
coronary vasodilator (dipyridamole, papaverine or adenosine) may alter the 
pressurejflow relationship, administration of nitrates before the measurement of 
coronary flow reserve is strongly advocated to negate the epicardial vasodilator 
action of the drugs used for the induction of maximal hyperemia [73] 

Factors influencing the accuracy of Doppler-based coronary flow reserve as an index 
of stenosis severity: The coronary flow velocity reserve is estimated by the ratio of 
peak to resting flow velocity. One of the potential problems of this measurement is 
that the flow velocity ratio can be affected by a change in resting flow velocity 
caused either by factors increasing myocardial oxygen consumption (e.g. thy
rotoxicosis) or producing a resting high flow state (e.g. anemia). Changes in arterial 
pressure between measurements of resting and peak flow velocity can also affect this 
ratio. To address this problem, an index of resistance has been proposed by Wilson 
et al. [7] calculated as the quotient of: 

mean aortic pressure and peak flow 

peak flow velocity 

and resting aortic pressure 

resting blood flow velocity 

McGinn et al [75] have studied the influence of heart rate, arterial pressure and 
ventricular preload on the long-term variability of serial coronary flow reserve 
measurements. In 45 patients with normal left ventricular function (38 cardiac 
allograft recipients, five patients with normal coronary arteries and two patients with 
minimal coronary artery disease (<50% diameter stenosis), coronary flow reserve 
measurements were highly reproducible in the absence of conditions known to affect 
resting or hyperemic coronary blood flow. Increases in heart rate or preload reduced 
coronary flow reserve because resting coronary blood flow velocity was increased 
while hyperemic coronary blood flow velocity was unchanged. In contrast, changes 
in mean arterial pressure did not alter coronary flow reserve. Interpretation of 
coronary flow reserve measurements should account for the variable hemodynamic 
conditions at which the flow velocity measurements are obtained. 

A final technical note concerns the possible induction of flow obstruction due to 
the large guiding catheter engaged in the ostium. In this case after selective injection 
of the vasodilator, the catheter should be inunediately pulled out from the ostium 
without moving the Doppler probe. A careful monitoring of the pressure waveform 
recorded through the gniding catheter can facilitate the detection of damping of 
velocity. Use of diagnostic coronary catheters (6-7 Fr) is an easier alternative 
possibility to prevent flow obstruction allowed by the use of the Doppler gnide wire. 
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CONCLUSIONS AND FUTURE DIRECTIONS 

The last few years have seen rapid advances in coronary Doppler probe technology 
and signal analysis and the development of new approaches to the interpretation of 
the flow velocity measurement. These changes have transformed a complex technique 
reserved to a few research laboratories into a reliable diagnostic tool which can be 
used for the assessment of stenosis severity and for the evaluation of the results of 
coronary interventions. These technical developments have also facilitated and 
increased the application of the technique in the study of coronary circulation. The 
availability of smaller Doppler probes (0.0!4" guidewires) now allows the integration 
of Doppler flow measurements in all coronary interventions. Combined Doppler and 
imaging ultrasound systems will be applied for a continuous measurement of absolute 
coronary flow as well as for the simultaneous study of morphological and functional 
characteristics of the coronary system. The development of combined Doppler
pressure sensors with guidewire technology can facilitate the assessment of stenosis 
hemodynamics. 

Technical improvements alone, however, are insufficient to establish intracoronary 
Doppler as the ideal technique for the functional assessment of the coronary 
circulation. Knowledge of the recent advances in coronary flow physiology is a 
prerequisite for the interpretation of the flow velocity changes and the development 
of new methodological approaches mutuated from the experimental animal 
laboratory. The investigators using this technique in the clinical field, therefore, must 
remember that a close collaboration with basic scientists and coronary physiologists 
has been started since the very beginning by the pioneers in this field and is essential 
for the future development of the technique. 
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catheterization and C&rdiovascular Diagnosis 28:56-64 (1993) 

Technical Note 

Limitations of the Zero Crossing Detector in the 
Analysis of lntracoronary Doppler: A Comparison With 
Fast Fourier Transform Analysis of Basal, Hyperemic, and 

Transstenotic Blood Flow Velocity Measurements in Patients 
With Coronary Artery Disease 

carlo DiMario, MD, JOS R.T.C. Roelandt, MD, PhD, Peter de Jaegere, MD, David T. Unker, MD, 
Jan Oomen, PhD, and Patrick W. Serruys, MD, PhD 

The current clinical standard tor the analysis of lntracoronary Doppler signals Is the 
application of a ~ro-crosslng (ZC) detector. However, the accuracy of the method Is 
questionable, especially in areas of disturbed flow, as conflnned by In vitro studies, 
animal experiments, and intraoperative observation& The aim of this study is the com
parison of a conventional ZC detoetof" and a custom-designed spectral analyzer (fast 
Fourier transform, FFT) in the analyals of lntracoronary Doppler signals obtalneclln 19 
patients undergoing coronary angloplasly. 

A 3F catl'leter with an end-mounted Doppler ceramic crystal was placed over an 0.014" 
guldewire in a normal or near-normal segment proximal to the lesion to be dilated. The 
Doppler signal was recorded before and after lntracoronary Infusion of 12.5 mg of pa.
paverlne. In 9 patients high flow velodtlea could be recorded when the catheter was 
advanced across the stenosis. 

The blood flow velOCity measurements obtained with ZC were slgnfficantly lower than 
the maximal FFTflow velocity measurements {1G:t::12 cm/s vs. 29:!:18 cmta, p < .001). In 
all the conditions of Doppler signal acquisition {baseline, hyperemia, stenosis) a large 
scattering of the signed differences between corresponding measurements was ob
served. The standard deviation of the difference zc-FFT was :11 cmts and :!:5 cm/s for 
the maximal and mean FFT flow velocity, corresponding In both cases to ::e37% of the 
mean of the ZC and FFT measurements. Large differences were also observed In the 
values of coronary flow reserve (CFR) calculated as the ratio between ZC and FFT flow 
velocity measurements 30 s after papaverine lntracoronary and at baaellne. The standard 
deViation ot the difference ZC-FFT based CFR was :!:1.3 and :1.2 for the values derived 
from the maximal and mean FFT flow velocltles (percent difference :!:32% and :!:37%, 
respectively). 

In conclusion, the measurements obtained from the same intracoronary Doppler sig
nal analyZed with a ZC detector and an FFTtoehnlque showed large differences In various 
conditions of flow and also In the assessment of relative flow velocity derived Indices 
such as CFR. Spectral analysis should replace the current use of a ZC deteetor for the 
evaluation or coronary Doppler signals, even for the assessment of relative flow velocity 
changes. o 1993 Wlley-Uaa. 1nc. 

Key words: blood flow veloclty, Doppler ultrasound, coronary stenos.Js. coronary flow 
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INTRODUCTION 
From the Cardiac Catheterization Laboratory, Division of Cardiology, 
Thoraxeenter, Erasmus University. Rotterdam, The Netherlands. 

Spectral analysis has replaced the use of zero-crossing 
(ZC) detectors in most applications of Doppler ultra
sound in cardiology. With a ZC detector the Doppler 
shift is measured from the interval between each pair of 
adjacent ZCs of the same polarity. Although this tech
nique is adequate for a simple sinusoidal signal. only a 
rough approximation of the mean frequency is obtained 
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when ZC is used for the analysis of composite Doppler 
signals induced by the presence of scanerers of different 
velocity in the Doppler sample volume [1.2]. The main 
advantages of the analysis of the full frequency spectrum 
of the Doppler signal are the detection of the maximal 
Doppler frequency and the more accurate calculation of 
the mean Doppler frequency from the weighted intensity 
of the signal for each frequency. Funhermore. the pres
ence of noise can be more easily detected and distin
guished from the physiologic signal. Despite these ad
vantages of spectral analysis. ZC detectors are almost 
invariably used in recent reports applying intracoronary 
Doppler [3-5]. The small sample volume of most intra
coronary Doppler probes and the use of relative rather 
than absolute measurements are possible arguments sup
porting the use of a ZC detector for the analysis of in
tracoronary signals [6]. 

Aim of this study is the comparison of a conventional 
ZC detector and a custom-designed spectral analyzer us
ing a fast Fourier transform (FFT) algorithm for the anal
ysis of intracoronary Doppler recordings. To this purpose 
intracoronary Doppler signals have been recorded and 
simultaneously analyzed with the two techniques in base
line conditions. during pharmacologically induced hyper
emia. and in areas of disturbed flow (stenosis) in 19 
patients undergoing coronary angioplasty. 

MATERIALS AND METHODS 
Patients 

The Doppler studies were performed in 19 patients 
(age 57 ± 12 years. 11 men and 8 women) undergoing 
percutaneous treatment of symptomatic high-grade cor
onary stenosis (14 balloon angioplasty. 5 directional 
atherectomy). The protocol was approved by the Ethics 
Committee Erasmus University/Dijkzigt Hospital (pro
tocol #104.975/1990!55). Written informed consent was 
obtained in all cases. The treated vessel was the left 
anterior descending :trtery in 8 cases. the right coronary 
artery in 6 patients. and the left circumflex artery in 5 
patients. 

Catheterization Procedure 

The Doppler transducer consisted of a 20 MHz annular 
piezoelectric crystal [7] mounted at the tip of a 3F (di
ameter = 1 mm) intracoron:uy catheter (Schneider, ZU
rich. Switzerland). After systemic heparinization with 
10.000 I.U. and intracoronary injection of 2-3 mg of 
isosorbide-dinitrate. the Doppler catheter was inscncd 
into the proximal coronary artery through the guiding 
catheter and along an O.Ol4N guidewire (Monorail tech
nique). The position of the Doppler probe was optimized 
in order to obtain stable recordings in basal conditions. 
Afterw:u-ds. 12.5 mg of papaverine was injected intra-
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coronarily through the guiding catheter and a new re
cording was obtained after 30 s [8.9]. The guiding cath· 
eter was withdrawn from the coronary ostium to avoid 
limitations of flow during hyperemia. Based on clinical 
conditions and severity and characteristics of the stenosis 
an attempt to advance the Doppler catheter across the 
stenosis was performed in 14 cases before angioplasty 
and in 4 cases after angioplasty. In 3 cases the severity of 
the lesion precluded the passage of the Doppler catheter. 
No complications related to the usc of the Doppler cath
eters occurred. The entire procedure of acquisition of the 
Doppler tracings. from insertion to withdrawal of the 
Doppler catheter. had a mean duration of 12 min (range 
7-31 min). 

Doppler Recording and Analysis 

The Doppler catheter was activated with an MVD 
pulsed Doppler velocimeter (Millar Instrument.'>. Hous
ton. TX. USA) with a carrier frequency of 20 Mhz and 
a pulse repetition frequency of 62.5 kHz. The gate con
trol (sample volume of0.46 mm in depth. movable from 
1 to 10 mm from the catheter tip) was adjusted from 2 to 
4 mm to optimize the signal intensity and characteristics. 
Low frequencies ( <200 Hz) were partially removed us
ing a high-pass filter. The quadrature audio signal was 
simultaneously analyzed with an internal ZC detector 
and transmitted to a spectral analyzer. This system uses 
an ADSP-2100A signal processor provided with two an
alO<",ddigital converters (AD 1332). The FfT analysis was 
performed on 256 samples every 10 ms and transmitted 
across a parallel interface to an Olivetti M250 PC. With 
both systems the Doppler frequencies (kHz) were trans
formed in velocity (cmls) by multiplying the frequency 
shift by 3.75 times according to the Doppler equation. 
After the recording of a calibration signal. the phasic and 
time-averaged ('"mean") ZC velocities were continu
ously recorded on a strip-ch:trt recorder. When a stable 
signal was obtained in basal conditions. across the ste
nosis and 30 s after papaverine injection. the ZC veloc
ities were recorded at 25 mmls simultaneously to the 
acquisition and storage of I 0 s of signal processed with 
the FFf analyzer (Fig. 1). The time-averaged ("mean") 
ZC flow velocity was compared with the time-averaged 
maximal and mean FFf simultaneously acquired flow 
velocities automatically calculated as the 90th and 50th 
percentile of the flow velocity spectrum distribution. re
spectively. 

Coronary flow reserve (CFR) was calculated as the 
ratio between coronary velocity 30 s after intracoronary 
papaverine infusion and at baseline (Fig. 2). 

statistical Analysis 

The statistical significance of the difference between 
simultaneously acquired time-averaged ZC and maximal 
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PROXIMAL 

Fig. 1. Example of Doppler blood flow velocity rec:ordlng In the 
proximal {PROXIMAL) left anterior descending coronary artery 
and with the Doppler catheter advanced across the stenosis 
(STENOSIS). Note that In the right upper tracing, recorded 
across the stenosis and analyzed with the FFT teehnlque. the 
flow velocltfes higher than 120 cmls are shown as negative bQ

cause of frequency aliasing. Consequently, the algorithms au-

and mean FFT measurements and derived CFRs was 
evaluated using Student's t-test. The time-averaged 
("mean'') ZC flow velocity was compared with the cor
responding maximal and mean FFT velocities using lin
car regression analysis. The regression equation was sep
arately calculated for the measurements at baseline. 
during hyperemia. and across the stenosis. Subse
quently. according to the method described by Bland and 
Altman for the assessment of the agreement between 
different methods of measurement [IO]. the signed dif
ferences of the corresponding measurements were plot
ted against the mean of the measurements. 

RESULTS 

Forty-eight Doppler recordings were available for 
compnrison (23 recordings in baseline conditions. 16 at 
peak papaverine effect. 9 across the stenosis). Papaver
ine injection was not performed in 3 patients. In 4 pa-
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tomatlcally applied for calculation of maximal (Vmax) and mean 
(Vmean) blood flow velocity underestimated the true flow ve
locity. In the ZC tracing (lower part of the illustration, with the 
callb:ration signals for both ph;~slc and time-averaged ("mean"1 
flow velOCity shown on the left) no clear evidence of the pres
ence of frequency aliasing Indicated that the ZC flow velocity 
measurement was falsely low. 

tients the measurements during hyperemia were impos
sible because of frequency aliasing (2 cases) and of 
signoJ deteriomtion after papaverine infusion (2 cases). 
In 3 of the 15 recordings across the stenosis a complete 
obstruction was induced by the Doppler catheter. with 
the development in 2 cases (excluded from this compar
ative study) of collateral circulation (reversed flow with 
very low negative flow velocity). In 3 cases frequency 
aliasing precluded the analysis of the tracings (Fig. I). In 
4 of the remaining 9 recordings mean FFT velocities 
could not be measured because of the impossibility to 
correctly analyze the flow velocity signal in the presence 
of prominent artifacts from vessel wall movements. 

Comparison Between ZC and FFT Flow 
Velocity Measurements 

The blood flow velocities measured with the ZC de
tector were significantly lower than the maximal FFT 
velocities (16±12 vs. 29±18 crnJs. p < .001). No sig-
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Fig. 2. Example of flow velocity measurement with the FFT analysis system used at the Tho
raxcenter. The upper tracing (BASELINE) shows the spectral analysiS of 10 s of Doppler flow 
velocity recording in the left anterior descending artery In basal conditions. The lower lines 
Indicate the automatically calculated maximal flow velocity (Vmax) and mean flow velocity 
(Vmean). In the lower tracing (PAPAVERINE) the blood flow velocity increase 30 s after Intra· 
coron<lry injection of 12.5 mg ol papaverine is shown In the same patient and with the same 
catheter position. 

nificant differences were observed between ZC and 
mean FFT flow velocity measurements (16±12 vs. 
15±9 crnls. NS). 

In Figure 3 linear regression analysis was used to com· 
pare ZC flow velocity measurements with the corre· 
sponding maximal (A) and mean (B) FFT flow velocity 
mC3Surements. As evident from the comparison in Fig
ure 3A of the three regression lines with the line of 
identity (slope of the regression line for the three series of 
mC3Surement= 0.55). the blood flow velocity measure· 
ments obtained with ZC. a technique based on the aver
aging of the Doppler signal, were lower than the maxi
mal FFf coronary blood flow velocities. The overall 
regression coefficient for the three series of measure
ments was 0.80. A better correlation w:lS observed when 

ZC and mean FFf measurements were compared (Fig. 
3B), with a slope of the cumulzttive regression line of 
1.06 and an r value of 0.89. 

In Figure 4 the signed percent differences of the cor
responding ZC and FFT measurements are plotted 
against their mean value. As predicted from the principle 
of analysis of the ZC detector. negative differences were 
observed in the comparison with the maximal FFr blood 
flow velocity (mean -58%) while the mean difference 
with the mean FFf flow velocity measurements was 
-4%. With both techniques, however. a large scattering 
of the signed differences was observed (sd of the ZC!FFT 
difference= ±11 and ::'::5 cmJs for maximal and mean 
FFT velocities. equal to 37% of the mean of the 
ZC+FFT flow velocity measurements in both cases). 
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Fig. 3. Linear regression analysis of the 43 paired flow velocity measurements obtained with 
a ZC detector (y-mtls) and the FFT technique (X-axls. maximal (MAX) FFT flow velocity In A. 
mean FFT flow velocity In B). The open boxes, triangles. and circles Indicate the recordings In 
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(STENOS.). respectively. For each set of measurements the regression equation and coefficient 
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Fig. 4. Comparison of the FFT maximal (MAX. A) and mean (B) 
flow velocities with the corresponding ZC measurements. The 
mean of the FFT maximal/mean flow velocity measurement and 
the ZC flow velocity measureme11t Is plotted on the x·axls. On 
the y--axls the signed difference between ZC and FFT paired 
measureme11ts Is plotted after normalization for the corre
sponding value on the x--axls (percent value). The thick contin-

Comparison of ZC vs. FFT Analysis: Coronary 
Flow Reserve 

Higher values of CFR were calculated from the ZC 
flow velocity measurements than from the FFf measure-
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uous line Indicates the mean difference and the (!ashed lines 
the standard deviation of the difference. Note the underestlma
tlol1 of the maximal FFTvelocltles and the large scattering of the 
data-points (SO= :37% for both maximal and mean FFT veloc;. 
ltles) over the wide range of explored velocltles and in condi
tions of basal and hyperemic flow as well as ln the recordings 
across the stenosis.. 

ments (3.2±3.1 vs. 2.4:=1.4 and 3.2:=3.1 vs. 2.3±1.4 
for maximal and mean FFf CFR measurements. respec
tively). Both differences. however. were not statistically 
significant. 
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Fig. 5. Comparison o1 the CFRs calculated from the maximal (MAX. A) and mean (B) flow 
velocltles with the corresponding ZC CFR values. The mean of the FFT maximal/mean flow 
velocity measurement and the ZC flow veloc:ity measurement is plotted on the x-axis. On the 
y-rocls the difference between zc and FFT corresponding measurements is displayed after 
nonnalizatlon for the corresponding value on the x-axis. The thick continuous line indicates tho 
mean difference and tho dashed lines the standard deviation of the difference. 

\Vhen the difference of CFR calculated with the two 
techniques is plotted against the mean of the two values 
(Fig. 5). the presence of a large scattering of the values 
is evident (SD of the difference between ZC and FFT 
CFR measurements= =1.3 (±32%) and ::!:1.2 (±37%) 
for maximal and mean FFT CFR measurements. respee· 
tively). 

Maximal Vs. Mean Fast Fourier Transform 
Aow Velocities 

The mean FFT flow velocity was obviously smaller 
than the maximal FFT flow velocity (15=9 vs. 29±18 
crnfs. p < .001). 

In Figure 6A linear regression analysis shows that the 
relation between the paired mean and maximal FFr mea· 
surements in basal and hyperemic conditions was defmed 
by a regression equation with an intercept almost equal to 
0 and a slope close to 0.5. 

Similar values of CFR were calculated from maximal 
and mean FFT flow velocity mca.surements (2.4± 1.4 vs. 
2.3::!: 1.4. NS). 

As evident from the linear regression analysis of these 
data (Fig. 6B). maximal and mean FFr CFR values were 
highly correlated (r= 0.95). with a regression line al· 
most superimposed to the line of identity. 

DISCUSSION 

The usefulness of the FFT analysis in the evaluation of 
intravascular Doppler signals is supported by previous in 

vitro and animal experience. Tadaoka et al. (II). using a 
straight tube perfused with continuous flow. observed 
that the ZC detector underestimated the true flow veloc
ities. which were correctly measured with the FFT anal· 
ysis. The ZC technique. however. seemed to be suffi· 
ciently reliable for the evaluation of relative flow 
velocity changes. Kajiyaet al. [12) have reponed that the 
flow velocity measured with a ZC detector is consis· 
tently different from the mean flow velocity detected 
with the FFT method in stenotic canine femoral arteries. 
In a canine model of adjustable coronary flow. Yock et 
al. (13] reported that the absolute flow measured with an 
electromagnetic flowmeter could be successfully esti· 
mated using the maximal velocities measured with the 
FFr but was poorly correlated to the flow velocities 
measured with a ZC detector. The same group in a sep
arate experiment used stenosis phantoms of known di· 
ameter placed in canine coronary arteries and reported 
that the maximal FFT velocity proximal and across the 
stenosis gave the best estimate of the true cross.sectional 
area of the stenosis based on the continuity equation 
[14). On the contrary. the corresponding flow velocities 
measured with a conventional ZC detector were JXlOrly 
correlated with the cross·sectional areas where the sam· 
plc volume was located. Tanouchi et al. [15) reported 
that the flow velocity measured in the left anterior de
scending coronary artery with the FFT spectral analysis 
correlated well with those estimated by electromagnetic 
flowmeter (Jr = .88x + 9.7. r = .93). whereas the 
velocities measured with a ZC detector significantly un· 
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Ag. 6. A: Linear regression analysis of the mean FFT (y·axls) vs. maximal FFT (x•axls) flow 
velocity measurements. Symbols as in Figure 3. B: Unear regression analysis of the CFR 
calculated from the mean FFT (y-axls) and the maximal (MAX. X-.axis) flow velocity measure
ments. The regression line {continuous line) Is almost superimposed to the line of identity 
(dashed Une). 

derestimatcd those by electromagnetic flowmeter (y "" 
.23x + 1.6. r = .82). Our study confirms that the agree
ment between ZC and FFf flow velocity measurements 
is too poor to allow the usc of these techniques inter
changeably for the analysis of the coronary signal. In 
principle ZC is an adequate technique for the assessment 
of a laminar flow containing only SCJ.ttcrcrs of the same 
velocity. In most of our FFf tracings. however, broad 
velocity spectra were recorded suggesting that the sam
ple volume. despite the relatively srn:11l dimensions (lon
gitudinal depth of the three-dimensional volume of 0.46 
mm). included various blood flow lamina within the ve
locity profile of the vessel. Furthermore, the sample vol
ume should be considered not as a spatially well demar
cated region outside which no signal is received from the 
ultrasound transducer but rather as the area of greatest 
sensitivitv [ 1]. 

Altho~gh a high pass filter was used in all cases. the 
Doppler signal was often disturbed by the presence of 
]ow velocity/high intensity signals induced by the move
ment of the coronary wall. a condition that further in
creases the complexity of the recorded Doppler signal. 
Experienced users of the ZC detector can adjust the po
sition of the probe in order to improve the quality of the 
Doppler signal based on the careful evaluation of the 
audio feedback and the absence of .. spiking"' in there
cording. With the use of spectral analysis the wall 
thumps arc clearly distinguished from the flow velocity 
signal and their presence docs not influence the measure
ments of maximal flow velocity. The ZC tracing. on the 
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contrary, does not directly display these non-flow related 
signals which arc averaged with the blood flow signal 
resulting in a misintcrpret:"ltion of the true flow velocity. 

The presence of disturbed flow or turbulence is a con
dition known to greatly impair the accuracy of the ZC 
detector, a..~ shown by previously reported animal expe
riences [12]. In this srudy the scattering of the differ
ences between corresponding ZC and FFf measurements 
was similar for the signals ucquired across the stenosis 
and in the proximal artery probably because the Doppler 
system that we used was unable to record the true trans
stenotic maximal velocity. The relatively large dimen
sions of the catheter in comparison with the stenosis 
diameter induced partial or complete obstruction to flow 
and the high frequency and the pulse repetition rate of the 
system precluded a reliable measurement of flow veloc
ities > 120 cmJs. The corresponding phasic ZC -:racings 
(Fig. I) showed no clear changes W:lrning that frequency 
aliasing had occurred. inducing a falsely low flow ve
locity measurement. 

An argument used to justify the usc of the ZC detector 
is that intra.coronary Doppler is a technique alreudy con
fined to the assessment of relative flow velocity changes. 
for instance to study the effects of acute infusions of 
drugs or of coronary interventions. because of its well
known limitations for the measurement of absolute flow 
velocities (malalignmcnt of the catheter with the maxi
mal flow velocity. inclusion of a limited area of the 
velocity profLie in the sample volume. presence of non
flow related disturbing signals) [16.17]. Our findings, 



Fig. 7. Artist's representation of the effects of a change of the 
position of the sample volume (dashed square) across the same 
parabolic flow profile. A large difference Is present In the cal· 
culated mean velocity while no changes are observed when the 
maximal velocity is considered. t = time; v = velocity. 

however. do not corroborate the applicability of .a ZC 
detector even for this simple purpose. As previously re· 
ported. Tadaoka et al. [II] found ZC reliable for the 
assessment of relative flow changes. The in vitro condi· 
tions of the study. in the presence of a continuous flow 
and of a stable catheter position, are very different from 
the more complex in vivo coronary application. In this 
latter situation the rough averaging process pelformed by 
the ZC detector is less likely to be linearly correlated to 
the true blood flow velocity changes. 

The maximal blood flow velocity is detectable only 
using techniques of spectral analysis. The lower flow 
velocity measurements obtained with ZC are a predict· 
able result because this technique measures a mean of all 
the Doppler shifts at a certain time. The use of the max
imal flow velocity, however. gives substantial advan
tages over the Doppler measurements based on signal 
averaging. including the spectral mean velocity [IS]. 
The average of the flow velocity signal can be modified 
by the presence of noise or artifacts that frequently -occur 
during the acquisition of intracoronary Doppler record
ings due to coronary wall motion and insufficient in
sulation of the Doppler catheter. The maximal velocity is 
less influenced by the presence of noise. The use of the 
maximal velocity. moreover. can partially obviate one of 
the most important limitations of intracoronary Doppler, 
the extreme space-dependency of the technique. As 
shown in Figure 7 changes of the position of the catheter 
in the vessel and. consequently. of the sample v-olume 
across the flow velocity profile can largely modify the 
measured mean velocity. The maximal velocity, how
ever. does not change as long as the centerline of max
imal flow is included in the sample volume. Another 
disadvantage of the usc of averaged Doppler measure-
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mcnts is the different echogcnicity in the flow velocity 
profile induced by the presence of varying conditions of 
erythrocyte aggregation according to the varying shear 
rate [ 19]. In our study when the mean velocity wo.s mea
sured using the FFT analysis. at least for the measure
ment obt:l.ined in the proximal coronary segment. the 
values were almost half of the corresponding maximal 
velocity values. This proportion corresponds to the the
oretical estimate of the maximal/mean flow velocity ratio 
in vessels with a fully developed velocity profile. 

In this study no attempts were pelformed to correlate 
the Doppler flow velocity measurements with an inde
pendent method of measurement of coronary flow. Ya
magishi et al. [20] have recently reported that the relative 
changes of coronary flow measured with coronary sinus 
thermodilution were well correlated to the changes of the 
measured diastolic Doppler flow velocities measured 
with an FFT spectral analyzer. 

CONCLUSIONS 

The results of the analysis of intracoronary D-oppler 
signals recorded in various conditions of flow with a 
conventional ZC detector and the FFf technique of spec
tral analysis showed a poor agreement between the two 
techniques, even in the assessment of relative flow ve
locity changes. Based on these findings and on the well
known principles of operation of the two techniques. we 
suggest that spectral analysis should replace the current 
use of ZC detectors for the analysis of intracoronary 
Doppler tracings because of its unique capability to de
tect the maximal flow velocity and more accurately mea
sure mean flow velocity and of the easier detection of 
frequency aliasing, wall motion artifacts. and other noise 
components precluding a meaningful interpretation of 
the Doppler recording or requiring a readjustment of the 
probe position. 
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Maximal Blood Flow Velocity in Severe Coronary 
Stenoses Measured with a Doppler Guidewire 
UMITATIONS FOR THE APPUCATION Of THE CONTINUITY 
EQUATION IN THE ASSESSMENT OF STENOSIS SEVERITY 

Carlo DiMario, MD, Nicolas Meneveau, MD, Robert Gil, MD, Peter de Jaegere, MD, 
Pim J. de Feyter, MD, PhD, Cornel is J. Slager, PhD, Jos R. T. C. Roeland!, MD, PhD, 

and Patrick W. Serruys, MD, PhD 

In vitro and animal experiments have Shown that 
the severity of coronary stenoses can be as
sessed using the continuity equation if the maxi~ 
mal blood flow velocity of the stenotic jet is mea
sured. The large diameter and the low range of 
velocities measurable without frequency aliasing 
with the conventional intracoronary Doppler cath
eters precluded the cliriical application of this 
method for hemodynamically significant coronary 
stenoses in humans. This article reports there
sults obtained using a 12 MHz steerable angio-. 
plasty guidewire lin a consecutive series of 52 
patients undergoing percutaneous coronary an
g;oplasty (61 coron;uy-.oses). The ratio be
tween coronary flow velocity in a reference seg.. 
ment and in the stenosis was used to estimate 
the percent cross-sectional area stenosis. A DoJI" 
pier recording suitable for quantization was ob-
tained in the stenotic segment lin only 10 of 61 
arteries (16"k). The time-av- peak veloc:ily 
increasedfrom15::!:: 5to115::!:: 26cm/secfrom 
the reference nonnal segment to the stenosis. 
Volumebic coronary flow calculated from the 
product of mean flow velocity and cross--sedional 
area was similar in the stenosis and in the refer~ 
encesegment(33.2:::!:: 14.9vs33.5:::!:: 17.0mL/ 
min, respeetively, d"dference not significant). The 
percent ~onal area stenosis and mini
mal luminal cross-sectional area derived from the 
Doppler velocity measurements using the conti· 
nuity equation and calculated with quantitative 
angiographywerealsosimiar (Doppler,86.7::!:. 
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5.1% and 1.00 :::!:: 0.48 mm2; quantitative angio
graphy,85.9 = 7.9%andl..02 ::t: 0.50mm2}.Asig
niflcant correlation was observed between Dop
pler-derived and angiographic measurements 
(percent cross-sectional area: r = 0.64, p <0.05; 
minimal cross-sectional area: r = 0.69, p <0.05). 
Although the percent c:ross-sectional area steno
sis and minimal CI'OSS--5ec:tional area derived 
from the Doppler measurements based on the 
continuity equation were signific:antly correlated 
with the c:onesponding quantitative angiographic: 
measurements, this determination could be 
adaieved in a minority of cases (lHA.),Iimitingthe 
prac:tic:al appUc:ation of this app~Vac:h for the as
sessment of c:oronary stenosis severity. 

(Am J cardio11993;:71:54D-61D) 

The principle of the continuity equation is 
largely applied for the calculation of cardiac 
valve areas from the integration of Doppler 

flow velocity measurements and 2-dimensional 
echocardiography. 1 Miniaturization of the Doppler 
probes. tip-mounted on flexible catheters 1 mm in 
diameter, bas allowed the application of this equa
tion for the assessment of the severity of coronary 
artery stenoses.2 In vitro studies in hydraulic mod
els of coronary stenoses have shown an excellent 
correlation between true cross-sectional area of 
the stenosis and stenosis area calculated from the 
ratio of the flow velocity in a normal segment and 
in the stenosis.3 Similar results were obtained also 
in animal experiment:f and, more recently. in 
humans for the assessment of moderate coronary 
stenoses (<50% diameter stcnosis).5 The intracor
onary Doppler catheters. however. cannot be used 
in very severe coronary stenoses because their 
relatively large diameter (1 mm) induces an almost 
complete obstruction to flow when the catheter is 



advanced into the stenosis. Adjustment of the 
distance of the Doppler sample volume from the 
catheter tip has been used to investigate the 
stenotic jet without crossing the stenosis. This 
technique. however. is applicable only for short 
stenoses and induces an inaccurate estimation of 
the velocity ratio if the change of position of the 
Doppler sample volume is performed within the 
area of flow distortion distal to the catheter tip (10 
times the catheter diametcr).t> Further. frequency 
aliasing precludes the recording of velocities higher 
than 110 em/sec because ofthe high frequency and 
relatively low repetition rate of these systems. The 
ultraminiaturized Doppler probes mounted at the 
tip of a steerable angioplasty guidewire (0.018 
inch) can be introduced through moderate stcno· 
ses without generally inducing a significant obstruc
tion to flow. Further. the use of spectral analysis 
and the lower frequency and higher repetition rate 
of the Doppler guidcwirc system allow the record
ing of velocities as high as 6 m/sec without fre
quency aliasing.? 

To assess the feasibility of the measurement of 
maximal velocity in the stenosis with a Doppler 
guidcwire. velocity data were obtained in 52 consec
utive patients during coronary angioplasty. The 
accuracy of the relative measurements of cross
sectional area reduction based on the ratio of the 
velocity measurement in a normal arterial segment 
and in the stenosis was also compared with the 
corresponding quantitative angiographic measure
ments. 

ME1110DS 
Study patients: The study group consisted of 

52 consecutive patients (mean age 57 ::!::: 10 years. 
43 men and 9 women) undergoing coronary bal
loon angioplasty or other nonsurgical revasculariza
tion procedures with the usc of the Doppler 
guidewire for the angioplasty. Arteries with com
plete or functional occlusion (Thrombolysis in 
Myocardial Infarction [TIMI] flow class 0-1) or 
arteries with extreme tortuosity were excluded 
from this study. In 9 patients the Doppler guidewire 
was used in 2 arteries before dilation. so that a total 
of 61 arteries were studied. The Doppler guidewire 
was successfully used to cross the coronary stenosis 
in 58 arteries (95% ). The study angioplasty artery 
was the left anterior descending coronary artery in 
36 cases (59%). the left circumflex in 7 (12% ). the 
right coronary artery in 13 (21% ). and a saphenous 
vein bypass graft in 5 (8% ). 

Catheterization procedure: After intravenous 
administration of 10.000 IU of heparin and 250 mg 

of acetylsalicylic acid, an 8 F guiding catheter was 
advanced up to the coronary ostium. After isosor
bide dinitrate (2-3 mg intracoronary), cineangio
grams suitable for quantitative assessment were 
obtained in 1-3 angiographic views. 

The Doppler guidewire was advanced into the 
artery to be dilated and a baseline flow velocity 
recording was obtained in a straight angiographi
cally normal or minimally diseased segment of the 
artery proximal or distal to the lesion. Care was 
taken to avoid the presence of major side branches 
between the site of the flow velocity measurement 
and the stenosis. When prestenotic acceleration 
and poststenotic deceleration of flow were identi
fied. the guidewire position was readjusted. A new 
angiogram was obtained with the Doppler guidcwire 
in place in order to locate the position of the 
Doppler sample volume and measure the corre
sponding cross-sectional area. When the guidewire 
approached the stenosis. the probe was slowly 
advanced and, if a high velocity signal was ob
served. carefully rotated and/ or moved in order to 
optimize the Doppler recording. The duration of 
these attempts before crossing the lesion ranged 
between 50 and 560 sec (mean 140 sec). 

Doppler guidewireandflowvelocitymeasure
ments: The Doppler angioplasty guidewire is a 
0.018-in (diameter 0.46 mm). 175-cm long, flexible 
and steerable guidewire with a floppy distal end 
mounting a 12 MHz piezoelectric transducer at the 
tip7 (Cardiometries. Mountain View. CA). The 
sample volume is positioned at a distance of 5.2 
mm from the transducer. At this distance. the 
sample volume has a width of approximately 2 mm 
due to the divergent ultrasound beam so that a 
large part of the flow velocity profile is included in 
the sample volume also in case of eccentric posi
tions of the Doppler guidewire. The pulse repeti
tion frequency (17-96kHz) varies with the velocity 
range selected (50-600 em/sec full scale) so that 
flow velocities up to 6 m/sec can be recorded 
without frequency aliasing (Figure 1 ). In order to 
increase the reliability of the measurements. a 
real-time fast Fourier transform algorithm is used 
for the analysis of the Doppler signal.!:! The flow 
velocity measurements obtained with this system 
have been validated in vitro and in an animal 
model using simultaneous electromagnetic flow 
measurements for comparison.7 The Doppler sys
tem calculates and displays on· line several spectral 
variables. including the instantaneous peak veloc
ity and the time-averaged (mean of 2 beats) peak 
velocity (APV). Mean blood flow velocity was 
estimated 50% of the time-averaged peak velocity 
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FIGURE 1. Upper panel: Doppler flow velocity tracing proxi
mal to a 70".4 cross-sectional area stenosis of the left an
terior doseendlng coronary artety (scale, 0-400 em{ sec). 
Middle panel: when the Doppler probe Is advanced Into 
the stenosis, the flow velodty shows a large Increase of 
the average peak velocity and especlally of the systoDc 
flow velOCity component {decrease of the diastoDc/systol
lcveJocltyratlohom 1.9to 1.1; scale., o-400 em/sec). 
I.IJwet' panel: a further increase Is obsenred afte!' contmst
lndueed hyperemia. Note the perfectly defined Doppler 
envelope desptte the presence offlowvelocttles of 3.5 
m/StGC (sc:ale, 0-480 cm/StGC). APV =time-averaged peak 
flow velocity (em/sec); DSVR = ratio of the time-averaged 
dlastoDc and systolic flow velocity components; MPV: 
maximal peak velodty (em/sec). All these measurements 
were automatically performed after spectral analysls of 
the Doppler signal {FioMap. Cardiometries). 

(APV). assuming a fully developed velocity pro
file?·10 Coronary flow (CoBF) was calculated from 
the corresponding mean blood flow velocity and 
cross-sectional area (CSA) as: 

CoBF (mL/min) 

APV 
~ 0.6 x CSA (mm') x -

2
- (em/sec) 

where 0.6 is the conversion factor for mmZJ cm2 and 
min/sec (Figures 2 and 3). The Doppler-derived 
percent cross-sectional area stenosis (CSAs1) is 
calculated from the following: 

%CSAsr = (1- APVRcrf.APVs1) X 100 

where APV Ref is the reference .APV and .APV St is 
the stenosis APV. Absolute minimal cross-sec
tional area (MICSA) of the stenosis was calculated 
as: 

Doppler MlCSA = CSARef X APVRerfAPVst 

with the reference cross-sectional area (CSARer) 
measured with quantitative angiography from the 
corresponding diameter at the site of the Doppler 
sample volume assuming a circular cross-section.11 

Quantitative angiographic measurements: 
The guiding catheter, filmed without contrast me
dium. was used as a scaling device. 12 A previously 
validated on-line analysis system operating on 
digital images13 (ACA-DCI; Philips, Eindhoven. 
The Netherlands) and a cine-film based off-line 
system14 (CAAS System: Pie Medical Data. Maas
tricht, The Netherlands) were used. After auto
matic detection of the vessel centerline. a weighted 
first and second derivative function with predeter
mined continuity constraints was applied to the 
brightness profile on each scan line perpendicular 
to the vessel centerline to determine the contours 
of the lumen-' 1 From the measured minimal lumi
nal diameter (MLD). the minimal luminal cross
sectional area was calculated assuming a circular 
cross-section (average of the measurements in the 
8 patients in whom multiple views were acquired). 
Percent cross-sectional area stenosis was calcu· 
lated using the cross-sectional area at the site of 
the Doppler measurement as reference using the 
following formula: 

%CSAs1 = (1 - CSAs1/CSARer) X 100 

Statistical analysis: A two-tailed paired Stu
dent's t test was used to compare the difference 
between the coronary flow calculated in the steno
sis and in the reference segment and between the 
Doppler-derived and the angiographic percent 
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FIGURE 2. Upper' panels: 
magnified digital angiogram of 
the middle segment of a right cor
onary arterywtth a severe c:oro.
nar:y stenosEs. A, measurement at 
the sJte of the Doppler sample 
volume, dlstal to the stenosis; C, 
rnlnlmallurnlnal diameter (PhlUps 
DCI-ACA anaJysls. package). 
Lower panels: flow ve!oclty re
cordings distal to the stenosis (8) 
and In the stenosis (D). Notetbe 
large veloctty Increase (maximal 
veloctty of 21.0 ern/sec). APV = 
average peak velocity; CSA. = 
cross-sectlonaJ area (rnnit). Note 
that the seale Is changed from 
C-90 ern/sec In B to C-320 ern/ 
sec In D for jet analysis. 

cross-sectional area stenosis and minimal luminal 
cross-sectional area stenosis. Linear regression 
analysis was used to compare percent cross
sectional area stenosis and minimal luminal cross
sectional area measured with quantitative angiogra-

FIGURE 3.A, C, magnified dlgltal 
angiogram of a saphenous vein 
bypass grattwtth a severe proXI
mal stenosis (92"4 area stenosis). 
B, D, con-espondfng Doppler flow 
velocity tracings and automatic 
measurements of a severe proXI
mal stenosis and of the stte of 
the flow velocity measurement In 
the reference segment (In this 
particular example, necessarily 
distal to the VOIY proXImal steno
sis). Notothattbe scale Is 
changed from C-40 to 0-320 ern/ 
sec for jot analysis. 

phy with the corresponding values derived from the 
Doppler flow velocity measurements. The differ
ence between Doppler-derived and measured ste
nosis minimal luminal cross-sectional area was 
plotted versus the stenosis minimal luminal cross-
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TAfii.E I Detection of High Transstenotlc Flow Velocities In the 
Study Population 

Ex<lmlned Vessel LAD CCX RCA SVBG Total 

Vessels ex<~ mined (nJ 36 7 13 5 61 

Detect•on o1 v~loclty In· 8 2 ' 3 17 
crease In tho stenosis !22%1 (29%) {31%) 160%) {28~o) 

Doppler recordtn~r.- 5l.lotable ' I 3 2 10 
for quantization (11%) (l4'ro) (23%) (40%) (16%) 

LAO left ~nt.rlor do=ndlng; lCX lcttclrcumflex, RCA rl~tcorortaryartory: 
SVBG - '->phenoLI!o win llypa;~er~1t-

TABLE II Flow Velocity and Cross-Sectional Area 
Measurements and Estimated Coronary Blood Flow In a 
Reference Normal Segment and In the Stenosis 

Reference StenOSIS 

CSA '"' Flow CSA '"' Flow 
Patients mm' em/sec ml/mln mm' cm/$eC ml/mln 

CE (92/2751 12.10 21 76 0.97 138 " KD (92/2391 9.10 9 25 0.75 90 20 
ME !92/339) 6.30 18 " 1.27 77 29 
HR!91/1,838) 10.90 9 28 1.00 86 26 
WDI92/1,132) 6.29 II 21 0.66 liB " MV(92/l,065) 7.06 II 23 0.59 137 " SM (92/822) 5.06 12 18 0.50 130 19 
GF(91/1,860) 6.10 18 33 0.75 lAO 32 
RA (92/1,792) 8.75 18 " 2.06 90 56 
GF (92/1,504) 4.77 21 30 1.46 "' 62 

Me~n 7.64 15 33.5 1.00 115 33.2 
;: SD 2.47 5 17.0 0.48 26 14.9 

BFV ~blood nowvoloclty, CSA ~ ctO><·:«<•Ofl<>l ~=. 

sectional area according to the method proposed 
by Bland and A1tman.15 Statistical significance was 
defined as p <0.05. All data were expressed as 
mean:::!:: SD. 

RESULTS 
The minimal luminal diameter of the 61 studied 

arteries was 1.07 :::!:: 0.32 mm (percent diameter 
stenosis 62 ± 6.8% ). A Doppler signal could be 
obtained in the stenosis in 17 arteries (28% ). In 
only 10 cases (16%). however. was the quality of 
the Doppler recording satisfactory to allow the 
measurement of the time~avcraged peak velocity 
(Table I). The flow velocity and the cross-sectional 
area measurements in the reference segment and 
in the stenosis arc reported in Table II for the 10 
arteries in which recordings suitable for quantita~ 
tive analysis were obtained. The time~averaged 
peak velocity increased from 15 :::!:: 5 to 115 :::!:: 26 
em/sec from the reference normal segment to the 
stenosis. An inverse change was observed in the 
corresponding angiographically measured cross~ 

sectional areas (7.75:::!:: 2.55 vs 1.05:::!:: 0.61 mm~ for 
the reference and stenosis areas, respectively). 
Consequently, the coronary flow in the stenosis 
and in the reference segment showed no significant 

33.2 
! 14.9 

RGURE 4. Diagram Illustrating the Individual measure
ments of eoronaryflowfrom the Doppler flow velocity and 
angJGgraphlc cross-sec:.t1on area measurements In a 
nonstenotic reference segment and In the stenosis. 

difference (33.2 ± 14.9 vs 33.5:::!:: 17.0 mL/min. 
respectively. Table II). Figure 4 illustrates the 
individual differences between coronary flow calcu~ 
latcd from Doppler velocity and cross-sectional 
area measurements in the stenosis and in the 
reference segment. 

The percent reduction of cross-sectional area 
calculated from the quantitative angiographic 
measurements and from the Doppler flow veloc
ity measurements is plotted in Figure 5. The 
Doppler-derived percent cross-sectional area steno~ 
sis showed a significant correlation with the 
angiographic percent cross-sectional area sten~ 

osis (86.7 ± 5.1 vs 85.9 ± 7.9%; r = 0.64, p < 0.05). 
Similar minimal luminal cross-sectional areas 
were calculated from the stenotic velocity ratio and 
from quantitative angiography (mean difference, 
0.0-0.005 ± 0.37 mm2• difference not significant; 
Figure 6). 

1 
OO %CSA STEN. DOPPLER 

.ro·~··············· 
90 

so 

70 

y• 0.42x + 51 
r• 0.64 
P' 0.05 
n"' 10 

70 80 90 100 
%CSA STEN. QCA 

AGURE 5. Unear regression analysis of the percent cross
sectional area stenosis measurements obtained from 
quantitative angiography and derived from tbe Doppler 
stenotic velocity ratio. CSA = cross-sectional area 
(rnn"t2); QCA = quarrtttatlve coronary angiography; STEN. = ......... 
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DISCUSSION 
Application of the continuity equation in the 

assessment of stenosis severity: These results 
demonstrate the ability of intracoronary Doppler 
to obtain accurate flow velocity data in the normal 
segment of the artery and. in conjunction, to 
measure higher jet velocity within a severe stenosis. 
In the first study consistently applying the principle 
of the continuity of flow in the human coronary 
circulation. Nakatami ct al5 used 20 MHz Doppler 
catheters with a pulse repetition frequency of 62.5 
kHz. With this system. unfortunately. flow veloci
ties > 115 cm/secwere not recorded because of the 
development of frequency aliasing. As a result of 
this technical limitation. all the flow velocity mea
surements were obtained only in mild-to-moderate 
coronary stenosis. with a percent cross-sectional 
area reduction <75% (diameter stenosis <50%). 

In the current study. patients with significant 
coronary stenoses undergoing coronary balloon 
angioplasty were studied. The use of stcerable 
Doppler guidewires with smaller diameter and 
cross-sectional area (0.17 mm1). larger sample 
volume, lower carrier frequency (12 MHz), and 
higher pulse repetition rate (up to 96kHz) allowed 
the recording of higher jet velocities within severe 
coronary stenoses. With these Doppler probes the 
continuity equation can be applied also in severely 
stenotic coronary arteries. providing a measure
ment of percent cross-sectional area reduction 
independent of angiography. 

This approach, however, has practical and theo
retical limitations. The first problem is the choice 
of the reference •·normal" segment. Epicardial and 
intravascular ultrasound has confirmed pathologic 
findings showing that diffuse or focal intimal thick
ening is present in angiographically normal arterial 
segments. 16•17 An abnormally high flow velocity 
measurement is obtained in a segment already 
narrowed by atherosclerotic wall encroachment. In 
this case, the percent cross-sectional area stenosis 
calculated from the velocity measurements will 
underestimate the true hemodynamic severity of 
the stenosis. The hemodynamic significance of a 
coronarv stenosis is influenced by all the elements 
definini lesion geometry. including length of the 
narrowed segment and inflow-outflow angles. The 
stenotic velocity ratio. however, can calculate only 
the percent reduction in cross-sectional area. 

An additional problem with the usc of the 
continuity equation is the interposition of major 
side branches between the site of the measurement 
and the stenosis. In particular. experience obtained 

mm2 1,-----------------, 
0 

MEAN• 0.005 
0.5 SD• +/-0.37 

0 

. ........... o .. 

-0.5 

0 

-1L---~--~----~--~--~ 
0 0.5 1 1.5 2 2.5 

CROSS-SECTIONAL AREA OCA (mm2) 
FIGURE 6. The difference between minimal luminal cross
sectional area calculated from the Doppler measure
ments and from quantttatlve angiography Is plotted 
against the anglographle minimal luminal cross s e ctloual 
area. CSA = minimal luminal c.oss-sectlonal area (mm2); 
QCA = quantitative COI'Oftary anglograplly. 

with the Doppler guidewire in intermediate steno
ses has shown that in branching arteries the ratio 
between the flow velocity recorded proximal and 
distal to a stenosis can be used as an indirect index 
of stenosis severity. 18 In the presence of severe 
stenoses. the flow will be preferentially directed to 
the prestenotic branches so that high proximal-to
distal flow velocity ratios will be obtained. Proximal 
flow velocity was used when possible. assuming 
minimal redistribution by intervening branches 
and avoiding the segment of proximal lesion accel
eration in the zone of convergence. In practice, 
however, we were forced to record the reference 
flow velocity in a segment distal to the stenosis in 7 
of our 10 cases, possibly inducing a further obstruc
tion to flow due to the guidewire.19 

A more important limitation is related to the 
measurement of the flow velocity in the stenosis. 
The comparison of the time-averaged peak flow 
velocities in the stenosis and in the reference 
segment is based on the assumption that maximal 
and mean velocities are linked by a fi.xed ratio in 
the presence of a fully developed parabolic flow 
velocity profile (2:1 for a perfect Newtonian fluid). 
In the presence of abrupt changes of vascular 
diameter. however, a vascular segment several 
times longer than the vascular diameter is required 
to obtain a fully developed parabolic profile. as 
predicted from classic models and confirmed expcr
imentally.w It is obvious. therefore, that for a short 
stenosis the use of the maximal velocity will lead to 
a predictable underestimation of the percent cross
sectional area stenosis. A possible alternative is the 
direct measurement of the mean flow velocity from 
the Doppler spectrum. This measurement. how
ever, is unreliable because of the unavoidable 
presence of nonftow-related signals (wall thumps. 
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artifacts), the inability to include the entire velocity 
profile of the artery in the sample volume. and the 
different signal intensity induced by the higher 
density of scatterers in the central flow lamina.20.21 

Despite all these theoretical limitations. in our 
experience the percent cross·sectional area steno· 
sis measured with quantitative angiography and 
estimated from the ratio of stenosis/reference 
velocity showed a significant correlation. with closer 
values being obtained in the most severe coronary 
stenoses. The accuracy of the Doppler·derived 
measurements in these cases cannot obscure the 
fact that Doppler recordings suitable for quantiza. 
tion were obtained within the stenosis only in a 
minority of the study population. The inability to 
record the flow velocity in severe stenoses is the 
most important practical limitation to the applica· 
bility of the continuity equation from Doppler 
measurements obtained with guidewire-type intra· 
coronary probes. The failure to record the intraste
notic velocities is in contrast with the high acquisi
tion rate of adequate Doppler signals in normal or 
near·normal arterial segments, proximal or distal 
to the lesion. 

Yuan and Shung22 have shown that the ultra
sonic backscatter from flowing whole blood is 
dependent on the shear rate. The ultrasonic back· 
scatter of porcine whole blood measured at a shear 
rate of22 sec-1 was 15 dB lower than the ultrasonic 
backscatter measured at a shear rate of 2 sec-1• 

probably as a consequence of a reduced rouleaux 
formation. In the stenoses evaluated in this study a 
much higher shear rate can be expected: a shear 
rate of2.600 sec-1 can be estimated in the presence 
of a peak velocity of 100 em/sec in a lumen of 1 
mm. Consequently, the amount of intact rouleax in 
the stenosis can be minimal and explain the re
duced echointensity of the stenotic jet. An alterna
tive possible e:..planation of this difference is the 
greater difficulty in orientating the Doppler sample 
volume in the narrowed tapering segment immedi· 
ately proximal to the lesion and the verv small 
dimension of the stenotic jet in compariso~ to the 
Doppler sample volume, leading to an unfavorable 
signal-to·noisc ratio. A more extensive manipula· 
tion of the Doppler guidewire in front of the 
stenotic lesion, reshaping the distal end of the 
guidewire if necessary, might have resulted in a 
higher success rate in the acquisition of high· 
velocity signals in the stenosis. The potential risk to 
induce flow-limiting intimal lesions while the ac
cess to the distal vessel has not been secured makes 
this approach hazardous and of limited clinical 
applicability. The low success rate obtained in the 

assessment of flow velocity within the stenosis in 
patients undergoing coronary angioplasty cannot 
be extrapolated to the assessment of less severe 
stenoses. The clinical applicability of the use of 
flow velocity measurements obtained with a Dop
pler guidewire in moderate or intermediate coro
nary stenoses as well as after coronary interven
tions remains to be tested. 

Additional application of intracoronmy Dop
pler flow velocity for the assessment of steno-
sis severity: Other indices than the coronary flow 
reserve and the intrastenotic/normal segment ve
locity ratio can be obtained from the measure· 
ments of flow velocity distal to the stenosis. An 
abnormal phasic flow velocity pattern recorded 
during individual cardiac cycles and. in particular, 
a low diastolic-to·systolic velocity ratio has been 
proposed as an index of stenosis severity that can 
be easily obtained in almost all the cases using the 
Doppler guidewire.18.2324 In addition, in severely 
stenotic arteries the velocity in the proximal seg
ment is much higher than the distal velocity, 
because of preferential flow toward the prestenotic 
branches of lower resistance. The presence of a 
high proximal-to-distal velocity ratio appears to 
differentiate arteries with flow-limiting stenoses 
from normal arteries.24 More sophisticated indices, 
based on the instantaneous hyperemic diastolic 
pressure-flow velocity relation and implemented 
in animal experimental laboratories25.26 can be 
applied in the catheterization laboratory with this 
intracoronary Doppler guidewirc technology.:7 Fur· 
ther. the combined simultaneous assessment of the 
transstenotic pressure gradient and flow velocity 
using Doppler and pressure microscnsors with 
guidewire technology provides all the elements 
required for a complete hemodynamic characteriza· 
tion of the stenosis severity. 

CONCWSION 
The measurement of blood flow velocity in the 

stenotic jet in patients with severe coronary steno
ses is possible with ultraminiaturized Doppler 
probes tip-mounted on angioplasty guidewires. 
High·quality Doppler recordings, suitable for quan
tization. can be obtained only in a small subset of 
the studied vessels. When measurable. however. 
the percent cross-sectional area stenosis derived 
from the stenosis velocity shows a significant corre
lation with the angiographic percent cross-sec· 
tiona! area stenosis. In summaxy. although accu
rate for quantification of lesion significance, usc of 
the continuity equation employing intrastenotic jet 
velocity recordings is difficult and impractical for 
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clinical application even when using flow velocity 
spectra obtained with a Doppler guidewire. 
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lntracoronary Blood Flow Velocity and Transstenotic 
Pressure Gradient Using Sensor-Tip Pressure and 

Doppler Guidewires: A New Technology 
for the Assessment of Stenosis Severity in the 

Catheterization Laboratory 

carlo Oi Mario, MD, Pim J. de Feyter, MD, Cornelis J. Slager, PhD, 
Peter de Jaegere, MD, Jos R.T.C. Roelandt, MD and Patrick W. Serruys, MD 

In a patient undergoing percutaneous balloon angioplasty of a stenotic proximal right 
coronary artery the transstenotle pressure gradient was measured using a 0.018" 
guidewlre with a distal optical mlcrosensor. Blood flow velocity was measured proximal 
to the stenosis using a 0.018" Doppler guldewire. Transstenotic pressure gradient and 
blood flow velocity were measured In basellne conditions and after lntracoronary injec· 
tion of 12.5 mg of papaverine. Coronary blood flow was calculated from the measured 
blood flow velocity and the corresponding cross-sectional area. The measured pressure 
gradients were compared with the values derived from the stenosis geometry assessed 
with quantitative coronary angiography {automat(1(] edge detection measurements In two 
orthogonal views, assuming an elliptical cross-sectional area). 

The measured transstenotlc pressure gradient was 15 mm Hg in baseline conditions 
and 42 mm Hg at the peak effect of the papaverine Injection. A 50"/o flow velocity increase 
was observed at peak hyperemia {time-averaged maximal flow velocity = 30 cm/s before 
and 4S emls after papaverine). The transstenotie pressure gradient calculated from the 
measured stenosis geometry was 20 mm Hg and 42 mm Hg In baseline and hyperemic 
conditions, respectively. 

The combined use of a pressure and a Doppler guidewire provides a complete as-
sessment of the transstenotle pressure/coronary flow velocity relation at rest and after 
pharmacologically Induced hyperemia and allows the characterization of s1en0$ls hcrno
dynamles and functional severity. '' 1993 Wlley-Uss. Inc.. 

Key words: quantitative coronary angiography, coronary blood flow, lntravaseulnr ul· 
trasound 

INTRODUCTION cineangiography was performed at 25 frames/s with a 5" 
field of view. A previously described and validated 
[2-4] computer-assisted automatic quantit:~tive coronary 
angiographic analysis system (CAAS) was used for the 
analysis of the selected end-diastolic cinefuune using a 
geometric technique (Fig. IA.B). The automatic mea-

A 58 year-old man was referred to our Hospital be
cause of disabling effort angina and presence during a 
maximal bicycle stress test of horizont::ll ST-segrnent de
pression at 125 Watts in the infcro-latcr:::Ulcads despite a 
tailored maximal medical therapy. Selective coronary 
angiography of the native coronary arteries showed a 
severe proximal stenosis of the right coron::uy artery 
without visible collateral circulation from the left coro
nary artery which was free from significant narrowings. 
Left ventricular function was normal. An SF soft-tip Jud
kins guiding catheter was used to selectively cannulate 
the right coronary artery. Two coronary angiograms 
were performed after intracoron::uy injection of 3 mg of 
isosorbide dinitrate in a 30° RAO view and o. 6(f' LAO 
view. The catheter was filmed not filled with contrast 
medium in the same projections for calibration [1] and 

© 1993 Wiley-Llss. Inc. 
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Flg.1. Biplane orthogonal clneanglograms (A: LAO. B: RAO) o1 a right coronary artery show
Ing the presence o1 a significant concentric stenosis of the middle segment. The magnified 
Image has been digitized Into a 512 x 512 pixel matrix corresponding to < 0.1 mm/plxel with the 
5" field of view o1 the Image intensifier used. The diagram shows the measured diameter o1 the 
examined segment after automatic contour detection and the filled white areas outside the 
stenosis lumen represent the automatically reconstructed (Interpolated technique) original lu
men profile where the diameter of the re1erence segment is measured. 

s.urement of the reference diameter was performed with 
an interpolated technique and was used for the calcula
tion of percent diameter and cross-sectional area (CSA) 
stenosis. Based on the measured stenosis geomeny the 
hemodynamic parameters were calcul:ued according to 
Appendix A. 

After intravenous injection of heparin 10.000 I.U. and 
acetylsalicylic acid 250 mga 12MHz0.018" (diameter = 
0.46 mm) Doppler guidewire [5) (Cardiometries. Moun
tain View. CA. USA) was introduced into the proximal 
right coronary artery and blood flow velocity (BFV) was 
measured in the first segment of the right coronary artery 
(arrow in Fig. 2A). No major side-branches were inter
posed between Doppler measurement site and the steno
sis.. Cineangiography (LAO 60°. Fig. 2A) was repeated 
with the Doppler guidewirc in place in order to measure 
the vascular diameter at the site of the Doppler sample 
volume (5.2 mm distance from the guidewire tip). A 
constant CSA was assumed throughout the procedure as 
a result of the pretreatment with intracoronary nitrates [6]. 
From the time-averaged maximal BFV. automatically cal
culated for two consecutive beats from the spectral Dop
pler envelope (Fig. 3). mean BFV was calculated as 

described in Appendix B. Coronary blood flow was then 
calculated as the product of CSA at the site of the Doppler 
measurement times mean BFV. A 0.018" (diameter 0.46 
mm) guidewire with a fiber optic pressure microsensor 3 
em from its tip (RadiMedical Systems. Uppsala. Sweden) 
was calibrated immediately before insertion and subse
quently introduced into the proximal right coronary artery 
[7). After recording of the proximal intracoronary pres
sure for comparison with the measurements obtained in 
the same position through the guiding catheter (Fig. 2C) 
the pressure guidewire was advanced across the stenosis 
(Fig. 2B) and the transstenotic pressure gradient was 
measured (Fig. 20). The signals. received simultaneously 
from the control unit of the fiber optic pressure sensor and 
from a Statham-Gould pressure transducer connected to 
the guiding catheter were transmitted to a computer-as
sisted central work station. Systolic. diastolic. mean pres
sures. and mean pressure gradient were automatically 
measured from 4 sinus beats selected from a continuous 
recording of 16 s. [8] (Fig. 2C.D). 

After intrneoronary injection of 12.5 mg of papaverine 
through the guiding catheter. the trans.steootic pressure 
gradient and BFV were continuously measured up to the 
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Fig. 2. A: Cineangiogram of the right coronary artery showing the posltlon of the Doppler 
guidewlre, proXImal to the stenosis (arrow). The po$ltlon ofttw pressure sensor, at the junction 
between more radioopaque floppy distal tip and body of the guldewire, Is better appreciated in 
the Image without contrast (8, arrow). In C and 0 the :~lmost complete superimposition of 
proximal and distal coronary pressures with the pressure transducer proXImal to the stenosis 
(C) can be compared with the ITIQ([erate pressure gradient observed In baseline conditions 
when the guidewire was advanced distal to the stenosis (D). 

end of the papaverine effect (return to baseline around 3 
min after injection). An off·line beaHo·beat program of 
analysis of the pressure signal was used to measure prox· 
imal and post-stenotic coronary pressures corresponding 
to the video-recorded on.Jine measurements during the 
pharnmcologically induced hyperemic reaction [8] (Fig. 
3). Thirty-five minutes was necessary for the complete 
acquisition of the pressure and BFY signals and the quan· 
titative angiographic procedure. The patient subsequently 
underwent successful coronary balloon angioplasty. 

ANALYSIS OF THE RESUlTS 

The results of the QCA. Doppler. and pressure mea
surements and derived parameters in baseline conditions 
and at the peak effect of the papaverine injection are 
summarized in Table L Table IT compares the trans
stenotic pressure gradient measured with the microma-
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chined pressure optical sensor and the pressure gradient 
estimated from the QCA geometric measurements and 
the measured BFY. For this last calculation the CSA of 
the pressure guidcwire (0.17 mm2

) was subtracted from 
the CSA of the reference segment and of the stenosis. 

The injection of papaverine 12.5 mg induced a pro· 
longed increase of BFY and tranSStcnotic pressure gra· 
dient (maximal values reported in Table I and shown in 
Fig. 3). In Figure 4 the proximal and post-stenotic cor
onary pressures recorded following the injection of pa
paverine (peak effect-restoration of baseline conditions) 
are plotted against the corresponding BFVs (measure
ment of two consecutive beats every 8 s). 

In Figure 5 the distal coronary pressure measurements 
after papaverine injection are plotted against the measured 
coronary flow. shown us a ratio to baseline flow at rest 
according to the method proposed by Kirkeeide eta!. [9). 
With this method coronary blood flow is normally cal-
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Flg. 3. Simultaneous recording of proximal and distal coronary pressures and derived trans
stenotic pressure gradient (lower llne) Immediately before injection of papaverine (baseline, on 
the left), at peak hyperemia (middle), and 3 min after restoration of basellne conditions (on the 
right). The corresponding Doppler traclngs are shown In the lower images. Note the automatic 
detection of the maximal BFV {dotted line tracking the Doppler envelope obtained from the 
spectral analysts of the signal). The indicated time averaged maximal BFV (APV, cmls) Is au
tomatically calculated In the last 2 displayed beats. 

culated assumin£ a mean BFV at rest of 15 cm/s. a value 
exactly coincident with the measured mean BFV in this 
patient, and the pressure grndient is calculated from the 
stenosis geometry assuming a ftxed mean proximal cor
onary blood pressure of 100 mm Hg modified in this case 
to 110 mm Hg to use a value closer to the true measure
ment. The lower continuous line plots the relation be
tween coronary perfusion pressure and coronary flow 
under conditions of maximll vasodilatation. A cororuu:y 
closing pressure of 10 mm Hg :md a coronary flow reserve 
of5.5 were assumed [10). Note that the point of maximal 
measured flow reserve increase (1.50 times baseline 
flow) is not aligned on the theoretical relation dist:ll cor
onary pressure/coronary flow at maximal vasodilatation 
so that a second line can be dr.lwn to describe the mea
sured pressure/flow relation at maximal vasodilation. 

DISCUSSION 

An example of simultaneous measurement of BFV and 
transstenotic pressure gradient was previously reported 

by our group using a combined Doppler-balloon catbeter 
after PTCA [11-12]. The obstruction to flow due to the 
relatively la.r£e diameter of the balloon catheter (0.64 
mm2) precluded the application of this method to the 
ev:lluation of a severe coronary stenosis before coronary 
interventions. In a recent multicenter trial [13) quantita
tive analysis of 636 stenoses before coronary angioplasty 
showed a minimal CSA of 0.82 ± O.ll mmz. In mod
erate or intermediate stenosis and after coronary angio
plasty the measurement of the transstcnotic gradient can 
be obtained with conventional fluid-filled catheters with 
a less severe obstruction to flow. Also in these condi
tions, however. when the measured transstenotic gradi
ent is essential in the decision-making process. the 
higher accuracy of the measurements allowed by the use 
of smaller high-fidelity pressure transducers is desirable. 

The introduction of miniaturized pressure transducers 
mounted at the tip of a flexible softHtip guidewire of0.17 
mmz of CSA potentially allows the direct measurement 
of the pressure gradient with a minor further reduction of 
the stenosis CSA [14]. The use of miniaturized Doppler 
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TABLE 1. Angiographle and Hemodynamic Parameters 

Qu:mtitative coronary 
angiogrophy LAO RAO 

Length stenosis (mm) 1.55 1.10 
Reference diameter (interpOlated 

techniqi!C) (mm) 3.75 3.5S 
Minimal lumen diameter (mm) 1.23 >.00 
Diameter at the site of the 

Doppler sampling volume 

<=> 3.92 
Percent dlametc:r Slenosis (%) 67% 72% 
Reference cross-sectional area 

(mmZJ 11.07 10.08 
Minimal. cross-section:Ll area 
<=~ '-"' 0.79 

CSA at the site of the Doppler 
sampling volume (mml) 12.10 

P=nt cross-section:Ll area 
stenosis (%) 89% "" 

Doppler blood flow velocity 
(cm/S) BAS 

Average peak blood now 
velocity 30 

Mean blood flow velocity 15 

Coronary blood flow (mils) BAS 

Mean coronary blood flow I.Sl 

Pressure M=ents 
(mmHg) BAS 

Proximal S}'!>tOlic coronary 
bloodp= 157 

Proximal diastolic coronary 
blood pressure ., 

Proximal mean coronary blood -= ll2 
Post-stenotic S)'l'tolic coronary 

blood pressure l37 
Post-~enotic di:lstolic coronary 

blood pre:mrre 73 
Post-stenotic mean coronary 

blood pres.'<Ule ., 
Transstenotic menn pressure 

gradient 15 

•Not measured becaU$e of significant forcsbol'lelling. 

MEAN 

1.32 

3.66 
1.11 

3.92 
70% 

10.57 

12.10 

91% 

PAP 

" 22.5 

PAP 

2.72 

PAP 

1'3 

82 

106 

89 

51 

"Calculated from the minimal lumen diameter in the twQ orthogonnl pro
jections assuming an elliptical model. 

TABLE 11. Measured and Estimated Mean f>Tedieted 
Tr:ansstenotle Pressure Gradients {mm Hg) 

Ba.<eline Pn.paverine 

Measured E'-rimated % diff M=~ured Btimaled 
(0CAl (QCAJ 

15 20 +33 " " 
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% diff 

CORONARY PRESSURE {mmHg) 

:::I 0 , , , • • • , , 

so' 

60 

40 

20 PROXIMAL DISTAL 

oL-----------------
30 35 40 45 

CORONARY FLOW VEL (cm/s) 

Flg. 4. Plotting of the measured proximal and distal coronary 
mean pressures vs. the simultaneous coronary BFV during the 
0ffeet of the papaverine injection. The c1ata-points Indicate sJ. 
multaneous measurements over two cardiac cycles every 8 s. 

transducers with a larger sample volume than the con
ventional Doppler catheters and the spectral analysis of 
the Doppler signal allow a reliable BFV measurement 
without any further obstruction to flow if the velocity 
probe is positioned proximal to the stenosis. The pres
sure and BFV measurements are complementary param
eters in the characterization of stenosis hemodynamics. 
A low increase in BFV may occur in a variety of condi
tions including modifications of basal flow or impair
ment of the Vasodilatory mechanisms of the distal vas
culature {15]. The simultaneous measurement of a major 
increase of transstenotic pressure gradient confirms that 
the flow limiting factor is the high resistance across the 
stenosis. Conversely. the measurement of a rapidly in
creasing transstenotic pressure gradient during vasodila
tation does not fully defme the functional severity of a 
stenosis if the level of flow increase is not simulta
neously measured. In the model of Kirkeeide et al. [9] it 
is assumed for the purpose of the assessment of the he
modynamic effects of the stenosis that the vasod.ilatory 
capacity of the distal bed is intact and that collateral 
circulation is absent. These reasons may expla.in why the 
measured coronary flow reserve was lower and the post
stenotic coronary pressure higher than predicted£ .>m the 
assumed theoretical model. The coronary distal r ~ure 
and blood flow at maximal hyperemia are ultirna • ..!ly de
termined by factors unrelated to the stenosis geometry 
such as the vasod.ilatory capacity of the distal coronary 
arteries and the resistance in parallel to the stenosi:; re
sistance offered by the collateral vessels. 

The trajectory of the distal pressure!BFV curve. how-
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PREDICTED vs MEASURED 

::r:AL :~:· PRESSURE (mmHg) 

60 
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0o~----,"-~-"2-----c3-----."----csc--
CORONARY FLOW RESERVE (Q/Qrest) 

Ag. 5. Plotting of distal post-stenotic coronary mean pressure 
after papaverine Injection vs.. the ratio to baseline coronary 
flow, a" proposed by Klrkeelde et al. [9]. Ave measured data 
points (diamond·shaped markers) are shown to Indicate the 
trend o• the relation from baseline flow (ratio = 1) to maximal 
hyperemia (ratlo = 1..50). The calculation of mean coronary dl· 
stal pressure was performed assuming a fixed aortic pressure 
of 110 mm Hg and over a wider range of coronary flow, from a 
value corresponding to a ratio to baseline flow of o.s 10 the 
maximal predicted coronary flow (ratloto baseline = 1.91 ). cor· 
responding to the point In which the calculated distal pressure 
Intercepts the theoretical relation coronary flow/distal coronary 
pressure (lower continuous line) f1 0]. The trajectories of the two 
curves {dashed line = predicted, dotted line = measured) are 
almost superimposed. Note that the maximal increase In coro
nary flow is less than predicted from the theoretlcal re:Stlon 
coronary flow/distal coronary pressure and is consistent with a 
shift to the left of this relation (upper continuous line). 

ever. is characteristic of the stenosis geometry and the 
slope of this relation is an index of stenosis severity 
independent of the values reached at maximal vasodila
tation. The prediction of the pressure gradient under dif
ferent regimens of flow is routinely provided by many 
systems of computer-assisted quantitative analysis based 
on the measurements of stenosis geometry [3.9,10,16). 
The calculation of the transstenotic pressure gradients 
b:l.SCd on coronary blood flows calculated from BFV and 
CSA at the site of the Doppler measurement overesti
mated the measured values in baseline conditions while. 
during maximal hyperemia. the predicted pressure gra
dient and the measured pressure gradient were identical. 
Inaccuracies in the measurement of stenosis geometry or 
in the calculation of coronary flow ns well as modifica
tions of stenosis geometry in different flow conditions 
can explain the small differences observed. 

A possible limitation of this case-report is the record
ing of the BFV proximal instead than distal to the lesion. 
This approach. used in order to avoid the obstruction to 
flow induced by the passage of two separate guidewircs 
across the stenosis precludes the possibility of the assess-

ment of alterations of the flow velocity pattern distal to 
the stenosis such as a decrease of the diastolic/systolic 
velocity ratio [28). A solution to this problem and a great 
advantage in terms of practical applicability would be the 
incorporation of both the Doppler and the pressure sen
sors in a single guidewire system. 

In. conclusion, this first report of the combined use of 
miniaturized coronary pressure and Doppler probes 
shows that the characterization of stenosis severity can 
be obtained using a direct simultaneous measurement of 
the transstenotic pressure gradient and BFV in baseline 
and in hyperemic conditions. With this approach. the 
relation between transstenotic pressure gradient/distal 
coronary pressure and coronary flow resetVe can be fully 
ascertained. allowing a complete assessment of stenosis 
hemodynamics and the validation of the models pro
posed for the estimation of these parameters based on 
QCA measurements of stenosis geometry. The useful
ness of this approach in the detection of the functional 
significance of individual coronary stenoses. however. 
must be studied in comparison with standard objective 
tests of myocardial ischemia in a large series of stenoses 
of different angiograpbic severity. 
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APPENDIX A 

Computation of Hemodynamic Parameters From 
Quantitative Coronary Angiography 

The effects of changes in stenosis geometry on trans
stenotic pressure losses were extensively studied by 
Young et al. [17-20] using models of stenosis of differ
ent length. shape. and percent diameter reduction. under 
cortditions of steady and pulsatile flow. The equation 
validated by these authors. based on classic Nev.rtonian 
fluid dynamics. was ad:lpted for tapering stenosis and 
X-ray analysis by Brown et al. [16]. The algorithm im
plemented in the software package of the CAAS system 
uses the following formula: 

s~,r_ , (' 1 )' , .LlP=--,Q+-?- --- Q-
1.33 A; 0.-66 A, An 

(l) 

where L\.P is the transstenotic pressure gradient in mm 
Hg. ~ is dynamic blood viscosity in Poise (assumed 
equal to 0.03). Lis the length of the stenosis in mm. An 
is the CSA of the reference normal segment in mm1

• A.. 
is the minimal CSA of the stenotic segment in mm1

. Q is 
the mean coronary blood flow in ml/s. and p is the blood 
density in g!ml (assumed equal to 1.05). 

This equation assumes that at the exit of the stenosis 
flow completely sepamtes from the streamline contours 
so that large eddies develop in the divergent segment 
distal to the stenosis. An exit half-angle of 15', has been 
shown to be sufficient to induce a complete separation of 
flow and this condition seems fulfilled in the examined 
artery in which exit angles of31° and 34° were measured 
with quantitative angiography from the diameter profile 
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in the LAO and RAO projections. The calculated pres
sure gradient, therefore. is described as the sum of the 
losses due to viscous components and the losses due to 
separation of flow at the exit of the stenosis and can be 
written in the simplified form 

(2) 

where Kr and Ks arc the coefficient of pressure losses 
due to, respectively. viscous friction and separation of 
flow. In the hemodynamic report of the quantitative an
giographic analysis using the CAAS system the pressure 
gradients arc calculated for volume flow ranging from 1 
to 3 ml!s. In this ca.<>e the volume flow was derived from 
the mean Doppler BFV (see Appendix B) and the CSA at 
the site of the Doppler measurement. calculated from the 
angiographic diameter assuming a circular cross-section. 

APPENDIXB 
Doppler Measurements of Coronary 
Blood Flow Velocity 

The measurement of the mean BFV requires an ade
quate sampling of the Doppler signal: 

1. The ultrasound beam probe must be aligned with 
the centerline of flow; the guidewire has the piezoelectric 
crystal mounted at the tip so that a partial malalignment 
of the probe would minimally affect the velocity record
ing (underestimation of flow of 6% in the presence of an 
angle of 30° with the velocity vector). 

2. The entire flow profile or at least a large part of it 
including the maximal velocity must be included in the 
Doppler sample volume; the ultra.<;aund beam opens at 
15° from each side from the transducer so that even in the 
presence of a non-ideal position of the Doppler 
guidewire (eccentric, off-axis) a large part of the velocity 
proflle will be examined. 

3. The presence of the Doppler probe must not mod
ify the velocity profile at the site of the sample volume. 
In in vitro models Tadaoka ct a!. [21] has shown a com
plete restoration of the flow profile at a distance equal to 
I 0 times the diameter of the Doppler probe (the diameter 
of the Doppler probe is 0.46 mm and the distance of the 
sample volume was kept constant at 5.2 mm). 

4. A spectral analysis of the Doppler frequency must 
be performed to identify all the different velocities in the 
sample volume. including the maximal velocity [22]. 
The frequency spectrum can then be easily convened in 
the velocity spectrum based only on the knowledge of the 
ultrasound frequency and the velocity of sound in blood. 
Theoretically. mean BFY can be measured from the 
weighted average of the velocity spectrum. This method. 
however, requires a complete insonification of the ve
locity profile of the examined vessel and is influenced by 

the presence of non-flow related signals [23] such as the 
high intensity-low velocity signals from vessel wall 
movements during the cardiac cycle (wall thumps). The 
final measurement, therefore. is critically dependent on 
the modalities of signal processing. Also the weighing 
factors for the different velocities cannot be reliably de
termined as signal intensity is modified by several un
known parameters such as rouleaux formation [24.25]. 

A different approach is based on the use of the max
imal BFV which is less sensitive to the presence of noise 
and is more easily included in the sample volume based 
on the above-described characteristics of the Doppler 
system. Mean BFV can be estimated from the maximal 
BFY assuming Poiseuille flow using the equation de
scribing the velocity of a l:unin:rr flow field: 

(1) 

in which Y" is the velocity of the flow lamina x, LlP is 
the pressure gradient in the vascular segment of length L. 
is blood flow viscosity. a is the radius L is the length in 
mm of the considered segment. X is the distance of the 
lamina x from the vessel centerline. This last value is 0 
for the centerline of flow s.o that equation I can be re
written: 

(2) 

Under the assumed conditions and if mean velocity times 
CSA (A) equals blood flow (Q). from the Poiseuille 
equation follows that 

(11P'1Ta4) 

Q S~L 
Y mean "" A "" --A-- (3) 

with A "" ~. equation 3 ean be simplified using (2) to 

(4) 

An important limitation to the applicability of this for
mula is that the velocity profile is assumed to be para
bolic and fully developed. The distance L necessary to 
allow the full development of a parabolic flow profile is 
defmed by the equation [26] 

L ~ (0.03 R,) d 

where ~ is the Reynolds number and d the diameter of 
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the conduit. Consequently. the velocity measurement 
should be taken not too close to the origin of the vessel 
because a vascular segment of a length of 4-6 times the 
vessel diameter is neci!SSal)' for a complete development 
of the velocity proftle at the Reynolds numbers present in 
normal epicardial coronary arteries (150-200). The same 
problem must be considered sampling distal to major 
bifurcations of the vessel and. more importantly. in the 
presence of changes of the vascular diameter so that the 
measurement of mean BFV from maximal BFV can be 
misleading across short stenotic segments. Also the non
Newtonian characteristics of blood will induce a flatter 

!58 

velocity profllc than expected based on the vascular di
ameter and mean blood viscosity so that an underestima
tion of the mean BFV can be expected deriving this 
parameter from the maximal BFV [27]. These consider
ations underline the difficulties to obtain reliable volume 
flow measurements based on BFV measurements despite 
the recent progress in Doppler probe technology and sig
nal analysis. Nevertheles..->. recent validation studies have 
shown a high correlation between flow measured with an 
electromagnetic flowmeter and flow derived from Dop
pler measurements obtained with the probe used in this 
study both in vitro and in vivo [5J. 
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16. Assessment of coronary stenosis severity from 
simultaneous measurement of transstenotic pressure 
gradient and flow. A comparison with quantitative 
coronary angiography 
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Introduction 

Visual interpretation of the coronary angiogram is the method routinely used 
to assess the severity of a coronary stenosis and to plan, monitor and judge 
the results of coronary interventions. Quantitative arteriography allows ac
curate and reproducible measurements of absolute and relative vascular 
dimensions but, despite the progressive refinements of computer-assisted 
analysis in the last years, eccentricity, diffuse atherosclerotic involvement 
and vessel tortuosity remain major obstacles to a correct assessment. In 
addition, following interventions, the damage to the vessel wall greatly im
pairs the accuracy of quantitative angiography inducing haziness of the con· 
tours and intraluminal filling defects [1, 2]. Under these circumstances, video
densitometry was a promising alternative [3] but its application has been 
precluded so far by the presence of basic methodological limitations, requir· 
ing further refinement of the technique [4, 5]. Intracoronary ultrasound has 
the potential for a more accurate assessment of lumen dimensions in the 
presence of luminal cross-sectional area of complex geometry [6, 7]. The 
dimension of the currently available ultrasound catheters (diameter 1.0-
1.45 mm), however, limits the application of intravascular ultrasound to the 
assessment of severe coronary stenoses. In addition, an accurate evaluation 
of all the geometric characteristics of a coronary stenosis (diameter of a 
normal reference segment, length of inlet-outlet segments and of the stenosis 
and minimal luminal cross-sectional area) can be obtained only with an 
automatic three-dimensional reconstruction of multiple ultrasonic cross-sec
tions, a technology still in phase of development and requiring extensive 
clinical validation [8]. A method alternative to the morphologic study of the 
lesion is the use of the hemodynamic parameters which characterize the 
severity of a stenosis, blood flow velocity and transstenotic pressure gradient. 
A major technical development facilitating the acquisition of these measure
ments in the Catheterization Laboratory was the introduction of miniaturized 
pressure and Doppler sensors with guidewire technology, allowing a simulta
neous measurement of post-stenotic flow velocity and pressure with only a 
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moderate further obstruction to flow [9, 10]. Aim of this study is the assess
ment of the clinical applicability and usefulness of indexes of stenosis severity 
based on the simultaneous transstenotic pressure gradient and flow velocity 
measurements and in particular on the instantaneous relationship between 
pressure gradient and flow velocity. 

Methods 

Patient population 

Twenty-one patients (age: 62z10 years, 17 males and 4 females) undergoing 
elective coronary angioplasty (n = 14) or scheduled for a possible angioplasty 
procedure but with a stenosis angiographically of intermediate severity ( > 
40% and < 60% diameter stenosis; n = 7) were studied with a simultaneous 
measurement of flow velocity and post-stenotic coronary pressure. Patients 
with acute myocardial infarction, arterial occlusion/subocclusion {Throm
bolysis in Myocardial Infarction (TIM!) flow class 0-1}, valvular heart dis
ease, extreme tortuosity of the vessel to be dilated or the presence of an open 
aorta-coronary bypass graft on the vessel to be treated were not included in 
the study. Systemic arterial hypertension was present in 5 cases (23% ). 
Previous myocardial infarction in the territory of distribution of the studied 
artery was present in 7 cases (33% ). All patients were under antianginal 
treatment at the time of the study. 

Catheterization procedure 

After intravenous administration of 10,000 I.U. of heparin and 250mg of 
acetylsalicylic acid, an 8 French guiding catheter was advanced up to the 
coronary ostium. After isosorbide-dinitrate (2-3 mg intracoronary), cineangi
ograms suitable for quantitative assessment were obtained in one/three angi
ographic views. 

The pressure guidewire was advanced into the artery to be dilated and 
the pressure sensor was positioned 1-3 em distal to the stenosis (Fig. 1). The 
Doppler guidewire was maintained proximal to the stenosis, avoiding the 
presence of major side-branches between the site of the measurement and 
the stenosis and the segment of pre-stenotic acceleration of flow. In 5 pa
tients, due to presence of side-branches immediately proximal to the stenosis, 
only the flow velocity recordings distal to the stenosis were used for analysis. 
The proximal coronary pressure, the post-stenotic pressure and the proximal 
flow velocity were recorded both in baseline conditions and after an intraco
ronary bolus injection of papaverine (8 mg: right coronary; 12.5 mg: left 
coronary, saphenous vein bypass graft) [11]. Intracoronary nitrates (isosor
bide dinitrate 2-3 mg) were used before the injection of papaverine in order 
to induce a maximal coronary vasodilatation and avoid changes in cross-

161 



Simultaneous measurement of gradient and flow 285 

Figure 1. Upper panel: biplane orthogonal digital angiograms (left: LSO. right: RSO) of a left 
anterior descending coronary artery showing the presence of a significant concentric stenosis of 
the mid-segment. The diagrams show the diameter function of the examined segment after 
automatic contour detection. Bottom panels: the positions of the tip-mounted Doppler sensor 
(D) and of the sensor of the pressure guidewire (P) are indicated with arrows. 

sectional area between baseline and post-papaverine assessment [12]. Care 
was taken to avoid impairment of flow during maximal hyperemia due to the 
presence of the guiding catheter in the coronary ostium. If damping occurred, 
the guiding catheter was withdrawn from the coronary ostium inunediately 
after the injection of papaverine. The Doppler guidewire was then advanced 
distal to the stenosis and a new basal and post-papaverine acquisition was 
obtained (Fig. 1). 

Quantitative angiographic measurements 

The guiding catheter, filmed not filled with contrast medium, was used as a 
scaling device. A previously validated [13] on-line analysis system operating 
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on digital images (ACA-DCI, Philips, Eindhoven, The Netherlands) was 
used during the catheterization procedure. In this system, after automatic 
detection of the vessel centerline, a weighted first and second derivative 
function with predetermined continuity constraints is applied to the bright
ness profile on each scan line perpendicular to the vessel centerline [14]. 
From the measured minimal luminal diameter (MLD) the minimal luminal 
cross-sectional area was calculated assuming a circular cross-section (in 15 
patients (71%) as the average of the measurements in multiple views). An 
interpolated technique was used to define the reference diameter. Percent 
diameter and cross-sectional area stenosis were also calculated. A user
defined diameter was measured at the site of the Doppler sample volume in 
order to calculate coronary blood flow as the product of mean blood flow 
velocity and cross-sectional area. 

Doppler guidewire and flow velocity measurements 

The Doppler angioplasty guidewire is a 0.018" (diameter 0.45 mm, cross
sectional area 0.17 mm2

) 175 em long flexible and steerable guidewire with 
a floppy shapable distal end mounting a 12 MHz piezoelectric transducer at 
the tip (Cardiometries Inc., Mountain View, CA) [9]. The sample volume is 
positioned at a distance of 5.2 mm from the transducer in order to avoid the 
area of distortion of the flow profile due to the presence of the Doppler 
guidewire [15]. At this distance the sample volume has a width of approxi
mately 2.25 mm due to the divergent ultrasound beam so that a large part 
of the flow velocity profile is included in the sample volume also in case of 
eccentric positions of the Doppler guidewire. The pulse repetition frequency 
(17 to 96kHz) varies with the velocity range selected. Mter real-time process
ing of the quadrature audio signal a fast-Fourier transform algorithm is used 
to increase the reliability of the analysis [16], the Doppler system calculates 
and displays on-line several spectral variables including the instantaneous 
peak velocity and the rime-averaged (mean of 2 beats) peak velocity. The 
flow velocity measurements obtained with this system have been validated 
in vitro and in an animal model using simultaneous electromagnetic flow 
measurements for comparison [9]. Mean flow velocity was calculated as time
averaged peak velocity/2, assuming a fully developed flow velocity profile 
[17]. Coronary flow reserve was defined as the ratio between maximal flow 
velocity at the peak effect of the papaverine injection and in baseline con
ditions. 

Pressure guidewire and transstenotic pressure gradient measurements 

The pressure sensor is located 3 em proximal to the flexible tip of a 0.018" 
guidewire (Radi Medical Systems, Uppsala, Sweden). Light is emitted from 
a control unit through a beam splitter and is transmitted to the sensor element 
along an optical fiber integrated in the guidewire. The sensor element consists 
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of a silicon cantilever with a mirror integrated into its free end. Deflection 
of the mirror induced by the elastic movement of the sensor in response to 
changes in the external pressure modulates the reflected light. The signal is 
then transmitted back through the same optical fiber and is detected by a 
photo diode in the control unit. The system has already been validated in 
vitro with regard to signal transfer characteristics. linearity and frequency 
response [10]. The pressure signal was calibrated immediately before inser
tion and the accuracy of the measurement was checked by superimposing 
the pre-stenotic coronary pressure measured with the pressure guidewire and 
the proximal coronary pressure measured with the guiding catheter. The 
mean transstenotic gradient was calculated as the difference of mean proxi
mal and mean distal coronary pressure over 4 consecutive beats in baseline 
conditions and at peak papaverine effect (Fig. 2). The coronary flow measure
ments derived from the quantitative angiographic and Doppler measurements 
and the pressure measurements were used to calculate the hyperemic flow 
velocity-pressure gradient ratio and the delta flow-delta gradient ratio, calcu
lated as the ratio of the differences of measurements of coronary flow and 
transstenotic gradient at the peak effect of papaverine and in baseline con
ditions. 

Comparison with physiological parameters derived from QCA measurements 

Stenosis flow reserve has been proposed by Kirkeeide et a!. [18] as a single 
integrated index of stenosis severity and is based on the calculation derived 
from the measurements of stenosis geometry, of the transstenotic maximal 
pressure gradient and maximal flow increase under standardized conditions. 
These authors validated in vivo [19] flow dynamic equations developed in in 
vitro models by Young eta!. [20, 21] and adapted for tapering stenoses and 
X-ray analysis by Brown eta!. [22]. The algorithm, implemented also in the 
software package of the Philips DCI analysis system, uses the formula: 

(1) 

where AP is the transstenotic pressure gradient in mmHg, J.L is dynamic blood 
viscosity in Poise (assumed equal to 0.03), Lis the length of the stenosis in 
mm., An is the cross-sectional area of the reference normal segment in mm2

, 

A, is the minimal cross-sectional area of the stenotic segment in mm2
, Q is 

the mean coronary blood flow in ml/s, pis blood density in g/ml (assumed 
equal to 1.05) and ke is the expansion coefficient used to correct for the 
entrance effect in order to apply the above equation in short stenoses as: 
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PRESSURE-VELOCITY RECORDING 
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Figure 2. A) Simultaneous recording of electrocardiogram. proximal and distal (post-stenotic) 
coronary pressures. instantaneous peak flow velocity and transstenotic pressure gradient during 
four consecutive cardiac cycles at the peak effect of papaverine. 

B) Pressure gradient and flow velocity relationship of the same 4 cardiac cycles. The data 
points corresponding to the phase of early diastolic relaxation and of early systolic contraction 
and the remaining systolic data-points (empty squares) are not considered for analysis. The 
dashed line is drawn from the exponential equation showing the best fitting for the mid~late 
diastolic data-points (filled squares). 

where Lprox is the length of the entrance segment, approximated as lesion 
length divided by 2, and ReiD is the diameter of the reference segment [23, 
24]. Based on the post-stenotic pressure calculated from the above equations 
and the measurements of stenosis geometry, stenosis flow reserve was calcu
lated assuming a maximal increase in coronary flow of 5 times at a mean 
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aortic pressure of 100 mmHg [25], a coronary venous pressure of 10 mmHg 
and a mean blood flow velocity of 15 cm/s [18, 19]. 

Stenosis flow reserve was compared both with the measured coronary flow 
reserve and, to allow a comparison under more standardized conditions, with 
the ratio between measured hyperemic mean velocity and basal mean velocity 
assumed in the above equation (15 cm/s). 

Equation (1) was used to calculate the baseline and maximal hyperemic 
transstenotic pressure gradient using the real baseline and hyperemic flow 
velocities to calculate the corresponding coronary flow so that estimated and 
measured pressure gradient could be then compared at the same level of 
flow. 

Instantaneous assessment of the pressure gradient-flow velocity relation 

In 15 patients (71%) a continuous acquisition of the data was performed with 
a 12 bits analog-to-digital converter (DataQ Instr., Akron, OH) connected to 
a PC. Electrocardiogram, pre- and post-stenotic coronary pressure and peak 
coronary blood flow velocity were continuously sampled at 125 Hz per chan
nel and stored on the hard-disk for off-line analysis (Fig. 2A). Positive or 
negative drifts of the 0-pressure level of the fiber optic pressure sensor, 
present in 7 patients (33%), and the phase delay of the pressure signal 
recorded through the fluid-filled guiding catheter were corrected by superim
posing the pressure recorded through the guiding catheter and· the pre
stenotic coronary pressure recorded through the pressure guidewire. After
wards, the instantaneous transstenotic pressure gradient was calculated and 
plotted against the corresponding coronary flow velocity using dedicated 
software (AdvCodas, DataQ, Akron, Ohio), (Fig. 2B). Therefore, the trans
stenotic pressure gradient/flow velocity relation was analyzed from the digit
ized pressure and flow velocity during mid-diastole (start-point: maximal 
diastolic flow velocity, end-point: rapid deceleration of flow due to the be
gining of myocardial contraction). The phases of rapid acceleration/deceler
ation of flow were not considered for analysis, as suggested by Gould et al. 
[26], because the flow changes in these phases are dissociated from the 
transstenotic pressure gradient changes and are also conditioned by factors 
not related to the severity of the lesion (myocardial contractility, heart rate, 
etc.). The systolic phase of the cardiac cycle was not considered in order to 
avoid possible artifacts of the flow velocity signal, frequent during cardiac 
contraction (wall thumps, motion artifacts). Four consecutive beats were 
analyzed at the peak effect of the injection of papaverine. 

Statistical analysis 

Regression analysis was used to compare the measurements of pressure 
gradient and coronary flow and derived indexes with the minimal luminal 
cross-sectional area of the explored stenosis and with transstenotic pressure 
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Figure 3. Linear regression analysis of coronary flow reserve (A) and hyperemic coronary flow 
(B) vs minimal cross~sectional area (MLCSA). 

gradients and stenosis flow reserve. A best-fit analysis was used to assess 
the relationship between instantaneous pressure gradient and flow velocity 
(BmDP statistical package).Statistical significance was defined as p < 0.05. 
All data were expressed as mean±SD. 

Results 

Flow velocity and transstenotic pressure gradient measurements 

The quantitative angiographic, flow velocity, pressure gradient and flow 
measurements of the 21 patients studied are reported in Table 1. Coronary 
flow reserve showed a partial but statistically significant correlation with 
minimal luminal cross-sectional area (Fig. 3A. r = 0.44, p < 0.05). Baseline 
coronary flow showed no significant correlation with the minimal luminal 
cross-sectional area (r = 0.37, NS). Coronary flow during maximal hypere
mia, on the contrary, was significantly correlated with the minimal luminal 
cross-sectional area (r = 0.54, p < 0.01), (Fig. 3B). The baseline and hyper
emic transstenotic pressure gradient showed a significant inverse correlation 
with the minimal luminal cross-sectional area (r = - 0.66 and r = - 0.60, 
respectively), (Fig. 4). An exponential increase in pressure gradient with the 
decrease in minimal luminal area was observed. 

The maximal hyperemic transstenotic gradient showed a significant inverse 
correlation with the simultaneously measured hyperemic coronary flow, with 
a trend towards an exponential increase in transstenotic pressure gradient in 
the cases with the lowest maximal flow (r = 0.61, Fig. SA). The non-signifi
cant stenoses were identified by the presence of hyperemic transstenotic 
gradients < 20 mmHg associated with a maximal coronary 
flow> 150 ml/min. At the other extreme, the presence of large transstenotic 
gradients during hyperemia associated with a low maximal hyperemic flow 
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Figure 4. Baseline (A) and hyperemic (B) transstcnotic pressure gradient plotted vs minimal 
luminal cross-sectional area (MLCSA). An exponential gradient increase is observed with 
decreasing cross-sectional areas. 

identified the most severe stenoses. Similarly, when the pressure gradients 
from baseline to maximal hyperemia were plotted against coronary flow 
reserve, patients with moderate stenoses could be distinguished from patients 
with severe coronary stenoses (Fig. 5B). 

Combined flow velocity and pressure gradient measurements 

The hyperemic flow velocity-pressure gradient ratio and, in particular, the 
delta flow-delta gradient ratio, derived as previously described from the 
integration of flow and pressure gradient changes from baseline to hyperemia, 
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Table 1. Clinical and hemodynamic characteristics of the patients studied with a simultaneous recording of transstenotic pressure gradient and flow 
velocity. N 

"' !NIT AGE SEX YES MLCSA CSA BAPV HAPV CFR SFR BAS HYP BAS HYP FLOW/ N 

(yrs) mm2 % cm/s cm/s GRAD GRAD FLOW FLOW GRAD! 0 mmHg mmHg mllmin ml/min mil min/ 
mmHg "" -. 

IVA 60 m rca 0.49 0.92 10 27 2.70 1.25 21 43 20 53 1.53 ~ 
BJL 73 m svbg 0.21 0.98 7 11 1.57 0.30 42 46 20 31 2.85 ~· 
FB 70 f rca 2.26 0.74 31 62 2.00 3.13 4 17 84 167 6.44 

~ 
BKJ 59 m rca 0.82 0.95 10 IS 1.50 1.0 12 35 50 74 1.08 

" BJ 62 m lad 0.78 0.87 34 45 1.32 2.21 38 46 65 86 2.61 :-
RTR 69 m rca 0.33 0.97 8 II 1.37 0.49 38 39 24 33 9.00 
SA 73 m svbg 4.78 0.68 18 56 3.11 3.14 5 11 81 252 28.50 
we 59 m lad 1.14 0.84 19 83 4.37 2.24 5 14 41 181 15.53 
BJ 55 m lad 1.10 0.86 66 141 2.14 2.66 5 18 157 336 13.74 
DHTA 80 m rca 0.30 0.97 8 10 1.25 0.46 44 49 23 28 1.13 
SEA 74 m rca 0.23 0.95 11 12 1.09 0.66 49 50 17 18 1.60 
OMV 81 f rca 1.39 0.85 48 131 2.73 2.89 28 37 132 361 25.39 
EC 57 m rca 0.80 0.92 30 45 1.50 1.92 15 42 97 146 1.80 
BIV 67 m svbg 1.16 0.87 8 11 1.37 2.31 35 39 21 29 1.99 
JB 63 f rca 1.00 0.82 13 20 1.54 2.87 13 29 23 35 0.77 
LTW 50 m lad 1.19 0.71 21 39 1.86 4.24 28 65 33 56 2.05 
WHP 41 m lex 1.89 0.77 14 37 2.64 3.92 I 23 34 89 2.50 
DAG 52 111 rca 1.00 0.81 10 28 2.80 2.87 5 17 25 70 3.75 
JKF 52 m lex 1.33 0.88 13 17 1.31 2.50 17 31 27 36 0.60 
GMJP 60 f lad 2.32 0.80 61 148 2.43 3.99 2 41 102 247 12.10 
JAK 52 m rca 0.36 0.93 IS 33 2.20 1.31 12 33 21 46 1.19 

AVG 62 1.18 0.86 22 47 2.04 2.21 20 33 52 113 6.48 
± SD 10 1.02 0.09 17 44 0.81 1.20 16 15 41 105 8.15 

BAPV =Baseline time-averaged peak blood flow velocity; CSA =cross-sectional area; CFR =coronary flow reserve; FLOW/GRAD I= (hyperemic 
flow - baseline flow)/(hyperemic gradient - baseline gradient); HAPV = hyperemic time-averaged peak blood flow velocity; LAD =left anterior 

- descending; LCX =left circumflex; MI =myocardial infarction; MLCSA =minimal luminal cross-sectional area (angiographic measurement minus cross-

"' sectional area of the pressure and (5 cases) Doppler guidewire); NORM BASG =normalized baseline gradient; NORM HYPO= normalized hyperemic 

"' gradient; RCA = right coronary artery; SFR = stenosis flow reserve; SVBG = saphenous vein bypass graft. 
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Figure 5. A) Relationship between hyperemic transstenotic pressure gradient and flow. 
B) Baseline and hyperemic transstenotic pressure gradient, normalized for the corresponding 

aortic pressure, are plotted against coronary flow reserve. Higher hyperemic flow or flow reserve 
and low gradients indicate the least severe stenoses and viceversa. 

showed a more strict correlation with minimal luminal cross-sectional area 
than the other flow velocity and pressure gradient measurements (Fig. 6, r = 

0.54, p < 0.02 and r = 0.66, p < 0.001, respectively). In particular a delta 
flow-delta gradient ratio< 3 ml/min/mmHg identified 14 out of 17 cases with 
a minimal cross-sectional area < 1.5 nun2

. 

Measured and estimated flow reserve and transstenotic pressure gradients 

No correlation was present between coronary flow reserve and stenosis flow 
reserve (Fig. 7A). Despite a statistically significant correlation, measured and 
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Figure 7. The stenosis flow reserve estimated from the angiographic stenosis geometry is plotted 
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hyperemic flow velocity and mean velocity assumed for the calculation of stenosis flow reserve 
(15 mmRg). The dashed lines indicate the identity lines. The continuous lines indicate the 
regression lines. 

estimated stenosis flow reserve showed a large dispersion of the individual 
measurements (r = 0.52, Fig. 7B). A better correlation was observed be
tween estimated and measured transstenotic pressure gradient in baseline 
condition (r = 0.65, p < 0.002, Fig. 8A). During maximal hyperemia, how
ever, no significant correlation was observed between estimated and mea
sured transstenotic pressure gradients (r = 0.13, Fig. 8B). 
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Figure 8. Estimated and measured transstenotic pressure gradients in baseline conditions (A) 
and at peak hyperemia (B). Dashed lines: identity lines: continuous lines: regression lines. 

Instantaneous assessment of the hyperemic coronary pressure/flow velocity 
relation 

A clear Doppler envelope allowing a reliable automatic detection of the 
hyperemic diastolic peak velocity during four consecutive beats was obtained 
in 12/15 cases (80%) (Fig. 9). A linear relationship between transstenotic 
gradient and flow velocity was observed in 5/12 patients ( 42%). In the 
remaining patients a quadratic equation had the best fitting for the data 
obtained (7/12, 58%). In all but 3 cases an intercept close to 0 ( ± 10 mmHg) 
was observed. Steeper increases of the transstenotic pressure gradient at a 
given flow increase were measured in the arteries with the most severe 
reduction in luminal cross-sectional area. 

Discussion 

The identification of a single hemodynamic parameter, immediately measur
able in the Catheterization Laboratory and predictive of the functional sever
ity of a coronary stenosis would constitute an extraordinary diagnostic tool, 
especially for the assessment of the immediate results of coronary interven
tions. 

Coronary flow reserve 

Experimental reports have shown that a decrease in flow reserve may discrim
inantly detect a lesion of increasing severity [27]. Although the concept may 
be easily and accurately applied in an optimal physiological situation [28, 
29], it must be recognized that coronary flow reserve is influenced by factors 
independent from the hydrodynamic characteristics of the stenotic lesion 
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Figure 9. Instantaneous hyperemic diastolic pressure gradient/flow velocity relationship for 12 
stenoses of increasing hemodynamic severity (from left to right and from bottom to top). The 
corresponding minimal luminal cross~sectional area (MLCSA) is reported after subtraction of 
the cross-sectional areas of the pressure and Doppler guidewires. 

Nb/INIT. CATH.Nb MLCSA(mrn') EQUATION 

1 BJL 92707 0.21 y=21+2.72x 
2 RTR 92999 0.33 y ~ -6 + 5.76x 
3 JKF 921858 1.16 y=2+2.01x + 0.0275x2 

4 WA 921132 0.49 y=25+0.79x 
5BKJ 920922 0.82 y = 2 + O.llx + 0.073x2 

6 DAG 922047 0.83 y ~ 1.6 + 0.50x + 0.0035x' 
7 WHP 930201 1.72 y ~ -4 + 0.28x + 0.009x' 
8 JB 920908 0.83 y ~ -4 + 0.76x 
9 JAK 921502 0.36 y ~ 9 + 0.0055x' 
10 LTW 921504 1.19 y ~ -0.1 + 0.0074x' 
11 SA 921448 4.61 y~ -1 +0.23x 
12 FB 921330 2.09 y ~ 5 + 0.0011x' 

such as heart rate, aortic pressure, presence of collateral circulation, integrity 
of the distal resistance coronary vessels [30, 31]. Several pathological con
ditions (cardiac hypertrophy, myocardial scarring, hypercholesterolemia, sys
temic hypertension, etc) have been reported to alter the normal reactivity 
and impair the vasodilatory capacity of the distal coronary vasculature. In 
these conditions, therefore, the severity of the stenosis would be overesti-
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mated if the low flow during maximal vasodilatation is attributed to the high 
resistance across the stenosis. Similarly, the presence of a well-developed 
collateral flow would lead to an overestimation of stenosis severity because 
of the decreased maximal flow through the stenosis. Coronary flow reserve 
is by definition a ratio, so that similar ratios may be obtained at very different 
levels of resting and maximal flow. Following coronary interventions, acute 
changes in resting blood flow together with changes in the anatomy of the 
stenotic lesion and concontitant persistent modifications of the hyperentic 
pressure-velocity relationship considerably hamper the clinical usefulness of 
coronary flow reserve for the assessment of the functional results. Our re
cently reported results with the use of a Doppler gnidewire during coronary 
angioplasty [32] confirmed previous observations [33-36] that an increase in 
resting and maximal flow velocity occurs following angioplasty so that the 
usefulness of coronary flow reserve is limited in this clinical setting. Similar 
observations have been made by our group in the past, using Doppler tip 
balloon angioplasty catheters [37]. 

Stenosis flow reserve 

Stenosis flow reserve is an alternative approach, based only on quantitative 
angiographic measurements, to evaluate in standardized conditions the sever
ity of a coronary stenosis, regardless of the individual variability of physiol
ogic conditions [18, 19]. As clearly pointed out by the proposers of this index 
[18, 19], stenosis flow reserve can not be considered as an estimate of the 
real coronary flow reserve, deterntined also by the hemodynantic conditions 
at the time of assessment, the presence of collateral flow and the properties 
of the nticrocirculation. In this respect, the use of standardized conditions 
assumed in the calculation of this index has the advantage that only flow 
lintitations induced by the stenosis studied are considered. The assumption 
of hemodynamic conditions not necessarily present in the studied patients is 
sufficient to explain the poor correlation observed in this study between 
estimated stenosis flow reserve and measured coronary flow reserve also 
when a baseline velocity equal to the velocity assumed for the calculation of 
stenosis flow reserve was used. A more consistent methodology to test 
whether hemodynamic parameters calculated from quantitative angiographic 
measurements reflect the real measurements is the comparison of the trans
stenotic pressure gradient, assunting a coronary flow velocity and an aortic 
pressure equal to the measured velocity and aortic pressure. This comparison, 
however, showed large individual differences between measured and esti
mated transstenotic pressure gradients, possibly as a consequence of the 
unavoidable inaccuracies in the measurement of the multiple geometric fac
tors which determine stenosis severity and of the limitations to the applica
bility of the proposed equations, especially at high flows. 
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Transstenotic pressure gradient 

The importance of the dimensions of the pressure sensor used for the mea
surement of the transstenotic pressure gradient has been reported and exten
sively studied in the years following the introduction of coronary angioplasty. 
when the pressure gradient recorded through the central lumen of the balloon 
catheter was used for the immediate assessment of the results of the proce
dure [38-40]. More recently, using a pressure guidewire as the angioplasty 
guidewire, the large increase in pressure gradient observed with the balloon 
catheter positioned in the lesion has been confirmed [10]. Despite these 
limitations, the clinical relevance of the residual transstenotic pressure gradi
ent after coronary interventions has been confirmed by the presence of a 
significant correlation between residual pressure gradient > 20 mmHg after 
balloon angioplasty and development of restenosis [41]. The correlation 
observed in this study between transstenotic pressure gradient and angie
graphic lesion severity has been confirmed in a larger series of patients by 
Emanuelsson et al. [42]. The dependancy of the pressure gradient on flow, 
however, precludes a complete understanding of this parameter when the 
flow level is not simultaneously assessed. 

Simultaneous measurement of pressure gradient and flow velocity 

The simultaneous measurement of transstenotic pressure gradient and flow 
velocity avoids a possible misinterpretation of the changes of both these 
indexes during maximal vasodilatation. When a low maximal flow is present 
due to factors not dependent from the stenosis resistance, the measurement 
of a low transstenotic pressure gradient can be misleading, falsely suggesting 
the presence of a non-significant stenosis. Conversely, only the simultaneous 
measurement of the pressure gradient can discriminate a low flow increase 
during maximal vasodilatation due to a hemodynamically severe stenosis 
(high pressure gradient) from a reduction of the maximal transstenotic flow 
increase due to an impairment of the distal vasodilatory mechanisms or 
to competition of flow through a well-developed collateral circulation (low 
pressure gradient). Although the maximal flow and, consequently, the maxi
mal transstenotic gradient are determined also by factors independent from 
the stenosis resistance, the transstenotic pressure gradient-flow relationship 
is intimately correlated with the stenosis hemodynamics. Two alternative 
approaches have been used to assess the slope of the pressure gradient
flow velocity relation. The first is based on the ratio of the differences of 
transstenotic pressure gradient and flow velocity from baseline conditions to 
maximal hyperemia. This index has the dimensions of flow conductance 
(ml/min/mmHg) and, in this study, showed a higher correlation with the 
angiographic minimal luminal cross-sectional area than all the single pressure 
gradient and flow velocity measurements. A technically more complex but 
promising approach is based on the assessment of the instantaneous pressure 
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gradient/flow velocity relationship during the progressive flow decrease in 
mid-late diastole. The advantage of an index based on instantaneous instead 
of mean gradient/flow changes during the cardiac cycle is that the phases of 
acceleration of flow in early diastole and deceleration of flow at the beginning 
of myocardial contraction can be excluded from analysis. In early systole, 
cardiac contraction induces an increase of the distal coronary pressure, with 
the possibility of a short reversed pressure gradient and a transient dissoci
ation between transstenotic pressure gradient and flow [26]. An inverse 
phenomenon is observed in early diastole, when a sudden decrease of distal 
coronary pressure occurs during the phase of rapid cardiac relaxation, preced
ing the rapid increase in flow (Fig. 2). When only the passive, post-accelera
tive diastolic data-points are used for analysis, pressure gradient and flow 
velocity showed a high correlation in all cases, described by an exponential 
(58%) or linear (42%) relationship. This approach can also detect sudden 
changes in stenosis geometry from baseline to maximal hyperemia such as 
those due to a partial collapse of the vessel wall consequent to a critical 
reduction of the intrastenotic pressure [ 43]. In the presence of a fixed stenosis 
and when a premedication with nitrates intracoronary is used to negate 
diameter changes of the reference segments, the pressure gradient/flow velo
city relationship is independent from the hemodynamic conditions of assess
ment (baseline or maximal hyperemia). In this study, however, the assess
ment was performed during maximal hyperemia so that the pressure gradient
flow relationship could be evaluated over a larger range of measurements. 
A possibility that we has been e>--plored to evaluate the pressure gradient
flow velocity relationship over a large range of flow velocities and up to very 
low flow velocity levels is the induction of a prolonged cardiac arrest with 
the use of an extra-bolus of adenosine during post-papaverine maximal hyper
emia (Fig. 10). 

Potential alternative analysis of the flow velocity-proximal and post-stenotic 
pressure relationship 

A more easily applicable method to assess the severity of a coronary stenosis, 
based only on the simultaneous assessment of aortic pressure and coronary 
flow (or flow velocity), has been proposed by Mancini eta!. [44]. The slope 
of the instantaneous coronary flow and pressure relationship was measured 
during diastole in 43 dogs at 5 different levels of arterial pressure and inducing 
coronary stenoses of increasing severity. The measured instantaneous dias
tolic pressure/flow slopes were then compared with a microsphere derived 
index of myocardial conductance. The instantaneous hyperemic flow vs pres
sure index demonstrated no dependance on heart rate, left ventricular end
diastolic pressure, mean aortic pressure or inotropic changes [45, 46]. The 
decrease in flow/pressure slope with the presence of stenoses of increasing 
severity correlated well with the transmural and the subendocardial micros
phere-derived measurements. 
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Figure 10. A) Long diastolic pause induced by the infusion of adenosine 3 mg intracoronary. 
From top to bottom peak flow velocity. instantaneous transstenotic pressure gradient and 
proximal and post-stenotic coronary pressure. B) Instantaneous hyperemic diastolic pressure 
gradient/flow velocity relationship of the previously shown diastolic pause. 

Feasibility and beat-to-beat variability of the assessment of the instan
taneous flow velocity-pressure relationship in humans was assessed in normal 
and stenotic coronary arteries usiog a Doppler guidewire [32, 47] (Fig. llA). 
A significant difference was observed between velocity-pressure slopes mea
sured in stenotic and normal coronary vessels, with the presence, however, 
of a partial overlap between the two groups. The measurement of a high 
fidelity post-stenotic pressure allows a direct assessment of the resistive pro
perties of the distal coronary bed, not taking ioto account the resistance 
offered by the coronary stenosis. The integration of this approach with the 
assessment of the pressure gradient-flow velocity relationship has the paten-
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tial for a complete characterization of the two resistances in series given by 
the epicardial stenosis and by the distal vasculature. After normalization with 
ballon dilatation or stent implantation of the epicardial arteries, the slope of 
the post-stenotic flow velocity-pressure relationship before the intervention 
can be compared with the flow velocity-proximal pressure slope after the 
interventions, to assess possible acute changes of the vasodilatory capacity 
of the distal coronary arteries. As evident from the example of Fig. llB, 
however, the flow velocity/post-stenotic pressure relationship can be assessed 
only over a narrow pressure range in the presence of a severe coronary 
stenosis. An exponential decrease of pressure for any given flow velocity 
decrease seems to be present, possibly because of the rapid reduction in 
cross-sectional area in the low pressure range, resulting in an overestimation 
of flow using the corresponding flow velocity measurements. The consequent 
reduction of arterial cross-sectional area induces an underestimation of the 
true flow changes calculated only from the flow velocity measurements. 

Limitations of the pressure gradient-flow velocity relationship for assessment 
of stenosis severity 

The pressure gradient-velocity relationship has great advantages for the as
sessment of the hemodynamic severity of a stenosis but a precise characteriz
ation of stenosis hemodynamics does not necesserily provide sufficient ele
ments to confirm or rule out the presence of myocardial ischemia in the 
territory of distribution of the examined artery. In particular, in the presence 
of stenoses of similar hemodynamic severity, the development of myocardial 
ischemia is influenced by the amount of recruitable collateral flow and by 
the mass of viable myocardium perfused. 

The presence and development of the collateral circulation can not be 
determined based on conventional pressure-flow velocity measurements. Re
cently, Pijls eta!. [48] has proposed a model using the post-stenotic pressure 
during occlusion (wedge pressure) to estimate maximal flow. This approach, 
e>:perimentally validated, requires a balloon occlusion at the site of the 
stenosis so that its application is possible only during balloon dilatation. 

Knowledge of the dimension of the perfused myocardial bed is essential 
to detect a possible mismatch between maximal flow achievable through the 
studied stenosis at a given aortic pressure and maximal blood flow require
ment of the studied artery. The automatic measurement of the length of the 
angiographically visible coronary branches has been successfully used in 
animals to estimate the perfused myocardial mass [49]. This method, how
ever, seems not easily applicable for routine diagnostic purposes. It must be 
noted that the pressure gradient-flow velocity relationship shows a steeper 
increase in smaller arteries than in larger arteries for a given severity of the 
coronary stenosis [50]. The use of velocity instead of flow can be considered 
a correction to this limitation because the characteristics of the coronary 
branching system result in a moderate reduction of flow velocity from proxi-
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Figure 11. Flow velocity-pressure loop for the same cardiac cycles of Fig. 2. On the Y-axis 
proximal (pre-stenotic) and distal (post-stenotic) coronary pressure in A) and B), respectively. 
Linear regression analysis is used in both cases to analyze the flow velocity-pressure relationship 
in mid-late diastole. 

mal to distal coronary segments despite the presence of large changes in 
coronary flow. 

The most important limitation of the proposed approach, however, re
mains the complexiry of the instrumentation required for the measurements. 
The passage of two separate guidewires with a cross-sectional area of 0.17 
mm2 can induce a significant additional obstruction in the presence of severe 
coronary stenoses [51]. Further, after coronary interventions the guidewires 
can prevent a complete collapse of the wall in the presence of large dissection 
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flaps, precluding a correct assessment of the obstruction to flow. Whenever 
possible, flow velocity was measured proximal to the stenosis to avoid the 
simultaneous presence of two guidewires across the lesion. This approach, 
however, precludes the possibility to take advantage of the availability, with 
the Doppler guidewire, of a flow velocity signal distal to the stenosis, certainly 
reflecting the flow limitations induced by the stenosis. Crossing of the lesion 
with the Doppler guidewire was required in the cases with large side-branches 
immediately proximal to the lesion and was felt to be mandatory for the 
recording of the velocity waveform used for the assessment of the instan
taneous pressure gradient-flow velocity relationship. Prototypes of 0.014" 
Doppler and pressure guidewires are available but a real solution can be 
obtained only with the combination of the two sensors in the same guidewire 
system. The ingenious system used to obtain a high fidelity pressure in the 
pressure guidewires has still practical limitations concerning the rigidity of 
the segment mounting the sensor and the possibility of a shift of the a
pressure when this segment is positioned in a sharp vascular bend. 

Conclusion 

Miniaturization of flow velocity and pressure sensors with guidewire technol
ogy now permits the application in conscious humans of a methodological 
approach to the assessment of stenosis severity previously limited to the 
animal laboratory. This initial experience suggests that the simultaneous 
measurement of pressure and flow velocity can reproducibly and accurately 
characterize the physiologic significance of coronary stenoses. 
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The use of miniaturized pressure and velocity 
sensors mounted on angioplastyguidewiresal
lows the simultaneous measurement of coronary 
blood flow velocity and transstenotic pressure 
gradient, 2 parameters that,. combined, should 
perfectly characterize stenosis hemodynamics. 
The aim ofthisarUde is assessment of the 
changes in """"""Ybloodfl ___ ... 

with a Doppler-tipped angloplasly guklewire In 35 
patients undergoing balloon angioplasty. We also 
report our initial experienee in 16 patients with 
the combined use of sensor-tip pressure and 
Doppler guidewires, and we discuss the applica
tion of new methodologie approaches for the 
study of the coronary drculaticm allowed by 
these techniques., such as the instantaneous as
sessment oftheflowvelocity/pressure and 
pressure gradient/flow velocity relations. Before 
and after angioplasty, flow velocity measure-
ments were obtained distal to the stenosis, both 
in baseline conditions and after intracoron;uy 
injection of&-12.5 mg of papaverine. The DoP" 
pier guidewire was left in place during the dilation 
procedure and the Doppler signal was contlnu· 
ously reconlecl during balloon inflation and after 
deflation to monitor the development of collat
eral flow, the restoration of flow after balloon 
deflation, the phase of postocclusive reactive 
hyperemia, and, incidently, the development of 
flow-limiting complications. Merits and pitfalls of 
several flow velocity parameters (average 
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peak velocity, coronary flow velocity reserve, di
astolic/systolic velocity ratio), as well as of pa
rameters derived from the combination of pres
sure and velocity measurements (transstenotic 
pressure gradient/flow velocity relation and in
stantaneous diastorac hyperemic flow velocity/ 
pressure relation) were evaluated in 35 patients 
with, and 37 without, significant coronmy steno
ses. Miniaturization of flow velocity and pressure 
sensors has made these methodologic ap
proaches applicable in the lnterventional suite, 
yielding reproducible and accurate assessments 
of parameters previously measured only in ex
perlmenta) animal models. 

(Am J canlioi1993;71:4111-<;3DJ 

Since the advent of coronary angioplasty. as
sessment of the acute results of interventions 
has been a source of debate and discussion. 

Several methodologic approaches have been consid
ered and explored in the past.1 Andreas Griintzig. 
the inventor of the technique. made use of the 
transstenotic pressure gradient to guide the progres
sion of the balloon catheter in the coronary tree 
beyond the targeted stenotic lesion and to demon
strate the severity of the stenosis_2 Following dila
tion. the transstenotic gradient was used to assess 
the hemodynamic change brought about by the 
dilating process, but no attempt in those early days 
was made to assess the pressure drop across the 
lesion during hyperemia. Subsequently, pressure 
recording was progressively disregarded because it 
was demonstrated that the measurement was not 
always reliable.3 

The physiologic value of these measurements. 
even those obtained with the smallest catheters. 
must be questioned, since the catheter impedes 
flow by its presence. Experimental data obtained in 



dog femoral arteries suggest that the '•true ·· steno
sis gradient is overestimated in a predictable man
ner, dependent on the ratio of the catheter diame
ter over the stenosis diameter.4 In addition, further 
miniaturization of the balloon catheter and intro
duction of the movable guidewire and of the 
monorail technique soon rendered measurement 
of pressure gradient less applicable. 

In recent years, major efforts were made to 
obtain accurate measurements of the lumen area 
of the stenotic lesion, before and after coronary 
angioplasty, using quantitative angiography with 
computer-based automatic edge detection.5 How
ever, for the evaluation of the angioplasty results, 
this technique has inherent limitations. The disrup
tion of the internal wall of the vessel following the 
barotrauma of angioplasty cannot be easily delin
eated by contour detection of the shadowgram 
obtained with coronary angiography.6 Videodensi
tometry was a possible promising alternative, but 
this method did not fulfill the expectations and 
critical methodologic problems remained unre
solved.7·S These limitations have prompted investi
gators to use blood flow measurement for the 
functional assessment of angioplasty results. Vari
ous digital angiographic techniques and Doppler 
catheters were introduced and testedY-12 The recent 
miniaturization of pressure and velocity sensorst3,14 

has allowed the simultaneous measurement of 
intracoronary flow velocity and transstenotic pres
sure gradient, the 2 parameters that characterize 
the stenosis hemodynamics. 

In this article we report the results obtained in 
35 patients with a Doppler guidewire during coro
nary interventions, as well as our initial experience 
in 16 patients with the combined use of sensor-tip 
pressure and Doppler guidewires. New methodo
logic approaches allowed by these techniques in
clude the instantaneous assessment of the flow 
velocity 1 pressure and pressure gradient/flow veloc
ity relations. 

MElli ODS 
Doppler guldewlre during coronary lnterven.. 

tlons: In 35 patients (31 men, 4 women, mean age 
57::!:: 10 years) undergoing coronary angioplasty 
because of symptomatic coronary artery disease, a 
Doppler angioplasty guidewire was used. Patients 
who had acute myocardial infarction, arterial occlu
sion or subocclusion (Thrombolysis in Myocardial 
Infarction [TIMI] :flow class 0-1), valvular heart 
disease, extreme tortuosity of the vessel to be 
dilated, and the presence of an open aortocoronary 
bypass graft on the vessel to be treated were not 

included for study. Systemic arterial hypertension 
was present in 9 cases (26% ). Seven patients (20%) 
had a previous myocardial infarction in the terri
tory of distnbution of the dilated vessel (Q wave in 
2 patients, nontransmural in 5 patients). Antiangi
nal treatment, including in 21 patients (60%) 
f3-adrenergic blocking agents, calcium antagonists, 
long-acting nitrates, or a combination of these 3 
drugs, was not withheld. In 1 patient the Doppler 
guidewire was used for a 2-vessel angioplasty 
procedure. The left anterior descending artery was 
the treated artery in 20 cases (56%). the left 
circumflex in 4 cases (11 %), and the right coronary 
artery in 8 cases (22%). Four stenoses of a saphe
nous vein bypass graft were treated using the 
Doppler guidewire as the angioplasty guidewire 
(11%). 

Catheterization procedure: After intravenous 
administration of 10.000 IU of heparin and 250 mg 
of acetylsalicylic acid, an 8 F guiding catheter was 
advanced up to the coronary ostium. After isosor
bide dinitrate (2-3 mg intracoronary), cineangio
grams suitable for quantitative assessment were 
obtained in 1-3 angiographic views. 

The Doppler guidewire was advanced into the 
artery to be dilated and a flow velocity recording 
was obtained distal to the stenosis, both in baseline 
conditions and after intracoronary bolus injection 
of papaverine (8 mg, right coronary; 12.5 mg, left 
coronary, saphenous vein bypass graft).15 Intracor
onary nitrates were used before the injection of 
papaverine in order to induce a maximal coronary 
vasodilation and avoid changes in cross-sectional 
area between baseline and post-papaverine assess
ment.l6 Care was taken to avoid the presence of 
impairment of :flow during maximal hyperemia due 
to the presence of the guiding catheter in the 
coronary ostium. If damping occurred (Figure 1 ), 
the guiding catheter was withdrawn from the coro
nary ostium immediately after the injection of 
papaverine. An appropriately sized balloon cathe
ter (2-4 mm) was then introduced, using a mono
rail technique in most cases. The Doppler guidewire 
was left in place distal to the lesion during the 
dilation procedure. The Doppler signal was contin
uously acquired during balloon inflation and after 
deflation to monitor the development of collateral 
flow. the restoration of :flow after balloon deflation, 
the phase of postocclusive reactive hyperemia, and, 
incidently, the development of flow-limiting compli
cations. Immediately after the end of the inflation, 
the balloon was withdrawn in the guiding catheter 
in order to avoid the residual obstruction of flow 
due to the presence of the deflated balloon across 
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FIGURE 1- ToP, simultaneous re
cordings of tho pressure In the 
ascending aorta (tip manometry) 
and of tho aortic pressure re
corded wtth a fluld-ftDod 8 F guid
Ing catheter at tho ostium of the 
leftcoronaryartery.Atbasellne 
the 2 tracings me superimposed. 
lndleatlng that the voluminous 
guiding catbetGI' does not Impede 
thoflowlntbenmlnstem..lhe 
lntmcoronary admlnlstratlon of 
18 fl.t of adenoslno Induce& the 
development of a pressure gradi
ent between aorta and left main 
coronary artery, generated by tho 
presence of the guiding catheter. 
Note the ventrlcularizatn of the 

mmHg. 

proximal coronary pressure. Bottom, the simultaneous changes In flow velocity are recorded using a Doppler guklewlre 
positioned In the proXImal loft anterior descending artery. 

the lesion. When the dilation was judged successful 
( angiographic percent diameter stenosis <50%), 
new baseline and post-papaverine flow velocity 
measurements were obtained distal and proximal 
to the lesion, taking care that flow velocity measure
ments were repeated in the same positions as 
before angioplasty. 

Dopplerguidewireandflowvelodtymeasure
ments: The Doppler angioplasty guidewire, a 
0.018-in (diameter= 0.46 mm), 175-cm long flexi
ble and stcerable guidewire with a floppy shapable 
distal end mounting a 12 MHz piezoelectric trans
ducer at the tip (Flowire: Cardiometries, Mountain 
View, CA), has been described previously. 17 The 
flow velocity measurements obtained with this 
system have been validated in vitro and in an 
animal model using simultaneous electromagnetic 
flow measurements for comparison.17 The Doppler 
system performs a real-time spectral analysis of the 
Doppler signal1ll and calculates and displays on
line several spectral variables, including the instan
taneous peak velocity and the time-averaged (mean 
of 2 beats) peak velocity. The time-averaged sys
tolic and diastolic flow velocity components were 
analyzed off-line based on the flow pattern and on 
the simultaneous recordings of electrocardiogram 
and aortic pressure (Figure 2). Coronary flow 
resetve was defined as the ratio between maximal 
flow velocity at the peak effect of the papaverine 
injection and in baseline conditions. 

Quantitative angiographic measurements: 
The guiding catheter. filmed without contrast me
dium. was used as a scaling device.19 A previously 
validated on-line analysis system operating on 
digital images (ACA-DCI: Philips, Eindhoven. The 
Netherlands20: n = 24) and a cincfilm-based off· 
line system (CAA.S System; Pie Medical Data, 
Maastricht. The NetherlandsZ1; n = 11) were used. 
After automatic detection of the vessel centerline, 
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a weighted first and second derivative function with 
predetermined continuity constraints was applied 
to the brightness profile on each scan line perpen
dicular to the vessel centerline.:::: From the mea
sured minimal luminal diameter (MID), the mini
mal luminal cross-sectional area was calculated, 
assuming a circular cross-section (average of the 
measurements if multiple views were acquired). 
An interpolated technique was used to define the 
reference diameter. Percent diameter and cross
sectional area stenosis were also calculated. A 
user-defined reference diameter was measured at 
the site of the Doppler sample volume in order to 
detect changes of the position of the transducer 
before and after angioplasty and to calculate the 
maximal and mean coronary flow.l8.23 

Combination with transstenotlc pressure 
measurements: A total of 16 patients undergoing 

INTRACORONARY DOPPLER MEASUREMENTS 

ASPY: AVERAGE DIASTOUC PEAK VE\.OCITY 
AOPV: AVERACE SYSTOUC PEAK VELOCITY 
APV: AVEFIAOE PEAK VE\.OCITY 
MPV: MAXIMUM PEAK VELOCITY 

FIGURE 2. Diagram of a s.lmultaneous recording of electro
cardiogram, aortic pressure. and flowveJoc:Jty. The sys
tolic and dlastoiJc phases of tho cardiac cycle are ldentl
flod by vertical barsontbe diagram. The Rwave of the 
&lectrocardlogr"am anc1 the dlc:rotlc notch of the aortic 
pressure sorve as landmark$ of the systoDc and diastolic 
phases. Tho asterisks Indicate the maximum peak flow 
velocity. 
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FIGURE 3. A,. elneanglogram of a saphenous vein bypass graft; automatic edge detection of the contours delineates the 
stonotlc lesion whDe the radiopaque structure of the pressure guldewlre (diameter: 0.46 mm) Is seen Inside the lumen of 
the vessol. B, pressure recording with the pressure sensor located Immediately proximal to the stenotic lesion. Note the 
almost complete superimposition of the 2 pressure curves. c, a significant transstenotfc gradient Is recordod with the 
senso.. advanced cDstaJ to the stenotic lesion. 

elective coronary angioplasty ( n = 9) or scheduled 
for a possible angioplasty procedure but with a 
stenosis angiographically of intermediate severity 
( > 40% and < 60% diameter stenosis: n = 7) were 
studied with a simultaneous measurement of flow 
velocity and poststenotic coronary pressure. The 
measurements were obtained in baseline condi
tions and after papaverine using the Doppler 
guidewire positioned proximal to the stenosis and a 
fiberoptic pressure microscnsor advanced distal to 
the stenosis. This pressure sensor is incorporated 
in the flexible distal segment of a 0.018-in guidewire 
(diameter 0.45 mm. cross-sectional area 0.17 mm~; 
Radi Medical Systems_ Uppsala. Sweden). This 
system has already been validated in vitro with 
regard to signal transfer characteristics. linearity. 
and frequency response.13 The pressure signal was 
calibrated immediately before insertion and the 
accuracy of the measurement was checked by 
superimposing the prestenotic coronary pressure 
measured with the pressure guidewire and the 
proximal coronary pressure measured with the 
guiding catheter (Figure 3). A correction of a 5/15 

200 

mmHg 

mm Hg drift of the 0 pressure was necessary in 4 
cases (25% ). The mean transstenotic gradient was 
calculated as the difference of mean proximal and 
mean distal coronary pressure over 8 consecutive 
beats in baseline conditions and at peak papaver
ine effect (Figure 4). In order to facilitate the 
comparison of patients with different hemody
namic characteristics at the time of the study. the 
transstenotic pressure gradient was normalized for 
the corresponding coronary proximal pressure. 
The coronary flow measurements derived from the 
quantitative angiographic and Doppler measure
ments were used to calculate a flow I gradient index.. 
defined as the ratio between the difference of the 
peak papaverine and baseline measurements of 
coronary flow and transstenotic gradient. 

Instantaneous assessment of the flow veloc
ity/pressure relation: Feasibility and reproducibil
ity of the assessment of the relationship between 
coronary blood flow velocity and aortic pressure 
were evaluated in 31 patients with significant 
coronary artery disease in a nontreated coronary 
artery without diameter stenosis > 30% and in 6 

'" '--"-~~ c.--~A---J\---'-' ecg 

FIGURE 4. From top to bottom: 
electrocardiogram (ecg), proxi
mal coronary pressure (prox. cor. 
press) recorded through the guid
Ing catheter (mm Hg), distal coro
nary presswe (dlst. cor. press) 
recorded with a tip-mounted 
pressure gllklewlre (mm Hg), cor· 
onaryflowvelocltyrecordedwlth 
a Doppler gllldewbv (em/sec), 
and transstonotlc pressure gradi
ent (mm Hg)_ Notethattbe sys
tolic/diastolic changes In flow 
velocity correspond to the phasic 
varlatlonsofthetransstenotJc 
gradient, with the maximal veloc
tty and gradient In proto-mid
diastole. 

'" 
prox.cor.press 

dist.cor.press 

velocity 

cm/s gradient 
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patients (8 angiographically normal arteries) 1-5 
years after cardiac transplantation. The measure
ment was performed in a proximal-middle seg
ment of the studied artery (left anterior descending 
in 18 cases [ 46% ], left circumflex in 9 [23% ], right 
coronary artery in 12 [31%] cases) in baseline 
condition and after papaverine-induced hyper
emia. The proximal coronary pressure, measured 
through the guiding catheter, and the instanta
neous peak velocity were continuously acquired 
using a 12-bit analog-to-digital converter at a 
sampling frequency of 125 Hz (Data-0 Instru
ments, Akron, OH). Linear regression analysis was 
used to assess the slope of the velocity/pressure 
relation (em· s-1 • mm Hg- 1) in 4 consecutive car
diac cycles during maximal coronary vasodilation. 
The analyzed mid-to-late diastolic intervals were 
defined using as start- and endpoints the maximal 
diastolic peak velocity and the acceleration of the 
slope of the velocity decrease induced by the 
myocardial contraction (Figure 5). In 6 cardiac 
transplant recipients left ventricular and aortic 
high fidelity pressures were measured simulta
neously using a double-sensor pigtail catheter (Sen
tron, Roden, The Netherlands). In these cases the 
analysis was performed using the digitized pres
sure and flow velocity data obtained in the time 
interval originally proposed by Mancini et af:!4.2S 

120 

100 

80 

60 

40 

20 

(20 msec after the peak negative left ventricular 
dP/dt-upstroke of the positive left ventricular dPJ 
dt). In the 8 arteries studied in cardiac transplant 
recipients a bolus of 3 mg of adenosine was also 
rapidly injected intracoronary during the maximal 
papaverine effect so that the velocity/pressure 
relation could be studied also during a series of 
long diastolic pauses (up to 11 seconds). Right 
ventricular pacing was used to restore a normal 
cardiac contraction when necessary. 

Statistical analysis: The differences between 
flow velocity measurements and derived indexes 
before and after angioplasty were compared using 
a paired Student's t test. The differences between 
diastolic/systolic flow velocity ratio in the angio
plasty patients and in the control group without 
significant coronary stenosis of the studied vessel 
were compared using an unpaired Student's t test. 
The beat~to-beat variability of the slope of the 
velocity/pressure relation was defined as the ratio 
between the standard deviation and the average of 
the slopes measured over 4 consecutive cardiac 
cycles. In the 8 arteries of cardiac transplant 
recipients studied during a normal sinus beat and 
during pharmacologically induced cardiac arrest, 
the difference between the slopes of the velocity J 
pressure relation in normal cardiac cycles and 
prolonged diastolic pauses was compared using a 

Ao.press 
(mm Hg) 

LV~press 

(mm Hg) 

velocity 

(cm/s) 

FIGURE 5. A,. from top to bottom: 
olecb'oc:ardlogrm (ecg), aortie 
pressure (Ao. press; tip manome
try), left ventricular pressure (LY
pross; tip manometry), coronary 
blood flowvolodty (Doppler 
guldewlre), and first derivative of 
the loftventrtc:ular pressure (dPJ 
dt). Tho dotted areas lndJcate the 
Intervals used fortbe analysis of 
the prossure/flowvolodty reJa.. 
t1on from tho digitized pressure 
and flow velocity (starting point, 
20 msecaftorpeak negative dPJ 
dt,. endpoint left ventricular end
diastolic pressure/upstroke of 
the positive loft ventricular dP/ 
dt). B, Yolodty/pressure loops. of 
4 eonsocuttve cardiac cycle$ su
perimposed (clockwtse rotation) 
In baseline conditions and at tho 
peak effect of papaverine. The 
regression Ones caJculatod In the 
mid-late diastolic pbases are 
displayed and extrapolated up to 
tho %0t0-flow pressure. 

of-~~-f-'-~it'--f-'-...,-;;ll<'--1"'-v\)"'-f'--'-'V d P/dt 
-1 ·2 

190 

(mmHg*s '"'1 0 ) 
-20 .................. _ ........ _ ......... _....J_,!;..-

coronary blood !low 

V<>loclty (cm/s) 

. ,. 

/ A 
papav<tfln<> 
y-54+2.001: 

proximal coronary anery pr<>u1.1re (mmHg) 
B 
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nonparametric (Wilcoxon) test. Statistical signifi
cance was defined as p <0.05. AJI data were 
expressed as mean ± SD. 

RESULts 
Monitoring of the angioplasty procedure with 

the Dopplerguklewire: The angioplasty guidewire 
was successfully used to cross the stenosis in 32 of 
36 arteries (89% ). Stable Doppler recordings distal 
to the lesion were acquired in all these cases. 
During balloon inflation. a complete disappear
ance of flow was observed in 26 arteries (81% ). In 
the remaining 6 cases (19%) the flow velocity 
progressively increased during inflation (in 5 cases 
with inverted flow velocity signal), presumably 
indicating recruitment of collateral coronary flow. 
The restoration of anterograde flow could be 
immediately detected during the deflation of the 
balloon. before the disappearance of the electrocar
diographic changes or of the symptoms. In 3 cases 
(9%) a sudden decrease of blood flow velocity was 
the first warning signal of the development of a 
flow-limiting wall dissection after angioplasty (Fig
ure 6). Two of these cases were successfully treated 
with stent implantation and 1 patient required 
emergency bypass surgery. Coronary angioplasty 
was judged angiographically successful in all the 29 
remaining cases. Minimal luminal diameter in-

creased from 1.02 ± 0.72 mm before coronary 
angioplasty to 2.12 :r. 1.69 mm after angioplasty 
(p < 0.001). Minimal luminal cross-sectional area 
stenosis increased after percutaneous transluminal 
coronary angioplasty (PTCA) from 0.84 ± 0.41 to 
3.45 ± 2.25 mmZ (p <0.001). Percent cross-sec
tional area stenosis decreased from SO ± 9% to 
46 ± 19% after PTCA (p <0.001). 

Baseline and hYJM>I'Gftl(caverage peak veloc
ity changes after angloplasty: Baseline and post
papaverine flow velocity signals were obtained 
before and after dilation in 29 coronary arteries 
(81 %; Figure 7). Baseline average peak velocity 
increased from 16 ± 9 to 27 ± 14 em/sec post
PTCA (p <0.001). A >2-fold increase was ob
served for the average_ peak velocity recorded at 
the maximal effect of papaverine (27 ± 17 and 
60 ± 28 em/sec before and after PTCA, respec
tively. p < 0.001 ). The cross-sectional area at the 
site of the Doppler recording showed a nonsignifi
cant change before and after PTCA (from 
6.08 ± 3.73 to 5.74 ± 3.68 mm2, difference not 
significant), suggesting that the velocity changes 
reflect a true flow increase after PTCA in baseline 
and hyperemic conditions. Coronary flow reserve, 
as a ratio of the hyperemic/baseline flow velocity 
measurements, showed a moderate but signifi
cant increase after PTCA (from 1.75 ± 0.55 to 

RGURE 6. Coronary angiogram 
before (AJ and after (B) abrupt 
occlusion foDowlng balloon dila
tion.. The posltJon of the Doppler 
guldewbe Is Indicated by an a.... 
row. c, simultaneous recordings 
of the flow velodty signals. D, tho 
dlsappearancooftheftowvoloc
lty slgDal COit8o8qUentto the flow.. 
Dmttlng dissection, a wamlng 
signal preceding the electrvc:ar
dlographfc ehang:O$ and the de
velopment or symptoms. 
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MINIMAL LUMINAL CROss-SECTIONAL AREA CORONARY FLOW RESERVE 

A B 

FIGURE 7. A, B,lndMduaJ changes 
In minlmallumlnal cross-sec
tional area (A) and coronary flow 
reserve (B) are sbown bofwo and 
after percutanoous translumlnal 
coronary arrgloplasty (PTCA).Indi
Yidual changes In time-averaged 
poak velocity distal to the steno
sis PTCA (C) and post·PTCA(D). 
Both the baseline and the maxi
mal hyper'emle flow velocity 
showed a slgntficant Increase 
post·PTCA (p <0.001). 

TlME·AVERAOED PEAK VELOCITY DISTAL 
TO THE STENO$l$ 

TIME·AVERAOED PEAK VELOCITY DISTAL 
TO THE STENOSIS 

239 ::'::: 0.75: p <0.005). Comparable flow velocity 
increases were observed after PTCA at the peak 
effect of the papaverine injection and in the phase 
of the maximal reactive hyperemia recorded follow
ing balloon dilation in 14 patients (45 ::'::: 22 em/sec 
peak reactive hyperemia vs 47::!::: 20 em/sec after 
papaverine. difference not significant). Figure 8 
illustrates the relation observed between minimal 
luminal diameter. before and after PTCA. and 
maximal hyperemic flow velocity. 

Changes in the diastolie/systolic flow veloc
Ity ratio after angioplasty:: The ratio bet'Neen 
mean diastolic and mean systolic flow velocity 
measured in baseline conditions distal to the steno
sis was 151 ± 0.58 before PTCA. significantly 
lower than the ratio measured in the 39 normal or 
near-normal arteries (2.09::!:: 0.90; p <0.001). Af
ter angioplasty. the diastolic/systolic flow velocity 
ratio increased from 1.51 ::!:: 0.58 to 2.16 ± 0.98 
(p < 0.001) and did not differ from the control 
group. 

Flow velodty/transstenotlc pressure gradi
ent measurements: The quantitative angiographic, 
flow velocity, and pressure measurements of the 16 
patients studied with the combined use of Doppler 
and pressure guidewires are reported in Table I. 
The maximal (post-papaverine) transstenotic pres
sure gradient showed a significant inverse correla
tion with the minimal luminal cross-sectional area 
(y ~ -8.4x + 45; r ~ -0.62; p <0.01). Coronary 
flow reserve had only a borderline significant corre-

192 

lation with the minimal cross-sectional area 
(y ~ 0.36x + !55; r ~ 0.46: p <0.1). A param
eter derived from the integration of flow and pres
sure gradient changes from baseline to hyperemia 
(flow/gradient index) showed a more strict cor
relation with the minimal cross-sectional area 
(y ~ 5.6x + 0.6:r ~ 0.70; p <0.002). In particular, 
a flow/gradient index <3 mL/min/mm Hg was 
able to identify 10 of 14 cases with a minimal 
crossMsectional area < 1.5 mm2 (Figure 9B). When 
the normalized transstcnotic gradients were plot
ted against the coronary flow reserve (Figure 9A), 

"" 

v- 62.S<>xp(-0.78/MCSA) 

RGURE 8. Relation between mJnlmal cross-sectional area 
(MCSA, nun2) and hyperomlcdlstalflowvelodty. Tho data 
point& obtained before and after percutaneous tnmslam'
nal coronary angloplasty are lnc:Dc:ated "lrith open drdes 
and crosses, respectively. A curvilinear relation was ob
served bGtween these 2 parameters, with a plateau above 
the value of~ area of2.5 IJIDfl. 
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TABLE I Clinical and Hemodynamic Characteristics ot the Patients SWdied by a Simultaneous Recording ot Transstenotic Pressure 
Gradient and Flow Velocity 

BAS HYP No~ No~ BAS HYP aFiow/a 

"" MLCSA CSA BAPV HAPV G~d God 8ASG HYPG R~ Row Grad {mi../ 
~ (yr) s~ Ml V~l {mm~J (%) (cm/secl lem/secl CFR (mm Hg) (mm Hg) 1%) (%) (mi../ min) (ml/mln) mln/mm Hg) 

WA 60 M No RCA 0.49 0.92 10 27 2.70 21 43 23 51 20 53 1.53 
BJL 73 M No SVBG 0.21 0.98 7 11 1.57 " "" 53 58 20 31 2.85 
F8 70 F No RCA 2.26 0.74 31 62 2.00 4 17 3 15 84 167 6.44 

BKJ 59 M No RCA 0.82 0.95 10 15 1.50 12 35 14 41 50 74 1.08 
8J 62 M No lAO 0.78 0.87 34 45 1.32 38 "" 43 47 65 B6 2.61 
RTR 69 M No RCA 0.33 0.97 B 11 1.37 38 39 46 49 24 33 9.00 
SA 73 M No SVBG 4.78 0.68 18 5£ 3.11 5 11 6 14 81 252 28.50 
we 59 M No lAO 1.14 0.84 19 83 4.37 5 14 6 19 41 181 15.53 
8J 55 M No lAD 1.1 0.86 55 141 2.14 5 18 5 19 157 336 13.74 
DHTA 80 M y~ RCA 030 0.97 a 10 125 44 49 49 57 23 28 1.13 
SEA 74 M No RCA 0.23 0.95 11 12 1.09 49 50 52 54 17 18 1.60 
OMV 81 F No RCA 1.39 0.85 48 131 2.73 28 37 28 39 132 361 25.39 
EC 57 M Non Q RCA 0.80 0.92 30 45 1.50 15 " 13 39 97 1% 1.80 

BW 67 M y~ SVBG 1.16 0.87 8 11 1.37 35 39 42 45 21 29 1.99 
JB 63 F y~ RCA 1.00 0.82 13 20 1.54 13 29 13 29 23 35 0.77 
L1W 50 M No lAD 1.19 0.71 21 39 1.86 28 65 28 63 33 56 2.05 

"~" 66 1.12 0.87 21 45 1.96 23 36 27 40 55 118 724 

~so 9 1.07 0.09 16 " 0.84 15 14 18 16 " 109 8.67 

BAf'V • t>aseh'*' ume-a,...mge(l puok blOOd flOWVI!lOdty; BAS • ba"'lllne; CSA - ~""loreo; ern • cotOnatyflow re.e'''" Ml.OW/ ~GRAD • (h)'..,...,mlcf!Qw-W>ellne 
~~~M'tCSl.':'~:,;;~~~~~~~~,_;,~~Mm_e-a=.§""~,~;_~~~~o~M~PG ~~:~~~~~;:~~~~~"rfg11~~~~~~: 
SVBG- toophenousve•n ~ypas>.graft. 

3 subgroups of patients were identified. At one 
extreme, the presence of large transstenotic gradi
ents in baseline conditions and during hyperemia 
( > 40% of the corresponding aortic pressure), 
associated with a minimal increase of flow during 
hyperemia ( < 2 times baseline), identified the most 
severe stenoses. At the other extreme, normalized 
hyperemic rransstenotic pressure gradients <20% 
with an increase of 2-4 times the baseline flow 
after papaverine characterized a group with non
flow-limiting lesions. The intermediate group of 
hemodynamically significant stenoses exhibited vari~ 
able pressure gradient/flow responses. Coronary 
flow reserve and maximal (post~papaverine) trans
stenotic pressure gradient showed a significant 
inverse correlation (p < 0.02; r = -0.56). 

Instantaneous assessment of the hyperemic 
flowvelodt.y/coronarypressurerelatlon:Aclear 
Doppler envelope allowing a reliable automatic 
detection of the hyperemic diastolic peak velocity 
during 4 consecutive beats was obtained in 31 of39 
cases (79% ). The slope of the regression line was 
1.86 ::= 0.84 mm Hg · cm.-1 • s- 1• Negative inter
cepts on the y~axis were calculated in 27 cases so 
that a positive pressure at zero flow was estimated 
in most cases. with a mean value of 34 :t: 16 mm 
Hg. The applicability of linear regression analysis 
to the study of the flow velocity/pressure relation 
in the range of measurements obtained during a 

diastolic interval of a normal cardiac cycle is 
confumed by the high correlation coefficients ob· 
served (r = 0.95 ± 0.03). 

Table II reports the zero· flow pressure and the 
slope of the hyperemic diastolic flow velocity I 
pressure relation during sinus beats and during 
long diastolic pauses induced by the injection of 
adenosine in 8 angiographically normal arteries of 
cardiac transplant recipients. The lower slope and 
x·intercept of the long diastolic pauses as well as 
the shape of individual curves (Figure 10) suggest 
that the linearity of the pressure/flow velocity 
relation observed during normal sinus beats cannot 
be extrapolated over a larger range of pressures 
and flow velocity, and cannot be used for an 
accurate estimation of the zero· flow pressure. 

DISCUSSION 
Pradlcal and theoretical coneems of using 

coronary flow reserve: Since the original work of 
Gould et a1. 26 the assessment of coronary flow 
reserve has been viewed as a method of establish
ing indirectly the severity of a coronary stenosis. It 
is assumed that the reduction in flow reserve 
through the stenotic lesion would be an indicator 
of stenosis severity. In fact, this simple assumption 
is derived from the complex hemodynamic princi· 
pies regulating the coronary circulation. In the 
schematic description by Klocke17 (Figure llA), 
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FlGURE 9.A. relation botweea normalb:edtnmsstenotlc 
pressure gradient and coronary flow reserve as doscrlbod 
In tho text. 1hruo subgroups of patients can be ldeatlfted, 
each of them with spedftc pressure grac1ent flow re
sponse. lho framod data points Indicate either stoaotlc 
lesions having similar transatenotJc gradients during hy
peremia In tho presence of dlf'ferent lnc:rease.ln flow,.. 
serve or stenotic lesions having similar Increases In con> 
nary flow reserve with dllfonJnt I~ In transstenotDe 
gradient during maximal hyperemia. B, relaUon between 
minimal co au ctlonal area {CSA) and the flow/gradient 
Index, defined 85 the ratio betWaen the difference of the 
hyperemic verso& baseline flow and the dltferenc:e oftbe 
ma ; ending bAil 1 N>tlcp.--gradlents. Trans
stenotlcflow/gradlent IndeXes of <10 mL/mla/mm Hg 
lldentll'ythe majority of the lesions with minimal cros:s-soc
tlonal area of <1.SmlltZ. 

flow reserve at a certain level of pressure is defined 
by the ratio bet.veen flow measured during maxi
mal hyperemia and flow in baseline conditions. At 
rest, flow is independent of the driving pressure 
over a wide range of physiologic pressures (60-180 
mm Hg), a phenomenon classically descnbed as 
autoregulation of the coronary circulation. During 
maximal vasodilation, flow becomes linearly re
lated to the driving pressure. The presence of a 
flow-limiting stenosis in a major epicardial vessel 
generates a pressure drop across the stenotic 
lesion, which is the result of viscous and turbulent 
resistances, so that the driving pressure distal to 
the stenosis decreases exponentially with the veloc
ity of blood.28 
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TABLE U Instantaneous Hyperemic Diastolic Flow 
Velocity/Pressure Relation In Normal Sinus Beats Versus 
Prolonged Diastolic Pauses 

Sinus Seats ,,_ 
Analyzed time interval (msec) 266.,. 187 1,852 ... 1.100 
Minimal aortic pressure 64:e4 38:e 9 

(mm Hg) 

Minimal blood flow velocity 41 :e 14 14:e8 
(em· sec-1) 

Zero-flow pressure (mm Hg) 38:e 9 20:e 9 
Slope (em · sec-• • mm Hg-') 1.9 :e 0.9 12 :l: 0.6 

The coronary flow reserve concept is mainly 
appealing to the clinician because it constitutes a 
functional surrogate to the anatomic description of 
the lesions located in the epicardial vessels, and 
many authors have shown that a decrease in flow 
reserve may discriminantly detect a lesion of in
creasing severity.28.29 AlthOugh the concept may be 
easily and accurately applied in an optimal physio
logic situation,30.31 it must be recognized that coro
nary flow reserve is influenced by factors indepen
dent of the hydrodynamic_ characteristics of the 
stenotic lesion. Since flow reserve is by definition a 
ratio, similar ratios may be obtained at very differ
ent levels of resting and hyperemic :flow. Changes 
in basal resting flow without changes in hyperemic 
flow will considerably affect the ratio so that 
knowledge of the absolute flow values is a prerequi
site to the interpretation of a relative measurement 
such as coronary flow reserve. Any factors affecting 
the hyperemic pressure flow relation would like
wise modify the flow reserve and thereby change 
the assessment of the severity of the coronary 
lesion under study. The hyperemic flow/pressure 
relation is influenced by factors such as heart rate, 

100 cm/s 

75 

50 

25 

a~~--~------~----~ 

0 40 80 120 
mmHg 

FlGURE 10. Flowveloclty/prvGIAII'Oioops during maximal 
hyperemia In 3 c:onaecutJve sinus beats. During mld-oQto 
diastole, a a-r relation 1$ observed, .nta an extrapo
lated zero-flow preMUI'Oof37mm Hg. ~.during a 
long diastolic pause (cardiac 8l'T05t Induced by the intra
coronary Injection ot3 mg or adenoalno), the pi"GSSUU''/ 
flowveltodty/pressura relation deviates c:onsldemblyt'rom 
tho exbapolated C:UI'YO. 
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preload, myocardial hypertrophy. or disease of the 
microvasculature_Z7.3Z Following coronary interven· 
tion, acute changes in resting blood flow together 
with changes in the anatomy of the stenotic lesion 
and concomitant persistent modifications of the 
hyperemic flow /pressure relation considerably ham· 

c IMPAIRED VASO· 

0 DILATATION OF THE 

R DISTAL BED 

F 

' INCREASE IN BASAL 0 
FLOW ?OST PTCA w 

AUTOREGULATION 
OF FLOW 

CORONARY PRESSURE 

FIGURE 1.1.. Upper part, flow/pressure relation In resting 
and hyperemic condltJons according to the description of 
Klocke.rr Three confoundlngfactols may obscure the In
terpretation of the chango In coronary flow reserve follow
big a PTCA proooduJ'e:: (.1) an lncroaso In resting blood flow; 
(2) acute 01' chronic changes. In the flow/pressure relation 
during hyperemia; (3) alteration of the severity of the ste-
notic 5eslon treated by baDoon anglloplasty. Lower part, 
from top to bottom, an example of normal epicardial ar
torywtth nonnal distal vasc:ular response and of a slgnlft.. 
cant epicardial stenosis Inducing a pressure gradient In 
baseline and hyporernJc condttlons and an Impaired coro
nary (COR) flow reserve. Tbe presence of an abnormal efts.. 
tal vascub!JT response {la5t 2 series or diagrams) mlnJ.. 
mlz:esttte~lnthebw JOtlcpressuregradlent 
and In maxJmal flow observed with and Without an epicardial_.._ 

per the clinical usefulness of coronary flow reserve 
for the assessment of the functional results. The 
aforementioned considerations are schematically 
illustrated in Figure 11. Our present results con· 
firmed the observations made by other investiga
tors,9·II.I2.33 namely that an increase in resting and 
hyperemic flow velocity occurs following angio
plasty so that the usefulness of coronary flow 
reserve is limited in this clinical setting. Similar 
observations have been made by our group in the 
past, using Doppler tip balloon angioplasty cathe· 
ters.to 

Row velocity/pressure relation: As previously 
demonstrated. the determination in absolute terms 
(em/sec) of the maximal hyperemic velocity may be 
more indicative of the increase in coronary conduc· 
tance achieved with balloon angioplasty. It must be 
realized. however, that the interpretation of this 
change in hyperemic response remains ambiguous. 
since the limiting factor to its increase may be 
either the persistence of a residual stenosis or an 
impaired distal vasodilatory response. The simulta· 
neous measurement of a pressure gradient across a 
stenotic lesion may clarify the situation and indi· 
cate the reason why flow does not increase or 
increases abnormally (see algorithm in Figure liB). 
Conversely, the sole measurement of the pressure 
gradient during hyperemia bas also inherent limita
tions. The absence of a significant transstenotic 
gradient, for instance. may be related either to the 
absence of a flow-limiting stenosis or to the pres· 
ence of a low flow across the stenosis due to either 
an impaired distal vasodilation or a well·developed 
collateral circulation. 

A more accurate characterization of the severity 
of a stenotic lesion may be defined by the slope of 
the relation between mean gradient and coronary 
flow.:>4 The slope of this relation is inversely corre
lated with the resistance of the stenotic lesion. 
However. this simplified assessment is only a lim
ited estimation of the true physiologic phenome
non because mean gradient and flow velocities 
instead of instantaneous values are employed and 
because only 2 points (baseline and maximal hyper· 
emia) are analyzed. A more complex but more 
complete and accurate analysis of the pressure 
gradient/flow velocity relation requires a continu
ous assessment of the instantaneous pressure gradi· 
ent/flow velocity changes during the cardiac cycle 
in a beat·to-beat analysis.34-36 The combined mea
surement of transstenotic gradient and flow veloc· 
ity may provide a comprehensive interpretation of 
the fluid dynamics across the stenotic lesion. as 
well as of the myocardial capillary circulation. The 
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FIGURE 12.1nstarrtaneous hyper
emic diastolic pres$UI'0 gradient{ 
flowvelodty reJaUon feN' 6 steno
ses of lnc:r'easlng hemodynamic 
sevortty (from left to rigM and 
frombottomtotop). The corre
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simultaneous measurement of the instantaneous 
pressure gradient and flow velocity yields a unique 
relation that characterizes the hemodynamic prop
erties of the stenosis (Figure 12). On the other 
hand, the instantaneous hyperemic flow velocity 1 
driving pressure relation allows the analysis of the 
characteristics and functional integrity of the micro
circulation. the other determinant of coronary flow 
resistance (Figure 13). A prerequisite for a wide
spread clinical application of these indexes is the 
assessment of the reproduCibility and the identifica
tion of the normal and pathologic range in a large 
patient population.35 Our preliminary results indi
cate that measurement of the slope of the flow 
velocity/pressure relation extrapolated from mea
surements obtained during normal sinus beats is 
feasible and reproducible. The slope measurement 
during a prolonged diastole, however, shows a 
curvilinear profile deviating substantially from the 
slope extrapolated during a normal cardiac cycle. 
an observation previously reported in the experi
mental literature.J7.3S The necessity to induce a 
short asystole to obtain a complete assessment of 
the instantaneous hyperemic flow velocity/pres
sure relation is a condition that may considerably 
hamper its clinical applicability. However, for prac
tical purposes, the relation determined only in the 
physiologic range of pressure and flow velocity 
appears sufficient to characterize the conductance 
of the studied vessel. 

Phasic atterations of flow velocity after inter~ 
ventions: A.n alternative approach to the assess
ment of the acute change after coronary interven
tion is measurement of the diastolic/systolic flow 
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velocityratio.n As previously reported,ll a normal
ization of this index occurs in the minutes following 
a successful angioplasty. The physiologic explana
tion of this phenomenon remains controversial. 
The normalization of the diastolic/systolic flow 
velocity ratio after angioplasty may be intimately 
related to a rapid modification of the vasodilatory 
capacity of the capillary bed after angioplasty. 
possibly reflected by the slope of the instantaneous 
hyperemic flow velocity/pressure relation. Never
theless, the clinical applicability of the diastolic/ 
systolic flow velocity ratio. as an index capable of 
descnbing the results of coronary angioplasty in 
individual patients, requires a complete investiga
tion of the factors that can modify this index 
independently of the stenosis severity (heart rate. 
contractility, type of studied vessel. etc.). 

CONCWSION 
Miniaturization of flow velocity and pressure 

sensors with guidewire technology now permits the 
application in conscious humans of methodologic 
approaches previously limited to the experimental 
animal laboratory. The initial results based on the 
slope of the instantaneous hyperemic flow velocity I 
pressure relation and of the pressure gradient/ 
velocity relation suggest that these techniques can 
yield a reproducible and accurate assessment of 
parameters that more precisely characterize the 
physiologic significance of coronary stenoses be
fore and after interventions. 

Acknowledgment: The contnbution to the ac
quisition and analysis of the data of the medical, 
technical, and nursing staff of the Catheterization 
Laboratory and in particular of R. van den Perk. N. 
Bruining. and P. P. Kint is gratefully acknowl
edged. Dr. R Gil. Dr. C. J. Slager, and Dr. R 
Krams are also acknowledged for their contribu
tion and suggestions in the analysis of the data. 

REFERENCES 
:t..Sc~ pW, Zijl<tra F. JuiJJ.jcre Y. de Feyter PJ. v.m den Brnnd M. How to = the immediate results of PTCA.. Should we ""' !="-'=" gradient. flow 
rescJVC <.>r minimal 11l1'11inal ~ :u-ea? ln: Rciber JC. Sc~ pW_ 

eds. New dcvel<.>pmcms in quru>titative ooronary aneri<.>grdphy. D<.>rdrccht: 
Kl"""'r Academic Publishel!l, 19&!;181-206. 
2.. Gnlntl:ig AR, Senning A. Skgcnthalcr WE. Nonoperntivc dilatation of 
ooronary-ancry .aenosis: pen:utancou.• trnn.'illll'l1inal ooronary angioplasty. N 
Eng// MM 19"79-.301:61--68. 
3.Scrruys PW, W~n.' W. Reiber JHC. de Feytcr PJ, van den Brand M. 
f>iscion<, F. Hugenh<.>ltz PO. Values nnd limitations of trnn.'<Sienotic pressure 
gradients =cd. durin<: pcrcutr.meou.~ooronary nngiopln:;ty. Ho:: 19$S;11}..337-
342. 
4. Le!Ooff R. Bren G, Katl R. Korh~gi R. Katten B. R= A Determinants <.>f 
t.-:ms.-;tenOri<; gradients <.>bserved during angiopla."fy. an o:perimentnl model 
Am/ Cmriiofl983:S2:1311-l317. 
5. De Ce!;arc NB, WiUiam.<On FR. Moore NB. DeBoe SF. Mancini GBJ. 
E'ltablishing comprehensive. quantitative aiterin f<.>r detection of re.-tenosi!l nnd 

remoddllng :dtcr pen:utancou.~ trnn:Juminal oororuuy angioplasty. Am J Cor
dw/1<m;69:n--83. 
G.Sc~ pW, F<.>ley DP. de Feyter PJ. A-..-..c>.--;mcnt <.>f re:aenooois after- OOf<>. 
nary angioplaMy: new compar,ftivc "PP"-"'che• ba-.cd on quantit:lli"<' angiogra
phy. Br H=tJ 1992;6!1:41?-424. 
7. Sc~ pW, R~ibcr JHC. Wijn.~ W. van den B.-.md M. Kooljman CJ. K;,ten 
ten HJ. Hugcnholtz PG. A-..-.c:»mcnt <.>f percutaneous trnn.-<lumin;J.J e<.>ron~ry 

!Ulgiopla.~1y by quantita!lVC eoronary angiogr ... phy; d~"W>C!er ver.;us <ien<;iromct
ric :u-ea ntea>"UJ"CI'Ilcni!;.Am/ Cardio/1984:54:48Z-48& 
8.Sanz MI.. Mancini GBJ. Lclrcc MT. M!Ckel"-"1 JK. Starlin(: MR. Vogel 
RA, Top<.>! EJ. Variability of quantitatiVe digital.,Jbstracri<.>n ooronruy angiogra
phy before and after P"n:utaneous tr=luminal oor<.>ruuy Mgiopla.<;ty. Am J 
Out:Ji4l. !98"7;60:5S-<i(). 

9. Wil<On RF. J<.>hn.-.on MR. Marcu.~ MI... Aylward PEG. Sk<.>rton OJ. C<.>llins 
S. White CW. The effect of oororuuy angiopJa,ty <.>n eoronary blood flow 
= Cin:ukuiott 19$$;7l:S73--S8S. 
l.O.Serruys pW_ Juillien: Y. Zijl'trn F. Bean KJ. De Feytcr PJ. Suryapranata 
H. van den Brnnd M. R<.><:kwdt J. Cororuuy blood flow velocity during percuta
n~ trnnsluminal oor<.>nary angiopla.'ty "-' a guide for a.=ment of the 
functional result. Am J Cardio/19~:61:253-259. 
U.. Kern M.l. Dcligonul U. Vandormacl M. lab<;Mt( A Gudipati CV, Gab
linni G, Bodet J. Shah Y. Kennedy HL Impaired oororuuy v.J:iodil~tor reserve 
in the im.medi:ote po>1e<.>ronary angiopla>.1y period: analysi-1 of coronary ancry 
flow velocity indt::= and re(:iona.l c.>rdiuc venOil\0 efflux. J Am O:JI Cardwl 
1989;13:860-872. 
12. Segal J. Kern MJ. Soott NA. King SB, Doucette JW. Heu:;er RR. Ofili E, 
Siegel R. Altcrntions of pha:<ie oororuuy nrtery flow velocity in humans dtlring 
percutane<.>US coronary angioplasty. JAm CoU CarrlioJ. 19'P""..._w.276--286.. 
.13. Emanuclsson H. Dohn:ll M.l.:mun C. T~nerl L lnitia.J c:q>erience• with a 
mi.niaturizcd pressure tr.m:.duccr durin(: oor<.>nary angioplw-1y. Colhn CmdW
= Diagn 1991:24:137-143. 
1.4.0fili E. Kern MJ. Tarineni S. Dclig<.>nu! U. 1\.guUTc F. Scrota H. Labovito 
AJ. Dctecrion of coronary ooUat=.! flaw by a D<.>ppler-tippcd guide wire 
dtlring coronary an!tlopla.~1y. Am Hemr J 1991;222:221-22:5. 
1S.ZijL'<lnl F. Sc~ pW, Hugcnh<.>ltz PG. Pap<~VCrinc: the ide:U oor<.>nacy 
""-'-dilatot for investigating coronary flow r=rve? A study of timing. magni
tude, reproducibility and !klfety <.>f the coronary hyperemic reo;pon.-.c nftcr 
intraoororuuy pap~vcrinc.. Cmlu:t Omiio•= Dw1"7' 1986;12:Z9S--303. 
16. Zij!stra F. Reiber JHC. Scrruys pW. D<.>e.- intrae<.>ronary papuverine dilate 
epiau"dial ooronruy anerie.? lmpliCiltiOns f<.>r the a.<;.-.e.-;.«ment of oorooacy flaw 
r=rve. CtJlh,t CordiOIIasc Dihm 1988;14:1-6. 
.17. D<.>ucette JW. Doogl.a.~ Cor! P. Puyne HP. Flynn AE, G<.>to M. Na.'>~i M. 
Segal J. Valid<ltion of a D<.>ppler guide wire for in~ar mca.<urcmcnt of 
ooronary anery now velocity. Co-culbricn 199"'..;85:1899-1911. 
18. DiMario C. Rodartd! JRTC. de Jaegere P. Linker DT. O<.>men J. Sem.l"' 
pW_ Umitation• <.>f the zcro.<:rQssing detector in the nnalysi!; of intr...coronary 
Doppler. A oomparison with fu.-.1 Fourier tran.-J"<.>rm of ba<ial. hypcrem.ic and 

=<tenOtic blood flow vekx:ity mea<Urement>; in patients with ooron:uy artery 
di."ICII.<;C. Colhd CardUJvasc Diagn 199"'...;1"7:56--64. 
.19. Di Mario C. Herman.~ WRM. Rensing BJ. Scrrul"- pW_ Calibration u.'inf: 
angiographic c:llhete!'l a.~ ..ca.ling devices. ImportanCe <.>f fttmin(: the cathete!'l 
not filled with contrnst medium. Am J Cardw/1992;69:13TI-137S. 
20. Hnn:<e J. Di Mario C. Singer 0. v.m der Oics."'" WJ. den Boer A de 
Feytcr PJ. Reiber JHC. Verdouw PD. Scrruy. PW. ln-vtVOva!idation <.>f on--line 
and off-line geometric ooronary mea.wrement>; using in.'iel"tion of ,,eno;;.~ phan
tom:; in p<.>rtine ooronruy nrtcries.. CmJu,t Cmdio>•a.q; Dw1"7' 199"'...;27:16--27. 
21.. Di M:uio C. Haase J. den Boer A. Reiber JHC. Scrruy. pW_ Vlde<.>d<=i
tometry ven;w; edge detection f<.>r the :0..-.c».<>m<:m <.>f in vi-..o intr..u::oronary 
phantoms. Am Hemr J 1992;124:1181-1189. 
22.. Reiber JHC. Scrruy.. pW_ K<.>ojman CJ. Wijn~ W. Sl~ger CJ. Gerbmnds JJ. 
Scllumbkrs JCH. den Boer A. Hugcnholt:z PG. A'>=:<l'nt:nt <.>f ~-- medi
um-. nnd long-term varintion.' in arterial dimcn>-ions from oomputer-a"'i'tcd 
quantimtion of ooronarycincangiogrnm:;. Cucuftmcn 198:5;71:2$0--288. 
23-.Di Mario C. de Fcytcr PJ, Sl~ger CJ. de Jaeger<: P. Roeland!. JRTC. 
Sc:rruy. pW_ lntracoron:uy blood now velocity and (tan."'lcootic prcs.'iUre gradi
ent u.-<ing sen:>ar-tip pressure and Doppler guidewire.o;. Cmlwr Ctm:/il:tvasl: Dragr~ 
1993;2&(in press). 
24. Mancini GBJ, Oewy RM. DeBoe SF. Moon: NB, Gallagher KP. l~Wanta
neous hyperemic Oow-vcn.us-pr~wre ,;lope ind= rnicrosphere validation <.>f an 
alternative to measurcs<.>f e<.>ronary re;erve. On::ufanort 1991;84:&;:!--S70. 
2S. Mancini OBJ. McGilJem MJ, DeBoe SF. Gal.loghcr KP. The dia:ttolic 
hyperemic flow versus Pl"CS."-'TC rclation: a new index of coronary >ten<.><.is 
'"!'Verity and flaw reserve. On:ulmicn 191&.80-:941-950. 

52D THE AMERICAN jQURNAL OF CARDIOLOGY VOLUME 71 MAY 20, 1993 

197 



2G..Gould KL, Lipso:mlb K. Hamilton GW. Pbysiolngic ba.is for a.=s:;ing 
critical wronary stenosis: instantaneou.~ flnw response and regional dNnbution 
during o;oronary hyperemia as mea.<ures of ooron:try flnw rc:;eM:. Am J Cardiol 
1974;33:87-94.. 
rt. Klocke FJ. Measurement!. of coronary flnw reserve: defining pathoph)siol
ogy vcrnus making dcci.<icms about pallen1 =<:. Cirwkztion. 1987;76:245-2:53. 
:za. Sugowara M. Stenosi.<: theorcti<:al badcground. In: Sugawar:~. M, Kajiya F. 
Kitaba~ A. Matsuo H. cds.. Blood flow in the ho=t and large ves.-els. Tokyo: 
Springer-Verbg. 1989:91. 
29. Gould KL. lGrkeeidc RL. Buc:hi M. Coronary flow re<eM: a.< a ph)siolog:i<:: 
measure of stenosi.< ~~everity. JAm Coil Cardioll990;15".459-474. 
30. W"d:.on RF. Mato>s MJ.. White CW. Prediction of the physiologic :<igni.6-
cance of coronary arterial leOOns by quantitative lesion geometry in pntients 
with limited ooron:try artery dis=~ 19f!:7:75:?2J...732. 
3l..~n DG. \Vhite CW. Hirnttka LF. Eastham Cl.., Marcu!: ML The 
value of lo:slonal cro;s..sectional area detennined by quantitative coronary angi
ogrnphy in~ the: physiologic ~of pro:Omaildt anterior de.<o=d
ing o;oronary artery stenose:;. Cirwkztion. 1984;$:111-119. 

198 

32.10ocke FJ. Cognition in the era ofto:dmology: '"seeing the shades of gay.H 
JAm Coil Cardioll9'».16:763-769. 
33.. Nanto S. Kodama K. Hori M. Mishima M. Him:yama A Inoue M. Ka
m:.da T. Temporal increase in re.:ting wronary blood flow em= an impair
m=nt of ooron:try flow =.:: after coronary Mgioplasly. Am Hetut J l992;1Z3: ,._,. 
34. Gould KL. lnternction.< with the distal coronary Y.I5CIIlar bed. In: Gould 
KL.ed. Coronary artery stenosis. New York: Elsevi<:r, 1991:31-39. 
3S. Gould KI.. Pha:Oe prcs:<ure-flnw and !luid-<lyn:uni<: :utalysis.. In: Gould KL. 
ed. Coronary artery~ New York: El<cvier.1991:40-52. 
38.. Dole WP, Riclwds KL. Alexander GM. Campbell AB, Hartley CG. 
Bishop VS. Diastolic coronary artery J)l<:SS~lf"r;·flnw rdmionship in conscious 
IMJ1. ~ .I?L:s 1984;1&548-554. 
37.Bell;uuy RF. Calculation of coronary va.<e~Jlm" ~ Ct.udiovasc .I?L:s 
1980:14::261-269. 
38. Klocke FJ. Mates RE. Canty JM, Ellis AK.. Coronary p~flow rclll· 
tionships. Con~ issues and probable implkations.. Cirr: .I?L:s 1985;56:311-
m. 

A SYMPOSIUM: DOPPLER FLOW VELOCITY S3D 



CHAPTER 13 

THEINSTANTANEOUSHYPEREMUCCORONARY 
PRESSURE- FLOW VELOCITY RELATIONSHIP 

IN CONSCIOUS HUMANS 

Carlo Di Mario, M.D., Rob Krams*, M.D., Ph.D., Robert Gil, M.D., 
Nicolas Meneveau, M.D., Patrick W. Serruys, M.D., Ph.D. 

From the Intracoronary Imaging Laboratory, Cardiac Catheterization Laboratory 
and *Experimental Animal Laboratory, Division of Cardiology, Thoraxcenter, 

Erasmns University, Rotterdam 

From Reiber lliC, Serruys PW (eds). Quantitative coronary arteriography 1993. 
Dordrecht, Kluwer Academic Publishers, 1994 (in press). 

199 



SUMMARY 

Background: The limitations and inaccuracies in the measurement of stenosis 
geometry, especially after coronary interventions, have prompted investigators to use 
functional indexes of stenosis severity, assessing the reduction of flow induced by 
the stenosis under study. Coronary flow reserve is greatly affected by the hemo
dynamic conditions at the time of the measurement and can not be applied for the 
immediate assessment of the results of coronary interventions. 
Aim of the study: In this study the instantaneous relation between coronary flow 
velocity and pressure in the diastolic phase has been assessed during maximal 
hyperemia in normal or near-normal coronary arteries ( < 30% diameter stenosis) in 
52 patients and in arteries with :?: 30% diameter stenosis in 24 patients. 
Methods: The instantaneous peak coronary flow velocity measured with a Doppler 
guidewire was plotted against the simultaneously measured proximal coronary 
pressure, recorded through the guiding catheter. The phase of progressive flow 
reduction in mid-late diastole was selected in 4 consecutive cardiac cycles at the 
maximal effect of 8-12.5 mg of papaverine intracoronary. To study the possibility to 
determine the zero-flow pressure from the intercept of the velocity-pressure relation 
on the pressure axis, a controlled diastolic cardiac arrest was induced by an 
intracoronary bolus injection of 3 mg of adenosine in 9 cardiac transplant recipients. 
Results: The slope of the instantaneous hyperemic diastolic flow velocity-pressure 
relation (IHDVPS) could be assessed in 44/52 patients with < 30% diameter stenosis 
(85%) and in 15/24 patients with :?:30% diameter stenosis (62%). The presence of a 
flat diastolic flow velocity curve precluded the assessment of the IHDVPS in the 
patients with the most severe stenoses. The measurement of lliDVPS was highly 
reproducible (interobserver difference ~ 2 ± I%) and showed a moderate beat -to-beat 
variability (15 ± 7%) The IHDVPS showed no significant correlation with heart rate, 
mean diastolic aortic pressure, left ventricular +dP/dt, V ""'' -dP/dt and T 1, type of 
vessel studied and cross-sectional area at the site of the velocity recording. The 
IHDVPS was significantly lower in arteries with :?:30% diameter stenosis than in 
normal arteries (0.77 ± 0.52 versus 1.65 ± 0.71 em s-1 mmHg-', p < 0.0001). 

The study of the velocity-pressure relation during long diastolic pauses showed a 
curvilinear relation in the lower pressure range between velocity and pressure, with 
an upwards concavity to the velocity axis and no intercept with the pressure axis in 
most cases. 
Conclusion: The instantaneous flow velocity-pressure relation during maximal 
hyperemia can be reliably assessed using intracoronary Doppler in the Catheterization 
Laboratory, has a low inter-observer variability and a moderate beat-to-beat 
variability, is independent from heart rate, aortic pressure or indexes of left 
ventricular contractility-relaxation at the time of the assessment. The slope of this 
relation can distinguish arteries with and without significant coronary stenoses, 
suggesting that this index is a potential alternative to coronary flow reserve for the 
assessment of stenosis severity before and after coronary interventions. The 
curvilinearity of the velocity-pressure relation during long diastolic pauses, possibly 
due to a significant reduction of lun:tillal cross-sectional area at low pressures, 
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precludes the use of the flow velocity-pressure relation for the assessment of the 
zero-flow pressure. 
Key words: Coronary flow; Doppler ultrasound, Coronary circulation. 

In the catdiac catheterization laboratory the severity of a coronary stenosis before and 
after coronary interventions is assessed using morphological techniques to measure 
absolute and relative dimensions of the stenotic segment. Computer-assisted 
quantitative angiography has greatly increased the accuracy of these measurements 
[1] and new techniques, such as intracoronary ultrasound, have the potential to 
further improve this accuracy in the presence of a lumen of complex geometry such 
as after coronary interventions [2]. However, multiple geometric characteristics of the 
stenotic segment (minimal luminal cross-sectional area, length, entrance and exit 
angles, etc.) must be determined to estimate the stenosis hemodynamics [3,4]. A 
complete thtee-dirnensional reconstruction of the stenosis geometry is beyond the 
possibility of the techniques currently applied to study stenosis morphology, and 
larger inaccuracies can be expected in the assessment of the results of coronary 
interventions which induce a severe disruption of the vessel wall [5]. Furthermore, 
the measurements in the reference segment for the assessment of percent diameter 
and cross-sectional area reduction are often misleading due to the presence of a 
relative stenosis due to diffuse atherosclerosis or of pre- or post-stenotic ectasia. The 
use of physiological indexes of stenosis severity, assessing the reduction of flow 
induced by the stenosis under study, may overcome these limitations. Baseline flow, 
however, is reduced only in the presence of very severe stenoses, inducing a 
resistance to flow exceeding the high basal resistance of the distal coronary 
vasculatute. An increase of myocatdial metabolic demand or the use of pharma
cologic agents inducing a maximal reduction of the distal coronary resistance is 
required to assess the limitation to the maximal coronary conductance induced by 
less severe stenoses. The measurement of absolute coronary flow, normalized per unit 
of viable myocatdial mass, is an unequivocal indicator of the adequacy of the 
maximal myocatdial perfusion in the territory of distribution of the artery under 
study. This measurement, however, can be obtained ouly with techniques not 
applicable in humans (radiolabeled microspheres) or not immediately applicable in 
the interventional laboratory due to their inherent technical complexity (positron 
emission tomography) [6,7,8]. The ratio of maximal flow to baseline flow (coronary 
flow reserve, CFR) is a well-established alternative, well correlated in previous 
experimental work with the severity of coronary stenoses [9]. As a ratio. however, 
CFR is influenced by changes in resting myOcatdial flow and by factors modifying 
the slope of the flow-pressure relation during maximal hyperemia such as the 
presence of myocardial hypertrophy and changes in pre-load, heart rate and 
myocatdial contractility [10-12]. Futthermore, the ratio berween maximal hyperemic 
flow, linearly related to changes of driving pressure, and baseline flow, relatively 
independent from pressure changes in the autoregulatory range, is necessarily variable 
with the level of aortic pressure at the time of the measurement [10]. Coronary flow 
reserve, measured in clinical studies using Doppler or videodensitometry, correlated 
well with the angiographically measured stenosis severity only in very selected 
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subsets of patients [13-15], but this index could not be successfully applied in a large 
population of patients with coronary artery disease [16]. Furthermore, after coronary 
interventions the increase in baseline flow andfor the persistence of an impaired 
vasodilatory response of the distal vasculature, precludes the use of CFR for the 
innnediate assessment of the results of this treatment in the interventional suite 
[17-23]. 

To overcome these limitations, Mancini et al. [24] proposed the assessment of the 
instantaneous relation between aortic pressure and coronary flow duting maximal 
hyperemia in the phase of progressive flow decrease in ntid- and end-diastole. In 
their experimental preparation, electromagnetic flowmeters were used to measure 
coronary flow and left ventricular pressure was used to define the start- and end
points for the measurement, avoiding the phase of rapid cardiac relaxation and the 
phase of isovolumetric myocardial contraction. In four separate series of experiments 
[24-27], the slope of the instantaneous hyperentic diastolic flow-pressure relation 
(IHDFPS) was shown to be independent from changes in heart rate, preload, aortic 
pressure and cardiac contractility. The IHDFPS was well correlated with the severity 
of coronary stenoses, showing larger decrements than CFR with increasing stenosis. 
The measurement of coronary conductance obtained with this index was best 
correlated with maximal subendocardial conductance measured using radiolabelled 
microspheres. In humans, selective measurements of instantaneous coronary flow can 
not easily be performed in the cardiac catheterization laboratory. Intracoronary 
Doppler, however, can accurately measure instantaneous flow velocities during the 
cardiac cycle [28,29]. Using Doppler-tipped guidewires the velocity measurements 
can be obtained distal to the stenosis, so that the flow changes will certainly reflect 
the severity of the lesion under study. 
Aim of the study: feasibility, reproducibility and independency from the hemodynamic 
parameters at the time of the assessment of the slope of the instantaneous hyperentic 
diastolic flow velocity-pressure relation was assessed in 52 arteries with < 30% 
diameter stenosis. Sensitivity and specificity of the IHDVPS for the assessment of 
a flow-limiting stenosis was established by comparing the measurements of IHDVPS 
in the control group with the measurements obtained in 24 arteries with ~30% 
diameter stenosis. The possibility to estimate the pressure at zero flow (P ,_0) from 
the extrapolation of the instantaneous diastolic velocity pressure relation was tested 
in 9 cardiac transplant recipients after inducing a controlled prolonged diastolic 
cardiac arrest. 

METHODS 

Patient population 

Group I (normal arteries or arteries with< 30% diameter stenosis; n =52): This 
group included patients undergoing coronary angiography because of suspected 
coronary artery disease (n ~ 12), percutaneous coronary interventions in an artery 
different from the vessel studied (n ~ 31) and asymptomatic cardiac transplant 
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recipients undergoing control follow-up coronary angiography 1-5 years after 
transplant (n ~ 9). Age, sex, clinical characteristics and type of artery studied for the 
patients nndergoing a successful assessment are indicated in Table 1. The studied 
arteries were examined by two experienced angiographers and classified as normal 
(n ~ 23) or with minimal lumen irregularities (n ~ 29). The absence of 2:30% diameter 
stenosis was confJIIned, when necessary, using a subsequently described quantitative 
angiographic technique. In no cases angiographically visible collaterals originated 
from the artery studied. None of the cardiac transplant recipients had angiographi
cally visible signs of small coronary vessel disease. In all cases left ventriculography 
showed a norma! left ventricular ftmction in the territory of distribution of the artery 
studied. Twenty-nine patients (56%) of this group were under antiangina! and/or 
antihypertensive treatment at the time of the study. 
Group ll (arteries with 2: 30% diameter stenosis; n = 24): this group included 21 
patients with ;::so% diameter stenosis studied before a coronary intervention and 3 
patients with :;:::30% but < 50% diameter stenosis nndergoing a diagnostic coronary 
angiogram. Patients with acute myocardial infarction, arterial occlusionfsubocclusion 
{Thrombolysis in Myocardial Infarction (TIMI) flow class 0-1} or presence of an 
open aorta-coronary bypass graft on the vessel studied were not included in the 
study. Clinical characteristics and type of vessel studied in the group undergoing a 
successful assessment are reported in Table 2. All patients of this group were under 
antianginal treatment at the time of the study. 

Catheterization procedure 

After intravenous administration of 10,000 I.U. of heparin and 250 mg of acetyl
salicylic acid, a 7-8 Fr guiding catheter was advanced up to the ostium of the artery 
studied. The Doppler guidewire was introduced into the proximal or mid-segment of 
the vessel to be studied (Group I) or distal to the stenosis (Group II). After 
optimization of the Doppler signal and 3-5 min after intracoronary injection of a 
bolus of 2-3 mg of isosorbide-dinitrate, baseline flow velocity and proximal coronary 
pressure were recorded and a cineangiogram was performed in order to measure the 
cross-sectional area at the site of the Doppler sample volume and the geometric 
characteristics of the stenosis (when present). The flow velocity measurement was 
then repeated at the peak effect of an intracoronary bolus injection of papaverine (8 
mg: right coronary; 12.5 mg: left coronary and saphenous vein bypass graft) [30]. 
Care was taken to avoid impairment of flow during maximal hyperemia due to the 
presence of the guiding catheter in the coronary ostium. If damping occurred, the 
guiding catheter was withdrawn from the coronary ostium immediately after the 
injection of papaverine. In 6 cardiac transplant recipients, left ventricular and aortic 
pressure were measured simultaneously using a double sensor high-fidelity pig-tail 
catheter (Sentron, Roden, the Netherlands). In these cases a previously described 
automated analysis system [31] was used to measure peak positive and negative Irrst 
derivative of the left ventricular pressure ( +dP[dt and -dP/dt), the maximal velocity 
of left ventricular isovolumic contraction (V m•xl and the constant of isovolumic 
relaxation (T1). In all the 9 cardiac transplant recipients, during the phase of maximal 
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~ Table 1. Clinical and hemodynamic charncteristics of the patients studied with a simultaneous recording of transstenotic pressure gradient and flow velocity . ... 
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CSA = cross/sectional area; CFR = coronary flow reserve; IHDVPS = instantaneous hyperemic velocity pressure slope; 
Pr..o = (X-axis intercept);~ =squared correlation coefficient. 
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Table 2. Clinical and hemodynamic characteristics of the patients with > 30% diameter stenosis. 
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MI = myocardial infarction; % DS = percent diameter stenosis; MLCSA = minimal luminal cross-sectional area; 
CSA = cross-sectional area; IHDVPS = instantaneous hyperemic diastolic velocity pressure slope; CPR = coronary flow reserve. 



hyperemia after papaverine injection, an intracoronary bolus of 3 mg of adenosine 
was used to induce a prolonged diastolic cardiac arrest. Ventricular pacing was used, 
when necessary, to restore cardiac contraction. 

Quantitative angiographic measurements 

The guiding catheter, fthned devoid of contrast medium, was used as a scaling 
device. A previously validated [32] on-line analysis system operating on digital 
images (ACA-DCI, Philips Medical Systems, Best, The Netherlands) was used during 
the catheterization procedure. In this syst~ after automatic detection of the vessel 
centerline, a weighted first and second derivative function with predetermined 
continuity constraints is applied to the brightness profile on each scan line 
perpendicular to the vessel centerline. In all patients a user-defined diameter was 
measured at the site of the Doppler sample volume and the corresponding cross
sectional area was calculated assuming a circular cross-section. In Group II, minimal 
luminal diameter (MLD) was measured and percent luminal diameter stenosis was 
calculated using an automatic interpolated technique to measure the reference 
diameter. 

Doppler guidewire and flow velocity measurements 

The Doppler angioplasty guidewire is a 0.018" (diameter 0.45 mm, cross-sectional 
area 0.17 mm2

) 175 em long flexible and steerable guidewire with a very flexible 
shapable distal end mounting a 12 MHz piezoelectric transducer at the tip 
(Cardiometries Inc., Mountain View, CA) [28]. The sample volume is positioned at 
a distance of 5.2 mm from the transducer and has an approximate width of 2.25 mm 
due to the divergent ultrasound beam so that a large part of the flow velocity profile 
is included in the sample volume also in case of eccentric positions of the Doppler 
guidewire. After real-time processing of the quadrature audio signal a fast-Fourier 
transform algorithm is used to increase the reliability of the analysis [33], the 
Doppler system calculates and displays on-line several spectral variables including 
the instantaneous peak velocity and the time-averaged (mean of 2 beats) peak 
velocity (Figure lA). The flow velocity measurements obtained with this system have 
been validated in vitro and in an animal model using simultaneous electromagnetic 
flow measutements for comparison [28]. Mean flow velocity was calculated as time
averaged peak velocity/2, assuming a fully developed parabolic flow velocity profile 
[29]. Coronary flow reserve was defined as the ratio between maximal flow velocity 
at the peak effect of the papaverine injection and in baseline conditions. 

Instantaneous assessment of the flow velocity-pressure relation 

A continuous acquisition of the instantaneous peak Doppler flow velocity, of the 
pressure measured through the guiding catheter and of the electrocardiogram was 
performed with a 12 bits analog-to-digital converter (DataQ lnstr., Akron, OR) 
connected to a PC. Electrocardiogram, proximal coronary pressure and instantaneous 
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Fig. 1. Top panel) Flow velocity measurements during maximal hyperemia in a left circumflex artery 
with minimal wall irregularities (left side) and in a left anterior descending coronary artery distal to a 
significant stenosis (56% diameter stenosis, right side). Mid-panel) From top to bottom electrocardiogram, 
aortic pressure and peak velocity of the same beats acquired in a digital format (125 Hz). The maximal 
velocity and the rapid decrease in velocity due to the beginning of myocardial contraction are used as the 
start and end point for the analysis of the diastolic hyperemic pressure velocity relation. Bottom panel) 
Pressure flow velocity loop of the same beats. The regression line was calculated from the datapoints of 
the mid-diastolic interval indicated above. Note the steeper slope of the pressure velocity relation in the 
normal artery. 

peak coronary blood flow velocity were sampled at 125 Hz per channel and stored 
for off-line analysis (Figure !B). Using dedicated software (ACodas, DataQ, Akron, 
Ohio), the acquired signals were displayed in an X-Y scatterplot, so that the 
progressive variations of the instantaneous peak flow velocity-pressure loop from 
baseline to hyperemia could be monitored and 4 consecutive cardiac cycles without 
recording artifacts could be selected at peak hyperemia. The diastolic interval to be 
analyzed was selected using as start point the maximal diastolic velocity and as end
point the beginning of the phase of rapid decrease of flow velocity induced by the 
ventricular contraction (Figure !C). After identification of the interval of analysis for 
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each cycle, linear regression was used to calculate the individual IHDVPS in order 
to study the variability atuong different cardiac cycles. Afterwards, the data of the 
4 selected diastolic intervals were pooled and the mean IHDVPS was calculated. The 
reproducibility of the measurements was tested in I 0 randomly chosen cases of 
Group I in which the satue 4 cardiac cycles were independently assessed by a second 
observer. In the 6 patients in whom a left ventricular high-fidelity pressure was 
available during the measurements, the slope of the hyperemic diastolic flow 
velocity-pressure relation was assessed in the same beats using the start- and end
points proposed by Mancini et al. (20 ms after peak left ventricular -dP/dt and 
upstroke of +dP/dt) [24]. 

Velocity-pressure relation during controlled diastolic cardiac arrest 

In 9 cardiac transplant recipients a second injection of papaverine intracoronary was 
performed, followed after 30-45 s by an intracoronary bolus of adenosine 3 mg 
(Figure 2). Using a previously introduced right ventricular pacing catheter, pacing 
was performed when necessary ( 4 cases) to restore a normal cardiac contraction. 
Flushing was reported by 4/9 patients. None of the patients complained of chest 
discomfort. 

Fig. 2. Prolonged diastolic pause induced by the intracoronary injection of 3 mg of adenosine during 
maximal hyperemia induced by papaverine. A progressive decrease of flow velocity and aortic pressure 
is observed during the 6 seconds of cardiac arrest. In the fiiSt beats induced by ventricular pacing. note 
the presence of a large systolic flow component, indicating refilling of the capacitance of the epicardial 
coronary artery. The dotted tracing at the top of the Doppler envelope indicates the instantaneous peak 
velocity (automatically detected on-line and used for the analysis of the pressure-velocity relation). 

Statistical analysis 

The results were expressed as mean± standard deviation (SD). The beat-to-beat 
variability of the IHDVPS was calculated as the ratio between the standard deviation 
and the mean of the slopes measured over 4 consecutive cardiac cycles. The mean± SD 
of the signed differences of corresponding measurements was used to test the 
interobserver variability and the variability of the measurements obtained defming 
the diastolic interval of analysis from the flow velocity signal or from the left 
ventricular pressure. Covariance analysis was used in Group I to estimate the 
independency of the IHD VPS from heart rate, mean diastolic aortic pressure, cross
sectional area at the site of the velocity measurements and left ventricular +dPfdt and 
-dP/dt, Vmax and T 1• A two-tailed Student's t-test for unpaired data was performed 
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to compare the measurements of !HDVPS in patients with and without > 30% 
diameter stenosis. 

To test the linearity of the individual velocity-pressure relations during long 
diastolic pauses, the data were fit with a linear and a second order polynomial 
function. A relation was considered non linear when the coefficient of the second 
order term of the polynomial fit was siguificant at p < 0.01 and when the F-statistic 
for the polynomial fit was statistically better at p < 0.01 than the linear fit [34]. 

RESULTS 

Feasibility, reproducibility, beat-to-beat variability and dependence on 
hemodynamic variables of the measurement of ffiDVPS 

Feasibility: A reliable, automatic detection during maximal hyperemia of the 
progressive decrease in flow velocity of peak velocity in mid-late diastole was 
obtained in 44/52 patients of Group l (85%) and in 15/24 patients of Group ll (62%). 
A poor quality of the Doppler signal or the presence of multiple artifacts impairing 
the accuracy of the automatic analysis was the reason for exclusion in all the 8 failed 
measurements in Group I and in 4 failed measurements in Group ll. In the remaining 
5 patients excluded in Group ll the reason of failure was the presence of a flat 
diastolic flow velocity curve, without a clear proto-mid diastolic peak usable as start
point for analysis. In all the patients with this pattern a severe corouary obstruction 
(> 75% diameter stenosis) was observed. 
Variability: The mean difference between measurements of !HDVPS performed 
independently by two observers (n ~ 10) was 0.004 ± 0.0001 cm-s-11Il!DHg-1 

(observer 1 minus observer 2), equal to 2 ± 1% of the mean of the two measure
ments. A beat-to-beat variability of 13 ± 7% was observed in Group I (individual 
measurements in Table I) and of 15 ± 8% in Group ll (Table II). The !HDVPS 
calculated using start- and end-points for the definition of the diastolic interval 
derived from the flow velocity tracing or from the left ventricular pressure tracing 
(n ~ 6) showed a mean difference of 0.009 ± 0.005 cm-s-11Il!DHg-1 (measurement 
with interval selected on the velocity pattern minus measurement with interval 
selected from the left ventricular tracing, 3 ± 2%). 
Dependence on hemodynamic variables: In Group I !HDVPS showed no siguificant 
correlation with heart rate, mean aortic diastolic pressure, type of vessel studied and 
luminal cross-sectional area at the site of the Doppler sample volume. In 6 patients 
of the same group in whom a high-fidelity left ventricular pressure was recorded, no 
correlation between !HDVPS and +dP/dt, -dP/dt, V m~ and T 1 was observed. 

IHDVPS in patients with and without coronary stenoses 

The patients with and without > 30% diameter stenosis in the artery srudied showed 
no siguificant differences in heart rate (69 ± 12 versus 63 ± 7 beats/min, NS), mean 
diastolic aortic pressure (88 ± 13 vs 82 ± 7 mmHg, NS) and cross-sectional area at 
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the site of the Doppler measurement (6.9 ± 3.1 vs 6.3 ± 2.2 mm2, NS). Maximal 
diastolic velocity was significantly higher in Group I than in Group II (91 ± 31 vs 54 ± 43 
crnfs, p < 0.005). Coronary flow reserve was also significantly higher in Group I than 
in Group II ( 2.9 ± 0.7 vs 1.7 ± 0.3, p < 0.00005). The IHDVPS was significantly 
higher in the normal or near-normal arteries of Group I than in the arteries with 
:2:30% diameter stenosis (1.65 ± 0.71 vs 0.77 ± 0.52 cm-,;"1-mmHg-1, p < 0.0001), 
(Figure 3). A significant correlation was observed between IHDVPS and CFR 
(r ~ 0.51, p < 0.0005). In Group II the IHDVPS showed no correlation with the 
angiographically measured minimal luminal cross-sectional area and with percent 
diameter stenosis (r ~ 0.39 and O.G!, respectively, both NS). 
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Fig. 3. Individual measurements of coronary flow reserve and lliDVPS in patients with and without 
> 30% diameter stenosis. Both the indices showed a significant difference in the two groups. The 
measurements of IHDVPS showed a smaller overlap in the two groups and a slightly higher sensitivity 
in the detection of the absence of ~30% diameter stenosis. 

IHDVPS during long-diastolic pauses 

In 6/9 heart transplant recipients (66%) the injection of 3 mg of adenosine 
intracoronary was followed by a diastolic pause sufficiently long to induce a 
reduction of the minimal aortic pressure to :S45 mmHg. Two of these patients were 
excluded because of deterioration of the flow velocity signal in the lower pressure 
range. Sinus node arrest was observed in 3 patients while a 3rd degree atrio
ventricular block was the cause of the arrest of the left ventricular contraction in the 
remaining 3 patients. 

The individual curves of the 4 longest pauses observed in these patients are plotted 
in Figure 4. The curvilinear relation between velocity and pressure was conimned 
by the analysis of the residuals after fitting a linear and a second order polynontial 
equation (Figure 5) and by the F-Iest, showing that the polynomial fit was better at 
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Fig. 4. The instantaneous hyperemic peak velocity from maximal diastolic velocity to the restoration of 
cardiac contraction is plotted versus aortic pressure during a prolonged cardiac arrest induced by an 
intracoronary injection of adenosine 3 mg intracoronary. In all the cases a second order polynomial 
equation is applied for analysis. In the case in the left upper panel, however, the F-test showed no 
significant difference between a linear and the displayed second order polynomial function. The 
curvilinearity in all the other cases is evident and was conlrnned by the F-test. Note the absence of the 
intercept on the pressure axis in these last three cases. 

p < 0.01 in 3/4 cases. In order to ascertain whether the curvilinear relation between 
velocity and pressure was present over the entire range of measurements, an 
automated calculation of IHD VPS was performed using linear regression over 
progressively smaller ranges of measurements, starting from the lowest pressure 
(Figure 6 A) and progressively increasing the lowest pressure by I mmHg up to a 
fmal smallest range examined including the measurements obtained in the highest 15 
mmHg pressure range (Figure 6 F). This series of slopes was then plotted against the 
corresponding lowest pressure. The results of this analysis showed that a rather 
constant IHDVPS was present in a pressure range> 60 mmHg (Figure 6). Similarly, 
the intercept with the pressure axis showed a progressive increase in the lower 
pressure range, while stable higher values were observed in the physiologic pressure 
range. 
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Fig. 5. The lliDVPS (Conductance) and the X-intercept (P 'Zf) are calculated using linear regression 
analysis over progressively smaller ranges of measurements, starting in the lowest pressure range (A) and 
progressively increasing the minimal pressure up to the higher 15 mmHg pressure range (F). The 
calculated lliDVPS (Conductance, lower mid-panel) and Pfoo{l (P zf• lower right panel) are plotted against 
the lowest pressure of the sample analyzed. Note the progressive increase in the 30-45 mmHg range and 
the more stable values at higher pressure. 

DISCUSSION 

The instantaneous velocity-pressure relation for the assessment of stenosis 
severity 

In this first application in humans of the index proposed by Mancini et a!. [24-27], 
special attention was paid to the assessment of the feasibility of the measurement. In 
the vast majority of the studied arteries the IHDvPS could be assessed. A manna! 
tracing of the peak velocity from the Doppler spectrum could have increased the 
number of cases with a successful assessment when the presence of artifacts in the 
automatically detected peak velocity was the reason of failure. This method, 
however, is cumbersome, requires an-off line analysis so that the results cannot be 
immediately available at the time of the assessment and is prone to a considerable 
subjectivity. The presence of a flat diastolic flow velocity curve was the second most 
important reason of failure in the assessment of the IHDvPS. This pattern was 
observed only in very severe stenoses for which the assessment of an additional 
index of functional severity could be considered of limited additional clinical value. 
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Despite a careful selection of the beats analyzed, a relatively large beat -to-beat 
variability was observed. Respiratory changes can be advocated as a possible 
explanation but the effect of respiration should be minimal during maximal 
hyperemia. A technical limitation is the most likely explanation of this variability. 
The automatic detection of the peak diastolic velocity and, in particular, of the 
maximal velocity which was used as the start point for analysis and is an essential 
determinant of the final outcome of the analysis, is very sensitive to the presence of 
noise. The original method proposed by Mancini et al. [24] required a high fidelity 
measurement of the left ventricular pressure in order to detect the diastolic interval 
of interest for analysis. Measurements obtained in a subset of patients demonstrated 
that the simplified approach used in this study yields results similar to those obtained 
selecting the interval for analysis from the left ventricular pressure tracing. 

Mancini et al. [24-27] could independently manipulate the hemodynamic 
parameters in the animal model used to assess the correlation of CFR and flow
pressure slope with each hemodynamic variable. A similar approach could not be 
used in a clinical study but the lack of correlation in the population studied between 
lliDVPS and heart rate, aortic pressure and indices of left ventricular contractility 
and relaxation at the time of the assessment suggests that also in humans this index 
is independent from these hemodynamic variables. The IHDVPS measured in arteries 
with " 30% diameter stenosis was less than half the lliDVPS measured in normal 
or near -normal coronary arteries. Due to the small overlap between the two groups, 
if an arbitrary cut-off of "0.8 cms-11DII1Hg-1 was chosen, the sensitivity and 
specificity of this index in the detection of the absence of a "30% diameter stenosis 
were 95 and 91%, respectively, with a sensitivity ouly miuirnally greater than 
coronary flow reserve and a similar specificity. The assessment of a larger group of 
patients with flow limiting stenoses is required to establish the potential advantage 
of ll:IDVPS over CFR in the assessment of an impairment of coronary conductance. 
ln particular, these studies should address the usefulness of this index for the 
assessment of the changes of coronary conductance after coronary interventions. ln 
this setting, the IHDVPS has the great potential advantage over CFR to be 
independent from changes in baseline velocity and from the hemodynamic conditions 
at the time of the assessment. 

A substantial difference between the approach of Mancini and our approach is the 
use of flow velocity instead of absolute coronary flow normalized for the myocardial 
mass. The approach used in this study has the advantage of an easier applicability 
in the clinical setting but has also the potential disadvantage that the velocity
pressure slope can be influenced by the dimension of the artery under assessment so 
that slopes measured in arteries of different diameter can not be compared. The 
results of this study in normal or near-normal arteries, however, showed that the 
lliDVPS is independent from the cross-sectional area at the site of the velocity 
measurement. In the coronary system, the presence of a progressive, moderate 
increase in total cross-sectional area from proximal to distal has been suggested in 
accordance with the principles of limited/adaptive vascular shear stress, miuirnum 
vascular volume at bifurcations and miuirnum viscous energy loss [35]. After three
dimensional reconstruction of the arterial tree from orthogonal cineangiograrns in 
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humans, Seiler et a! [35] calculated a ratio between area of the mother vessel and 
mean of the areas of the daughter vessels of 1.647, similar to the ratio predicted 
based on the previously mentioned principles (1.588). These considerations explain 
why ouly a moderate decrease of mean velocity, inversely proportional to the 
moderate increase in total cross-sectional area, occurs from proximal to distal in the 
epicardial coronary arteries. The maintenance of a relatively constant flow velocity 
despite the changes in cross-sectional area and in perfused myocardial bed partially 
limits the inaccuracy consequent to the lack of correction for the perfused myocardial 
mass which can not be easily determined in humans. 

The changes of flow velocity can be considered a reliable indicator of the changes 
in coronary flow only in the presence of a constant cross-sectional area. The minimal 
reduction in cross-sectional area occurring during the meso-telediastolic phase of the 
cardiac cycle is likely to induce a negligible reduction in cross-sectional area and, 
consequently, a negligible underestimation of the true flow-pressure slope estimated 
from the flow velocity. 

The IHD VPS assesses changes in coronary conductance which can be induced 
both by the presence of a severe epicardial stenosis and by the presence of an 
impaired vasodilatation of the coronary microvasculature. A different approach can 
be used to distinguish these two components of coronary resistance, but this approach 
requires the additional measurement of the post -stenotic pressure. Gould et a!. [36] 
correlated in dogs the severity of experimentally induced coronary stenoses with the 
changes in the transstenotic pressure gradient-flow velocity relation. Using a high
fidelity pressure transducer mounted on an angioplasty guidewire in combination with 
a separate Doppler guidewire, this approach has been recently repeated in humans 
[22,37]. A different analysis of the same recordings can be performed to study the 
relation between flow velocity and post -stenotic pressure, an indicator of the maximal 
vasodilatory response of the distal coronary bed. When a high-fidelity pre- and post
stenotic pressure and flow velocity signals are available, two types of relation can be 
used to separate the functional characteristics of the stenosis and of the distal 
vascular bed: the instantaneous relation between transstenotic pressure and velocity, 
assessing the stenosis hemodymunics as in an isolated hydraulic model, indepen
dently from the hemodymunic conditions and from the properties of the distal 
vascular bed, and the relation between flow velocity and post-stenotic pressure, 
correlated to the conductance of the distal vasculature [22]. 

The instantaneous velocity-pressure relation for the assessment of the zero-flow 
pressure 

The extrapolation of the pressure-flow relation during a long diastolic pause was used 
in the original report by Bellamy [38] to assess the pressure at zero flow. His 
observation that P,_0 was higher than the coronary venous pressure has initiated a 
great deal of experimental work to better derme mechanism and physiologic and 
clinical importance of this phenomenon. 
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Mechanisms of regulation of the P1, 0 
Bellamy, discussing the importance of a P,_0 greater than the coronary venous 
pressure as a determlnant of coronary resistance [39], interpreted this phenomenon 
as the effect of a vascular waterfall due to active vascular constriction or to the effect 
of a tissue pressure higher than the intravascular pressure. The lack of a direct 
demonstration of vascular collapse at the arteriolar level and the persistence of 
venous outflow after cessation of the arterial flow [40] have suggested alternative 
mechanisms. The effect of capacitative flow due to the blood stored in the extramural 
coronary arteries and discharged into the myocardium because of the progressive 
reduction of epicardial arterial volume at low pressures, suggests that the P f-o at the 
microvascular level is overestimated by a measurement in a proximal artery. After 
correction for the capacitative effects, Eng eta!. [41] calculated a P,.0 similar to the 
right atrial pressure during maximal hyperemia. Canty eta!. [42], however, confirmed 
the persistance of a P r~o during maximal hyperemia greater than venous pressure 
us.ing a capacitance free model. The presence of a large intramyocardial compliance 
with long time-constants for blood discharge has been proposed as a model 
alternative to the presence of a vascular waterfall to explain the cessation of flow in 
the epicardial arteries at a pressure higher than the right atrial pressures [43]. 
Whatever mechanism is involved in the regulation of the P r~o' there is a consensus 
that the presence of an elevated P,.0 (up to 50 mmHg) occurs ouly in conditions of 
coronary autoregulation and that much lower pressures are present at the cessation 
of the arterial flow when the coronary vasculature is maximally vasodilated [44]. 

Morphology of the diastolic pressure-flow relation 
The diastolic flow-pressure relation during maximal hyperemia was found to be 
concave upwards towards the flow axis in many experimental reports [41,42,45]. This 
curvilinearity may be explained by a discharge of blood from the upstream epicardial 
vessels and by a progressive increase in vascular resistance due to the pressure
dependent decrease of arterial diameter [45]. If this curvilinearity is ignored or if the 
pressure-flow relation is not explored in the low pressure range, falsely elevated 
measurements of P r~o are obtained. In this study the measurements were obtained 
during a long diastolic pause, with pressures at the end of the period of cardiac arrest 
< 45 mm.Hg. However, the use of flow velocity instead of flow introduced an 
additional bias in the estimation of the pressure-flow relation. If the arterial cross
section at the site of the velocity measurement is reduced simultaneously to the 
reduction in flow velocity, the velocity decrease underestimates the true flow 
reduction. The phenomenon is relevant for flow velocity measurements obtained in 
the low pressure range because a curvilinear relation between distending pressure and 
arterial cross-section is present, with larger changes in cross-section in the low 
pressure range [46]. Therefore, the marked curvilinearity present in the flow velocity
pressure relation at low pressures, without a positive intercept with the pressure axis, 
precluded the use of the flow velocity-pressure relation for the assessment of the P f·o· 
The simultaneous use of intracoronary Doppler and two-dimensional ultrasound 
imaging has the potential to overcome this limitation and allow the estimation of the 
P f·O in conscious humans in the catheterization laboratory [ 4 7]. In the physiologic 
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range of pressures, however, the relation between flow velocity and pressure 
remained linear so that linear regression could be used to estimate arterial 
conductance. 

CONCLUSION 

The instantaneous velocity-pressure relation during maximal hyperemia can be 
reliably assessed using intracoronary Doppler in tbe catbeterization laboratory, is 
highly reproducible, has a moderate beat -to-beat variability and is independent from 
heart rate, aortic pressure or indexes of left ventricular contractility-relaxation at the 
time of tbe assessment The slope of tbis relation can distingnish arteries witb and 
without significant coronary stenoses, suggesting that this index is a potential 
alternative to coronary flow reserve for the assessment of stenosis severity. 

The curvilinearity of tbe velocity-pressure relation during long diastolic pauses 
precludes tbe use of tbe flow velocity-pressure relation for tbe assessment of tbe 
zero-flow pressure. 
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19. Response of conductance and resistance coronary 
vessels to scalar concentrations of acetylcholine. 
Assessment with quantitative angiography and 
intracoronary doppler in 29 patients with coronary 
artery disease 

CARLO DIMARIO, SIPKE STRIKWERDA, ROBERT GIL, PIM J. 
DE FEYTER, NICOLAS MENEVEAU and PATRICK W. SERRUYS 

The in vitro observations of Furchgott and Zawadzki [1] and the in vitro and 
in vivo reports from the group of Moncada [2, 3] have shown that an 
endothelium-derived-relaxing-factor, identified as nitric oxide [2], modulates 
vascular tone in response to physiologic and pathologic stimuli (increase in 
wall shear stress, serotonin, bradykinin, histamine, thrombin, sympathetic 
stimulation, acetylcholine, endotoxins, etc.). Endothelial damage, leading to 
a decreased formation or release of nitric oxide from its precursor L-arginine, 
or reduced penetration due to the presence of subendothelial intimal thicken
ing, are possible explanations of the impairment of endothelium-mediated 
vasodilatation observed in patients with systemic hypertension [4], hypercho
lesterolemia, diabetes mellitus [5], atherosclerosis [6]. 

The presence of paradoxical vasoconstriction induced by acetylcholine has 
been shown in coronary patients at sites of severe stenosis or moderate wall 
irregularities [7] and in angiographically normal segments [8-10]. Coronary 
spasm after acetylcholine infusion has also been demonstrated in patients 
with variant angina, with and without angiographically visible changes [11, 
12]. The observed vasoconstriction or vasodilatation after acetylcholine is 
the net effect of the conflicting action of this substance on the endothelial 
cells (stimulation to the release of endothelium-derived relaxing factor) and 
on the smooth muscle cells (vasoconstriction due to the direct effect on the 
cholinergic receptors). With the use of intracoronary Doppler, an impairment 
of the endothelial derived vasodilatation was observed also after more physio
logic stimuli such as the increase of blood flow [13-15]. The flow dependent 
vasodilatation is an essential mechanism of adjustment of coronary tone to 
prevent endothelial damage due to a pathologic increase in wall shear stress 
[12]. An abnormal vasoconstriction in response to sympathetic stimulation 
[16] or release of platelet-derived vasoconstrictors [17, 18] was observed if 
the direct effect of these substances on the muscular media was not antagon
ized by a preserved endothelium-mediated vasodilatation. Nitric oxide has 
also a powerful anti-aggregatory activity. Yao et al. [19] showed a protective 
effect of endogenous nitric oxide in the prevention of cyclic flow variations 
due to platelet aggregation at the site of endothelial injury. Endothelial 

222 
P. W. Serruys. D.P. Foley and P.J. de Feyter (eds.). Quantitative Coronary Angiography in 
Clinical Practice, 329-353. 
© 1993 Kluwer Academic Publishers. Printed in the Netherlands 



330 C. Di Mario eta!. 

dysfunction. therefore, is not only a potential mechanism of ag,<>ravation of 
ischemia in patients with coronary atherosclerosis but it increases the.risk of 
endothelial injury and impairs the antithrombotic reaction, thus facilitating 
the development of acute coronary syndromes and the release of platelet
derived growth factors which may predispose to progression of atheroscler
osis. An impairment of endothelium-mediated vasodilatation has been shown 
in patients with risk factors for coronary atherosclerosis but without angio
graphically visible atherosclerotic changes [9, 20]. A possible limitation of 
these studies is the poor sensitivity of angiography in the detection of early 
atherosclerotic changes. More recently, the presence of endothelial dysfunc
tion also in patients with structurally normal coronary arteries but with 
hypertension, hyyperlipidemia, family history of coronary artery disease or 
smoking has been confirmed using two-dimensional intracoronary ultrasound 
[21]. A complete loss of endothelium-mediated vasodilatation was present 
in arteries with angiographically visible atherosclerotic changes. Angiograph
ically normal arteries of patients with hypercholesterolemia showed a normal 
flow-mediated vasodilatation following papaverine but an abnormal vaso
constriction after acetylcholine [21 J. 

The possible presence of opposite effects of acetylcholine infusion on 
epicardial and resistance coronary arteries have been reported by Hodgson 
et a!. [22]. The observed increase of coronary flow after acetylcholine was 
prevented by the pretreatment with methylene blue, an inhibitor of endo
thelium-derived relaxing factor. Zeiher et al. [23] reported a significantly 
lower flow increase after acetylcholine in patients with coronary artery dis
ease than in control subjects. These findings confirmed previous experimental 
results showing that the impairment of endothelial function in atherosclerotic 
arteries may extend into the coronary microcirculation [24-26]. The presence 
of an impaired endothelium-dependent vasodilatation of the resistance ves
sels may induce or facilitate the development of myocardial ischemia in 
response to neurohumoral stimulation or increased myocardial work [27]. 
The epicardial arteries and the arterioles have large structural differences 
and show a different involvement in the atherosclerotic process, mainly 
confined to the large epicardial coronary arteries. Both types of arteries, 
however, are likely to show a similar response to pathologic stimuli on the 
endothelial cells impairing the intracellular production and release of nitric 
oxide. The presence of an impaired diffusion or of an increased extracellular 
degradation of nitric oxide in the thickened intima is a phenomenon limited 
to the epicardial arteries and may explain an earlier and more severe impair
ment of the endothelium-mediated vasodilatation of these vessels. 

Aim of this study is the simultaneous assessment of the endothelium
mediated vasodilatation of conductance and resistance vessels in coronary 
arteries without significant stenosis ( <30% diameter stenosis). During selec
tive infusion of scalar increasing concentrations of acetylcholine the changes 
of coronary cross-sectional area over a proximal/mid segment and a distal 
segment of the studied artery were measured with quantitative coronary 
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angiography and correlated with the changes in coronary flow, derived from 
the flow velocity measured with a Doppler guidewire and used as an index 
of vasodilatory response of the resistance vessels. 

Methods 

Patient population 

Twenty-uine patients (age 57± 9 years, 24 men and 5 women) undergoing 
elective percutaneous transluminal angioplasty because of disabling stable 
angina pectoris were studied. Previous myocardial infarction was present in 
8/29 patients (26% ), in no cases involving the territory of distribution of the 
studied artery. Systemic hypertension was defined as a chrouically elevated 
arterial blood pressure ("'150/90 mmHg) and was present in 9/29 patients 
(31%). Three patients were current smokers (10%). A previous history of 
smoking was present in 18 patients (62%). No patient had anemia (mean 
hemoglobin 8.8±0.57 mmol/1) or anamnestic/biohumoral signs of diabetes 
mellitus or hyperthyroidism. The angiographic selection criteria included 
absence of > 30% diameter stenosis in one of the 3 major coronary arteries 
without visible collaterals originating from this vessel and with a normal left 
ventricular contraction of the segments of distribution of the studied artery. 
Angiographically visible wall irregularities were present in 19/29 patients 
(66% ). The studied artery was the left anterior descending coronary artery 
in 7 patients (24% ), the left circumflex in 13 (45%) and the right coronary 
artery in 9 (31% ). Written informed consent was obtained in all cases. 
The protocol was approved by the Ethics Committee Erasmus Uuiversity
Rotterdam Dijkzigt Hospital (protocol #MEC 114.542/1991/61). All vasoac
tive medication, with the exclusion of short-acting sublingual uitrates, was 
withheld at least 48 hr before the catheterization. No sublingual, intravenous 
or intracoronary uitrates were used in the 6 hr before or during the catheteriz
ation procedure. 

Catheterization procedure 

After systemic anticoagulation with 10,000 L U. of heparin and 250 mg of 
acetylsalicylic acid intravenously and sedation with 5-10 mg diazepam intrav
enously, the artery to be studied was instrumented using a 9F giant lumen 
(inner lumen= 0.084") Amplatz or Judkins guiding catheter (left coronary 
artery) or a 7F Judkins diagnostic catheter (rigbt coronary artery). A 0.018" 
Doppler angioplasty guidewire was then advanced to a normal or near
normal straight proximal segment of the artery to be studied where a stable 
flow velocity signal could be obtained. A 3.6 F flexible infusion catheter 
(Tracker 25, Target Therapeutics, San Jose, CA) was then inserted over the 
Doppler wire into the proximal segment of the coronary artery in order to 
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obtain a selective injection into the left anterior descending or left circumflex 
artery [28]. Care was taken to avoid a too selective cannulation of the large 
guiding catheter into the left main coronary artery in order to avoid limitation 
of flow during maximal hyperemia. For the right coronary artery a selectively 
engaged 7 F diagnostic catheter was used for the infusion. Heart rate and 
mean aortic pressure were automatically measured using a previously de
scribed computer-assisted system [29] by averaging 16 consecutive seconds 
of recording. After the baseline acquisition of flow velocity, heart rate and 
blood pressure, the measurements were repeated 30 s after a bolus injection 
of 7 mg of papaverine diluted in 1.5 ml. After a recovery period of 8 min, 
new basal measurements were performed followed by a cineangiogram suit
able for quantitation. Scalar concentrations of acetylcholine at 37°C (0.036, 
0.36, 3.6 fl.g/ml) were infused at a flow rate of 2 ml/min using a precision 
pump-injector (Mark V, Medrad, Pittsburgh, PA). With these dilutions and 
flow rates and assuming a coronary blood flow of 80 ml/min in the studied 
artery, intracoronary blood concentrations of 10-8

, 10-7 and 10-6 M were 
estimated. Five min after the beginning of the infusion of each concentration 
blood flow velocity and hemodynamic measurements were acquired and 
a new cineangiogram performed. Five min after the end of the series of 
acetylcholine infusions a new baseline flow velocity was acquired and, 1 min 
after a bolus injection of 3 mg of isosorbide dinitrate, a new cineangiogram 
was performed. 

Doppler guidewire and flow velocity measurements 

The Doppler angioplasty guidewire is a 0.018" (diameter= 0.46 mm) 175 em 
long flexible and steerable guidewire with a floppy shapable distal end mount
ing a 12 MHz piezoelectric transducer at the tip (FloWire, Cardiometries 
Inc., Mountain View, CA). The sample volume was positioned at a distance 
of 5.2 mm from the transducer in order to avoid the area of distortion of 
flow profile due to the presence of the Doppler guidewire. At this distance 
the sample volume has approximately a diameter of 2.25 mm due to the 
divergent ultrasound beam so that a large part of the flow velocity profile is 
included in the sample volume even in case of eccentric position of the 
Doppler guidewire. In order to increase the reliability of the analysis of the 
Doppler signal [30] a real-time fast-Fourier transform algorithm was applied 
to the quadrature audio signal. The Doppler system used (FloMap, Cardi
ometries, Mountain View, CA) performs a real-time spectral analysis of the 
Doppler signal and calculates and displays on-line several spectral variables 
including the instantaneous peak velocity and the time-averaged (mean of 2 
beats) peak velocity (Fig. 1). The flow velocity measurements obtained with 
this system have been validated in vitro and in an animal model using 
simultaneous electromagnetic flow measurements for comparison [31]. Cor
onary flow reserve was defined as the ratio between maximal flow velocity 
at the peak effect of the papaverine injection and in baseline conditions. 
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Figure 1. Flow velocity measurement in a proximal left circumflex artery before the injection 
of increasing concentrations of acetylcholine (Baseline 2). 5 min after the end of the infusion 
of acetylcholine (Baseline 3) and at the peak effect of papaverine and acetylcholine 10-~. 
Note the stable flow velocity in baseline condition. the large velocity increase after papaverine 
and the moderate increase after the maximal concentration of acetylcholine. APV =time
averaged peak velocity. 

Electrocardiogram, coronary pressure and peak coronary blood flow velo
city were continuously sampled at 125 kHz per channel using a 12 bits analog
to-digital converter. The ACodas software package (DataQ Instr., Akron, 
OH) was used for off-line analysis. 

Quantitative angiographic measurements 

The preformed coronary catheter, filmed not filled with contrast medium, 
was used as a scaling device [32]. Before the study, when necessary, a 
previously validated on-line analysis system operating on digital images 
(ACA-DCI, Philips, Eindhoven, The Netherlands) [33] was used to exclude 
the presence of> 30% diameter stenosis. Coronary angiography was per-
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Figure 2. Quantitative angiographic measurements of the mean diameter of a proximal segment 
of the left circumflex artery. Two side branches are used as landmark to facilitate consistent 
repeated .measurements of the same segment throughout the procedure. Note the severe de
crease in mean coronary diameter (-22%) after the maximal concentration of acetylcholine 
(Ach 10-6 M). ISDN = isosorbide dinitrate. 

formed with a manual injection of 6-10 ml of iopamidol (Iopamiro 370, 
Schering, Berlin, Germany). A 5" or 7" field-of-view of the image intensifier 
was used. No changes of the position of the patient or of the X-ray gantry 
were performed throughout the procedure. The same angiographic view was 
maintained during the study, avoiding foreshortening or vessel superimpo
sition of the arterial segments of interest. A previously validated [34] cine
film based off-line system (CAAS System, Pie Medical Data, Maastricht, 
The Netherlands) was used to measure the mean diameter over a 2-3 em 
long proximal/mid and distal coronary segment, using easily visible side
branches as anatomical landmarks to allow the analysis of the same segments 
in the successive cineangiograms (Fig. 2). In 14 cases (48%) a second order 
arterial branch (diagonal, obtuse marginal, postero-lateral, right ventricular 
branch) was analyzed as distal segment. In the remaining cases (15, 52%) 
the distal segment of one of the three major coronary arteries was used. 
After automatic detection of the vessel centerline, the system applies a 
weighted first and second derivative function with predetermined continuity 
constraints to the brightness profile of each scan line perpendicular to the 
vessel centerline [35]. A user-defined reference diameter was measured at 
the site of the Doppler sample volume [36]. Cross-sectional area was calcu
lated from the corresponding diameter assuming a circular arterial cross
section. Coronary flow was calculated as: 

Coronary flow (ml/min) 

= CSA(mm2) Time-Averaged Peak Vel (cm/s) 0_6 
2 

where CSA is the arterial cross-sectional area at the site of the Doppler 
sample volume. Coronary flow resistance was calculated as: 
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Cor. flow resistance (mmHg·min·ml- 1
) 

=Mean aortic pressure (mm Hg) 

Coronary flow (ml/min) 

Statistical analysis 

The significance of the differences between flow velocity and cross-sectional 
area measurements and derived indexes in baseline conditions and after 
papaverine, acetylcholine and isosorbide dinitrate was tested using a two
tailed Student's t test for paired data. A two-tailed Student's t test for 
unpaired data was used to compare the diameter and flow changes observed 
in patients with different clinical angiographic characteristics. Linear regres
sion analysis was used to correlate the changes observed in cross-sectional 
area and in coronary flow and in coronary flow resistance. Analysis of vari
ance for repeated measurements was used to test the time-response and the 
variability of the flow velocity changes after infusion of acetylcholine. Statisti
cal significance was defined as p < 0.05. All data were expressed as me
an±SD. 

Results 

The heart rate was stable throughout the study, with a significant increase 
in heart rate only after the bolus injection of isosorbide-dinitrate (Fig. 3A). 
In two cases during the maximal infusion of acetylcholine short lasting epy
sodes of Mobitz I atrio-ventricular block, not requiring ventricular pacing, 
were observed. 

Aortic pressure was stable in baseline conditions and during the infusion 
of the different concentrations of acetylcholine. A slight but significant de
crease was observed at the peak effect of the papaverine and isosorbide
dinitrate infusions (- 7 and- 5%, respectively) (Fig. 3B). 

Flow velocity changes 

Table 1 reports the individual changes in blood flow velocity in the studied 
patients. 

In Fig. 4 the changes of time-averaged peak blood flow velocity were 
expressed as a percent of the baseline velocity (baseline 2). A moderate 
decrease of blood flow velocity was observed between the first baseline 
measurement (beginning of the study) and the second/third baseline mea
surement (5 min after papaverine and after the maximal concentration of 
acetylcholine, respectively, p < 0.05). On the contrary, a large increase was 
observed after papaverine injection, with a peak velocity 2.8±0.83 times 
higher than in basal conditions (baseline 2). The lowest concentration of 
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HEART RATE 
SEATS/MIN 

SAS1 PAP SAS2 8 7 6 BAS3 ISDN 
7 mg LOG (MOL) ACH 

BLOOD PRESSURE 

mm/Hg 

140 

, 

SAS1 PAP BAS2 
1 ing 

p< 0.001 

8 7 6 
LOG (MOL) ACH 

3 mg 

P' 0.002 

SAS3 ISDN 
3 mg 

P' 0.001 

A 

B 

Figure 3. A) Heart rate and B) mean aortic blood pressure during the various phases of the 
study. ACH: acetylcholine~ BAS: baseline; ISDN: isosorbide dinitrate. 
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Table 1. Clinical characteristics and flow velocity changes after papaverine and acetylcholine. 

N Patient Age Sex Hypert. Choles Vessel Wall BAS! PAY BAS2 Ach 10-8 Ach 10-7 Ach 10-6 BAS3 ISDN 
V> 
0 yrs mmol/1 irreg. cm/s cm/s cm/s cm/s cm/s cm/s cm/s cm/s 

70 M y 5.5 LAD y 22 44 22 21 18 20 21 30 
2 63 M n 5.7 RCA y 20 48 19 16 22 33 22 35 
3 68 F y 7.3 RCA y 19 40 20 20 21 32 24 22 
4 58 M n 4.9 LCX y 33 60 26 29 24 50 26 24 
5 49 M y 5.8 LCX y 44 79 26 25 25 23 23 28 
6 59 M n 6.5 LCX y 32 89 22 29 30 49 25 33 
7 50 M n 6.4 RCA y 11 41 14 19 19 26 15 24 
8 53 M y 5.6 LCX y 23 70 21 23 35 53 23 65 
9 48 M y 7.2 LAD y 17 39 17 22 41 66 20 32 

10 53 M n 5.5 LAD n 38 56 32 29 30 32 26 42 
11 66 F y 7.7 LCX y 27 65 20 19 20 37 16 26 
12 52 F n 7.4 LCX y 25 80 19 19 35 44 17 25 
13 59 M n 6.6 LCX y 22 52 24 26 28 46 24 38 
14 42 M n 5.2 LCX n 33 53 24 24 23 24 22 36 
15 54 F n 5.9 LCX y 28 71 28 28 27 43 28 43 
16 45 M n 7.1 LCX y 42 120 39 39 41 65 39 66 
17 45 M y 6.1 LAD 11 27 77 25 25 32 48 26 29 
18 44 M n 7.7 RCA y 32 68 23 21 22 67 23 43 
19 67 M 11 5.8 LAD 11 27 70 17 19 25 31 19 22 ~ 
20 67 M n 6.9 RCA y 25 66 27 27 36 72 30 39 "' 
21 71 M 11 4.7 RCA n 25 57 21 19 34 69 23 23 {J 

c 
22 45 F n 7.0 LAD n 36 90 55 40 35 120 n.r. n.r. a 
23 46 M y 6.8 LAD n 23 44 21 16 24 17 17 18 "' 
24 58 M n 5.4 RCA 11 26 66 24 20 20 18 21 30 " 25 66 M n 4.9 LCX y 15 52 11 14 42 89 17 26 "' () 

26 69 M 5.4 RCA 28 65 28 28 27 29 25 40 "' n y '2 
27 65 M n 5.9 LCX n 21 34 15 15 22 39 21 24 §: 
28 54 M y 5.3 RCA n 12 43 9 19 9 15 9 21 c 
29 56 M n 7.1 LCX y 32 65 23 17 19 18 23 19 ~ 

"' 
Mean 57 6.2 26 62** 23t 23 27' 44" 22H 32** 

"' ±SD 9 0.9 8 18 8 7 8 24 5 12 "' __, 

:j:: p < 0.02 vs BAS1; :j::j:: p < 0.005 vs BAS1; *: p < 0.05 vs BAS2; **: p < 0.002 vs BAS2. Ach =acetylcholine; BAS= baseline; Choles =cholesterol; 
ISDN= isosorbide dinitrate; n.r. =not recorded; PAY= papaverine; yrs = years. 
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BLOOD FLOW VELOCITY 
PERCENT CHANGE VS BAS2 

BAS1 PAP BAS2 8 7 6 BAS3 ISDN 
7 mg LOG (MOL) ACH 3 mg 

*= p< 0.05 **= p< 0.001 

Figure 4. Flow velocity changes expressed as a percent of the baseline flow velocity. Legends 
as in Fig. 3. 

acetylcholine did not induce significant changes in blood flow velocity. A 
28±60% increase was observed after 5 min of infusion of acetylcholine 10-7 

M (p < 0.05). At the end of the highest acetylcholine concentration rr6- 6 M) 
a more than twofold increase in flow velocity was observed ( + 10i'±l38%, 
p < 0.001). 

Time-response of the flow velocity change and flow velocity variability 
during acetylcholine infusion 

- ) 
In Fig. 5 the time-response of the flow velocity changes during the infusjon 
of the maximal concentration of acetylcholine is reported for the entire group 
(Fig. 5-A) and for all the individual cases. A significant increase of flow 
velocity was observed within 30" from the beginning of the infusion. After
wards, during the remaining infusion period, no significant flow velocity 
changes were observed in the overall study population. However, if the 
individual response is considered, only in 10 patients (Fig. 5-B) a relatively 
stable flow velocity was observed during infusion. In the remaining patients, 
despite the constant rate of infusion and the stable hemodynamic conditions, 
a large variability was observed, with cases showing a progressive increase 
or decrease during the final phase of infusion (Fig. 5--C and D, respectively) 
or a bell-shaped or biphasic response (Fig. 5-E and F, respectively; example 
in Fig. 6). The variability was more evident in the patients with a large 
velocity increase after acetylcholine. 
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Figure 5. Temporal changes in flow velocity during infusion of the highest concentration of 
acetylcholine expressed as a percent of the value before infusion (time 0). A: mean±standard 
deviation~ B: 10 individual curves showing a relatively stable flow velocity: C and D: 6 and 5 
patients showing. respectively, a progressive increase and a progressive decrease from the 
beginning to the end of the infusion: E-F: 3 and 5 cases with a bell-shaped or a biphasic response 
during infusion. B: baseline 3 (5 min after the end of the acetylcholine infusion). 

Coronary artery cross-sectional area 

Table 2 indicates the individual measurements of the mean cross-sectional 
area of the proximal and distal coronary segments. In Fig. 7 the changes in 
cross-sectional area after the three increasing concentrations of acetylcholine 
and the bolus of isosorbide dinitrate are expressed as a percent of the 
basal cross-sectional area. The injection of the two lowest concentrations of 
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0 
200 

AoP 
mmHg 

0 

-6 
ACETYLCHOLINE 10 CONTRAST 

?21146 

Figure 6. Continuous flow velocity (upper paneL VEL) and aortic pressure (lower panel. AoP) 
recorded continuously during the infusion of acetylcholine {10-6 M). Note the rapid increase 
in flow velocity after the beginning of inflation (arrow). followed by a moderate decrease in 
spite of a stable aortic pressure. Flow velocity variations are present also in the following 
minutes of infusion. before contrast injection (5 min). 

acetylcholine induced a moderate but significant reduction of the mean cross
sectional area both in the proximal segment and in the distal segment. A 
larger decrease was observed after the highest concentration of acetylcholine 
(-24 ± 20% and -22 ± 20% of the mean cross-sectional area of the proximal 
and distal coronary segments, respectively, p < 0.00001). At this concentra
tion ahnost all the studied arteries showed a variable degree of vasoconstric
tion (26/29 arteries, 90% ), (Fig. 8-A). In no cases a> 75% mean cross
sectional area reduction was observed. At the end of the infusion of the 
highest concentration of acetylcholine, focal vasoconstriction of the more 
distal branches of the studied artery was observed in 8 patients. In these 
cases also quantitative angiography showed a more severe vasoconstriction 
(-32 ± 25% vs -18 ± 22% cross-sectional area reduction of the analyzed 
segments with and without focal arterial spasm, respectively, NS). 

The presence of a preserved vasodilatory capacity of the studied artery 
was confirmed by the diffuse cross-sectional area increase after bolus injection 
of a direct smooth muscle vasodilator such as isosorbide dinitrate 
( + 16 ± 26% and + 18 ± 26% cross-sectional area increase vs baseline for the 
proximal and distal coronary segments, respectively, p < 0.002). 

Coronary flow changes 

A significant increase of coronary flow was observed only after the maximal 
concentration of acetylcholine ( +43 ± 83%, p < 0.001). The large variability 
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Table 2. Quantitative angiographic changes after acetylcholine infusion. 

N Patient Mean diameter proximal segment (mm) Mean diameter distal segment (mm) 
\H 

Ach 10 8 Ach 10 7 Ach 10 6 Ach 10 8 Ach 10 7 Ach 10- 6 

"" BAS ISDN BAS ISDN 

1.89 1.74 1.65 1.58 1.84 1.24 1.30 1.20 1.14 1.46 
2 2.82 2.82 2.50 2.36 2.87 2.87 2.40 2.59 2.21 2.69 
3 2.36 2.33 2.67 2.35 3.05 2.74 2.7I 2.57 2.35 3.02 
4 2.41 2.39 2.49 2.30 2.79 1.78 1.82 1.69 1.60 1.94 
5 2.48 2.09 2.15 1.99 2.60 1.74 1.50 1.34 1.36 1.8 
6 2.87 2.19 2.12 2.22 2.86 2.27 1.86 1.66 1.83 2.42 
7 4.00 4.08 4.13 4.28 4.21 2.23 1.95 1.89 1.92 2.06 
8 2.75 2.57 2.73 2.60 3.16 1.58 1.55 1.40 1.57 1.95 
9 1.48 1.28 1.41 1.15 1.54 1.17 0.97 1.12 1.10 1.44 

10 1.67 1.42 1.52 1.52 1.92 1.32 1.30 1.37 1.26 1.67 
11 3.00 2.98 2.85 2.62 3.06 1.40 1.42 1.39 1.21 1.47 
12 1.66 1.62 1.62 1.59 1.82 1.48 1.39 1.33 1.3I 1.43 
13 2.30 n.a. 1.97 1.38 2.02 2.I5 n.a. 1.66 1.05 1.8 
14 2.91 2.90 3.00 2.85 2.90 1.66 1.66 1.82 1.77 1.67 
15 3.20 3.18 3.15 2.96 3.12 1.50 1.37 1.28 0.98 1.36 
16 3.11 2.77 2.59 2.43 3.41 1.42 1.21 1.29 1.32 1.71 
17 2.17 1.91 1.90 1.74 1.94 1.99 1.78 1.82 n.a. 1.77 
18 2.69 2.5I 2.54 2.41 2.96 1.33 1.21 1.26 1.40 1.52 ~ 
19 2.59 2.28 2.23 2.07 2.62 1.60 1.32 1.31 1.30 1.76 " 
20 3.13 2.52 2.72 2.42 3.16 1.78 1.57 1.67 1.69 1.83 

{l 
c 

21 2.96 3.27 3.14 3.15 3.57 1. 7I 1.73 1.54 1.60 2.08 a 
22 1.52 1.43 1.62 1.49 2.21 1.36 1.46 1.42 1.09 1.99 " 
23 2.22 2.24 2.06 2.12 2.26 l. 76 1.76 1.74 1.88 2.12 i'; 
24 3.03 2.70 2.91 2.41 3.23 2.35 2.23 2.35 2.31 2.62 " 2 25 2.28 1.90 1.77 1.39 2.37 1.66 1.55 1.48 1.18 1.94 ~ 
26 2.72 2.72 2.71 2.41 3.20 1. 74 1.74 1.67 1.42 2.11 §: 
27 2.47 2.40 1.96 1.91 2.63 1.11 1.17 0.95 1.09 1.23 c 
28 3.16 3.22 3.28 3.28 3.09 1.90 1.77 1.73 1.67 1.75 ~ 
29 2.47 2.26 2.18 1.81 2.68 1.46 1.31 1.29 1.29 1.56 " 
Mean 2.56 2.42* 2.39* 2.23*** 2.73** 1.73 1.6I' 1.58** 1.50*** 1.85* ~ 

>-' 
±SD 0.56 0.62 0.62 0.66 0.60 0.43 0.38 0.39 0.38 0.42 

*: p < 0.002 vs baseline; **: p < 0.0005 vs baseline; ***: p < 0.00001 vs baseline; Ach = acetylcholine; BAS = baseline; ISDN = isosorbide dinitrate. 
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CROSS-SECTIONAL AREA 
PERCENT CHANGE VS BAS2 

PROXIMAL SEGMENT DISTAL SEGMENT 
60 

-24:20 
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*** -soL-~----~------
8 7 6 ISDN 

LOQ (MOlAR) ACETYLCHOUNE 3 JIIQ 

8 7 
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•• p<0.002; ••• p<O.OOOS; •••• p<0.00001 

Figure 7. Mean cross-sectional area changes in the proximal and distal segment expressed as a 
percent of the baseline cross-sectional area. Legends as in Fig. 3. 
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Figure 8. Cross sectional area (CSA) and coronary blood flow (CBF) in baseline conditions 
(baseline 2) and after infusion of the maximal concentration of acetylcholine (Ach 10-6 M). Note 
the almost uniform decrease in cross-sectional area and the large variability of the individual flow 
change. 

of the individual measurements for the highest concentrations of acetylcho
line is shown in Fig. 8-B. Note that at the peak concentration of acetylcholine 
10 patients showed a decrease of absolute flow and increase in coronary 
resistance. 
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Correlation of the observed results with the clinical-angiographic 
characteristics 

The flow velocity, cross-sectional area and flow changes after acetylcholine 
showed no correlation with age, sex, presence of systemic hypertension, 
total cholesterol, HDL cholesterol, HDL cholesterol/total cholesterol ratio, 
plasma triglycerides, type of studied artery and basal coronary luminal di
ameter. 

The presence of wall irregularities was associated with a larger decrease 
in luminal cross-sectional area (-27 ± 20% change vs baseline in the 19 
arteries with angiographically visible wall irregularities and -16 ± 20% in 
the angiographically normal arteries). The difference, however, was not 
statistically significant. The arteries with wall irregularities showed also a 
smaller flow increase after the last concentration of acetylcholine 
( +47 ± 30% vs +68 ± 56% in the group with smooth arterial contours, NS). 

A poor correlation was observed between flow velocity changes after 
acetylcholine and papaverine (r = 0.18 for the maximal concentration of 
acetylcholine). Similarly, the percent increase of lumen diameter after isosor
bide dinitrate was not correlated with the changes observed after acetylcho
line infusion. 

The flow changes and flow resistance changes after the maximal dose of 
acetylcholine infusion showed a poor correlation with the cross-sectional area 
changes observed in the proximal/distal coronary segments. Figure 9 shows 
the linear regression analysis performed using the cross-sectional area 
changes of the proximal segments. Also in the distal coronary segment 
analyzed a very poor correlation was observed, with a squared correlation 
coefficient of 0.01 and 0.05 for coronary flow and flow resistance. 

Discussion 

Acetylcholine is the prototype and the most frequently used pharmacological 
stimulus with a primary endothelium-independent contractile action on the 
vascular smooth muscle cells and an opposite endothelium-mediated vasodil
atory activity which is predominant in normal conditions and at physiologic 
concentrations [37, 38]. Acetylcholine was used in the in vitro experiments 
in which the role of intact endothelium in the regulation of vascular tone 
was established (1) and in the first in vivo study showing that acetylcholine 
induces severe vasospasm in human coronary arteries with significant stenoses 
[ 6]. The induction of an endothelium-dependent vasodilatation in canine 
femoral [39] and coronary [40] arteries after the application of acetylcholine 
on the arterial adventitia suggests a role of acetylcholine, the mediator of 
the parasympathetic stimulation, in the modulation of vascular tone. The 
circadian rhythm of the parasympathetic activity has been advocated to 
explain the higher incidence of acute coronary syndromes such as vasospastic 
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Figure 9. Linear regression analysis of the percent changes in mean cross-sectional area (CSA) 
of the proximal segment studied and of the percent changes of coronary flow and resistance. 
Note the poor correlation over the entire range of measurements. 

angina and myocardial infarction in the early morning. Selective intracoron
ary infusion of acetylcholine elicited vascular responses comparable to those 
observed after serotonin [ 41], a substance that is released after platelet 
activation and may contribute to the development of myocardial ischemia in 
acute coronary syndromes [17, 42, 43]. 

In this study, concentrations and flow rate of acetylcholine were the same 
used in recent reports [14, 20, 23] in order to facilitate the comparison of 
the results. Papaverine and isosorbide dinitrate were infused selectively in 
doses sufficient to induce a maximal vasodilatation of the resistance and 
conductance coronary arteries with a limited systemic effect [44]. With these 
drugs, the presence of an aspecific impairment of vascular relaxation due to 
structural changes of the epicardial and resistance coronary vessels could be 
excluded. 

Cross-sectional area changes 

The arteries studied included both angiographically normal and minimally 
diseased arteries. In this latter group the severity of coronary vasoconstriction 
was similar to that reported in two comparable series of patients by the group 
of Freiburg (-27% decrease in the present study vs -29% and -34% 
cross-sectional area decrease from baseline at the same concentration of 
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acetylcholine) [16, 23]. The angiographically normal arteries showed a 16% 
decrease in cross-sectional area from baseline, similar to the 23% decrease 
reported by Vrints eta!. [12] for normal segments of the left anterior descend
ing coronary artery at this concentration. In the present study the arteries 
without angiographically visible lesions showed a less pronounced vasoconstr
iction after the maximal concentration of acetylcholine. No significant differ
ences were present, however, between arteries with and without angiograph
ically visible wall irregularities. A possible explanation is that the atherogenic 
factors that have already induced a severe symptomatic coronary stenosis in 
our study population can be sufficient to induce the development of a diffuse 
endothelial damage also in the absence of large atherosclerotic changes. An 
alternative explanation is that angiography is not sufficiently sensitive to 
detect initial atherosclerotic changes. Epicardial and intracoronary ultra
sound imaging have shown that diffuse atherosclerotic changes are present 
in patients with coronary artery disease also in segments which have an 
angiographically normal lumen and smooth vascular contours [45-47]. Patho
logical reports have explained this phenomenon with the presence of an 
overall vascular eulargement able to preserve a normal vascular lumen de
spite large areas of wall encroachment [48]. In this study no patient showed 
a severe focal or diffuse spasm inducing a critical flow reduction and the 
development of symptoms and signs of myocardial ischemia. The character
istics of the studied population, including only patients with stable angina 
and, for the vast majority, single vessel coronary disease, may explain the 
different results observed in previous studies [7, 11, 22]. The absence of 
> 75% cross-sectional area reduction from the basal measurement suggests 
that the impairment of flow after acetylcholine is not due to a critical vaso
constriction of the epicardial arteries. A flow limitation due to focal or diffuse 
vasoconstriction of small distal branches, not analyzable with quantitative 
angiography hut visually detectable in 8 cases, is more difficult to be mled 

' out. In these patients, however, the flow changes after the maximal concen-
tration of acetylcholine were similar to those observed in the remaining cases. 

A diffuse vasoconstriction was present after the maximal concentration of 
acetylcholine in 90% of the patients studied (26/29). A progressive dose
response was observed with increasing concentrations of acetylcholine. The 
proximal and distal segments showed a similar decrease of lumen dimension. 
A moderate difference between proximal and distal segments was observed 
only after the intermediate concentration of acetylcholine (cross-sectional 
area decrease from baseline -12± 17% in the proximal segment and 
-15±15% in the distal segment, p < 0.05). At the peak concentration of 
acetylcholine, however, no differences were observed between proximal and 
distal arterial segments. Vrints et a!. [12] have confirmed the presence of 
similar changes of proximal and distal segments of the left anterior descend
ing coronary artery. A more significant vasoconstriction after acetylcholine 
of the distal coronary segments was reported by Rande' et a!. [ 49] in a 
very limited patient population (5 cases). The variability of the response to 
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acetylcholine of the proximal and distal segments observed in individual 
patients can explain this difference and probably reflects a different severity 
of atherosclerotic involvement of the two segments. 

Coronary flow and flow velocity changes 

Intracoronary Doppler was used to assess coronary flow velocity in this 
study. Technical improvements have recently increased the reliability of this 
technique for the assessment of coronary flow velocity. In particular the large 
Doppler sample volume and the use of peak blood flow velocity, allowed by 
the spectral analysis of the signal, avoid changes of the measured velocity in 
response to minor variations of the position of the Doppler probe inside the 
artery. It was so possible to minimize manipulation and repositioning of the 
Doppler probe and to avoid to exclude patients because of poor quality of 
the Doppler recordings. The accuracy in the calculation of absolute coronary 
flow from the corresponding mean flow velocity and cross-sectional area, 
however, is still limited by the difficulty of an exact measurement of the 
mean velocity and by the impossibility to acqnire simultaneously the two 
measurements. In the presence of rapid changes of flow and cross-sectional 
area such as after the injection of a bolus of nitrates, papaverine or adenosine, 
the delay between flow velocity measurement and cineangiogram may result 
in a significant inaccuracy of the flow measurements. In this study no cinean
giograms were performed at the maximal effect of the injection of papaver
ine. For this reason, absolute coronary flow after papaverine· could not be 
calculated. The presence of a larger cross-sectional area at the peak effect 
of papaverine than in baseline conditions may explain the relatively low 
coronary flow reserve (2.8±0.8) observed in this study. Based on previously 
reported angiographic measurements after papaverine, a 15-20% undere
stimation of the true flow reserve is expected [50, 51]. In this study, however, 
papaverine was used only to confirm a normal response of the coronary 
resistance vessels to a direct smooth muscle vasodilator to exclude structural 
alterations of the microvasculature as the factor limiting the flow increase. 

The lack of simultaneous flow velocity/cross-sectional area measurements 
is a serious limitation also to explain the changes observed during infusion 
of acetylcholine. Variations of flow velocity during infusion of acetylcholine 
have not been previously reported. With the previous generation of Doppler 
probes the Doppler signal was highly dependent from minor changes in the 
position of the the Doppler sample volume [52]. These changes, therefore, 
could have been misinterpreted as artifacts due to an unstable position of 
the catheter in the artery. The previously described characteristics of the 
Doppler guidewire and the modalities of signal analysis (fast Fourier trans
form, continuous automatic measurement of peak flow velocity) are ideal 
conditions for the assessment of these moderate flow velocity variations. Two 
causes can be suggested for these flow velocity variations: a true change in 
flow as the result of a variable vasodilatation of the resistance vessels over 
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Figure 10. Pressure-flow velocity loop of 4 consecutive beats at the peak effect of the injection 
of papaverine and after 5 min of infusion of the highest concentration of acetylcholine. The 
regression line has been calculated from the mid-diastolic data-points. Note the steeper slope 
of the pressure-velocity relation after papaverine and the lower pressure-intercept. 

time, or a change of the cross-sectional area at the site of the Doppler sample 
volume (flow velocity changes but coronary flow remains the same). In the 
absence of a simultaneous continuous assessment of lumen cross-sectional 
area the mechanism of these flow velocity changes remains speculative. In 
the neat future the combination of intravascular ultrasound imaging and 
Doppler may allow a continuous assessment of coronary cross-sectional area 
and flow velocity and facilitate the assessment of the dynamics of the flow/ 
area changes after acute pharmacological interventions [53]. 

In this study the flow velocity changes after acetylcholine have been 
expressed as a percent change from baseline and not as a percent of the 
maximal flow increase (after papaverine) because a moderate ( -7%) but 
significant aortic pressure reduction was observed at the peak effect of pa
paverine. A constant pressure is a prerequisite for a reliable comparison of 
a flow measured in autoregulatory conditions and during maximal vasodilat
ation [54]. Recently, the slope of the instantaneous hyperemic diastolic pres
sure-flow relation has been used in animal experiments as an index of coron
ary conductance and has been shown to be independent from changes in 
aortic pressure, heart rate and cardiac contractility [55, 56]. The instan
taneous hyperemic diastolic pressure-flow velocity relation can be reproduci
bly assessed also in humans [57, 58]. The possibility to measure an index of 
coronary conductance independent from the hemodynamic conditions at the 
time of assessment during different pharmacologic interventions and during 
maximal vasodilatation is a of great potential interest (Fig. 10). This ap
proach, however, still requires a more extensive clinical validation. 

Experimental data have demonstrated that atherosclerotic animals show 
an abnormal endothelium-dependent vasodilatation of the coronary resis
tance arteries, despite the absence of structural atherosclerotic lesions [24]. 
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The comparison of the flow response to acetylcholine in patients with coron
ary artery disease and in control subjects has confirmed an impaired flow 
increase in the coronary patients, despite the absence of significant lesions 
of the epicardial coronary arteries [23]. In this study a large variability of 
the flow changes was observed after the highest doses of acetylcholine. A 
dose dependent vasodilatation after acetylcholine was present in most cases, 
with flow increase up to 3 times the baseline flow. In 10 patients, however, 
a flow decrease was observed after the maximal concentration of acetylcho
line. The mean flow increase from baseline was +44 ± 24% at the maximal 
concentration of acetylcholine, an increase much lower than the flow increase 
observed in normal controls at the same acetylcholine concentration [23, 59]. 
No clinical or angiographic predictors of these large individual differences 
could be observed. 

A reduction of the endothelium-dependent relaxation is present in animals 
chronically maintained at an atherogenic diet with an high content of choles
terol [60, 61]. In hypercholesterolemic patients without angiographic evi
dence of coronary artery disease, an impaired endothelium-mediated vasodil
atation of the epicardial coronary arteries and of the resistance coronary 
vessels have been demonstrated [16]. Thirteen of the study patients had a 
total cholesterol level »6.4 mmol/1 (250 mg/dl). This group, however, 
showed no significant differences in terms of flow increase and vascular 
diameter changes after acetylcholine. The importance of the relative amount 
of HDL and LDL cholesterol has recently been reported to correlate more 
closely than total cholesterol with the degree of impairment of the endo
thelium-mediated vasodilatation [62]. In the studied group, however, also 
the use of the HDL!total cholesterol ratio did not identify a subset of patients 
with a different response to acetylcholine. 

Correlation of coronary area/flow changes after acetylcholine 

In this study mean arterial cross-secrional area of the epicardial arteries and 
coronary flow have been considered as independent indices of response 
of conductance and resistance coronary vessels. This assumption has three 
potential limitations: the possibility that a flow-limiting vasoconstricrion oc
curs in an epicardial artery; the development of a vasodilatation of the 
epicardial arteries secondary to the increase of flow; the use of a cross
secrional area measured along the analyzed segment to calculate coronary 
flow. In spite of all these potential reasons for interdependance, the flow or 
flow resistance changes after the maximal concentration of acetylcholine 
showed only a poor correlation with the corresponding cross-sectional area 
changes. The discrepancy between flow and cross-sectional area reflects a 
different response of the conductance and resistance arteries to acetylcholine. 
The large arteries are the preferential target of the atherosclerotic process. 
At this level the presence of intimal thickening may constitute a barrier to 
the diffusion of nitric oxide from the endothelial cells to the muscular media 

241 



Response to acetylcholine 349 

[63]. A macrophagic infiltration or the presence of a lipidic component of 
the intimal plaque may also accelerate the degradation of nitric oxide and 
prevent its action on the underlying muscular layer [37]. The importance of 
these mechanisms in atherosclerotic human arteries is indirectly confirmed 
by the frequent development of focal vasoconstriction after acetylcholine. 
Myocardial perfusion is regulated predominantly by resistance arteries < 200 
micron [64]. These arteries do not show signs of atherosclerotic involvement 
at histology, suggesting that biochemical or ultrastructural changes are the 
most likely mechanisms underlying the abnormal endothelium-dependent 
relaxation. 

These observations have potential clinical implications. A prolonged treat
ment aimed at the regression of the atherosclerotic intimal changes may be 
required to restore an impaired endothelium-mediated response when the 
presence of an intimal barrier is the main operative mechanism [ 65]. On the 
contrary, acute pharmacologic interventions or a short lasting treatment may 
be sufficient to normalize the endothelial function when metabolic abnormali
ties are involved. The possibility to normalize the endothelial response in 
hypercholesterolemia with a short-term infusion of L-arginine has been 
shown in animal experiments [66] as well as in human coronary arteries [49, 
67]. Similarly, different classes of drugs have shown the ability to restore a 
normal endothelium-mediated vascular reactivity in experimental animals 
[68-70]. 

Conclusions 

In angiographically normal or minimally diseased arteries of symptomatic 
patients with coronary artery disease, also very low doses of acetylcholine 
induced a significant coronary vasoconstriction of the epicardial coronary 
arteries. The resistance vessels showed a variable response, with a trend 
towards a moderate vasodilatation (flow increase in 2/3 of the patients after 
the highest concentration of acetylcholine). The presence of hypercholestero
lemia or wall irregularities was not correlated with the diameter/flow changes 
after acetylcholine. The poor correlation observed between cross-sectional 
area and flow changes after acetylcholine suggests that different mechanisms 
induce impairment of endothelium-mediated vasodilatation in conductance 
and resistance coronary vessels. 
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CONCLUSIONS 

Coronary angiography provides a rapid overview and effective road-map during 
diagnostic or interventional procedures, has low cost and enjoys widespread 
availability. These advantages, coupled with the continuous improvement in image 
quality and possibility of on-line quantitative analysis, suggest that angiography will 
continue to be the principal imaging technique for coronary interventional procedures. 

However, the importance of !mowing the morphological composition and functional 
significance of coronary stenoses is increasingly being recognized. The two 
intracoronary ultrasound techniques described in this thesis provide a unique insight 
into the nature of a coronary lesion. Recent investigations with intracoronary 
ultrasound imaging and Doppler have contributed significantly to our lmowledge of 
coronary artery disease and to our understanding of the response to therapeutic 
procedures. 

Whether these two techniques will prove to be cost-effective and rmd their own 
niche in clinical practice or whether they will be limited to academic research 
remains to be determined. As a logical continuation of the work reported in this 
thesis, our group has promoted or is participating in on-going multicenter studies 
addressing this question (GUIDE ll and PICTURE for ultrasound imaging, DEBATE 
for intracoronary Doppler). 
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SAMENV ATTING 

Het hemodynamjsch belang van een vernauwing kan beter worden vastgesteld, indien 
we gelnformeerd zijn over de morphologische kenmerken van de atherosclerotische 
lesie (bv excentriciteit, samenstelling van de lesie) en indien we de verandering van 
de bloedstroom ten gevolge van de vemauwing nauwkeurig hebben vastgesteld. 

De toepassing van ultrageluid en Doppler gedurende diagnostische onderzoekingen 
en thetapeutische procedures in het catheterisatie laboratorium is mogelijk geworden, 
doordat de ultra geluids catheters uiterst klein zijn gemaakt en door de recente 
ontwikkeling van een Doppler-piezo-elektrisch ktistal die gemonteerd is op een 
voerdraad. 

Het hoofdthema van dit proefschrift is het onderzoek naar de morphologische en 
functionele karakteristieken van vernauwingen in het coronair systeem met 
intracoronair ultrageluid. 

In hoofdstuk I wordt een algemene inleiding gegeven betreffende 2-dimensioneel 
intracoronair ultrageluid. In hoofdstuk 2 worden de voor- en nadelen van intra
coronair ultrageluid en kwantitatieve angiografie om vasculaire afmetingen vast te 
stellen beschreven. In hoofdstuk 3 worden de problemen van de 3-dimensionele 
reconstructie op basis van opeenvolgende intracoronaire ultrageluidsbeelden belicht. 
In de hoofdstukken 4 en 5 worden de resultaten van twee studies beschreven die de 
nauwkeurigheid van intravasculair ultrageluid bestuderen om structuur en samenstel
ling van de normale en zieke kransvatwand en de veranderingen van de vaat 
elasticiteit bij pharmacologische interventies vast te stellen. In hoofdstuk 6 wordt het 
effect van de variaties van de invalshoek van de geluidsbundel op de intensiteil van 
reflectie van de geluidsbundel door de wand van de kransslagaderen beschreven. 

Hoofdstuk 7 geeft een aigemene inleiding van het tweede gedeelte van het 
proefschrift. Hierin worden de uieuwe mogelijkheden beschreven welke intracoro
naire Doppler bied.t om het belang van coronaire stenosen vast te stellen. 

In hoofdstuk 8 worden de voordelen van spectrale analyse boven de zero-crossing 
techuiek beschreven. In hoofdstuk 9 word! de ernst van een kransslagader vemau
wing bepaald met behulp van de maximale bloedstroomsnelheid ter plaatse van de 
vemauwing, gebruikmakend van de continulteitsvergelijking. In hoofdstuk 10 worden 
de beperkingen beschreven van het bepalen van de "coronary flow reserve" om de 
resultaten van ballon angioplastiek vast te stellen. In hetzelfde hoofdstuk en de 
hoofdstukken 11, 12 en 13 worden andere mogelijkheden voorgesteld om de ernst 
van coronaire stenoses vast te stellen gebaseerd op de relatie tussen gelijktijdig 
geregistreerde transstenotische dtuk gradient en bloedstroom snelheid tijdens de 
hartcyclus. 

In het laaste hoofdstuk wordt een studie beschreven die werd uitgevoerd bij 29 
patienten om het effect van selectieve infusie van de endothelium afhankelijke 
vaatverwijder acetylcholine op de afmetingen van de epicardiale kransslagaderen en 
de bloedstroom snelheid vast te stellen. Door ntiddel van deze methode werd de 
relatie tussen endothelium afhankelijke veranderingen van de epicardiale en de 
weerstands kransvaten onderzocht. 
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