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4. Amplitude/phase images as a temporal eondensate of the 

averaged eardiae eyele. 
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FO RE WORD 

By A. Bertrand Brill, MD, PhD. 

The value of nuclear medicine imaging procedures, de­

rives from the physiological and biochemical functional 

information they provide non destructively on living sys­

tems. The development of improved instrumentation capable of 

imaging the body in three spatial dimensions (tomography), 

and a fourth temporal dimension has been facilitated by the 

rapid development in computing technologies. These in turn 

have made it feasible to develop and ~se new short-lived 

tracers for the study of processes with fast time constants. 

Together, these innovation now make it possible to analyze 

biological kinetics in vi YO. The abili ty to view those 

images and to assimilate these data in a meaningful way 

poses many challenges. Key to the analysis of such data is 

the development and use of appropriate mathematical models 

to reveal essential features of the biological system, its 

alteration in disease, or its response to interventions of 

various kinds (exercise, drugs, etc ... ), for each individual 

subject studies. 

Modeling of vascular transients is simplified by the 

possibili ty of measuring at mul tiple si tes along perfused 

channels, and well established methods exist for such ana­

lyses. Organ kinetics, using models of processes that inter­

vene between the inflow and outflow, are al so used in diag­

nostic and metabolic research. The task of modeling and 

analyzing projeetions of organs and interpreting function in 

sub element s of complex structures with multiple overlapping 
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cross connections is extremely complex, and has yet to be 

solved. 

This book presents an approach which utilizes a simple 

model in which each local picture element (pixel) or volume 

element (voxel) is fit along the time line by a smoothed 

curveo The curve is fit by sums of sine and cosine terms 

using a Fourier transform, and the phase and amplitude of 

the first harmonic are displayed. The utili ty of this 

approach has been weil accepted in the area to which it has 

been applied most widely - Le. nuclear cardiology and 

analysis programs to produce such results are now available 

on most nuclear medicine computer systems. The authors 

pioneered in the development of these systems and have done 

an admirable job in describing the method and illustrating a 

number of different potentially important applications. 

The first chapter provides an explicit, and yet 

intuitively clear description of the essential features of 

the method. The second chapter describes the use of the 

technique in analysis of a transient phenomenon - superior 

vena cavography - based upon first-pass tracer kinetics. 

Despite the fact that the data are noisy and only poorly fit 

by a sinusoid curve, the phase and ampli tude images reveal 

flow pattern abnormalities in patients with thyroid enlarge­

ment and SVC obstruction brought out by neck flexion which 

are not as obvious in traditional t max ' and transit time 

images. The third chapter illustrates the use of the method 

in analysis of pulmonary transients, where respiratory-gated 

transmission patterns are shown to provide clear evidence of 

regional variations (phase and amplitude changes) which 

correlate with normal physiology and provide evidence of 

localized changes in patients with COPD. The role of diffe­

rent breathing and therapeutic maneuvres is illustrated and 

provides physiological confirmation of interest to pulmonary 
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medicine. Whether these simple transmission-gated pulmonary 

studies provide similar patterns as revealed by the more 

complex radioactive gas ventilation studies, or radio­

aerosol distributions remains to be determined. 

As aprelude to the remaining chapters in the book 

which deal with nuclear cardiology applications, the authors 

compare the signal and noise content of phase/amplitude 

imaging with conventional functional images (stroke volume, 

ejection fraction) and show the improvement obtained by use 

of the temporal Fourier transform method. The small 

contribution of higher harmonics is shown to be negligible 

in terms of global power density criteria. Whether local 

information of importance can be extracted from the higher 

order shape analyses remains to be established. In any case, 

other means of attacking that problem in physiologic terms 

are worthy of continued attention. 

The remaining chapters focus on the clinical testing of 

the phase and amplitude images and parameters in nuclear 

cardiology. A comparison of wall motion (WM) abnormalities 

is presented using contrast angiography as the gold 

standard. When only the diagnosis of normal vs abnormal wall 

moti~n is analyzed, the sensitivity and specificity of the 

radionuclide WM images is enhanced impressively. 

Results in patients found to have coronary artery le­

sions by X-ray coronary angiograms are presented which show 

an impressive score for their methodology - i.e. complete 

agreement on specificity and high sensitivity for the diag­

nosis based on a abnormal rest or exercise study. 

Studies in a large number of patients admitted to their 

coronary care unit with transmural myocardial infarction 

were conducted within 72 hours of admission and 8-12 days 
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thereafter. Correlations of the lesion locations and the 

findings with the radionuclide studies are presented which 

have relevance to the efficacy of different means of 

acquiring the data (different views for different lesion 

locations). Like other investigators, they find that 

ejection fraction alone is not an adequate descriptor of 

infarction, and that quantitative analysis of asynchrony in 

wall motion is also needed. The next chapter follows 

logically in that conduction disturbances per se involving 

left and right bundle branch blocks are clearly distinguis­

hed on the basis of phase shifts. 

The concluding chapters deal with the methodology and 

variations that may inc reas e its range of application and 

enhance its utility. Given that higher order harmonics are 

not needed for preservation of the information in phase and 

amplitude images, they show that four images through a 

repetitive cycle are an adequate representation of the 

temporai variation observed in the nuclear cardiography 

studies. Thus, it becomes possible to gate in core, high 

resolution (128 x 128) images of dynamic processes in real 

time. This has real attraction for the routine application 

of these methods in busy clinics. Further, they show that it 

is possible to achieve temporal contrast enhancement by the 

use of background substraction techniques using the minimum 

value in each pixel as its individual baselineo 

The last chapter in the book illustrates a variety of 

indices that can be derived from the gated nuclear 

cardiology studies. These parameters were classified using 

principle component analysis methods along with classical 

measures, such as blood pressure and heart rate data. A 

distinct separation between patients with triple vessel 

disease and anterior wall motion abnormalities was achieved 

from patients with posterior wall motion abnormalities. The 
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different parameters that can be extracted from these images 

provide an interesting data set to test the utility of 

classification techniques for use in differentiating 

patients with different underlying abnormalities. 

This remarkable book presents a comprehensive descrip­

tion of a method and a broad test of its applicability. It 

is the result of the collaborative efforts of a physician -

Dr A. Bossuyt - and a physicist - Dr F. Deconinck - who 

together have significantly advanced a method and tested it 

in a rich set of applications. The book prov ide s an example 

and a challenge to future workers in the field and deserves 

careful reading by scientists and physicians alike. The role 

of the method extends beyond nuclear medicine and deserves 

attention in the various digital imaging and tomography 

analysis procedures where large amounts of data are obtained 

and efficient methods are needed for their analysis and 

display. 

A. Bertrand Brill, M.D., Ph.D. 
Director, Medical Department 

Brookhaven National Laboratory 

Upton, Long Island, 

New York 11973 

U.S.A. 
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INTRODUCTION 

Conventional nuelear medieine proeedures study the dis­

tribution of radiolabelled eompounds (radiopharmaeeutieals) 

in the body under physiologieal as well as under 

pathologieal eonditions. Beeause of their ability to visua­

lise and to quantify the distribution of radiopharmaeeuti­

eals within the body by means of external deteetors, nuelear 

medieine teehniques are basieally non invasive and funetion 

oriented. The spatial variation of the traeer distribution 

in the field of view, or the ehange in distribution during a 

time interval are interpreted as representing speeifie phy­

siologie or pathophysiologie processes. As eompared to other 

diagnostie imaging teehniques, the spatial resolution of 

seintigraphie images is rather poor, their temporal resolu­

tion is good. 

Faetors that will therefore determine the ultimate diag­

nostie value of a seintigraphie study inelude 

1. The speeifieity of the labelled eompounds for the process 

under study, 

2. The resolution in time and space of the instrumentation, 

and its ability of measuring quantitatively tissue 

aetivity eoneentrations, 

3. The formulation of physiologieal or pathophysiologieal 

models from whieh the distribution of the traeer ean be 

predieted. 
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While interpreting nuclear medicine data, the interrelations 

between these factors should permanently remain under consi­

deration. 

The generalised use of minicomputers has resulted in 

major advances in information processing in nuclear medicine 

imaging procedures. Central to this is image digitisation. 

The digitised image is stored and handled as a matrix, the 

size of which is usually limited to 64 x 64 (up to 256 x 

256) picture element s (= pixels). Information processing in 

nuclear imaging can cover two fields. In the first place, 

image enhancement and image restoration techniques are used 

to improve the localisation in time and space of the 

detected signals e.g. the visual appearance of an image may 

be improved by the use of filtering techniques or 

tomographic reconstruction techniques may be applied to 

convert the original data to images better suited for visual 

analysis. On the other hand, digital image analysis is 

concerned with the extraction of quantitative information or 

with the extraction of more relevant functional parameters 

from the original images. 

The visualisation of organ function using functional 

images in which the value of each picture element represents 

a measure for the functional integrity of that anatomical 

structure is essential to the development of nuclear 

medicine procedures. Examples of the display of organ 

function in the form of a visual image are as old as imaging 

in nuclear medicineo Functional mapping of organ systems may 

be achieved either by the development of more specific 

radiopharmaceuticals, or by computing mo re complex 

parameters using a functional model of the organ. Therefore 

2 types of functional images are currently distinguished 

from each other (1). 
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1. Direet funetional images in whieh some partieular pro­

perty of an intrinsie metabolite or radiopharmaeeutieal 

is used to image direetly a metabolie pathway or the 

physiology of an organ. 

2. 1ndireet or parametrie images whieh involve the mathema­

tieal manipulation of aset of images in order to eompute 

and display some more eomplex aspeet related to the 

physiology of an organ. 

Examples of direet funetional images would be the use of 

131 1 to visualise the areas in the thyroid of greater or 

lesser funetion, the use of (18F)-2-fluoro-2-deoxyglueose to 

study the metabolie state of brain or myoeardium, the 

visualisation of regional perfusion after injeetion of 

labeled mierospheres. Examples of parametrie images may be 

the ventilation/perfusion ratio images of the lungs, or the 

regional ejeetion fraetion images of the left ventriele. 

Parametrie funetional images were originally introdueed 

in nuelear medieine as a method for effeetively dealing with 

the vast amount of data in a dynamie image series (2,3,4). 

As such they represent a form of data compression, 

representing in a single image the eharaeteristies of the 

temporal variations of aetivity in all the pixels of the 

field of view. The deteetion of regions of aseene whieh ean 

be seen to ehange from frame to frame in a time series of 

images has also been a subjeet of investigation in other 

fields, not related to biomedical applieations of image 

proeessing. For instanee in the field of remote sensing, 

where eorrelation methods are used for the study of eloud 

motion in weather satellite pietures (5) and for the 

deteetion of regions of seasonal ehange in pietures returned 

by various Mars missions. However, most image proeessing 

teehniques de al al most exelusively with spatial information 

and not with the time information present in a dynamie 
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131 1 to visualise the areas in the thyroid of greater or 

lesser funetion, the use of (18F)-2-fluoro-2-deoxyglueose to 

study the metabolie state of brain or myoeardium, the 

visualisation of regional perfusion after injeetion of 

labeled mierospheres. Examples of parametrie images may be 

the ventilation/perfusion ratio images of the lungs, or the 

regional ejeetion fraetion images of the left ventriele. 

Parametrie funetional images were originally introdueed 

in nuelear medieine as a method for effeetively dealing with 

the vast amount of data in a dynamie image series (2,3,4). 

As such they represent a form of data compression, 

representing in a single image the eharaeteristies of the 

temporal variations of aetivity in all the pixels of the 

field of view. The deteetion of regions of aseene whieh ean 

be seen to ehange from frame to frame in a time series of 

images has also been a subjeet of investigation in other 

fields, not related to biomedical applieations of image 

proeessing. For instanee in the field of remote sensing, 

where eorrelation methods are used for the study of eloud 

motion in weather satellite pietures (5) and for the 

deteetion of regions of seasonal ehange in pietures returned 

by various Mars missions. However, most image proeessing 

teehniques de al al most exelusively with spatial information 

and not with the time information present in a dynamie 
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series of images. In biomedical imaging, as most 

physiological events are the result of combinations of 

spatial and temporal interactions, the time information is 

of particular importance. Time information is available 

among others in radioscopic, angiographic and echographic 

procedures. In nuclear medicine the measurement of the time 

sequence of the event as a parameter reflecting a 

physiological process, is inherent to the tracer 

methodology. 

Different approaches can be used for the calculation of 

the parameters to be represented in a functional image. 

Pattern recognition methods such as factor analysis (6) or 

principle component analysis calculate the parameters which 

allow the best classification of images betweeA a number of 

categories. No a priori knowledge of a physiological model 

for the function under study is therefore required. 

Different renal and cardiac functional imaging procedures 

have been proposed using this approach (7,8). The method 

does not determine true physiological factors related to the 

existence of an underlying physiological model. This limits 

the interpretability of such procedures. However, because 

factor analysis enables the gamma-camera measurements to be 

described in relation to the unknown model and because it 

furnishes a lower limit to the number of elementary 

structures of the model, it can be applied with success as a 

first approach to the analysis of the underlying 

physiological model in different routine dynamic 

scintigraphic studies (9,10). 

An alternative approach relies upon some a priori 

physiological model of the scintigraphic study to describe 

the response function to the tracer administration (the 

input) . 
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Mathematically, 2 general techniques may be used for the 

description of the response to input function : Fourier 

analysis and the Green function method. The Green function 

method describes the input as an infinite series of 

successive impulses of varying amplitude and calculates the 

impulse response.This principle was successfully applied in 

nuclear medicine for the calculation of transit times in 

renograms and in cerebral blood flow studies (11,12). These 

applications were limited to the analysis of curves and 

provide only globalised information on regions of interest 

in the image series (e.g. hemispheres, kidneys). Fourier 

analysis considers the input function as the sum of an 

infinite number of harmonic functions of varying frequency, 

amplitude and phase and calculates the response function to 

a sinusoidal input. 

The work presented here involves the application of a 

temporal Fourier transform (TFT) as a functional imaging 

procedure. The variations in count rate occuring during a 

given time interval in a dynamic series of scintigraphic 

images are analysed in order to visualise regional time 

patterns in terms of magnitude and timing of the count rate 

changes. Amplitude and phase of the fundamental frequency 

(1st harmonic) are computed and displayed on a pixel per 

pixel basis in appropriate color codes. 

The application to scintigraphic image processing of a 

Fourier transform in the time domain originates from the 

demands for data processing of radionuclide ventriculography 

(13). The principle may well, however, be applied to other 

scintigraphic procedures. Radionuclide ventriculography 

involves the evaluation of ventricular performance by means 

of radioactive tracers that remain within the intravascular 

space during the period of study. Due to this lack of 

specificity of the tracer, quantification of hemodynamic 
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parameters is almost exclusively determined by the 

possibilities of data processingo The approximation of the 

changes in ventricular count rate by a sinusoidal function 

was introduced by Schelbert (14) for the calculation of left 

ventricular ejection fraction from first pass 

angiocardiographic studies. The use of first harmonic 

amplitude and phase functional images to visualise which 

parts of an image showed periodic changes in activity 

synchronously with the heart frequency was first described 

at Ulm (15,16). At present due to its predominant role in 

parametric heart imaging, ampli tude/phase analysis is 

considered as an essential requirement of software packages 

for nuclear cardiology (17). To major facts have contributed 

tothis: 

1. In terms of amplitude and phase, 2 main diagnostic 

problems, "extent of regional contraction" and 

"coordination of motion", can be solved by onlyone 

algorithm. 

2. The introduction of temporal criteria such as phase 

shifts provides a computationally inexpensive tool for 

the quantitation of ventricular synchronism by means 

of phase distribution functions. 

The guide-line in this monography is the chronological 

evolution of our insights in the interpretation of 

ampli tude/phase patterns in dynamic scintigraphic imaging. 

Since 1977 we developped in our hospital a TFT as a 

functional imaging procedure on a dedicated nuclear medicine 

minicomputer system, (Informatek Simis 4), allowing a 

generalised application of amplitude/phase analysis in 

routine clinical use. The first 3 chapters describe the 

potential applications of a TFT as a functional imaging 

procedure. The first chapter is based on an intui tive 

formulation of the concepts of amplitude and phase as 

parameters for functional imaging. The methodological 
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aspeets involved with the use of a TFT as a "general 

purpose" funetional imaging proeedure are deseribed. The 

elinieal applieability of these eoneepts is illustrated with 

superior vena eavography as an example of a transient 

phenomenon and with the study of regional breathing patterns 

by means of dynamie transmission seintigraphy as an example 

of a periodie phenomenon (Chapters 2 and 3). The rest of the 

monograph is devoted to data proeessing of equilibrium gated 

eardiae blood pool studies. Chapter 4 deseribes the 

amplitude and phase images in general as a temporaI 

eondensate of an averaged eardiae eyele. The elinieal 

applieability of amplitude phase images for the assessment 

of regional wall motion disturbanees is evaluated in Chapter 

5. Chapters 6 and 7 are both elinieal studies of patients 

with eoronary artery disease in whieh the evaluation of 

regional wall motion is essential. Chapter 8 deseribes the 

alterations in amplitude phase patterns resulting from 

disturbanees in eleetrieal aetivation of the ventrieles. 

From these elinieal applieations, based on a purely 

subjeetive deseription of amplitude phase images evolved a 

more fundamental insight into the eharaeteristies of 

optimisation proeedures for the visualisation of 

aetivity/time relations in seintigraphie studies (Chapter 

9). Finally, Chapter 10 defines indiees of eardiae status 

whieh quantify struetural ventrieular disorders in terms of 

magnitude and timing of motion. This opens new perspeetives 

for the measurement of the efficiency of the heart, 

deseribing the ventrieles as anisotropie pumps. 
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1. THE TEMPORAL FOURIER TRANSFORM AS A GENERAL APPROACH TO 

FUNCTIONAL ISOTOPIC IMAGING. 

1.1. AMPLITUDE AND PHASE AS PARAMETERS FOR FUNCTIONAL 

IMAGING. 

Any funetion f(t) that is periodie with the frequeney 

w = 2 jTi T (T = P e rio d) e a n b e w r i t t e n ma the m a t i e a 11 yas : 

f(t) = AD D frequeney term - average 

value 

+ Al eos ( wt + <1>1) 1st harmonie - fundamental 

frequeney 

+ A2 eos (2 wt + <1>2 ) 2nd harmonie 

+ A3 eos (3 wt + <1>3) 3rd harmonic 

This mathematieal procedure which analyses a periodic 

function into its harmonic components is called Fourier 

analysis. 

Figure illustrates graphically that any periodic 

function is equal to a sum of simple harmonic functions. 

These functions are defined by their respecti ve ampli tudes 

(Al' A2' A3 ,···) and phases (<1>1, <1>2, <1>3). 
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Fig. 1. Graphical representation of Fourier analysis. One 

period is shown. 
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Our aim is to discuss the application of a discrete 

temporai Fourier transform (TFT) on a time series of images, 

concentrating on the change in the information contained in 

each pixel as a function of time over the image series (1). 

The data present in the image of a dynamic series vary 

as a discrete function of time (t) and space (x,y). Each 

pixel in the series is proportional to a number of photons 

(counts) detected in that particular point (x,y,t) to which 

the pixel corresponds. In the eas e of periodic phenomena, 

the number of counts accumulated in a fixed pixel, varies 

periodically as a function of time at a frequency equal to 

the frequency of the periodic phenomenon, such as 

represented in figure 1. From the mathematical point of 

view, any function f(t) which is not periodic but defined 

within an interval (-L,L), such as in transient phenomena, 

can be made periodic by defining f(t + 2L) = f(t). Fourier 

analysis can then be applied to this newly defined funetion. 

Therefore a time window corresponding to the transient 

phenomenon has to be choosen (Fig. 2) as this window defines 

the interval (-L,L). 

Numb@'f 01 counts In pru'l 

t\------, \ 

I \ , \ 

\ 
\ 

\ 

" I / 
'.V 

I 
I 
I 
I 

L----L~--"-'SI--"-Qn-.. -,-w-'n-d-ow-------L----------~tj'~ 

Fig. 2. The transient change in activity approximated by a 

sine funetion. 
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Let I (x,y,t) = I 1 (x,y), I 2 (x,y), ... , Ii(x,y), ... , In(x,y) 

be the original image 

The funetion I (x,y,t) 

I(x,y,t,) = AO(X'y) 

series (periodie or made periodie). 

ean be written as: 

+ B1 sin wt + C 1 eos wt 

+ B2 sin 2 wt + C2 eos 2 wt 

+ B3 sin 3wt + C3 eos 3 wt 

+ 

üth harmonie 

1st harmonie 

2nd harmonie 

3rd harmonie 

For eaeh pixel (x,y), Aa, B1 , C1 , ... , B j , Cj , ... ean be 

ealeulated. (to shorten the notation, we delete the 

braekets (x,y)) 

1 n 2 n 211 Ao n- L I i B. n- L I i sin { j (i-I)} 
i = 1 J i = 1 n 

2 n 
211 Cj = n- L I . co s { j (i-I)} 

i = 1 J n 

Introdueing the amplitude and the phase yields for eaeh 

pixel: A = (B2 + C2) 1/2 

<I> = aretg (-B/C) 

I(t) = Aa ath harmonie 

+ A1 eos ( wt + <I> 1 ) Hh harmonie 

+ A2 eos (2 wt + <1>2 ) 2nd harmonie 

+ A3 eos (3 wt + <1>3) 3rd harmonie 

+ 

The power expansion is exaet in the li mit where the 

harmonie ~ oo or, when the funetion I(t) is limited in 

frequeney, one e the highest harmonie present in the funetion 

is reaehed. 

In this monograph we will eoneentrate mostly on the 

fundamental frequeney of the phenomenon. Caleulating the 

first harmonie ampli tude and phase for eaeh pixel is 

equivalent to fitting a sinusoidal funetion A sin (wt + <1» 

to the periodie variation of the number of eounts. A is the 

amplitude of the fitted sine funetion and 1> is the phase of 

the same funetion. 
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A fit on all (e.g. 4096) pixels of the eonseeutive 

images of the dynamie series will yield the two funetional 

parameters for ea ch pixel, the ampli tude and the phase 

respeetively. The two parameters are used to yield two 

funetional images. The amplitude image shows the amplitude 

of the harmonie component of the ehange in information at 

the fundamental frequeney of eaeh pixel during the periodie 

eyele.The phas.e image shows the relative phase of the 

harmonie component of the ehange in information, again 

ealeulated for eaeh pixel during the whole eyele. By analogy 

images representing second or higher harmonie amplitudes and 

phase ean also be ealeulated. 

1.2. THE CALCULATION OF THE FUNCTIONAL IMAGES 

Let 11' ... ' Ii' ... , In be the original image series. 

Two images, respeetively Ieos and I sin are ealeulated : 

n 211 
Ieos = L I. eos { i - 1 ) } 

i=l 1 n 

n 211 
I sin = L I. sin i - 1 ) } 

i=l 1 n 

The amplitude image I AMPL is given by 

The phase image I PHASE is given by 

I PHASE = aretg (- Isin/leos) 

13 

Figure 3 illustrates how both funetional images are 

generated in the ease of an equilibrium gated eardiae 

blood pool study. All images (a) are multiplied with their 

respeetive cosine (b) and sine (e) values. Both series are 

added to form the cosine and sine images (d). From these 

images, amplitude and phase images are ealeulated. (All 

color illustrations are to be found at the baek of the book:. 
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1.3. SIMULATION STUDIES 

1.3.1. Periodic phenomenon 

A 64 x 64 image matrix was constructed in which each 

pixel was numbered between 0 and 4095, starting from 0 at 

the bottom right. How by row, each pixel was filled w'i th a 

number of counts equal to the pixel number, giving rise to 

an image with smoothly increasing intensity from bottom to 

top (Fig. 4). The image defines the color code used for the 

amplitude display. In order to simulate a periodic 

phenomenon, the image was rotated sixteen times around the 

image center over respective angles of (n x 0.39) radians (n 

= 0 to 15) to yield sixteen images in which the data rotate 

once during one complete cycle. 

The amplitude image shows the linear increase in 

amplitude from the center of the image towards the border 

where the variations in count rate are maximal during the 

rotatory movement. The color code is shown on the extreme 

left border of the image. The phase image shows the 

continuously increasing phase angle represented by a cyclic 

color code. The phase image defines the color code used for 

the phase display (ef. 1.4.1.). The corners of the amplitude 

image show an artifact which is not seen on the phase image. 

The changes in count rate at the corners of the image are 

strongly non-harmonic and approach repetitive impulses. A 

fitted sine function will only reflect the exact amplitude 

in the eas e of a pure harmonic function. 
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1.3.2. Non-periodie phenomenon 

An image -matrix was eonstrueted in whieh the data was 

eonfined to nine lines, with a normal distribution of the 

eounts over the eolumns and a eonstant distribution over the 

rows (Fig. 5). In order to simulate a first pass study, the 

image was shifted down over 4 matrix elements fifteen times 

to yield sixteen images in whieh the data roll down one e 

during the study. The amplitude image shows a eonstant 

amplitude over the image surfaee. The phase image shows the 

inereasing phase angle representative for the time of 

transit between top and bottom. 

1 

Fig.5. Simulation study of a non periodic phenomenon 

15 

1.3.2. Non-periodie phenomenon 

An image -matrix was eonstrueted in whieh the data was 

eonfined to nine lines, with a normal distribution of the 

eounts over the eolumns and a eonstant distribution over the 

rows (Fig. 5). In order to simulate a first pass study, the 

image was shifted down over 4 matrix elements fifteen times 

to yield sixteen images in whieh the data roll down one e 

during the study. The amplitude image shows a eonstant 

amplitude over the image surfaee. The phase image shows the 

inereasing phase angle representative for the time of 

transit between top and bottom. 

1 

Fig.5. Simulation study of a non periodic phenomenon 



16 

1.4. DISPLAY OF AMPLITUDE AND PHASE 

1.4.1. Cyclic color seal e 

The amplitude can be visualised using an incremental 

code (color or monochrome). The phase however is a cyclic 

parameter and the only possible choice for an unequivocal 

visualisation is a cyclic color code (2). We therefore 

developed a color code in which each phase angle can be 

represented by 240 color levels in such a way that the three 

basic colors of the TV are located at 120 degrees from each 

other (Fig. 4.c.) 

For comparison, figure 6 illustrates how the phase 

image of the simulation study is represented in different 

conventional color codes. Note that the cyclic color code 

associated with the TFT allows a much higher phase 

resolution than the sampling frequency of the acquisition. 

The phase image is displayed as a 64 x 64 im age matrix 

without interpolation. Interpolation is used in digital 

image restoration to overcome the effect of the discrete 

spatial sampling rate. The original image can be restored by 

applying sine interpolation to a finer grid, or by bilinear 

interpolation. A typical gr id is 256 2 . The interpolation 

assumes continuously changing spatial structures. In 

functional imaging such a phase imaging, the parameter 

changes may not be continuous but abrupt, e.g. phase changes 

between the ventricles and atria. The interpolation between 

sharp transitions yields smoothly varying values of the 

parameters that are nor mathematically, nor clinically 

acceptable. In the particular case of phase imaging, the 

parameter which is displayed is cyclic with a modulus of 

360 0 or 271, In the literature, it is common to find phase 

values in the atria centered around O° or 360 0 with pixels 

of both values situated next to each other. Despite the 
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differenee in pixel value (0 or 360), they represent the 

same phase angle. Interpolating between those pixels 

introduees pixels with phase values of 180 0 whieh, again, 

are nor mathematieally, nor elinieally aeeeptable. We 

therefore always show the phase images without 

interpolation. 

1.4.2. Amplitude modulated phase display 

Whenever the amplitude is zero the phase is undefined. 

In regions with low aetivity variations, the phase images 

show large amounts of noise, Therefore it might be useful to 

combine the phase and amplitude images by modulating the 

phase image by the amplitude image, Le. to brighten it 

differentially in those regions where amplitude exeursions 

are greatest. As the visual pereeption of eolors is strongly 

funetion of their intensi ty, we have not adopted that 

display technique. 

In order to eliminate erroneous phase values indueed by 

noise, all pixels with an amplitude below a given threshold 

are set black in the phase display (Fig.3e). The threshold 

value is ehoosen in funetion of the statistieal noise in the 

original data series (3). 
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1.4.3. Amplitude/phase distribution 

The display of the amplitude and phases on a pixel per 

pixel basis as functional images allows to identify their 

spatial distribution. A complementary approach consists in 

calculating the (amplitude weighted) phase distribution 

function within a particular region of interest (RaI) (3, 4, 

5). The phase distribution function is then represented as a 

histogram using the same color code as for the phase image 

display (Fig. 3e). Originally, phase distribution histograms 

were developed as an aid to the comprehension of phase maps 

displayed in incremental color codes with interpolation (3). 

However, it is a standard technique in digi tal image 

processing to analyse statistically the shape of the first 

order image histograms as a means of concise image feature 

extraction (6). Their use in phase maps stimulated the 

search for describing regional wall motion quantitatively 

in a standardis ed manner by the calculation of numerical 

parameters of the phase distribution in each region (7, 8). 

The phase distribution can also be displayed in polar 

coordinates with a cyclic color code rather than in an 

orthogonal coordinate system (9). 

An al terna ti ve display represents the ampli tude/phase 

distribution in a complex plane (10). In that approach, each 

point (x,y) within a RaI is transformed into a point (X,Y) 

of the complex plane such that 

x + iY = Al(x,y) (eos <l>l(x,y) + isin <l>1(x,y)) 

Thus for each point (x,y), the length of its transformed 

vector corresponds to its amplitude, the angle to the phase 

angle. The intensity of the X,Y point corresponds to the 

number of (x,y) pixels with identical amplitude and phase. 

Instead of the amplitude, the regional ejection fraction can 

be used as vector length. 
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1.5. DISCUSSION 

This chapter was not intended as a comprehensive 

description of the discrete Fourier transform, but rather as 

an introduction to the concepts of first harmonic amplitude 

and phase, as used in functional imaging. For a more 

comprehensive description of discrete Fourier transforms, 

the reader is referred to the specialised literature (6, 11, 

12) . 
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2. AMPLITUDE / PHASE IMAGING OF TRANSIENT PHENOMENA: 

SUPERIOR CAVOGRAPHY. 

2.1. INTRODUCTION 

Many nuelear medieine proeedures study the impulse/res­

ponse of an anatomieal strueture to the administration of a 

radioaetive traeer loealised in time. The most straightfor­

ward example is probably radioisotope angiography. Whenever 

a radiotraeer is injeeted intravenously the first transit 

through an organ ean be followed in order to estimate the 

regional blood flow. The teehnieal requirements are: a bolus 

injeetion of the traeer and the aequisition of a dynamie 

series of images with suffieient time resolution. The most 

important limitation of first pass studies is the poor 

signal to noise ratio in the individual images. Quantifiea­

tion is therefore generally redueed to the ealeulation of 

time/aetivity euryes within a region of interest. In that 

way most of the spatial information is lost. 

Parametrie funetional images of first transit regional 

blood flow studies ealeulate for eaeh pixel the maximum 

(max) and the maximum appearanee time (tmax) during the time 

interval of the first passage of the traeer (1). These 

images are strongly dependent on statistieal noise. We 

therefore eompared amplitude and phase images with 

eonventional max or tmax images for superior vena eaval 

imaging. Isotopie eavography was used to study mediastinal 

flow obstruetion indueed by retrosternal goiters. 
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Although rare, a benign superior vena cava syndrome can 

have numerous etiologies, substernal goiter being one of 

them (2). In this study we describe 5 patients, 3 of them 

with substernal goiter associated with a superior vena cava 

syndrome. In 2 of them, the syndrome presented an 

intermittent waxing and waning pattern. We suspected the 

degree of neck flexion to be responsible for the position of 

the substernal goiter relative to the great veins in the 

mediastinum: neck flexion could result in further descent of 

the substernal goiter and thereby enhance venous 

compression. To test this hypothesis, radionuclide superior 

cavography was performed first with the neck in extension 

and repeated with the neck in flexion. The results of these 

3 patients were compared to those obtained in 2 patients 

with substernal goiter without clinically apparent superior 

vena cava obstruction and in 5 control subjects. 

2.2. DATA ACQUISITION AND PROCESSING 

Radionuclide superior cavography was performed with the 

patient immobilised in supine position the arms spread 

apart. A large field of view gamma camera was positioned 

anteriorly above the upper thorax and neck. After 5 minutes 

of immobilisation in this position to allow cardiac output 

to return to steady state resting values, equal doses (1.5 

to 2 mCi in ml volume) of 99 mTc pertechnetate were 

injected simultaneously as bolusses into symmetric veins of 

each arm, with the neck of the patient in extension. One 

hundred 0.5 see digitised images were obtained. During the 

whole procedure norm al tidal breathing was asked for, to 

avoid alterations in blood flow induced by Valsalva 

manoeuver. Thereafter, the whole procedure was repea ted as 

described above, with the subject's neck 45 degrees flexed 

by positioning a pad under his head. 
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From the original images a series of 24 successive 

images was selected starting with the first image on which 

both bolusses were visualised in the gamma camera field of 

view. After preprocessing by a 9 point spatial smoothing and 

a time smoothing with kernel (1,2,1), the image series was 

used for the calculation of max, tmax, first harmonic 

amplitude and phase functional images. From the images 

obtained, we analysed the flow pattern of the tracer, the 

presence 01" absence of collateral circulation, the site of 

venous obstruction and the transi t time (TT), defined here 

as the duration of tracer passage from the subclavian veins 

to the right atrium, in whatever way this occured. 

The study group consisted of 5 patients with substernal 

goi tel"; of these 3 presented wi th a the superior vena cava 

syndrome (cases 1,2 and 3), while the other 2 patients 

presented with an asymptoma tic superior mediastinal mass, 

detected on chest radiography, without signs 01" symptoms of 

superior vena cava obstruction (cases 4 and 5). The control 

group consisted of 5 subjects without thyroid disease OI" 

superior vena cava syndrome, and normal mediastinum on chest 

roentgenogram. 

2.3. RESULTS 

Figure 7.a shows the preprocessed series of images 

representing the first transit of the tracer through the 

mediastinum in a normal control subject. Figure 7.b 

represents the max, tmax, amplitude and phase images. The 

functional images allow a better distinction of the 

different anatomieal structures than is possible by a visual 

inspection of the time series alone. The information content 

of the max and the ampli tude image and of the tmax and the 

phase image is similar. The calculation of first harmonic 

amplitude and phase however is less influenced by the signal 
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to noise ratio present in the original data. This is 

illustrated in Figure 7.c in which the same functional 

images were calculated on the image series without 

preprocessing. 

In all 5 control subjects free passage of the tracer 

through the normal venous pathways was observed bilaterally, 

and flow occured simultaneously on both sides, both with 

neck in extension and in flexion. With neck extension TT 

ranged from 2.5 to 4.5 s for the 5 control subjects, with 

neck flexion TT ranged from 2 to 3.5 s. (Table 1). 

Table 1. Transit time measurements in control group. 

Age Sex TT(sec) 

ext. flex. 

so 28 M 3.5 3.5 
RO 28 M 4.5 3.5 
VI 29 M 3.5 3.0 
ST 19 F 2.5 2.0 
LA 61 M 3.5 3.0 

Legend M = male ; F = Female ext. = neck extension 

flex. = neck flexion. 
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In the five patients with substernal goiter TTs were 

significantly prolonged with neck extension as compared to 

the normals. Since no systematic differences were observed 

in flow pattern or TT between patients with and without 

superior vena cava syndrome, their results are considered 

together in table 2. With neck extension TT ranged from 3.5 

to 9 s, 2 patients had a TT within the normal range because 

venous flow was unimpeded on one of the two sides. With neck 

flexion, the TT was prolonged in all 5 patients and reached 

a value well above the normal range (5.5 to 16 s). 

Table 2. Transit time measurements in patients with 

substernal goiter. 

after surgery 

Age Sex SVC TT (see) TT (see) 

syndrome ext. flex. ext. flex. 

MA 68 M intermittent 6.0 16.0 5.5 6.0 

VA 69 M fixed 4.0 7.0 2.5 2.5 

GE 70 F intermittent 9.0 10.0 

HE 65 F 9.0 12.0 

MO 62 F 3.5 5.5 

Legend M = male ; F = female ; ext. = neck extension 

flex. = neck flexion. 
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Figure 8 represents the funetional images obtained in 

patient 1. With neek extension normal traeer passage oeeured 

from the left side, while it was very slow from the right 

side. No eollaterals were visible. With neek flexion, traeer 

passage was delayed on the left side and eompletely 

obstrueted on the right side at the level of the innominate 

vein. These findings were confirmed by radiographie eontrast 

eavography. One month after surgieal removal of a large 

eolloidal goiter of 220 grams, the flow pattern and TT were 

returned to normal, without any influenee from the position 

of the neek. 

In patient 2, passage of the traeer was abolished 

through normal ehannels with neek flexion, whereas passage 

preferentially took place bilaterally via eollaterals (fig. 

9). With neek extension TT was prolonged and the traeer 

passed bilaterally through both normal and eollateral 

ehannels. One month after exeision of a large eolloidal 

goiter (192 grams), eollaterals were no longer visible but 

TT was still prolonged wi th neek extension. However TT did 

not signifieantly inerease with neek flexion. 

In patient 3 traeer passage oeeured predominantly on 

the left side with neek extension but was very slow. With 

neek flexion, the TT was slightly longer and the right 

innominate vein was now eompletely oeeluded as shown by 

stagnation of the traeer in the right subelavian vein. No 

eollaterals were visible in either position. In patient 4 

wi th neek extension, traeer passage oeeured slowly through 

normal and eolla teral ehannels. With neek flexion, the 

traeer passed only through eollateral ehannels. In patient 5 

TT and flow pattern were normal with neek extension. 

However, with neek flexion, flow was oeeluded at the level 

of the right innominate vein and substantially slowed on the 

left side. No eollaterals were visible. 
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2.4. DISCUSSION 

The superior vena cava is the ideal vessel for isotope 

angiography. Any upper extremity injection will drain into 

the superior vena cava without significant attenuation of 

the bolus and there is sufficient time between the first 

appearance of activity and the loss of definition secondary 

to the pulmonary capillary bed. Radionuclide superior 

cavography is a simple, noninvasive and repeatable procedure 

for initial screening and follow up studies of the superior 

vena cava syndrome, especially when mediastinal invasion of 

a neoplasm is suspected (3,4). 

As shown by our patients radionuclide superior 

cavography can demonstrate subclinically present or 

impending venous obstruction. From the results we obtained, 

it is clear that the position of the neck is an important 

factor for the diagnostic accuracy of the test. These 

findings strongly suggest that neck posture directly 

influences the posi tion of a substernal goi ter, or any mass 

situated at the thoracic inlet, relative to the mediastinal 

vessels, provided the mass is not fixed and can be 

mobilised. With neck flexion, such a mass descends further 

down into the superior mediastinum and the there situated 

compliant vessels undergo further compression or even 

complete occlusion. When the neck is extended, the mobile 

mass is elevated, compression relieved and venous flow 

facilitated. An unexpected finding from this study was that 

there was no difference on radionuclide superior cavography 

between the goiter patients with and without superior vena 

cava syndrome. In the presence of superior mediastinal 

masses, venous flow abnormalities in the superior vena cava 

system might be more common than previously thought. 
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As the impulse response can easily be defined in the 

case of radionuclide superior cavography, the 

characteristics of the functional imaging procedure can be 

recognised: the information in time and space of the image 

series is compressed into 2 images. The first image 

represents the distribution in space of the importance of 

the response, the second image the timing of the response. 

Maximum and time of maximum are in this respeet the most 

straightforward parameters. Their determination makes no 

assumption about a mathematical formulation of the impulse 

response. Amplitude and phase images assume a model for the 

temporal behaviour of the changes in activity of each pixel 

over the image series. The approximation by a sinusoidal 

function is rather crude and has no physiological 

counterpart. Nevertheless, as the information density 

contained in the whole image series is considered rather 

than the densi ty of each indi vidual image, the sta tistical 

value of the study is markedly improved (5,6). The first 

harmonic functional images correspond to an extreme low 

frequency fil ter. 

Similar bolus progression images have been described by 

Goris (7). He us ed the time information of a first transit 

study in heart and lungs for the automated detection and 

determination of left to right shunting and for the non­
interactive identification of the left ventricular area (8). 

For studies such as first transit cerebral blood flow or 

renal blood flow, the approximation of the tracer passage by 

a sinusoidal function is limited by the change in bolus 

shape as it passes through various capillary beds. Even then 

the amplitude/phase display allows a more accurate selection 

of regions of interest for subsequent analysis. 
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3. REGIONAL BREATHING PATTERNS STUDIED BY DYNAMIC TRANSMIS­

SION SCINTIGRAPHY AND THE TEMPORAL FOURIER TRANSFORM 

3.1. INTRODUCTION 

Standard lung ventilation or perfusion seintigraphy 

does not take into aeeount the movement and the expansion of 

the lungs during respiration. Attempts to take tflese faetors 

into aeeount using dynamie lung imaging aimed at improving 

the statie image quality by eorreeting the images for the 

ehanges whieh oeeur during respiration (1). It was our aim 

to take advantage of the information eontained in a dynamie 

series of lung images by studying the breathing meehanism 

rather than eorreeting for it. 

In this study we deseribe the use of amplitude/phase 

funetional images obtained by Temporal Fourier Transform 

(TFT) to evaluate the possibility of deteeting differenees 

in mechanieal behaviour of the lungs indueed by different 

breathing manoeuvres in healthy individuals or indueed by 

disease in COPD patients (2). 
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3.2. DETECTIaN METHOD 

Density changes in the lungs during the respiratory 

cycle can be express ed in terms of changes in x- or gamma 

ray transmission, reflecting the local air/tissue (and 

blood) volume ratio. These changes in transmission depend 

on: 

a) local changes in lung expansion in a plane perpendicular 

to the direction of the transmission beam, 

b) organ displacement as aresult of respiratory movements 

(e.g. subdiaphragmatic abdominal organs), 

e) local variations in blood volume due to vascular 

pulsations (3). 

We previously described a modified transmission 

densitometry technique using a 99 mTc point source and a 

large field of view gamma camera wi thout collimator, in a 

classical radiological disposition (4). The classical 

roentgenfilm with its high spatial resolution is replaced in 

this technique by a time sensi tive single photon detector. 

In order to analyse such dynamic density changes, long 

exposure times are needed. The limited spatial resolution of 

the detector is of minor importance due to the motion 

blurring during respiration and due to the limited number of 

photons in each image. This disposition allows the regional 

visualisation of dynamic changes in gamma ray transmission 

through the thorax during the respiratory cycle, with 

negligible radiation burden for the patient (5). 

Earlier scintigraphic transmission studies used a gamma 

camera collimator system as such and a flood field 99 mTc 

source in front of the patient (6,7). It is well known that 

the best spatial resolution of gamma cameras is obtained by 

accumulating a transmission image of a 100% contrast phantom 

(Bar, Anger, ... ) on a gamma camera without collimator, 

using an isotopic point source far enough from the camera 
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crystal plane in order to obtain a homogeneous radiation 

field. Indeed, the spatial resolution of a gamma camera 

collimator system is represented by: 

RS = (Ri + Rc)1/2 

where Ri is the intrinsie gamma camera resolution and Re the 

extrinsic detector or collimator resolution. Deleting the 

collimator will therefore improve the system resolution. Our 

recording procedure therefore is as follows: a point source 

of 5-10 mCi 99 mTc is placed at 2m from the crystal plane of 

the detector without cOllimator, thus being used at maximal 

sensitivity and intrinsie resolution; in this way the 

maximal count rate of the gamma camera can be fully 

utilised. The patient is positioned next to the camera (Fig. 

10). The detector system is interfaced to a data storage and 

processing system. 

TRANSMISSION SeINTIGRAPHY I 

!J T c-"n POINT SOUReE ( 5 n el ) 

2 n FROM CAMERA ( NO COLLIMATOR 

Fig.lO. Recording procedure of transmission images. 
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Dynamic acquisition of a number of respiratory cycles 

was obtained by recording 140 images of 0.5 sec., 

respecti vely 0.2 sec. , during slow (yielding 12 respiratory 

cycles of 20 images) and fast (resulting in 24 respiratory 

cycles of 10 images) breathing rates. In this aspect the 

detection technique is different from most other digital 

radiography techniques that use high incident photon fluxes. 

Here the photon flux is so low, that single photon counting 

is performed. 

3.3. DATA PROCESSING 

A series of similar cycles was reduced into one average 

respiratory cycle by adding the different cycles taking the 

image representing maximal inspiration (TLC) as the starting 

point of each cycle. This image can be recognised because it 

contains maximal count rates (Fig. Il). Atypical cycles, 

which were either too short or too long were omitted. 

ACCEPTED CYCLES 

RECONSTRUCTION OF LOW FREQUENCY 
STANDARD CYCLE FROM THE DYNAMIC 
ACQUISITION 

TIrlE 

Fig. 11. Selection of cycle length for the reconstruction of 

an averaged respiratory cycle. 
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The thus obtained averaged cycles consisted of 10 to 20 

images, Each of these averaged respiratory cycles were 

representative of the series which they averaged and were 

analysed by generating time/activity curves over top and 

bases of the lungs, A TFT was applied to each of these 

average representative cycles, Both parameters were 

represented as functional images by use of an appropriate 

color code to study amplitude and phase of the phenomenon at 

its fundamental frequency and in the form of a phase 

distribution histogram modulated by the amplitude, Figure 12 

illustrates a processed data series obtained during erect 

FB, 
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The influence of respiratory rate, body posture and 

breathing pattern on the cyclic variations in gamma ray 

transmission of different lung regions was studied in 4 

young healthy non-smoking individuals, Three breathing 

patterns were studied: fast breathing (FB: 30 cycles/min), 

slow breathing (6 cycles/min), using preferentially the 

abdominal (SAB) or the thoracic/intercostal (STB) 

musculature, Each of these three breathing patterns, FB, SAB 

and STB, was carried out in 2 different body postures: 

standing erect and supine, Postero-anterior and lateral 

views were recorded on each of these six breathing 

manoeuvres, 

The greatest amplitudes of the changes in transmission 

are situated at the lung basis in both erect and supine 

postures reflecting transmission changes due to rostro­

caudal displacement of the diaphragm and abdominal contents, 

Since in all three breathing manoeuvres near inspiratory 

capaci ty brea ths were taken, the resul ting diaphragm 

excursions are nearly equal. Another zone of high 
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amplitudes, more apparent during slow thoracic and fast 

breathing patterns and best seen on the lateral views is the 

retrosternal zone due to dorsoventral displacement of the 

thoracic cage (Fig.13). Although these changes in amplitude 

reflect thoracic cage and diaphragmatic movements, they 

clearly directly influence the expansion of the immediately 

underlying lung zones (chest wall-lung interdependence). The 

ampli tude changes of the FB pa ttern resemble those of the 

STB pattern suggesting intercostal/accessory muscle 

recruitment during mo re extreme dynamic breathing conditions 

(8) • 

STe ANT STe PROF 

B T FB ANT 

Fig. 13. Amplitude images obtained with different breathing 

manoeuvres. 
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Table summarizes the effect of the different 

breathing patterns observed on the synchronicity of 

transmission changes. During STB, inspiration start s at the 

apexes while expiration begins at the bases of the lungs. 

During SAB expiration still begins at the bases but 

inspiration occurs simultaneously at top and bases. During 

FB inspiration and expiration of the apexes preceed that of 

the bases (Fig. 14) . 

Table 1. Effect of breathing patterns on the synchronicity 

of transmission changes. 

SAB 

Inspiration 

Expiration 

T = B 
T -t- B 

T .... B 

T = B 
T -<- B 

top before base 

top and base simultaneously 

top after base 

STe ~T ,i 
I, 

1/ 
I/s ,I 

STB 

T .... B 
T -t- B 

FB 

T -->- B 
T -->- B 

Fig. 14 . Time/activity curves over top and bases of the lungs 

during different breathing manoeuvres. 
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Phase shifts in young healthy erect adults are minimal 

during STB (Fig. lS.a and lS.b). They become more evident in 

the SAB pattern, the lung bases expiring before the apices. 

Otherwise stated, during STB the phase of lung expansion is 

fairly uniform, while the SAB pattern provokes phase shifts 

between basal and apical lung zones. During FB, phase shifts 

are markedly accentuated as shown by wider amplitude 

modulated phase histograms and clearly indicate that apical 

(retrosternal) zones now breath before basal (diaphragmatic) 

zones. 

The amplitude modulated phase histograms indicate that 

in normal subjects regional asynchronism is almost absent 

under moderate dynamic breathing conditions. However, under 

extreme dynamic breathing conditions, when inspiratory flow 

rates and frequencies are increased, slight asynchronism 

occurs. This indicates that regional differences in time 

constants (product of resistance R and complianee e) become 

important under more extreme dynamic brea thing condi tions 

(9). From the phase irnages, it can be seen that the temporal 

nonuniformity of ventilation has a regional-topographical 

basis and that this is influenced by the pattern of muscle 

contraction. 

Body posture does not seem to play an important role, 

except during SAB, where the supine posture diminishes the 

phase differences seen in the erect posture, probably by 

reducing the gravity dependent influence of the 

subdiaphragmatic abdominal organs. 
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3.5. BREATHING PATTERNS IN COPD PATIENTS. EFFECT OF 

ABDOMINAL/DIAPHRAGMATIC 

DIAPHRAGMATIC FUNCTION. 

BREATHING RETRAINING ON 

Comprehensive management of patients with chronic 

obstructive pulmonary disease (COPD) includes physical 

therapy consisting of sputum removal by postural drainage 

and chestl percussionl vibra tion and brea thing retraining. 

In COPD patients, as aresult of hyperinflation, the 

diaphragm, which is normally the main respiratory muscle, 

functions poorly (10). Therefore COPD patients excessively 

use their accessory and intercostal inspiratory muscles, 

which are less efficient pressure generators. Since 

augmented abdominal breathing techniques (AAB) promote 

greater use of the diaphragm and reduce the use of 

intercostal accessory muscles, it is conceivable that AAB 

may render breathing more efficient and may improve the 

distribution of ventilation. The benefit of breathing 

retraining, however, is still controversial, generally being 

based on subjective grounds due to the lack of unanimous 

objective evidence of improved lung function. 

3.5.1. Study protocol 

This study concerns 7 COPD patients admitted during 

acute exacerbation of their chronic respiratory 

insufficiency in which we used the transmission 

scintigraphic technique to evaluate the effect of AAB on 

their breathing patterns. All patients were studied on two 

oecasions: 

1. during the subacute stage, i.e. a few days after hospital 

admission for exacerbation of respiratory failure. At the 

time of this study, patients were fairly stable due to 

pharmacological therapy, and expiratory flow rates had 

returned to baseline values. During data acquisition, the 

breathing pattern was "natural" except that breathing 
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frequency and tidal volume were constant and guided by a 

physiotherapist. 

2. Two to three weeks later, during which period the 

patients had been instructed in the AAB technique several 

times daily. AAB consisted of slow, deep inspirations and 

prolonged expirations against pursed lips. Inspiration was 

accomplished by preferential diaphragmatic contraction as 

indicated by enhanced outward movement of the abdominal 

wall. Towards the end of expiration, active abdominal muscle 

contraction assisted lung deflation with the aim to reduce 

FRC. During data acquisition, the patient was breathing at 

the same frequency and tidal volume as during the first 

study, but using the AAB technique. This was don e in the 

presence of the physiotherapist who had been treating the 

patient and who presently coached his breathing. Data 

acquisition in the seated position, and data processing were 

performed as previously described. 

3.5.2. Results 

During the subacute study before AAB training, the 

amplitude image is more heterogeneous in all 7 COPD patients 

as compared to normals (Fig. 16). In 5 of them, dependent 

lung regions however still reveal larger amplitudes, and 

after AAB training they even become more prominent in 2 of 

these 5 patients. In the 2 patients with the most severe 

airflow obstruction, the vertical amplitude gradient not 

only is abolished, but even inverted, the apical 

nondependent lung regions showing the largest amplitudes. In 

these 2 patients, AAB retraining markedly increased the 

amplitude in the dependent lung regions, reverting the image 

towards a more normal appearance. Therefore in 4 of the 7 

patients, AAB retraining was capable of enhancing 

diaphragmatic excursion and subsequent dependent lung zone 

ventilation. 
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Like the ampli tude image, the functional phase image 

is also more heterogeneous in COPD patients as compared to 

normals, indicating asynchronous behaviour of the different 

lung regions even during tidal breathing, as aresult of 

interregional time-constant differences. Furthermore in 5 of 

the 7 patients, large markedly out-of-phase regions can be 

detected. These regions show good gamma ray transmission and 

small amplitudes, and correspond to hyperlucent avascular 

lung zones on chest X-ray in 3 of them. The 2 patients not 

showing these grossly out-of-phase regions, had unremarkable 

chest X-rays and reversible airflow limitation on pulmonary 

function testingo Asynchronous ventilation is exemplified by 

wider phase/amplitude histograms with larger surface areas 

in all COPD patients as compared to normal. In 3 of the 7 

patients these histograms furthermore had a bimodal 

appearance. After AAB retraining, phase shifts are reduced 

in all 7 patients as indicated by a 29% reduction of the 

histogram surface area (Table 2). 

Table 2. Phase/amplitude histogram surface area (in 

arbitrary units). 

Patient Before AAB After AAB Change in % 

SCH 7126 7072 - 0.8 

WOU 5791 4714 - 18.6 

MAT 11778 7553 - 35.9 

MAC 18434 9910 - 46.2 

BOQ 12437 7616 - 38.7 

MIC 4849 4440 - 8.4 

VAN 9210 8116 - 11.9 

Mean 9947 7060 - 29.0 
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3.5.3. Comments 

The functional amplitude and phase images of COPD 

patients can easily be distinguished from normal subjects, 

by their more heterogeneous distribution. Large regions, 

characterized by high transmission, low amplitude and large 

phase shifts probably represent emphysematous bullous areas. 

Using the transmission technique,combined with digital image 

processing, we provided some evidence of improved 

diaphragmatic function after AAB retraining. The small 

number of patients studied does not allow us to separate 

those patients who will respond to therapy from those who 

will not. However,the 2 patients with the most heterogeneous 

pretreatment amplitude image and abolished/reversed 

amplitude gradient showed the largest changes after AAB 

retraining. Although we fully realize that most patients do 

not maintain this learned breathing pattern unconsciously, 

we believe that it provides them with a more efficient 

breathing pattern which they can use - and some patients do­

when they need it most, i.e. when the respiratory system is 

stressed during intercurrent bronchial infections or during 

exercise. 
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3.6. DISCUSSION 

The technique whieh is deseribed is a eombination of a 

digital radiologieal technique and nuelear medieine image 

proeessing (11). As eompared to eonventional X-ray images, 

our data are reeorded as digital images representing at eaeh 

point of the image the photon density deteeted by the gamma 

camera crystal. By using the NaI deteetor as a photoneounter 

and not at saturation (as in CT and other digital radiology 

teehniques) , 

The limited 

the radiation burden is signifieantly redueed. 

spatial resolution or size of the digital 

deteetors whieh are nowadays available represents a 

limitation to their use in transmission densitometry 

teehniques. 

The dynamie data available by means of the deteetion 

method refleet the mechanieal effeets of breathing. The 

applieation of funetional imaging proeedures to these data 

allowed to differentiate different breathing patterns in 

normal individuals, to differentiate normal from 

pathologieal states, and to objeetivate the effeet of 

therapy in patients. The study therefore illustrates that 

even erude digital transmission signals from the point of 

view of spatial resolution may yield dynamie information of 

physiologieal and elinieal interest. With the future advent 

of higher quali ty deteetors, information whieh is nowadays 

lost in elinieal radiologieal examinations, will beeome 

easily aeeessible. 
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4. AMPLITUDE/PHASE IMAGES AS A TEMPORAL CONDENSATE OF THE 

AVERAGED CARDIAC CYCLE 

4.1. INTRODUCTION 

Equilibrium gated nuclear angiocardiography (EGNA) is 

used to study non invasively the function of the heart 

considered as a blood pump. EGNA is based on the fact that 

the heart contracts periodically. A small amount of 

radioactive tracer which distributes itself into the blood 

pool is administered to the patient (e.g. 20mCi of 99 mTc 

labelled red blood cells). Provided there is a homogeneous 

mixture of the radioactive tracer in the blood pool, the 

precordial count rates reflect the cyclic volume changes in 

the heart. During each R-R interval, a number (e.g. 16) of 

images of the heart is acquired using a gamma camera. 

Because the count rate is too low for a single beat-to-beat 

analysis, imaging is performed using an ECG gating technique 

in which the images corresponding to a number of individual 

cycles are added, until the statistical validity of the 

study is satisfactory (1,2,3,4,5). In a typical EGNA, the 

amount of data present in the image series is of the order 

of 65 kbyte. The information content in the dynamic image 

series is very high, but all the information present in the 

series is not relevant (e.g. photon noise). 
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Among the relevant information present in the dynamic 

image series are temporal patterns which describe the 

hemodynamic changes. One subjective, but widespread approach 

to the study of temporal contraction or relaxation patterns 

is visual inspection of the image series displayed as a 

movie. The mathematical approaches to study these patterns 

involve modelisation. One approach assumes a model for the 

spatial behaviour of the temporal changes in activity and is 

based on the choice of regions of interest (ROI) in the 

image. Time/activity curves are generated and global 

parameters (e.g. left ventricular ejection fraction, 

ejection rate, maximal rat e of left ventricular filling), 

are extracted from the curveo Within the ROI, all 

information on spatial variations in temporal behaviour is 

lost. In this context, it is also possible to use a non 

imaging detector which can directly produce a left 

ventricular time/activity curve (when properly collimated 

and positioned over the left ventricle)(6,7). The second 

approach assumes a model for the temporal behaviour of the 

changes in activity in each pixel over the series of images 

and associates a number of parameters with this behaviour 

(8). These parameters are then displayed as parametric 

images. An example is first harmonic Fourier imaging in 

which each pixel shows the first harmonic phase or amplitude 

of the pixel time/activity curve (9,10). All information on 

higher harmonics in the curve is discarded. Functional phase 

and amplitude imaging overcomes some of the limitations due 

to indi vidual image noise and to the limi ted temporal 

sampling frequency during the digital acquisition. 
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4.2. DATA ACQUISITION 

Red cells were labelled in vivo by an i.v. injection of 

20 mCi of 99 mTc pertechnetate preceeded by 3 ng of stannous 

pyrophosphate (11). After equilibration of the tracer, 

cardiac blood pool imaging was performed in a modified 45. 

LAO position to isolate optimally the left ventricle. By use 

of a gamma camera interfaced to an Informatek Simis 3 
processing system, ECG gated data were collected and 

concurrently organised on a high phase resolution basis (12) 

into a series of 16 images of 64 x 64 pixels that span an 

averaged cardiac cycle. Cycles following cycles falling 

outside a physician selected temporal beat length window 

were rejected during the data acquisition to prevent 

distortion of time/activity curves. Preprocessing on the 

acquired series involved equalisation of the to tal activity 

in each image in order to correet gating artefacts, followed 

by a 9 point spatial and a 3 point temporal smoothing. 

4.3. INTERPRETATION OF AMPLITUDE AND PHASE IN TERMS OF 

CARDIAC FUNCTION 

The study in figure 17 shows the original 16 images 

which represent one averaged cardiac cycle obtained from an 

EGNA study in a normal control person. Image intensity is 

assumed to be proportional to blood volume. All but the 

major volume changes (e.g. left ventricle) are invisible 

because of the superposition of a high stationary structured 

background. Figure 17.b. represent the end diastolic and the 

end systolic frames. In these frames, the color of each 

pixel represents the activity detected in each matrix 

element. The color code is represented on the left. Three 

ROI are drawn on the image. They are used to calculate the 

changes in count rate that occur in the left ventricle (ROI 
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1), right atrium (ROI 2) and liver (ROI 3) during the 

averaged cardiac cycle. The time/activity curves calculated 

for each of the three ROI describe the temporai behaviour of 

each of these structures as a whole. 

First harmonic amplitude/phase analysis is shown in 

figure17.c. As in the amplitude image, the color of each 

pixel corresponds to the amount of changes in count rate 

that is synchronous with the heart cycle, all stationary 

background structures such as the liver are completely 

elimina ted from the image. The ampli tude image visualises 

the importance of the volume changes in all heart cavities 

whenever they occur during the cardiac cycle. As such, the 

image corresponds to a "stroke volume" image f<Jr all heart 

chambers, which are clearly delineated. The ROI are drawn on 

the image. 

In the phase image, the color of each pixel corresponds 

to the sequence of the volume changes in ventricles and 

atria in relation to one another. As expected, there is a 

phase shift of 180 0 between ventricles and atria. Where the 

amplitude is below a choosen threshold, the phase is not 

determined. The cyclic color code which is used for the 

phase representation is shown around the image. 

The amplitude/phase distribution over the whole heart 

region has two peaks in normal persons corresponding to the 

atrial and the ventricular pixels. Within statistical 

limits, there is no phase shift between right and left 

ventricle. In normal control persons, the shape and spread 

of the left ventricular amplitude/phase distribution is 

tight (s.d.: 12 '1. 
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4.4. CINEMATIC DISPLAY OF THE WAVE OF EMPTYING 

The use of a cinematic display of the propagation of 

the wave of emptying was introduced by Verba (13). To 

determine the point in the cardiac cycle at which the 

emptying started in each pixel, he used the second derivate 

of a Fourier filtered time/activity curveo The same kind of 

information is readily available from the first harmonic 

phase matrix (14), provided the regional phase differences 

within the ventricles represent regional differences in 

systole. 

A series of frames can be constructed in which a pixel 

is blacked out when that pixel's fundamental frequency curve 

is maximally positive. This frame number is computed from 

the phase matrix by: 

F = R (1 + P(N - 1)/360). 

F is the frame number, R is a rounding-off function used to 

make F an integer, N is the total number of frames desired 

for the cinematic display and P is the phase in 

degrees. Only those pixels of which the first harmonic 

amplitude is above a certain threshold are displayed in this 

manner. This display of the phases is superimposed either 

over the original EGNA study or over the amplitude image to 

serve as an anatomieal guide and can be displayed as a 

cinematic endless loop. While providing a very attractive 

display, the whole procedure gives no more detailed 

information than an adequate representation of the phase 

ma t r i x (F i g. 1.8) • 

47 

4.4. CINEMATIC DISPLAY OF THE WAVE OF EMPTYING 

The use of a cinematic display of the propagation of 

the wave of emptying was introduced by Verba (13). To 

determine the point in the cardiac cycle at which the 

emptying started in each pixel, he used the second derivate 

of a Fourier filtered time/activity curveo The same kind of 

information is readily available from the first harmonic 

phase matrix (14), provided the regional phase differences 

within the ventricles represent regional differences in 

systole. 

A series of frames can be constructed in which a pixel 

is blacked out when that pixel's fundamental frequency curve 

is maximally positive. This frame number is computed from 

the phase matrix by: 

F = R (1 + P(N - 1)/360). 

F is the frame number, R is a rounding-off function used to 

make F an integer, N is the total number of frames desired 

for the cinematic display and P is the phase in 

degrees. Only those pixels of which the first harmonic 

amplitude is above a certain threshold are displayed in this 

manner. This display of the phases is superimposed either 

over the original EGNA study or over the amplitude image to 

serve as an anatomieal guide and can be displayed as a 

cinematic endless loop. While providing a very attractive 

display, the whole procedure gives no more detailed 

information than an adequate representation of the phase 

ma t r i x (F i g. 1.8) • 



48 

Fig. 18. Display of the wave of emptying. 

, 

, 

Fig. 19. Camparisan of amplitude irnage with other functional 

irnages. 

u.l. amplitude 
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regional stroke volume 

regional ejection fraction 

composite stroke volume 
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4.5. COMPARISON WITH OTHER FUNCTIONAL IMAGES 

The diagnostic use of functional imaging procedures is 

often limited due to the high noise content of the 

scintigraphic data which propagates into the functional 

images. Conventional functional imaging procedures of 

studies are related to parameters which describe the change 

in activity of each pixel between end diastole (ED) and end 

systole (ES).Figure 19 compares for the same EGNA study the 

amplitude image with a regional stroke volume (RSV) image, a 

regional ejection fraction (REF) image (15) and a composite 

stroke volume (CSV) image. The latter parameters were 

calculated as follows 

sv = ED - ES 

EF = (ED - ES)/ED 

CS V = I ED - ES I 

if ED 

if ED 

ES < 0 

ES < 0 

the pixel is set 0 

the pixel is set 0 

The amplitude image compares best with a CSV image. The 

CSV image has been proposed as most accurately delineating 

left and right ventricular areas (16). Experimentally 

however, the amplitude image shows consistently less noise 

as compared to the other functional images. 

4.6. CONTRIBUTION OF HIGHER HARMONICS 

The spectrum resulting from a Fourier transform of an 

EGNA study in a normal person usually shows a dominant first 

harmonic, together with substantial contributions of higher 

harmonics (Fig.20). The information content of the series 

can be evaluated from the power density function which 

consists of the amplitude in the Fourier spectrum squared, 

hence most of the dynamic information is evidently found in 

the first harmonic. 
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FOURIER AMPlITUDE 16#/CYClE EGNA 

TOTAl FIElD OF VIEW 

Fig. 20. Fourier spectrum of EGNA study. 

Fig. 21. Higher harmonic amplitudes of 16 frame EGNA 

study. 

50 

o 
FOURIER AMPlITUDE 16#/CYClE EGNA 

TOTAl FIElD OF VIEW 

Fig. 20. Fourier spectrum of EGNA study. 

Fig. 21. Higher harmonic amplitudes of 16 frame EGNA 

study. 



51 

In our approach, the basic frequency in the Fourier 

spectrum equals the average heart cycle frequency. The 

spatial distribution of the information discarded can be 

studied by displaying higher harmonic amplitudes and phases 

as functional images (Fig.21). As the relative contribution 

of the higher harmonics is at least in part due to the 

asymmetry in the time/activity curves, we investigated the 

effects of cycle length on the second harmonic amplitude and 

phase images. The data from one subject with a long flat 

diastasis period (HR 601min.) were analysed at the basic 

frequency equal to the heart frequency and after omitting 5 

images from the end of the cardiac cycle (Fig.22). When the 

basic period equals the heart period, a substantial amount 

of information is stiil displayed in the second harmonic 

images. If the basic period is vari ed to exclude the 

diastasis frames, the power in the higher harmonics can be 

reduced (17). At the present time no experimental data are 

available which allow to attribute a specific physiological 

interpretation to the information present in the second or 

higher harmonics. The introduction of higher harmonics has 

weil been used as an alternative narrow band pass filter in 

time (18,19,20). 

4.7. SYSTEMATIC ERROR INTRODUCED BY GATING ARTEFACT 

A subjects at rest in norrnai rhythm will exhibit 

fluctuations in heart rate which can cause a distortion in 

the late diastolic period of the averaged cardiac dycle. If 

some beat s are slightly shorter than others, the last image 

of the sequence will contain fewer counts than the rest of 

the images. When the original data are not corrected for 

this distortion, stationary background is no longer 

eliminated from the ampli tude/phase images. Similarly such 

gating artefacts also deteriorate the first harmonic 
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sinusoid approximation within the heart region. Therefore, 

as part of the preproeessing, the original data series is 

eorreeted for these distortions. Provided that the whole 

heart region is within the field of view of the gamma 

camera, that no other pulsating blood pool exists (e.g. 

liver in trieuspid regurgitation (21) and that no gamma-ray 

absorption is present, the total number of eounts of eaeh 

individual frame should remain eonstant during the averaged 

eardiae eyele. The eorreetion for gating artefaet ean 

therefore eonsists in equalisation of the total eount rate 

in eaeh image (Fig.23). The most reliable way of eorreetion 

however takes into aeeount the true measurement of time for 

eaeh frame. These time measurements should be determined 

with 0.1 msee. resolution aeeording to referenee 20. 

30000 

liOF:11ALI:::;ED DATA 

22500 

15000 

7500 

5 1 I) 15 

Fig. 23. Correetion of gating artefacts - effeet on 

stationary strueture. 
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4.8. DISCUSSION 

Although the information content of EGNA studies as 

compared to other scintigraphic techniques is very high, 

image contrast, photon noise and sampling frequency limi t 

the visual extraction of relevant temporal information. The 

detectability of patterns in timing and magnitude of count 

rat e variations in the images is a function of the 

psychophysical properties of our vision. Due to this, when 

EGNA images are displayed in eine mode, information on 4 

dimensional regional cardiac performance (volume changes in 

time) is mostly limited to the inspection of the ventricular 

edges. Functional imaging procedures overcome some of these 

limitations by data reduction and pattern extraction. 

The evaluation of cardiac function from count rate 

derived functional images has the advantage to rely upon a 

more fundamental aspect of the tracer technique rather than 

upon a pure morphological interpretation. A TFT takes into 

account the information content of the whole cardiac cycle 

for the calculation of the functional images. This is not 

the case for other count rat e derived functional images such 

as the SV, REF or paradox image (22,15,23), in which data 

processing is reduced to the information content in ED and 

ES frames. As aresult, the ampli tude and phase images 

provide a powerful means to improve the interpretation of 

the EGNA studies in terms of time and space resolution. 

Since each pixel's time activity curve is approximated 

by a single frequency sine wave, the accuracy of the 

amplitude/phase functional images will depend on the 

contribution of the first harmonic to the information 

content of the whole Fourier spectrum. It has been shown, 

theoretically and experimentally, that the influence of 

various diastolic as well as systolic components in the 
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shape of the left ventrieular time/aetivity eurve influenee 

the eorresponding amplitude and phase eomplex (24, 25). The 

implieit assumption of symmetry in the first harmonie model 

prevents one from unequivoeally determining whieh component 

of the eontraetion/relaxation eyele is delayed. However, as 

a funetional mapping proeedure of a pixel's time/aetivity 

eurve shape influeneed by many or all of these eomponents, a 

TFT stiIl proyes useful in separating abnormal subjeets 

from individuals with norrnaI eardiae funetion. 
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5. CLINICAL EVALUATION OF AMPLITUDE/PHASE ANALYSIS FOR THE 

ASSESSMENT OF REGIONAL WALL MOTION DISTURBANCES. 

5.1. INTRODUCTION 

Coronary arteriography and contrast ventriculography 

are the standard techniques by which coronary morphology and 

ventricular pump function are evaluated in patients with 

CAD. Both are invasive procedures which require 

catheterisation. They are associated with a significant 

degree of morbidity (1) and their radiation burden is not 

negligible (2). Serial cardiac catheterisations to determine 

the effect of medical and surgical treatment are therefore 

impraetieal. Radionuclide ventriculography (RNV) is non 

invasive and results in a radiation burden reduced by a 

factor 10 (3). The major clinical applications of RNV 

therefore are the repeated evaluation of ventricular 

performance in the follow-up of patients with heart disease, 

in moni toring physiologic or therapeutic intervention 

studies and in the evaluation of critically iil patients 

(4) • 

In order to assess objectively the effects of 

therapeutic interventions and disease on ventricular 

performance, the clinical evaluation of regional wall motion 

disturbances (RWMD) should fulfill the following 

requirements : 
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- low detectability threshold, 

localisation of the asynergic region in function of the 

affected coronary arteries, 

- evaluation of the severity of the disturbance. 

The term "asynergy" was first used by Harrison (5) to 

describe segments of the left ventricular wall demonstrating 

disorganised contraction. Herman (6,7,) sUbsequently 

introduced the terms hypokinetic, akinetic and dyskinetic to 

describe the degree of asynergy. Hypokinetic segments 

contract less vigorously than normal. Akinetic segments do 

not contract, while dyskinetic segments move outwardly or 

paradoxically during systole (Fig.24). 

lttPOK INES I S 

1l'sllESIS 

Fig.24. Schematic representation of end diastolic (solid 

line) and end systolic (dashed line) silhouettes 

of left ventricular cineangiograms. 
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5.2. EFFECT OF RWMD ON AMPLITUDE AND PHASE 

Disturbanees in regional myoeardial eontraetility 

result in deereased and delayed blood volume ehanges in the 

eorresponding part of the ventriele. Amplitude and phase 

images will allow the diagnosis and loeation of RWMD as 

defeetive regions in a left ventriele whieh is normally 

expeeted to eontraet homogeneously. 

This is illustrated in an EGNA study of a patient with 

a huge antero-apieal aneurysm, that showed a paradoxieal 

motion on a reeurrent movie display (Fig.25). Figure 25.a. 

represents the preprocessed original data series. Figure 

25.b. represents the end diastolie and end systolie frames. 

Two RaI were determined : one eorresponds to the normal 

eontraeting part of the left ventriele, the other 

eorresponds to the paradoxieal moving apex. Wi thin eaeh of 

these RaI, time/aetivity euryes and their respeetive 

approximation by a first harmonie sine wave were determined. 

There exists an important phase delay between both euryes. 

As aresult, the blood volume ehanges in the antero-apieal 

segment no longer eontribute to the effeetive stroke volume. 

On the eontrary, their effeet will be opposite. 

Figure 25.c. represents the amplitude and the phase 

images, the amplitude/phase distribution within a global 

left ventrieular RaI, and the regional ejeetion fraetion 

(REF) image. The distribution of amplitude and phases within 

the left ventriele is bimodal. The loealisation and the 

extent of the asynergie region ean be evaluated from the 

funetional images. In the antero-apieal region we 

distinguish an area with relatively deereased amplitude 

delineated from the rest of left ventriele by a margin 

wherein no or little ehanges oeeur. The phase image defines 

the region as dyskinetie as there exists a phase shift of 
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more than 90 0 with respeet to the rest of the left 

ventriele. The REF image does not allow the delineation of 

the borders of the dyskinetie area. This is possible with 

amplitude and phase images. Higher harmonie ampli tude and 

phase images gi ve no addi tional elinieal information (Fig. 

25. d.) . 

5.3. EFFECT OF THE LOCALISATION OF RWMD ON AMPLITUDE AND 

PHASE 

Without tomographie reeonstruetion, gamma-eamera images 

represent a two dimensional projeetion of a three 

dimensional distribution of activity. As aresult, even in a 

normal homogeneously eontraeting ventriele, the amplitude 

image is not homogeneous. Figure 26 shows a transverse 

section through the left ventricle in a plane perpendicular 

to the gamma camera. The hatehed border eorresponds to the 

volume changes between end diastole and end systole. In a 

normal eontracting ventriele, the projection of the 

amplitudes has 2 maxirna, determined by the ventrieular 

border in systole. The minimum in the center is a function 

of global ejeetion fraetion and beeomes relatively more 

important in ease of diminished global ventricular funetion. 

Experimentally, in LAO posi tion, there exists a ring of 

maxirna in the amplitude image which is determined by the 

border of the left ventriele in syst-ole (Fig.17.c in Ch.4). 

In the presenee of tangentially loeated RWMD, the 

aspeet of the amplitude images changes with the severity of 

the asynergy. A dyskinetie area is charaeterised by a border 

of zero amplitude and a new inerease in amplitude at the 

periphery. For non tangential hypo- or akinetie areas, 

differentiation from global hypocontractility is no longer 

possible on the basis of the amplitude image alone, whereas 

dyskinetie areas stiil have a charaeteristie pattern. 
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Fig.26. Effect of the localisation of RWMD on the amplitude 

image. 
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The phase image is less influenced by the localisation 

of the asynergic region, al though the importance of a phase 

shift also tends to be lessened by superposi tion of normal 

contracting regions. As 

eos (!.Ilt + <Pl) + eos (wt + <P0 " 2 eos (~) eos (wt +~) 

the superposition of 2 regions with a different phase does 

not introduce higher harmonics, in the first harmonic model. 

5.4. CRITERIA FOR THE ASSESSMENT OF RWMD FROM AMPLITUDEI 

PHASE IMAGES 

As in theory one should expect that the volume changes 

occuring with a phase shift of more tha n 90. no longer 

contribute to the effective stroke volume, we describe areas 

with a phase delay of more than 900 as corresponding to 

dyskinetic motion. A phase delay below gOo is interpreted as 

hypo- or, by extrapolation, akinetic. The succession of 

colors in the cyclic color code is adaptedsuch that in 

patients with normal rhythm a phase delay of 900 is 

represented in red contrasting with the green yellow of the 

normal part of the ventricles. 

Examples of RWMD with increasing severity and different 

localisation in the left or right ventricle are shown in 

figure 29. As, at equilibrium, blood volume changes occuring 

during an averaged cardiac cycle are visualised for both 

ventricles, the assessment of right ventricular RWMD is 

possible as well. 
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5.5. COMPARISON WITH CONTRAST VENTRICULOGRAPHY 

5.5.1. Methodology 

To validate the clinical utility of the functional 

imaging procedure, RWMD determined from EGNA studies were 

compared to the information available from contrast 

ventriculography. 

The study group consisted of 116 patients who all 

underwent cardiac catheterisation with coronary 

arteriography and contrast angiography as part of routine 

clinical evaluation of CAD. Contrast angiographies were 

evaluated by a single observel', independently of the results 

of the radionuclide studies. Single plane left ventricular 

cineangiography was carried out in 45. RAO and if possible 

15 minutes later in 45. LAO positions, allowing "biplane" 

evaluation of regional wall motion. Regional wall motion was 

evaluated from superimposed outlines of the cavity 

silhouettes drawn at end diastole and end systole. Specific 

segments were determined according to the recommendations of 

the AHA (8). Fourteen subjects had neal' normal coronary 

arteriography (stenoses small el' than 50%) and normal 

contrast ventriculography. 102 had at least one stenosis 

larger than 50% of one of the three main coronary arteries : 

left anterior descending (LAD), circumflex (Cx) or right 

coronary artery (RCA). EGNA was performed as described in 

4.2. A total of 6 x 10 6 counts were recorded over the whole 

averaged cardiac cycle. No change in the patients clinical 

status occured between the radionuclide study and the 

contrast ventriculography. 
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For each radionuc1ide study, po1aroid exposures of 

amp1itude and phase images and the amp1itude modu1ated phase 

distribution histogram in the 1eft ventric1e were examined 

for RWMD. Studies were c1assified according to the detection 

and 1oca1isation of asynergy in 5 regions anterosepta1 

(AS), anterior-antero1atera1 (A-AL), apica1 (AP), 

posterobasa1 (PB) and postero1atera1 (PL). The criteria used 

to define the 1oca1isation of RWMD in a modified LAO view 

are shown in figure 3G. 

Right ventricle Left ventricle 

pos tera 1 a tera 1 

anterior - anterolateral 

_------t---- anteroseptal 

posterobasa 1 

api eal 

Fig.30. Loca1isation of RWMD in a modified LAO view. 
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5.5.2. Results 

Table shows the global diagnostie value of the 

funetional imaging proeedure for the deteetion and 

loealisation of RWMD in the 116 patients with eontrast 

angiography taken as standard. 69 patients were considered 

as abnormal and 40 as normal by both teehniques. Two 

patients with normal eontrast angiography had an abnormal 

RNV, one of them had ECG signs of diaphragmatie infaretion. 

5/74 patients with an abnormal eontrast angiography had 

normal amplitude and phase images. A eomplete agreement with 

respeet to the loeation of all segmental wall motion 

disturbanees was found in 42/74 patients (57%). Whereas in 

18/74 (24%) there was only a partial agreemen~. In 9/74 

patients, both teehniques disagreed eompletely with 

respeet to the loealisation of asynergy. When only the 

diagnosis normal/abnormal wall motion was considered, the 

sensitivity of radionuelide studies was 93% (64/74), the 

speeifieity 95% (40/42). 

Table 1. Global diagnostie value of radionuelide ventrieulo­

graphy for the differentiation between normal and 

abnormal regional wall motion. 

R 
A A CONTRAST ANGIOGRAPHY 
D N 
I G AN N 
0 I 
N 0 Tot.Agr. Part.Agr. Tot.Disagr. 
U G 
C R AN 42 18 9 2 
L A 
I P N 5 40 
D H 
E Y 

Complete Agreement 42/74 (57 %) 
Partial Agreement 18/74 (25 % ) 
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Table 2 gives in detail the comparison between the 

dysynergic area s observed by both techniques. Taking into 

consideration that both septal (S) and anterior­

anterolateral (A-AL) area s are perfused by branches of the 

same coronary artery (CAD), we found agreement between both 

techniques in 84/111 regions (75%). Most of the 

discrepancies were observed for contractili ty disturbances 

located in non tangential segments on radionuclide 

angiography. At the opposite, septal wall motion anomalies 

were better evidenced on radionuclide angiography. However, 

this may be explained by the fact that in 32 patients, 

coronary arteriography was performed in RAO and LL positions 

instead of RAO and LAO positions, the first one being less 

sensitive to septal anomalies. A very good agreement was 

observed so far as global hypocontractility is concerned. 

Table 2. Comparison between radionuclide ventriculography 

and contrast ventriculography for the assessment 

of regional wall motion disturbances with respeet 

to their localisation. 

CONTRAST ANGIOGRAPHY 

S A-AL AP PB/PL GH N 

(LAD) (LAD)(LAD,RCA)(RCA,Cx) 

R 
A A S(LAD) 10 4 4 2 
D N 
I G AL(LAD) 2 16 
0 I 
N 0 AP(LAD,RCA) 33 2 2 
U G 
C R PL(RCA,Cx) 4 2 19 
L A 
I P GH 7 
D H 
E Y N 4 3 5 
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When the severity of RWMD was evaluated aeeording to 

Hamil ton (9), most diserepaneies were observed in the 

elasses of patients with either loealised hypo- or akinesis 

or loealised dyskinesis (Table 3). It should be stressed 

that the evaluation of both teehniques was subjeetive. 

Nevertheless, these diBerepaneies are mainly due to the faet 

that we used the eriterion of phase shift greater or smaller 

than 90 0 to differentiate between dyskinesis and hypo- or 

akinesis. 

Table 3. Comparison between radionuelide ventrieulography 

and eontrast ventrieulography for the evaluation 

of the severity of RWMD. 

CONTRAST VENTRICULOGRAPHY 

R A 
A N 
D G 
I I 
o 0 
N G 
U R 
C A 
L P 
I H 
D Y 
E 

o 

2 

3 

4 

o 

40 

2 

4 

2 

27 

9 

Class 0: normal left ventrieular funetion 
1: borderline abnormal 
2: loealised hypo- or akinesis 
3: loealised dyskinesis 
4: diffuse a- or hypokinesis 

3 

8 

16 

4 

7 
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5.6. DISCUSSION 

It is demonstrated in this chapter that regional 

contractility can readily be determined by functional 

imaging of cardiac blood pool studies. RWMD is studied here 

in terms of regional count rat e changes, which are supposed 

to be linearly related to the regional blood volume changes. 

They are described in an orthogonal coordinate system with 

reference points external to the heart. As such, the 

isotopic approach is conceptually different from the 

geometric descriptions of ventricular contours in 

radiographic studies (10,11,12,13,14). Several limi ting 

factors have to be taken into account while interpreting 

RWMD from amplitude/phase images. The "normal" amplitude 

image is not homogeneous, especially in the right heart 

side, where the displacement of RA and RV during the cardiac 

cycle are responsible for the low amplitude area 

corresponding to the superimposition of the RA and RV on the 

projected image. In general, overlap of intra- and 

extraventricular structures affect the maps. These problems 

however are inherent to the acquisition procedure and in 

fact are only much more clearly apparent in amplitude/phase 

displays than with other data processing procedures. 

In routine clinical use, comparison of the results 

obtained by radionuclide and radiographic studies reveals 

two discrepancies : 

1. With respeet of the exact localisation of RWMD, non 

tangential segments are less weil visualised on radionuclide 

ventriculography, in particular when they are hypokinetic. 

Although wall motion disturbances in non tangential segments 

could be detected from a single LAO view, the accuracy of 

their localisation increased when data were acquired from 

two views (14). This becomes more important when more than 
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one asynergic segment was present. A more accurate 

assessment of the exact localisation of RWMD would require 

tomographic reconstruction. In addition to the evaluation of 

left ventricular contractility, EGNA studies allow the 

objectivation of right ventricular disturbances. 

Radiographic evaluation of right ventricular dysfunction 

would necessitate a supplementary right catheterisation. 

2. With respect of the severity of RWMD, no good correlation 

was found between a paradoxical extension of the ventricular 

borders on contrast ventriculography and a more than 90° 

first harmonic phase delay of the blood volume changes. In 

the cineangiographic studies, the severi ty of regional 

abnormalities were described in termsof amplitude of motion 

of the left ventricular silhouette between end diastole and 

end systole. Abnormalities in the sequence of wall motion 

are le ss well appreciated on cineangiographic films (15). A 

sever e methodological limitation to the present study is the 

subjective interpretation of both the contrast 

ventriculography and the functional images. A standardised 

evaluation of the severity of RWMD would require 

quantitative parameters. 

The use of amplitude/phase imaging in clinical practice 

introduces the concept that regional contractility can be 

described in terms of two independent variables : magnitude 

and timing of contraction. In the TFT applied here, the 

temporal model is restricted to the first harmonic changes 

in activity. In this situation, amplitude and phase 

characterise the whole cyclic phenomenon. Their combined use 

improves the diagnostic performance of RNV for the 

assessment of RWMD. 
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6. NON-INVASIVE ASSESSMENT OF THE PROXIMAL STE NO SES OF THE 

MAIN CORONARY ARTERIES BY MEANS OF EXERCISE RADIONUCLIDE 

VENTRICULOGRAPHY 

6.1. INTRODUCTION 

In 1935, Tennant and Wiggers demonstrated that the 

segment of myocardium supplied by an experimentally occluded 

coronary artery would expand during systole. Experimentally, 

regional mechanieal performance has been shown to decrease 

wi th the reduction of regional coronary flow. Clinically it 

has been shown that asynergy, defined as regional wall 

motion disturbances (RWMD), is usually related to 

significant coronary artery disease (1, 2). When present at 

rest, asynergy usually results from myocardial infarction 

although it may also be present without evidence of 

necrosis. In the la tter case, the asynergic area can be 

reversible and could be related to transient myocardial 

ischemia (3,4). In CAD patients, contrast angiography and 

radionuclide ventriculography (RNV) under stress may reveal 

asynergic areas not always present at rest (5,6). 

In the original exercise RNV studies the response of 

the left ventricular ejection fraction to exercise was used 

as a predictor of the presence of significant CAD 

(7,8,9,10). RWMD induced in the sam e circumstances provided 

either adjunctive or confirmative information. This study 

investigates to what extent resting and exercise RNV could 

contribute to the identification of the proximal stenoses of 

the main coronary arteries by evidencing asynergy. The 
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results of stress RNV are eompared with those obtained by 

exereise ECG and 201 Tl myoeardial perfusion seintigraphy 

(11, 12). 

6.2. METHODS 

6.2.1. Patient population and study protoeol 

Exereise RNV was performed in 8 normal subjeets and in 

52 male patients (36-66 y), submitted to eoronary 

angiography with left ventrieulography beeause of ehest 

pain, eompatible but not neeessarily typieal for angina 

peetoris. 24 of the patients had elinieal evidenee of 

previous myoeardial infaretion (MI). Table 1 gives in detail 

the eoronary lesions objeetivated in the patient population. 

Table 1. Coronary lesions observed in the patient population 

22 signifieative st. on LAD+Cx+RCA (or MTLCA+RCA)(15 X)(12MI) 
7 
4 
2 
6 
6 
5 

Legend 

" 
" 
" 
" 
" 
" 

S1 x 
x MI: 

" " LAD + Cx (or MTLCA) (6 X)(2 MI) 

" " LAD (4 X)(1 MI) 
" " Cx ( 1 with st. RCA 50%) (2 X)(1 MI) . 
" " RCA ( 1 with 1 st. on S 1 ) (3X) ( 1 MI) 
" " RCA + Cx (3X)(2 MI) 
" " RCA + LAD (4 X)(4 MI) 

first septal braneh of the LAD ; 
number of patients with Tl seintigraphy ; 

number of patients with evidenee of previous 
myoeardial infaretion 

The 12 eonventional ECG leads and 201 Tl myoeardial 

seintigraphy images were reeorded during a maximal or 

symptom limi ted standardised exereise test on bieyele 

ergometer as deseribed by Lenaers (13). Subsequently, 

equilibrium gated eardiae blood pool studies were performed 

during the steady state of a submaximal exereise test 

earried out in supine position in order to reaeh a heart 

frequeney of about 85% of the maximal heart frequeney 

attained during the first stress test. 
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6.2.3. Stress electrocardiography 

The 12 conventional ECG leads including D1 , D2 , D3 , 

aVR, aVL, aVF, V1-6 were recorded every minute of the stress 

test and during the first 5 minutes of recovery. The 

localisation of the abnormal myocardial segments was 

postulated from the leads evidencing anomalies using the 

criteria of Table 2 (14). 

Table 2. ECG criteria for the localisation of myocardial 

segments. 

SEGMENTAL LOCALISATION LEADS EVIDENCING ANOMALIES . 
Inferior septal (IS) DIII aVF V1 
Anterior septal (AS) V1 V2 
Apical (AP) V3 V4 
Lateral (L) V5 V6 
Posterior lateral 
High lateral (PL/HL) DI aVL 
Inferior (I) Dp DIII aVF 
Posterior (P) R 1 

6.2.3. Selective coronary angiography 

Selective coronary arteriography was performed 

according to the technique of Judkins (15). Arteriograms 

were obtained in at least left and right anterior oblique 

(LAO, RAO), left lateral (LL) and cranio caudal positions. 

Only stenoses with a reduction of the diameter of the lumen 

greater than 50% were considered significant. The fOllowing 

arteries were examined: main trunk of the left coronary 

artery (MTLCA), left anterior descending artery (LAD), 

artery diagonalis (DIAG), artery circumflex (Cx), right 

coronary artery (RCA). Neither the length of the stenosis, 

nor the collateral circulation, nor the status of the distal 

bed were taken into consideration as this prov ed to be too 

complex. 
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6.2.4. Myocardial scintigraphy 

Myocardial scintigraphy was performed by intravenous 

injection of 2 mCi 201 Tl one minute before the end of the 

exercise test. Data acquisition was started within 10 

minutes after the end of the exercise test and completed 

within the next 30 minutes. Images were obtained in LL, LAO 

(65, 45 and 25 degrees) and ANT positions. 200.000 counts 

were stored in each view. Spatial contrast enhancement is 

obtained by a 50% cut-off of the maximal LV activity 

determined after nine points smoothing. The 75% isocount 

level is outlined for easier evaluation of regional 

myocardial 

hypoperfused 

perfusion. Each segment is considered 

when the activity is below the 75% isocount 

level (13). The localisation of the segments on the 

myocardial perfusion images according to the nature of their 

irrigation is given in figure 31. 

LAD 

LAD 
ReA 

Le. 

LAT -
ReA 
Le. 

Fig. 31. Scintigraphic localisation of myocardial perfusion 

defects and corresponding coronary arteries. 
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6.2.5. Radionuclide ventriculography 

EGNA was performed in both anterior and LAO posi tions 

at rest and during submaximal exercise testing as described 

in Chapter 4.2. At each time data were accumulated during 3 
minutes resulting in averaged cardiac cycles consisting of 

150000 counts. For each study color polaroid exposures of 

amplitude and phase images and amplitude/phase distribution 

histograms within right and left ventricle (RVand LV) were 

examined for the presence of asynergy. Studies were 
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6.3. RESULTS 

6.3.1. Comparative results of stress ECG and RNV 

The results are summarized in Table 3. Only the ECG 

anomalies recorded during the first maximal or symptom 

limited stress test were taken into consideration. The 

anomalies recorded during the second submaximal stress test 

which served only for the recording of the exercise RNV 

images, were not taken into account. The 8 normal subjects 

all had a normal exercise RNV in spite of the presence of 

ECG anomalies in 3 among them. In the group of pa tients wi th 

CAD, exercise RNV gave significantly better resul ts for the 

assessment of significant stenoses of the lAD or the Cx 

arteries by objectivating AS and PL RWMD at exercise. 

However, there was no difference with respeet to the 

diagnosis of the RCA stenosis. 

6.3.2. Comparative results of stress myocardial scintigraphy 

and RNV 

As shown in Table 4, 2 among the normal subjects had 

201 Tl fixation anomalies on the myocardial scintigraphy, 

while the ventriculography was normal. In the group of 52 

patients with CAD, exercise RNV gavB significantly better 

results for the assessment of significantly stenosed LAD 

arteries, but there was no difference regarding the 

identification of RCA or Cx stenoses. Nevertheless, the 

specificity for RNV was higher than for myocardial 

sCintigraphy. Of the 119 wall segments with motion anomalies 

on exercise RNV, 106 (89%) were hypoperfused on myocardial 

scintigraphy, while 93 out of the 136 hypoperfused segments 

had also motion anomalies. In any case, we found a closer 

relationship between the anomalies evidenced by both 

radionuclide techniques than with the type of the stenosed 

arteries on the coronary arteriographY. 
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6.3.3. Global results 

In this study, an abnormal rest or exercise RNV 

represented a higher specific (100%) and very sensitive 

(90%) finding for the diagnosis of coronary artery disease, 

even if the type of coronary involvement was not always 

correctly assigned. 

The respective contribution of the 3 non-invasive 

techniques used for the assessment of the main stenosed 

coronary arteries are summarised in Table 5, 6 and 7. In our 

patient population we observed that 

- RNV was a very specific technique for the assessment of 

the type of main stenosed arteries, since the re were only 

10 false positives (global specificity : 86%). 

- For the assessment of LAD stenosis, very good results were 

obtained by all 3 techniques, with however significantly 

better results for RNV. 

- For the assessment of circumflex stenoses, poor results 

were observed with stress ECG, whereas both myocardial 

scintigraphy and RNV yielded significantly better results. 

- No differences in sensitivity were observed with respeet 

to the assessment of RCA stenosis. 

The demonstration by RNV of right ventricular RWMD was 

highly specific for RCA stenosis (specificity : 100%), even 

if it was not sensitive (43%). 
The predictive value of both positive and negative 

radionuclide images was high for the evaluation of the 

presence or absence of LAD or Cx stenosis. By contrast, it 

was much lower for the diagnosis of RCA stenosis. In this 

case, a negat iv e image did not allow to exclude a 

significant stenosis of this artery, while a positive image 

was not typical for RCA stenosis (except when right 

ventricular RWMD were observed). Stress RNV allowed even in 

some cases to demonstrate isolated stenoses on the diagonal 

or septal branches of the left anterior descending artery. 

78 

6.3.3. Global results 

In this study, an abnormal rest or exercise RNV 

represented a higher specific (100%) and very sensitive 

(90%) finding for the diagnosis of coronary artery disease, 

even if the type of coronary involvement was not always 

correctly assigned. 

The respective contribution of the 3 non-invasive 

techniques used for the assessment of the main stenosed 

coronary arteries are summarised in Table 5, 6 and 7. In our 

patient population we observed that 

- RNV was a very specific technique for the assessment of 

the type of main stenosed arteries, since the re were only 

10 false positives (global specificity : 86%). 

- For the assessment of LAD stenosis, very good results were 

obtained by all 3 techniques, with however significantly 

better results for RNV. 

- For the assessment of circumflex stenoses, poor results 

were observed with stress ECG, whereas both myocardial 

scintigraphy and RNV yielded significantly better results. 

- No differences in sensitivity were observed with respeet 

to the assessment of RCA stenosis. 

The demonstration by RNV of right ventricular RWMD was 

highly specific for RCA stenosis (specificity : 100%), even 

if it was not sensitive (43%). 
The predictive value of both positive and negative 

radionuclide images was high for the evaluation of the 

presence or absence of LAD or Cx stenosis. By contrast, it 

was much lower for the diagnosis of RCA stenosis. In this 

case, a negat iv e image did not allow to exclude a 

significant stenosis of this artery, while a positive image 

was not typical for RCA stenosis (except when right 

ventricular RWMD were observed). Stress RNV allowed even in 

some cases to demonstrate isolated stenoses on the diagonal 

or septal branches of the left anterior descending artery. 



79 

Table 5. Diagnostic yalue of rest and exercise ECG for the 

assessment of the type of stenosed arteries. 

Number of ste- Rest and Exercise ECG Py+ Py-
nosed arteries + 

LAD 38+ 30 (75%) 8 
(38 ) 88 71 

24- 4 20 (85%) 

Cx 37+ 16 (43%) 21 
( 37) 66 45 

25- 8 17 (68%) 

RCA 39+ 27 (69%) 12 
(39 ) 93 64 

23- 2 21 (91%) 

Total 114+ 73 (64%) 41 
( 194 ) 

72- 14 58 (81%) 
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Table 6. Diagnostic value of exercise myocardial 
scintigraphy 

Number of ste- Hest and Exercise ECG Pv+ PV-
nosed arteries + 

LAD 29+ 24 (83%)ns 5 
(38 ) 92 66 

12- 2 10 (83%)ns 

Cx 25+ 15 (60%)X 10 
(37) 79 54 

16- 4 12 (75%)ns 

HCA 26+ 18 (69%)ns 8 
(39) 90 62 

15- 2 13 (87%)ns 

Total 80+ 57 (71%)ns 23 
(194) 

43- 8 35 (81%)ns 
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Table 7. Diagnostic value of regional wall motion 

disturbances at rest and at exercise. 

Number of ste- Hest and Exercise ECG Pv+ PV -
nosed arteries + 

LAD 38+ 34 (89%) 4 
(38 ) 94 85 

24- 2 22 (92% ) 

Cx 37+ 22 (60%) 15 
(37) 91 60 

25- 2 23 (92%) 

HCA 39+ 27 (69%) 12 
(39) 82 59 

23- 6 17 (74%) 

Total 114+ 83 (80%) 31 
(194) 

72- 10 62 (86%) 
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6.4. DISCUSSION 

With the exception of the diagnosis of stenosis of the 

left anterior descending artery, the conventional 12 leads 

exercise ECG did not contribute to the assessment of 

proximal stenosis of the main coronary arteries. Myocardial 

scintigraphy at exercise had a diagnostic superiori ty over 

stress ECG for the identification of both CAD and Cx 

stenoses, but not for the assessment of RCA stenosis. The 

diagnostic superiority of stress myocardial scintigraphy in 

comparison with exercise ECG was less obvious than in a 

previous study (13). This may result from the fact that in 

this study 12 leads were recorded instead of 4 in the 

previous one, and also that 24 out of the 52 patients had a 

previous myocardial infarction with ECG sequelae. 

The best results were observed with exercise 

radionuclide ventriculography, even if one considers that 

this last technique was performed during a submaximal 

exercise test. Significant differences were observed in the 

correet assessment of the stenosed LAD and Cx arteries, both 

with respeet to sensitivity as well as to specificity. No 

significant differences were observed for the diagnosis of 

RCA stenosis. However, RNV is one of the rare techniques 

which can demonstrate wall motion anomalies of the right 

ventricle (15,16). As shown in this study, this method is 

very specific, even though it is not sensitive for RCA 

stenosis. 

The present data do not allow to conelude that there 

exists a non-invasive technique which enables to assess 

correctly the type of stenosed arteries, particularly when 

more than one artery is involved. Indeed, although 

alterations in myocardial perfusion and regional 

contractility are both more prevalent in wall segments 

perfused by severely stenosed arteries, they are not al ways 
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present. On the contrary, we also sometimes observed such 

anomalies in myocardial areas irrigated by vessels which 

were not severely stenosed. A better correlation was found 

between regional wall motion and myocardial perfusion 

anomalies than with the nature of the stenosed coronary 

arteries as it was demonstrated on coronary arteriography. 

Similar observations have already been reported for the 

surface ECG mapping technique (17). This may perhaps be 

explained by the fact that this study does not take into 

account the stenoses of the smaller arteries, the length of 

the stenoses, the degree of development of the collateral 

circulation nor the state of the distal bed (18,19). The 

degree of confidenee in the interpretation of coronary 

arteriograms can also explain some discrepancies (20). 

Moreover, it is known that some thrombosed arteries may 

later be recanalised, which explains the normal coronary 

arteriography sometimes observed in patients with ECG 

sequelae of myocardial infarction (21). This may explain why 

6% of the patients with demonstrated CAD had wall motion 

anomalies on both contrast radionuclide ventriculographies 

which did not correspond to related stenosed arteries. 

Absence of RWMD at rest and at exercise means almost 

certainly absence of severe proximal stenoses on a main 

coronary artery. In any eas e they fiean a well preserved 

myocardial function, especially when global left ventricular 

ejection fraction remains normal during exercise. Both 

rest/exercise myocardial perfusion scintigraphy and RNV 

could be used in association with stress ECG in order to 

ascertain whether borderline stenoses on the coronary 

arteriography are hemodynamically significant. 
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ascertain whether borderline stenoses on the coronary 

arteriography are hemodynamically significant. 
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7. FUNCTIONAL DISSIMILARITY BETWEEN ANTERIOR AND POSTERIOR 

VENTRICULAR WALLS DURING ACUTE MYOCARDIAL INFARCTION. 

7.1. INTRODUCTION 

Several studies have demonstrated the utility of 

radionuclide ventriculography (RNV) in acute myocardial 

infarction (AMI)( 1 ,2,3). A low left ventricular ejection 

fraction (LVEF) has prognostic significance as a predictor 

of early mortality and the subsequent development of 

congestive heart failure or sudden death (4,5,6). The site 

of infarction is an important determinant of the outcome of 

AMI as well (7). Anterior infarction results in greater LV EF 

depression than does inferior infarction (8,9). Right 

ventricular infarction is much more common than is generally 

appreciated and occurs almost exclusively in patients with 

inferior wall infarction (10,11,12). In inferior infarction 

the extent of damage and the hemodynamic impact are shared 

by both ventricles, whereas the left ventricle bears the 

full impact with anterior infarction (9). Invasive as well 

as non invasive investigations demonstrated that the 

hemodynamic consequence of AMI reflect at least in part the 

degree and extent of associated asynergy (13,14). 

The purpose of this study was to investigate the 

relationship between the evolution of global and regional 

ventricular performance during the early phase of AMI. We 

used serial EGNA studies to evaluate the effect of infarct 
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localisation on global LVEF and on the localisation and 

severity of regional asynergy. Regional asynergy was 

assessed from amplitude phase functional images after a 

temporal Fourier transform. By this procedure, the severity 

of regional wall motion disturbances (RWMD) is not only 

appreciated in terms of the amplitude of ventricular wall 

motion but also in terms of abnormalities in the sequence of 

regional ventricular wall motion (15). 

7.2. MATERIALS AND METHODS 

7.2.1. Patient population 

81 patients admitted to the coronary care unit with 

well documented transmural myocardial infarction were 

studied. The average age of the patients was 60 years (37 to 

84). The diagnosis of myocardial infarction was based on the 

presence of the following cri teria : (a) symptoms of chest, 

arm, neck or back pain suggestive of an acute coronary 

event, (b) development of pathologic Q waves of more than 

0.04 second in duration, (c) serial cardiac enzyme patterns 

of serum creatine kinase, including its MB isoenzyme 

fraction, glutamic oxaloacetic transaminase and lactate 

dehydrogenase that were typical of acute infarction. 

Patients with a history and/or ECG evidence of prior 

myocardial infarction or significant valve disease were 

excluded. 

The location of the infarct was characterised as 

anterior (including anterolateral, anteroseptal or apical 

infarction or posterolateral infarction) with the use of 

established electrocardiographic criteria (16). 46 patients 

were classified as having an anterior infarction, 35 

patients as having a posterior infarction. 
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Eaeh patient was assigned on elinieal eriteria to 

Killip elasses I-IV upon admission to the CCU (17). 38 

patients were in elass I, 32 patients were in elass II and 

11 patients were in elass III or IV. 

No attempt was made to influenee the therapy of 

patients involved in this study. All patients were admitted 

direetly from the emergeney room to the CCU. Patients were 

treated routinely with bed rest, low flow oxygen by nasal 

eanula, eontinuous intravenous lidoeain infusion and 

heparinisation unless the eondition required more vigorous 

respiratory or eardiovaseular support. 6 patients died 

during hospitalisation 4 had an anterior myoeardial 

infaretion, 2 had a posterior infaretion. 

7.2.2. Radionuelide evaluation 

EGNA was performed within 72 hours of hospital 

admission in all patients and approximately 10 days (8-12) 

after the first study in 75 patients. The teehnique used for 

the data aequisition is deseribed in Chapter 4.2. 

Global LVEF was determined from nett time aetivity 

euryes generated within a left ventrieular region of 

interest. The 16 frames of representative eardiae eyele were 

eorreeted for unstruetured baekground by uniform 

thresholding, free of operator intervention in a manner 

eomparable to that deseribed by Goris (18). The threshold 

was defined automatieally from a eumulative density 

distribution funetion of the end diastolie versus the first 

harmonie amplitude of the pixels with a phase eorresponding 

to ventrieular struetures. The left ventrieular perimeter 

was manually traeed on a simultaneous display of the first 

harmonie ampli tude and phase images, the original end 

diastolie frame and the baekground eorreeted end diastolie 

88 

Eaeh patient was assigned on elinieal eriteria to 

Killip elasses I-IV upon admission to the CCU (17). 38 

patients were in elass I, 32 patients were in elass II and 

11 patients were in elass III or IV. 

No attempt was made to influenee the therapy of 

patients involved in this study. All patients were admitted 

direetly from the emergeney room to the CCU. Patients were 

treated routinely with bed rest, low flow oxygen by nasal 

eanula, eontinuous intravenous lidoeain infusion and 

heparinisation unless the eondition required more vigorous 

respiratory or eardiovaseular support. 6 patients died 

during hospitalisation 4 had an anterior myoeardial 

infaretion, 2 had a posterior infaretion. 

7.2.2. Radionuelide evaluation 

EGNA was performed within 72 hours of hospital 

admission in all patients and approximately 10 days (8-12) 

after the first study in 75 patients. The teehnique used for 

the data aequisition is deseribed in Chapter 4.2. 

Global LVEF was determined from nett time aetivity 

euryes generated within a left ventrieular region of 

interest. The 16 frames of representative eardiae eyele were 

eorreeted for unstruetured baekground by uniform 

thresholding, free of operator intervention in a manner 

eomparable to that deseribed by Goris (18). The threshold 

was defined automatieally from a eumulative density 

distribution funetion of the end diastolie versus the first 

harmonie amplitude of the pixels with a phase eorresponding 

to ventrieular struetures. The left ventrieular perimeter 

was manually traeed on a simultaneous display of the first 

harmonie ampli tude and phase images, the original end 

diastolie frame and the baekground eorreeted end diastolie 



89 

frame. The eombined information in those images allows to 

reeognise the maximal extension of the LV area even in 

severe pathologieal situations. Nett LV end diastolie and 

end systolie eounts are defined as the maximal and minimal 

values of the nett LV time/aetivity eurve and the LVEF is 

determined by the ratio (LVED-LVES)/LVED. To validate the 

proeedure, figure 33 demonstrates the eorrespondenee between 

2 sueeessive radionuelide LVEF determinations. 

LVEF2 
100 

80 
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.0 

.. 

50 

y=.97x+2.5 
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40 

80 
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Fig. 33. Reprodueibility of LVEF determinations from two 

sueeessive EGNA studies. 
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Regional asynergy was evaluated by visual inspection of 

the first harmonic amplitude and phase functional images, 

and by amplitude weighted phase distribution histograms of 

right and left ventricle. RWMD were classified according to 

their localisation in anterior/anteroseptal (AIAS), apical 

(AP), posterobasal/posterolateral (PB/PL) or right 

ventricular (RV) areas, and according to their severity as 

those with a phase delay of more than or less than 90°. 

7.2.3.Statistical methods 

All data are expressed as mean ± s.d .. The comparison 

between groups (e.g. anterior vs inferior myocardial 

infarction) was performed using the Mann Whitney U-test. 

7.3. RESULTS 

7.3.1. Global LV EF at the onset of AMI 

Global LVEF differed significantly between patients 

with anterior and with posterior infarction (Table 1, Fig. 

34). These differences were observed not only for the whole 

group, but also when the patients were classified according 

to Killip elasses. Even in the group of patients without 

complications LVEF was significantly lower in anterior than 

in posterior myocardial infarctions. 6 patients of Killip 

class I with anterior infarction had a LVEF below 30, but 

never exhibited complications during hospitalisation. All 

the 6 patients who died had sever e depressed LVEF: 12-24 
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Table 1. Global LVEF at the onset of myocardial infarction. 

anterior posterior 

Total 31.5 ± 12.0 42.0 ± 13.9 

Killip I 37.2 ± 11.0 49.4 ± 9.6 

Killip II 29.6 ± 10.7 35.3 ± 12.5 

Killip III 17.6 ± 4.6 22.8 :t 4.3 

to 

60 .i. 
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Fig.34. Global LVEF at the onset of myocardial infarction. 
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7.3.2. Identification of infarcted regions ~ RWMD 

Table 2 documents the identification of infarcted 

regions by the detection of RWMD, the data are further 

classified according to the observed phase delays. 

In the acute phase, 43/46 patients with anterior 

infarction demonstrated RWMD in the AIAS (36 patients) 

and/or AP (26 patients) regions. 3 of them showed associated 

PB/PL anomalies and 1 of them had an associated dyskinesis 

of the RV apex. In 3/46 patients only minor PB/PL RWMD were 

evidenced on RNV, the patients had an anterolateral 

infarction on ECG. 

In 28/35 patients with posterior myocardial infarction 

RWMD were demonstrated in the PB/PL region. In 3 of them 

there was extension to the antero-apical region, in 13 of 

them RV anomalies were associated. In 1 patient the only 

anomaly was localised at the apex and in 4 patients the only 

LV anomaly was in the AS region, in 2 of them this was 

associated with RV dysfunction. In 2 patients no RWMD could 

be evidenced by RNV. 

Table 2. Severity and localisation of RWMD at the onset of 

myocardial infarction. 

phase shift AIAS AP PB/PL RV 

anterior M. 1. < 90 27 24 1 
> 90 9 2 5 

posterior M.1. < 90 3 4 12 13 
> 90 4 16 2 

No RWMD: 2 
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The relationship between right ventrieular dysfunetion 

and eleetroeardiographie infaret loealisation was more 

elosely investigated. Of the 16 patients with RV wall motion 

disturbanees, 9 had a diaphragmatie infaretion, 4 had an 

inferolateral infaretion, 2 had a strietly posteroseptal 

infaretion and onlyone patient had an anterior infaretion. 

7.3.3. Severity of RWMD 

The phase delays observed in PB/PL RWMD were 

eonsistently less pronouneed than in the other areas. As a 

result, 34/36 patients with AMI presented phase shifts of 

more than 90°, whereas a similar phase shift of more than 

90° was observed in only 14/35 patients with posterior MI. 

7.3.4. Evolution in global and regional performance 

The differenees with respeet to the abnormalities in 

regional wall motion beeame even more pronouneed in the 

radionuelide studies performed 10 days after the onset of 

M.I. At this moment no RWMD were deteetable anymore in 8/35 

patients with posterior M.I. The evolution of the regional 

asynergy in terms of phase alterations for eaeh patients is 

given in table 3. 

Table 3. Evolution of RWMD in anterior and posterior 

infaretions. 

anterior M.I. 

posterior M.I. 

no differenee 

31 

16 

RWMD 

6 

15 

deteriorated RWM 

9 

3 
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more than 90°, whereas a similar phase shift of more than 
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7.3.4. Evolution in global and regional performance 
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Table 3. Evolution of RWMD in anterior and posterior 
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anterior M.I. 

posterior M.I. 

no differenee 

31 

16 

RWMD 

6 

15 

deteriorated RWM 

9 

3 
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Figures35 and36 represent the evolution in global LVEF, 

together with their evolution of regional asynchronism in 

patients with anterior and posterior M.I. respectively. 

Only 7/42 patients with anterior M.I. significantly 

increased their LVEF between the studies performed before 

72h and after 10 days. In 31/42 patients, LV EF remained 

unchanged, in 4/42 patients, LVEF deteriorated further. 

The evolution in patients with posterior M.I. was 

markedly different. In 15/33 patients LVEF increased 

significantly, no change was observed in 15/33 patients and 

only 3/33 patients evidenced a decrease in LVEF. Although 

the 3 patients in which LVEF deteriorated had radionuclide 

evidence of RV dysfunction, RV involvement in itself did not 

necessarily determine a limited capacity for improvement, as 

in other patients with RV involvement, LVEF improved or 

remained unchanged. 

Irrespective of the site of M.I. we observed a good 

concordance between the evolution in LVEF and the evolution 

in regional asynchronism. 
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7.4. DISCUSSION 

Our resul ts thus confirm the data of previous studies 

which reported a reduced LVEF in patients studied at various 

times after the onset of AMI and which demonstrated that the 

site of myocardial infarction may bear importantly on the 

severity and frequency of depress ed LVEF. They further 

extent these observations in the sense that the differences 

in LVEF between anterior and posterior myocardial infarction 

persist, even when the hemodynamic status of the patients, 

as evaluated clinically, is taken into account. We could 

also demonstrate a different behaviour of anterior and of 

posterior M.I. with respeet to the early evolution of global 

and regional ventricular performance. Although these 

observations should at least in part be attributed to the 

decrease in sensitivity of RNV for posterior wall 

disturbances related to absorption phenomena, methodological 

factors cannot influence the differences observed during the 

evol ution of M.1. 

Particular important aspects of this study are the 

abnormalities in the sequence of wall motion that have been 

encountered. Alterations in timing of ventricular wall 

motion are easily investigated by phase analysis of EGNA, 

while they are not apparent on routine EGNA processed by 

standard methods, including common functional imaging 

procedures such as REF or paradox images. The abnormal 

sequence of LV wall motion may apparently account for 

alterations in timed ejection fraction (e.g. first third 

EF) . 

In this application the evaluation of phase patterns 

presents several methodological limitations : 
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1. Visual inspection of functional images remains subjective 

2. We only consider a binary distinction between phase 

delays less or greater than 90~ 

3. The sensitivity of amplitude/phase images for the 

assessment of RWMD is not the same for tangential and 

non-tangential segments. However, as only modifieä LAO 

images were taken into account, the latter factor would 

in the first place result in an underestimation of the A­

AL phase delays. 

Notwithstanding these limitation, our study has 

demonstrated that more severe alterations in the sequence of 

ventricular wall motion occur with anterior than posterior 

myocardial infarction. Furthermore, improvement in global 

response correlated with an improvement in the synchronism 

of ventricular wall motion. The synchronism of the regional 

ventricular blood volume changes is a major determinant of 

intrinsie ventricular pump efficiency. Within the framework 

of pre- and afterload changes and the Frank Starling 

mechanisms, differences in the degree of desynchronisa tion 

may be expected to resul t in different adapta tions in LVEF 

and end diastolic volume. Depressed regional ejection 

fractions in the non-infarcted regions has indeed been 

observed more frequently in patients with anterior 

infarction than in patients with posterior infarction (8). 

These adaptation mechanisms could also explain our 

observation that for the same Killip elasses global LVEF was 

more severely depressed in anterior than in posterior 

infarction. 

Our study has some practical implications with respeet 

to the interpretation of RNV data. LVEF alone or other 

indices related to global ventricular volume changes are not 

sufficient to determine pump function and hemodynamic status 

in myocardial infarction patients. The functional 
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dissimilarity of anterior and posterior ventricular walls 

emphasises the need to correlate regional wall motion 

response to global ventricular function in a standardised 

manner. The amplitude of the regional wall motion is not the 

only factor which is thereby involved, and, optimally, 

disturbances in the synchronism of ventricular wall motion 

should be measured quantitatively. 

REFERENCES 

1. Rigo P., Murray M., Strauss H.W. et al. 1974. Left 
ventricular function in acute myocardial infarction 
evaluated by gated scintiphotography. Circulation 50, 
678. 

2. Schelbert H.R., Henning H., Ashburn W.L. et al. 1976. 
Serial measurements of left ventricular ejection fraction 
by radionuclide angiography early and late after myocar­
dial infarction. Am. J. Cardiol. 38, 405. 

3. Reduto L.A, Berger H.J., Cohen Z.S. et al. 1978. Sequen­
tial radionuclide assessment of right ventricular per­
formance after acute transmural myocardial infarction. 
Ann. Intern. Med. 89, 441. 

4. Taylor G. J., Huphries J.O., Mellitis E.D. et al. 1980. 
Predictors of clinical course, coronary anatomy and left 
ventricular function after recovery from acute myocar­
dial infarction. Circulation 62, 960. 

5. Battler A., Slutsky R., Karliner J. et al. 1980. Left 
ventricular ejection fraction and first third ejection 
fraction early after acute myocardial infarction: value 
for predicting mortality and morbidity. Am. J. Cardiol. 
45, 197. 

6. Shah P.K., Pichler M., Berman D.S. et al.1980. Left ven­
tricular ejection fraction and first third ejection 
fraction determined by radionuclide ventriculography in 
early stages of first transmural myocardial infarction: 
relation to short term prognosis. Am. J. Cardiol. 45, 
542. 

7. Bulkley B.H. 1981. Site and sequelae of myocardial 
infarction. New Eng. J. Med. 6, 337. 

8. Wynne L.M., Sayers M., Maddox D.E., et al. 1980. Regio­
nal left ventricular function in acute myocardial 
infarction: evaluation with quantitative ventriculogra­
phy. Am. J. Cardiol. 45, 203. 

9. Marmor A., Geltman, Biello D.R., et al. 1981. 
Function response of the right ventricle to myocardial 
infarction: dependence on the site of left ventricular 
infarction. Circulation 64, 1005. 

99 

dissimilarity of anterior and posterior ventricular walls 

emphasises the need to correlate regional wall motion 

response to global ventricular function in a standardised 

manner. The amplitude of the regional wall motion is not the 

only factor which is thereby involved, and, optimally, 

disturbances in the synchronism of ventricular wall motion 

should be measured quantitatively. 

REFERENCES 

1. Rigo P., Murray M., Strauss H.W. et al. 1974. Left 
ventricular function in acute myocardial infarction 
evaluated by gated scintiphotography. Circulation 50, 
678. 

2. Schelbert H.R., Henning H., Ashburn W.L. et al. 1976. 
Serial measurements of left ventricular ejection fraction 
by radionuclide angiography early and late after myocar­
dial infarction. Am. J. Cardiol. 38, 405. 

3. Reduto L.A, Berger H.J., Cohen Z.S. et al. 1978. Sequen­
tial radionuclide assessment of right ventricular per­
formance after acute transmural myocardial infarction. 
Ann. Intern. Med. 89, 441. 

4. Taylor G. J., Huphries J.O., Mellitis E.D. et al. 1980. 
Predictors of clinical course, coronary anatomy and left 
ventricular function after recovery from acute myocar­
dial infarction. Circulation 62, 960. 

5. Battler A., Slutsky R., Karliner J. et al. 1980. Left 
ventricular ejection fraction and first third ejection 
fraction early after acute myocardial infarction: value 
for predicting mortality and morbidity. Am. J. Cardiol. 
45, 197. 

6. Shah P.K., Pichler M., Berman D.S. et al.1980. Left ven­
tricular ejection fraction and first third ejection 
fraction determined by radionuclide ventriculography in 
early stages of first transmural myocardial infarction: 
relation to short term prognosis. Am. J. Cardiol. 45, 
542. 

7. Bulkley B.H. 1981. Site and sequelae of myocardial 
infarction. New Eng. J. Med. 6, 337. 

8. Wynne L.M., Sayers M., Maddox D.E., et al. 1980. Regio­
nal left ventricular function in acute myocardial 
infarction: evaluation with quantitative ventriculogra­
phy. Am. J. Cardiol. 45, 203. 

9. Marmor A., Geltman, Biello D.R., et al. 1981. 
Function response of the right ventricle to myocardial 
infarction: dependence on the site of left ventricular 
infarction. Circulation 64, 1005. 



100 

10. Riga P . , HUr'l"ay M., Taylor D.R., et al. 1975 . Right 
ventrioular dysfunction detected by gated scinligraphy 
in patlents with aeute inferior myocardlal infarotlen . 
Circulatien 52, 268 . 

11. Tobinick E. , Schelbert H.R . , Hennlng H. , et al. 1978. 
Right ventricular ejection fraetion in patlents with 
aeute anterior and inferio!" royoaardlal infarollan 
assessed by r adionuolide angiography. Circulation 57 . 
1078 . 

12 . Walton S . , Rowlands D. J . , Shields R. A. et al . 1979 . Study 
of right ventricular functian i n isehemie heart disease 
using radionueide angiocardiography. Intensive Care med . 
53 . 121. 

13 . Be r t r and M. E., Rousseau J . M., Lablanohe J . M. et al . 
1979 . Cineangiographic assessment of lert ventricular 
function in the acute phase of transmural myocardial 
infarction . Am . J. Cardiol. 43 , 472 . 

14 . Rigaud M. , Rocha P . , Boschat J . et al . 1979 . Regional 
left ventricular function assessed by contrast 
angiography in acute myocardial infarction . Circulation . 
60 , 130 . 

15. Bossuyt A., Huyghens L., Oeconinck F. et al . 1982 . 
Relationship between global and regional ventricular 
performance during acute myocardial infarction studied 
by amplitudel phase analysis . In: Nuclear Medicine and 
Biology Raynaud C. (Ed . ) II , 1813 . 

16 . Winsor T. 1968. Principles of electrocardiography in 
myocardial infa r ction. In : The Ciba Collection Heart 
Nette r F. (Ed . ) Vol 5 . 

17 . Killip T. , Kimball J . T. 1967 . Treatment of myocardial 
infarction in a coronary care unit. A two years 
experience with 250 patients. Am . J. Cardlol . 20, 457. 

18. Goris H. L., Briandet P. A., Huffer E. 1979. Automation 
and operator independent data processing of cardiac and 
pulmona r y functions: role , methods and results . In : 
Informatlon Processing in Medical Imaging. Oi Paola R. 
(Ed . ) INSERH 88 , 427. 

100 

10. Riga P . , HUr'l"ay M., Taylor D.R., et al. 1975 . Right 
ventrioular dysfunction detected by gated scinligraphy 
in patlents with aeute inferior myocardlal infarotlen . 
Circulatien 52, 268 . 

11. Tobinick E. , Schelbert H.R . , Hennlng H. , et al. 1978. 
Right ventricular ejection fraetion in patlents with 
aeute anterior and inferio!" royoaardlal infarollan 
assessed by r adionuolide angiography. Circulation 57 . 
1078 . 

12 . Walton S . , Rowlands D. J . , Shields R. A. et al . 1979 . Study 
of right ventricular functian i n isehemie heart disease 
using radionueide angiocardiography. Intensive Care med . 
53 . 121. 

13 . Be r t r and M. E., Rousseau J . M., Lablanohe J . M. et al . 
1979 . Cineangiographic assessment of lert ventricular 
function in the acute phase of transmural myocardial 
infarction . Am . J. Cardiol. 43 , 472 . 

14 . Rigaud M. , Rocha P . , Boschat J . et al . 1979 . Regional 
left ventricular function assessed by contrast 
angiography in acute myocardial infarction . Circulation . 
60 , 130 . 

15. Bossuyt A., Huyghens L., Oeconinck F. et al . 1982 . 
Relationship between global and regional ventricular 
performance during acute myocardial infarction studied 
by amplitudel phase analysis . In: Nuclear Medicine and 
Biology Raynaud C. (Ed . ) II , 1813 . 

16 . Winsor T. 1968. Principles of electrocardiography in 
myocardial infa r ction. In : The Ciba Collection Heart 
Nette r F. (Ed . ) Vol 5 . 

17 . Killip T. , Kimball J . T. 1967 . Treatment of myocardial 
infarction in a coronary care unit. A two years 
experience with 250 patients. Am . J. Cardlol . 20, 457. 

18. Goris H. L., Briandet P. A., Huffer E. 1979. Automation 
and operator independent data processing of cardiac and 
pulmona r y functions: role , methods and results . In : 
Informatlon Processing in Medical Imaging. Oi Paola R. 
(Ed . ) INSERH 88 , 427. 



101 

8. SCINTIGRAPHIC VISUALISATION OF THE EFFECT OF CONDUCTION 

DISTURBANCES ON THE MECHANICAL EVENTS OF THE CARDIAC 

CYCLE. 

8.1. INTRODUCTION 

In the presence of ventricular conduction disturbances, 

activation of the ventricles is no longer synchronous (1). 

Muscular contraction is expected to be correspondingly 

asynchronous. However, disturbances in ventricular 

contraction resulting from abnormal electrical activation 

are difficult to demonstrate hemodynamically because of the 

complexity of these events and the rapidity with which they 

occur (2). Equilibrium gated cardiac blood pool scintigraphy 

allows the simultaneous study of the volume changes occuring 

in both ventricles during an averaged cardiac cycle. 

Alterations in the time sequence of these volume changes, as 

they are displayed by the phase image, should allow to 

visualise the alterations in the mechanieal events of the 

cardiac cycle resulting from electrophysiological 

disturbances of the heart, such as bundle branch blocks or 

pae e maker stimulation (3,4), 

8.2. BUNDLE BRANCH BLOCKS 

In this study, the synchronism in the blood volume 

changes between and within the right and left ventricles was 

evaluated by means of the first harmonic amplitude/phase 

patterns displayed in the functional images and in the 

amplitude/phase distribution histograms of each of the 

ventricles taken separately (5). 
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The study group eonsisted of 42 patients. As defined by 

ECG at the time of the study, 9 patients presented a 

eomplete RBBB, 17 patients a eomplete LBBB and 13 patients 

had signs of left anterior hemibloek (LAH). Only patients 

with regular eardiae rhythm were studied. Coneomittant 

eardiovaseular disease was present in most of these patients 

but 9 patients (4 RBBB - 5 LBBB) were asymptomatie and 

presented no other signs of eardiovaseular abnormalities. 

A typieal amplitude/phase distribution pattern was 

present in patients with LBBB, RBBB, but not in patients 

with hemibloeks. All LBBB patterns were eharaeterised by a 

bimodal amplitude/phase distribution over both ventrieles 

taken together. The differenee between the mean pnase of the 

left and right ventrieles ranged between 27° and 60° 

(Fig.37) , whieh is signifieantly different from the findings 

in normal individuals where, within statistieal limits, the 

phases in both ventrieles are identieal. The earliest phase 

was in the septal region spreading first over the right 

ventriele and thereafter over the left ventriele (Fig. 38) . 

In patients with a RBBB, the amplitude/phase histogram 

was also bimodal, the differenee between the mean phase of 

both ventrieles ranging from 18° to 48°.The earliest phase 

was in the left ventriele and spreads via the apex to the 

right ventriele. 

In the absenee of associated regional wall motion 

disturbanees, the aspeet of the amplitude image was normal 

in BBB patients. To some extent, phase shifts in loealised 

asynergie area s ean distinetly be reeognised from the BBB 

patients if the additional information of the amplitude of 

the eorresponding eount rat e ehanges is taken into aeeount. 

As illustrated in Figure 39, superimposed on the LBBB 

pattern, we ean reeognise a dyskinetie movement of the left 
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ventricu1ar apex as a region with marked1y decreased 

amp1itude and a phase shift of more than 90°. 
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Fig.37. Comparison of differences of mean phases in 1eft and 

right 
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disease. 
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known concomittant cardiovascu1ar 

Fig.39. Anterosepta1 dyskinesis superimposed on LBBB pattern 

in a patient with a myocardia1 infarction. 
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8.3. EFFECT OF VARIOUS KINDS OF PACE MAKER STIMULATION AND 

PACING FREQUENCIES ON VENTRICULAR PUMP FUNCTION 

8.3.1. Introduction 

While modern programmable pace makers allow for a 

noninvasive selection of a wide range of pacing modes and 

pacing rates, the hemodynamic effects of pace maker 

treatment are often difficult to proveo In this study, we 

investigated by temporal Fourier transform the movements of 

the blood pool as they are affected by the mode and 

frequency of pace maker stimulation. 

8.3.2. Methodology 

A group of 18 patients with multiprogrammable pace 

maker units were studied. Mean age was 70 years. 9 patients 

presented a cardiomyopathy, in most of the cases due to 

ischemic heart disease or hypertension. 9 patients had no 

cardiomyopathy. The presence or absence of cardiomyopathy 

was assessed on clinical grounds complaints and physical 

signs, chest X-ray and the need for diuretic and cardiotonic 

drugs. 

RNV was performed at rest at different pacing 

frequencies (80-100-120 beatsimin.) and on different pacing 

modes (AV sequential pacing (DVI) and ventricular inhibited 

(VVI)). Whenever possible, data were recorded after 5 to 10 

minutes of pacing at each level of frequency. Hemodynamic 

data were obtained in the same conditions for evaluation of 

pulmonary artery wedge pressure (PAWP) and pressure 

morphology. The presence or absence of retrograde P waves in 

VVI stimulation was looked for on ECG and the pressure 

curveo 
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presented a cardiomyopathy, in most of the cases due to 

ischemic heart disease or hypertension. 9 patients had no 

cardiomyopathy. The presence or absence of cardiomyopathy 

was assessed on clinical grounds complaints and physical 

signs, chest X-ray and the need for diuretic and cardiotonic 

drugs. 

RNV was performed at rest at different pacing 

frequencies (80-100-120 beatsimin.) and on different pacing 

modes (AV sequential pacing (DVI) and ventricular inhibited 

(VVI)). Whenever possible, data were recorded after 5 to 10 

minutes of pacing at each level of frequency. Hemodynamic 

data were obtained in the same conditions for evaluation of 

pulmonary artery wedge pressure (PAWP) and pressure 

morphology. The presence or absence of retrograde P waves in 

VVI stimulation was looked for on ECG and the pressure 

curveo 



105 

8.3.3. Results 

Figure 40 illustrates the effect of pace maker 

stimulation in one of the patients studied twice : in normal 

sinus rhythm and with pacemaker stimulation at a rat e of 

701min. The site of pace maker stimulation can clearly be 

recognised by the early phase in the right ventricular apex. 

The phase first spreads over the right ventricle and then 

over the left ventricle, resulting in a bimodal 

ampli tude/phase distribution between both ventricles. The 

shape and spread of the amplitude/phase histogram within the 

ventricles is also disturbed, pace maker stimulation 

markedly increasing the spread of the left ventricular 

phases. On the functional images, we observe a phase shift . 
between the infero-apical region and the lateral border of 

the left ventricle, indicating that the mechanieal 

contraction starts at the site of pace maker stimulation and 

then progress es to the rest of the ventricles. As at least 

part of conduction proceeds via ventricular muscle rather 

than via the His Purkinje system, the progression of the 

phases in the left ventricle is sl ow. 

Ventricular pacing (DVI or VVI) at high frequencies 

(100 - 120/min.) produced desynchronisation within the left 

ventricle always located in the same area : inferoseptal and 

apical (Fig.41). This may occur even in patients with normal 

coronary angiogram and is thus probably independent of the 

presence of CAD. The de gr ee of desynchronisation was more 

pronounced in patients with cardiomyopathy. Concomittant 

with this desynchronisation, we observed a fall in ejection 

fraction and an increase in end diastolic volume in these 

patients. When present, the phase shifts observed in an 

individual patient were more important at V 120 pacing rates 

than at V 100. This difference stiIl persisted when the 

phase values were converted in their equivalent in msec. 

This indicates that the desynchronisation cannot solely be 

explained by a slow conduction rate and delayed ventricular 
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activation, but that disturbances in myocardial contraction 

and relaxation are probably interrelated. 

Retrograde ventriculo-atrial conduction during VVI 

pacing was observed in 10 patients. Whereas in VVI pacing 

with AV dissociation or atrial fibrillation, atrial volume 

changes occured independently of the ventricles, in VVI 

pacing with retrograde atrial activation, volume changes in 

the right atrium occured nearly in phase with the lateral 

wall of the left ventricle (Fig.42). In these patients, 

sequential related volume changes are observed on the phase 

images in DVI pacingo Switching from DVI to VVI pacing in 

this subgroup produces a fall in cardiac output, an increase 

in PAPW and a giant retrograde A wave. While we observed a 

fall in the ejection fraction of the patients with 

cardiomyopathy, the patients without cardiomyopathy were 

able to inc reas e their ejection fraction, but only at basal 

heart rate. 

8.3.4. Comments 

Ventriculo-atrial conduction has been identified as a 

key risk factor for ventricular pae e maker syndrome. As 

atrial contraction occurs within the ventricular ejection 

period, blood is pumped backwards into the pulmonary and 

systemic venous beds. Retrograde P waves on the surface ECG 

may not be detected because of baseline abnormalities or low 

voltage. Amplitude/phase functional mapping of EGNA may non­

invasively elucidate the pathophysiological mechanisms in 

such circumstances. 

In those patients where ventricular pacing at higher 

frequencies induees a desynchronisation of the volume 

changes within the left ventricular, the higher pacing rates 

from the apex of the right ventricle, as now available with 

physiological pacing, could have deleterious effects. 
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8.4. DISCUSSION 

This study illustrates how strongly parametric imaging 

may improve the visualisation of time patterns in 

scintigraphic studies, The distinct phase patterns that were 

identified for various intraventricular conduction 

disturbances correlate with electrophysiological findings. 

In each case the phase image seemed to correspond to 

currently held concepts of activation sequence for the above 

conditions. The phase itself however cannot be considered as 

an electrical activation map. Indeed, radionuclide 

ventriculography studies the volume changes in the cardiac 

chambers during a heart cycle. Alterations in the time 

sequence of these volume changes as displayed by the phase 

irnage could result from alterations in electrical 

activation, myocardial contraction and relaxation, blood 

ejection or passive movements. Furthermore, the temporal 

Fourier transform us ed here was limited to the evaluation of 

the volume changes at the fundamental frequency. Changes in 

the symmetry between systolic and diastolic events will 

affect the fitting of the first harmonic to the real 

time/activity curves. 

The use of a cinematic display of the onset of 

mechanieal systole was introduced by Verba (6) to obtain 

information similar to that of the phase irnage. With this 

method, the total Fourier transform of each pixel is 

calcula ted and mul tiplied by a fil ter function. The second 

derivate of the inverse transform is then us ed to determine 

the point in the cardiac cycle at which emptying started for 

each pixel. The whole procedure requires a large computer or 

the incorporation of array processors to nuclear medicine 

computer systems (7) to perform the operation within 

acceptable time limits. It should furthermore be emphasised 

that, whatever calculation algorithm or display procedure is 

used, the accuracy of the method is determined by the filter 
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in the frequency domain. The latter approach allows the 

functional imaging of ventricular emptying and filling taken 

separately. 

Notwithstanding the limitation to the first harmonic 

model, the amplitude and phase images allow the 

characterisation of typical contraction patterns in 

different types of intraventricular conduction disturbances. 

Since 1980 similar observations have been repeatedly 

reported by several groups of investigators who also 

demonstrated abnormal phase patterns in patients with 

sustained ventricular tachycardia and with Wolf Parkinson 

White syndrome (8,9,10,11). 

From a clinical point of view, the recognition of 

distinct amplitude/phase patterns related to disturbances in 

electrical activation appears to be especially useful for 

the localisation of myocardial infarction in patients with 

BBB and as an aid to determine the optimal site and 

frequency for pace maker stimulation. 
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9. PARAMETRIC IMAGING AND TEMPORAL CONTRAST ENHANCEMENT FOR 

THE VISUALISATION OF TIME PATTERNS. 

9.1. DATA COMPRESSION THROUGH EFFICIENT DATA ACQUISITION AND 

PROCESSING 

9.1.1. The Hadamard transform 

The use off the Fourier transform limited to the first 

harmonie for funetional imaging in equilibrium gated nuelear 

angiography (EGNA) does not provide an exaet deseription of 

the time funetion. The Fourier transform is us ed to extraet 

parameters whieh give a elinieally adequate deseription of 

the aetivity ehanges in eaeh pixel first harmonie 

amplitude Al and phase ~1. Higher harmonie parameters as 

such may be of interest, but their elinieal signifieanee has 

not been elearly demonstrated yet. 

The Fourier transform is based on multiplieations of 

the funetions to be transformed by sine and cosine 

funetions. 

Let I(t) be the funetion to be transformed. 

ICt) = Ao + B1 sin wt + C1 eoswt 

+ B2 sin 2wt + C2 eos 2wt 

+ higher harmonies 
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In the case of functional imaging, where I(t) = 

I 1 ,···,I i ,···,I n 

2 n 
L 

n i=1 

2 
n 

n 
L 

i=1 

is the original transformed image 

sin {j 2n (i-I)} 
n 

eos {j 2~ (i-I)} 

series, 

The Fourier transform is computationally difficult to 

perform on a real time basis during data acquisition. We 

therefore investigated the use of a square wave basis 

function to calculate parametric images. The square wave 

function which we use is shown in Figure n and varies from 

+1 to -1. Two periods are shown, but the information is 

periodic from x = - "'to + oo When the origin of the X-axis 

intercepts the function in point S, the wave function is y = 

SQSN (x) (square sine). When the origin is at C, the 

function is y = SQCN (x) (square cosine). 

y 

e 

x 
s 

-, 

Fig. 41 Square wave function. 
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The use of square wave funetions for the linear 

transformation of funetions is a Hadamard or Walsh 

transform (1). The square wave funetion itself ean be 

analysed in terms of a Fourier·series. 

SQSN (x) ! (sin (x) + ~ sin (3x) + ~ sin (5x) + ... 

SQCN (x) 4 1 1 
1T (eos (x) - "3 eos (3x) + "5 eos (5x) - '" ) 

Substitution yields (the eonstant sealing faetors have beel 

deleted for simplifieation) 

n 
(l2!. B1 L: Il SQSN ( i - 1)) 

i=l n 

n 
(l2!. L: Il sin ( i - 1)) 

i=l n 

1 n 
( 21T.3 (i + "3 L: Il sin - 1)) 

i=l n 

1 n 
( 21T.5 (i + "5 L: Il sin - 1)) 

i=l n 

+ 

and 

By means of B, and e, the "Hadamard" first harmonie 

amplitude and phase ean be ealeulated and displayed as 

parametrie images 

A (B 12 + CI 2)J!2 

~ aretg (- B/C) 
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When the image series consists of a multiple of four 

images, the Hadamard transform reduces the image series to 

four images 1 1 , 12' 1 3 and 14, each spanning one fourth of 

the total acquisi tion length. By means of four images, the 

Hadamard first harmonic ampli tude A and phase ep can be 

calculated as follows 

A 

9.1.2. The comparison of the Fourier and Hadamard transform 

in EGNA. 

The Fourier and Hadamard amplitude or phase are not 

equal when the original image series contains more than four 

images (there is no 2nd or higher harmonic when the sampling 

frequency is limited to 4 images/cycle). When there is a 

multiple of four images, the Hadamard transform reduces the 

image series to 4 images before transforming them. When 

there are four images, the Hadamard and Fourier transform 

differ only by constants. 

In EGNA, it is usual to acquire at least 16 images per 

cycle. The Fourier and Hadamard first harmonic amplitude and 

phase will be equivalent if the information content of the 

3rd and higher odd harmonics is negligible as compared with 

the information content of the first harmonic. The 

information content of different harmonics will not be the 

same for all pixels. Within heart structures, the first 

harmonic Fourier component of the time activity curves (TAe) 

is by far more important than the contribution of the 3rd or 

higher harmonics. The Hadamard transform filters, the higher 
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harmonics by means of the scaling factors 1/3, 1/5, ••• , so 

that their contribution to the functional images is 

negligible. As aresult, the use of the Hadamard transform 

demonstrates that four images/cycle, which each span one 

fourth cycle, yield high phase and amplitude resolution 

functional images in EGNA (Fig.44). With an acquisition 

memory si~e limited to 64 kbyte, one now has the option to 

acquire 4 high resolution 128 x 128 images per cycle. This 

allows the gated acquisition of seven-pinhole images for 

tomographic imaging (2). 

Figure 45 shows an example provided by EGNA of the 

equivalence between Fourier functional phase imaging and 

Hadamard functional imaging using 16 images/cycle. 
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9.2. TEMPORAL CONTRAST ENHANCEMENT 

By discarding the information contained in the higher 

harmonics, all information regarding possible asymmetry in 

the pixel's TAC is lost in first harmonic amplitude/phase 

imaging. To illustrate this effect wecompared the' first 

harmonic amplitude/phase patterns with regional TAC in 

selected case studies of patients with variaus kinds of 

valvular heart disease. 

dysfunction 

blood volume 

results in 

changes by 

disturbances in 

multiple underlying 

Valve 

ventricular 

mechanisms alterations in myocardial contraction and 

relaxation consecutive to myocardial hypertrophy and volume 

overload. Each of these factors can influence the ultimate 

amplitude/phase pattern, but 

specificity of the functional 

pathological process. 

introduces a 

images for 

lack of 

a given 

Figure 46represents the radionuclide data of a patients 

with aortic stenosis. The amplitude/phase histograms and the 

functional images show a bimodal distribution of the phases 

in both ventricles comparable to that observed in patients 

with left bundle branch block. By comparing the TAC in both 

ventricles, it can be concluded that the phase delay 

corresponds to a prolonged LV ejection time, which was 

confirmed by the clinical observation. 

Figure 47 represents a similar radionuclide observation 

in a patient with a mitral valve prothesis. The 

time/activity patterns are comparable in aspect to these 

observed in the previous example. But from the TAC it is now 

obvious that the major disturbances occur during LV filling. 

In both instances the shape of the right and left 

ventricular TAC is best compared when their display is 
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scaled the scaling in figure 47 equalises the minimum value 

of the two curves as weil as their maximum value. This 

eliminates all information on the magnitude of the activity 

changes and displays only the timing information. 

We propose a temporai contrast enhancement procedure 

which implements on a pixel by pixel basis the scaling of 

the TAe to their minimum value (3) • In the image series, the 

number of photons in each pixel (x,y) varies as a function 

of time: N(t) represents the individual pixel TAe. Each 

pixel TAe will reach a minimum value Nmin in the series. The 

function N(t) can now be decomposed as N(t) = Nmin + N'(t). 

Nmin does not depend on t and N'(t) becomes zero in at least 

one image of the series. For each pixel a value Nmin can be 

determined and all the values can be stored in a "minimum" 

image. In this image each pixel corresponds to the minimum 

ever reached by all the corresponding pixels of the image 

series 

image 

along the temporai axis. 

is substracted from 

When a percentage of this 

the original series, a 

corresponding percentage in temporai contrast enhancement is 

achieved. In the limit of 100 % substraction, the temporai 

contrast enhancement is maximal, as for each pixel there is 

at least one image of the processed series in which the 

activity in the pixel will become zero. The image series 

displays magnitude and temporai information. 

By normalising the series for magnitude 

(dividing the series by its "maximum" images) to 

changes 

100, a 

series representing temporai information only is obtained. 

Freeman (4) has called this latter procedure fractional 

variation imaging. The methods provide a very powerful means 

for improving the interpretation of the study by visualising 

temporai changes in activity that were not perceptible due 

to their low temporai contrast. (Fig.48.) 
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9.3. DISCUSSION 

Amplitude/phase parametrie images and temporai eontrast 

enhaneement represent two alternative means to improve the 

pereeption of magnitude and timing of motion. Both 

proeedures optimise the information density in the data set 

aeeording to partieular eriteria whieh are ehoosen to favor 

information whieh is most relevant in a partieular elinieal 

situation. The applieation of the temporai Hadamard 

transform to EGNA demonstrates that in those applieations 

where the temporai information earried by the first harmonie 

is satisfaetory, parametrie imaging overeomes some of the 

limitations due to photon noise and limited temporai 

sampling. It is shown that only 4 images are required to 

ealeulate elinieally relevant first harmonie amplitude and 

phase on a pixel by pixel basis. When only three images per 

eyele are used, the integration of the information during 

one-third of the eyele mixes the first and higher harmonie 

information such that the 16 image and 3 image first 

harmonie funetional images are no longer equivalent. The 

temporai Hadamard transform provides effieient and relevant 

data eompression and allows smaller digital imaging systems 

to handie sophisticated funetional imaging proeedures (2). 

Pattern reeognition in amplitude/phase imaging assumes 

a temporai model for the studied processed. By temporai 

eontrast enhaneement the deteetability of the timing of 

aetivity ehanges is improved, based on the knowledge of 

psyehophysieal properties of our vision (5). Rose (6) has 

introdueed a formalism that deseribes the relation in the 

spatial domain between the number of photons in the images 

of an objeet, the eontrast of the objeet, the number of 

spatial elements (pixels) that ean be distinguished in the 

image and the statistieal confidenee with whieh we ean 

distinguish this number of elements. He has shown that the 

number of elements that ean be distinguished is proportional 
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to the square of the contrast. His approach emphasises the 

effect of contrast and photon statistics in medical imaging 

(7). Weber's law states that the just noticeable difference 

in light intensity I between two pixels is a linear function 

of the average intensity of the pixel itself: 41/1 = cte 

(8). Kelly has shown that the just noticeable difference M 

of intensity variations in time of an image with average 

intensity I is also a function of the temporal frequency at 

which the variation occurs. The differences in timing of 

changes in intensity in different parts of an image are 

extremely difficult to evaluate when the changes are just 

noticeable or when the changes are superimposed on a large 

steady intensity. Kelly's experiments have a demonstrated a 

property of our vision which limits strongly our perception 

of useful information in movie displays of dynamic isotope 

studies : our eye is much more sensitive to small variations 

in intensity at 10-20 Hz than at 1 Hz. We tend to look at 

heart studies at a "natural" frequency of Hz. At this 

frequency the individual image noise varies at the frequency 

for which we are most sensitive. This is one of the reasons 

why temporal smoothing can improve a movie display. 

Rose's formalism, Weber's lawand Kelly's 

suggest temporal contrast enhancement to 

perception of time patterns. 

experiments 

improve the 

In terms of a temporal Fourier analysis the contrast 

enhanced series of images con tai ns all the Fourier 

frequencies except the zero frequency component. As the 

method is based on the substraction of a constant image, the 

count rate changes in the processed series are still 

linearly related to the changes in blood volume but all 

information about absolute ventricular volume is lost. 
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10. RADIONUCLIDE INDICES OF CARDIAC FUNCTION RELATED TO 

STRUCTURAL VENTRICULAR DISORDERS 

10.1. INTRODUCTION 

The purpose of this study is to define indices of 

cardiac function which should allow a quantification of 

structural ventricular disturbances, such as regional wall 

motion disturbances (RWMD), in terms of magnitude and timing 

of regional volume changes (1,2). 

Parametric images of the first harmonic amplitude and 

phase of the volume changes have proven their clinical 

applicability for the evaluation of RWMD and for the 

visualisation of the hemodynamic effect of disturbances in 

electrical activation. The chief limitation of visual 

assessment of amplitudefphase images is its subjectivity. 

Statistical analysis of phase distribution is currently 

under investigation as an objective technique for detecting 

the presence andfor severity of RWMD (3,4,5). A binary 

decision whether RWM is normal or abnormal may probably be 

achieved by analysis of amplitude weighted phase 

distribution functions or by evaluation of the clustering 

properties of the amplitudefphase distribution in the 

complex plane (6). Obtaining aset of quantitative indices 

should however be the goal of a diagnostic measuring 

technique performed at rest and during physiologic or 

therapeutic interventions. With respeet to this, 
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amplitude/phase imaging is hampered by the fact that only 

the basic frequency component of the activity changes is 

analysed (7). 

In this study we quantified regional ventricular 

function in terms of magnitude and timing of motion by means 

of parameters which take into account all the Fourier 

frequencies of an averaged cardiac cycle except the zero 

frequency component (which bears no dynamic information). 

10.2. MATERIALS AND METHODS 

10.2.1. Defini tion of the indices. 

Using the original (preprocessed) data of an EGNA 

study, a time/activity curve is calculated for each pixel. 

Two images represen ting the minima and the maxima of each 

pixel's time/activity curve are reconstructed (MAX image, 

MIN image). The original images representing the activity 

distribution at end diastole and at end systole are used as 

such (ED image, ES image). Within a region of interest (ROI) 

over the left ventricle the counts in MAX, MIN, ED and ES 

images are calculated. We define: 

ED-ES 

CI = 

ED-MIN 

ED-ES 

FI = 

MAX-ES 

ED-ES 

EFF = 
MAX-MIN 
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Figure49 illustrates how asynchronism and magnitude of count 

rat e changes will affect the parameters defined in this way. 

Three ROI are considered. They are choosen so that ROI1 = 
ROI2 + ROI3, and that the count rate changes inside both 

ROI2 and ROI3 occur synchronously. The upper figures 

represent the time activity curves in ROI2 and ROI3. The 

figures beneath represent the resultant time activity curve 

(ROI1). As illustrated in (A) all indices in ROI1 will reach 

100% as soon as, and only if the count rate changes between 

ROI2 and ROI3 occur synchronously. el and Eff will dee reas e 

as soon as the time at which ROI2 and ROI3 reach a minimum 

value is different (B). FI and Eff will decrease as soon as 

the time at which ROI2 and ROI3 reach a maximum value is 

different (e). (D) shows a general situation whereby 

magnitude and timing of the count rat e changes are different 

for ROI2 and ROI3. 

Thus, el and FI respectively describe the synchronicity 

at which the left ventricle arrives at a minimum or at a 

maximum. A decrease in el and FI will only be identical when 

the alterations related to the timing of emptying and the 

timing of filling are symmetrical. ED-ES corresponds to the 

real stroke volume. MAX-MIN corresponds to the sum of all 

the Fourier amplitudes excepted the zero frequency. As such, 

Eff can be considered as the ratio of the effective volume 

changes to the total volume changes which occur as aresult 

of asynchronism in myocardial wall motion. 
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10.2.2. Effect of noise 

As MAX and MIN values are calculated by a counting 

process on a pixel by pixel basis their measurement is 

subject to large systematic errors induced by statistical 

noise. The probability of overestimating the time maximum on 

a noisy TAC is greater than the probability to underestimate 

it. When all measured maxirna are added to determine MAX, 

there is a great probability of obtaining an overestimation 

of the real value. Similarly, there exists a fairly great 

probability to underestimate MIN. In contrast the error in 

the determination of ED and ES is much smaller: these values 

do not result from a summation of parameters obtained on 

pixel TACs with low counting statistics, but are defined on 

global LVTAC with much higher counting statistics. 

Experimentally, the sensitivity of the indices to 

statistical noise was investigated in 5 patients who had 4 

consecutive EGNA studies. The data acquisition periods were 

so that 1 *, 2 * 4 * and 8* 10 6 counts were obtained in 

the total field of view. The position of the patient did not 

change between the 4 data acquisition periods. The LV ROI 

was delineated manually on the amplitude, phase and end 

diastolic images derived from the 8 * 10 6 counts series. For 

each of the 4 image series LVEFF calculated in this ROI was 

plotted against the total number of counts in the study 

(Fig.50). EFF appears to increase as the counting statistics 

increaseo Above a eer tai n threshold, the curves are found to 

become parallel, indicating a common systematic error 

affecting the different clinical situations. As depicted in 

figure51, preprocessing of the raw data temporai filtering 

with kernel 121 followed by spatial 9 point convolution 

smoothing) not only increases EFF but also minimises the 

differences between EFF determinations at different counting 

statistics. The parallelism between the curves of the 

individual patients persists 
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Fig. 50 . EFF determinations at different count rates. a,b,c, 

d,e refer to 5 sUbjects with varying degree of RWMD. 
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a,b,e,d,e, refer to the same patients as in Fig. 2. 
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10.2.3. Normal values, reproducibility, effect of patient 

position. 

In a test group of 15 EGNA studies performed as 

described in 4.2.in patients without heart disease we 

determined LVCI, LVFI and LVEff within a manually delineated 

left ventricular ROIo mean LVCI was 95.7 %, s.d. 1.39; mean 

LVFI was 94.8 %, s.d. 2.27; mean LVEff was 91.5, s.d. 

2.36. In the same group mean LV EF was 62.8 %, s.d. 8.6. 

In 20 patients EGNA was performed twice in a modified 

LAO position. The inter assay coefficient of variation was: 

LVCI: 1.36%, LVFI: 1.62%, LVEff: 2.89%. 

As in theory the effect of non tangential abnormalities 

in contractility would be weakened as compared to the effect 

of tangentially localised disturbances, we studied the 

effect of position on the CI measurements in 15 patients 

with a wide variety of RWMD. EGNA was performed in anterior 

and in modified LAO position. The ROI was drawn manually 

always to include both ventricles. Mean CI was 77.6 % for 

anterior acquisitions and 75.6 % in LAO. The inter assay 

variation coefficient became 4.1%. 
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10.3. CLINICAL STUDIES 

10.3.1. Severity of RWMD 

The relationship between the indices under resting 

conditions and the severity of RWMD was evaluated in a group 

of 97 patients with significant CAD on coronary 

arteriography. The patients were classified according to the 

findings on contrast ventriculography into 3 categories: 

absence of RWMD, presence of 1 or more localised hypo or 

akinetic segments, presence of or mo re dyskinetic 

segments. The statistical significance between the values 

observed for the 3 groups was analysed using a Mann-Whitney 

U test. 

All 3 indices decreased significantly (p<.0003) with 

increasing wall motion disturbances (fig.52). In the absence 

of RWMD, the values did not differ from those observed in 

normal individuals. 

Figure 53 represents the relationship between the 

decrease in CI and FI resulting from RWMD. There exists only 

a poor correlation between both variables especially in the 

group of patients with hypokinesis where the decrease in FI 

is more sever e than the decrease in CI. 
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10.3.2. Relationship between global and regional ventricular 

function during exercise testing 

Submaximal exercise EGNA was performed 

position as previously described (ehapter 6). 

in supine 

The study 

group consisted of 3 normal individuals and 31 patients witH 

proven eAD. The left ventricular response to exercise was 

analysed by means of the following parameters: relative 

variations in mBP, HR, EDV, SV and el. The relative 

variations in EDV, SV as weil as in LVEF were measured from 

nett LV time/activity curves calculated after correction of 

the original averaged cardiac cycle for unstructured 

background by uniform thresholding. Only rest/exercise data 

of comparable statistical noise were taken into account. 

mBP was calculated as 1/3 systolic BP + 2/3 diastolic BP. 

No single relationship between the variations in el and 

LVEF was evidenced during exercise. We therefore applied a 

principle component analysis (using the Fortran program 

package SIMeA 2T (8) to the whole data seto The structure of 

the data set was analysed by the use of 2 dimensional 

eigenvector projeetions (Fig.54). It can be seen that the 

data set is not homogeneous but that it consists of 2 

separate clusters. One of them was exclusively composed of 

patients with triple vessel disease and anterior wall motion 

disturbances at exercise: patients 19, 14, 18, 20, 9, 17. 

The extreme patients in the other cluster had posterior wall 

motion disturbances, in some instances extended to the right 

ventricle: patients 23, 4, 6, 21. The 3 normal individuals 

were: 38, 40, 41. For the first principle component axis the 

variables which contributed most (with decreasing weight) 

were: EDV, el and HR; el and HR having a positive 

contribution in this direction, whereas EDV had a negative 

contribution. The most contributing variables in the second 

principle component axis axis were, with decreasing weight: 

SV (-), BP (+), HR (+) and el (-). 
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data set: first eigenvector (horizontal) versus 

second eigenvector (vertical). 
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A tentative physiopathological interpretation of these 

data might be that the most affected patients in the first 

subgroup are characterised by an increase in EDV and a 

decrease in the synchronism of ventricular contraction in 

response to the increased demands on cardiac output. The 

most affected patients in the other subgroup cannot increase 

sufficiently their SV, whilst their mBP and HR inc reas e and 

whilst the synchronism of ventricular contraction decreases. 

10.4. DISCUSSION 

Recently there has been an increasing effort to 

quantify regional ventricular dysfunction in order to assess 

objectively the effects of therapeutic or physiologic 

interventions and disease on ventricular performance. One 

approach currently used in radionuclide ventriculography is 

the measurement of regional ejection fraction (9, 10). While 

this procedure adequately documents alterations in the 

magnitude of ventricular wall motion, it neglects nearly all 

informa tion on al tera tions in timingo Furthermore, EF 

measurements rely upon an accurate measurement of end 

diastolic volume and to some extent they are affected by 

preload and afterload conditions (11). 

In our approach, regional ventricular function is 

described in terms of the combination of magnitude and 

timing of the volume changes, neglecting all information on 

absolute volume. In contrast to first harmonic 

amplitude/phase analysis, the indices described here 

overcome the problems of modelisation as the real count rate 

changes are used for calculation. The poor correlation 

between the decrease in CI and FI resulting from RWMD 

demonstrates that the accuracy of a temporal mod el limited 

to the first harmonic is a function of cardiac function 

itself. 
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The measurement of indices of ventricular function 

related to end diastolic volume requires that one accounts 

for activity generated by non ventricular structures, a 

problem which is not trivial (12). The calculation of 

minimum and maximum images offers a unique solution. In 

principle, the reproducibility of Gl, FI and Eff 

measurements is only affected by the delineation of the left 

ventricle and by the projection used for the acquisition. 

Their usefulness is restricted, however, by the fact that 

they were experimentally found to be strongly dependent on 

counting statistics. This limits their clinical 

applicability to studies performed within relatively narrow 

limits of count rate. 

Within the left ventricle, regional volume changes 

during the cardiac cycle result from electrical activation, 

myocardial contraction and passive movements and valve 

function. Disturbances in one of these factors will 

determine the ultimate value of Gl, FI and Eff as they may 

induce asynchronisms in regional volume changes. Although 

hypokinetic wall motion disturbances that do not induce an 

asynchronism in the regional volume changes cannot be 

differentiated from normal wall motion by our approach, in 

clinical situations we found a close correlation between the 

severity of RWMD described roentgenologically and Gl, FI and 

Eff. In the presence of localised hypokinetic segments, FI 

might be a more sensitive index than Gl. This probably 

corresponds to other observations, that a decreased 

relaxa tion veloci ty is the most sensi ti ve sign of GAD 

(13). Since GAD is a localised disorder with respeet to the 

myocardial walls, a standardised quan tifica tion of the 

regional wall motion response to exercise is an essential 

requirement to determine cardiovascular function mo re 

eXhaustively. In patients without heart disease, Gl is not 

significantly affected by the complex interventions on 

preload and afterload that occur during hemodialysis (1). 

135 

The measurement of indices of ventricular function 

related to end diastolic volume requires that one accounts 

for activity generated by non ventricular structures, a 

problem which is not trivial (12). The calculation of 

minimum and maximum images offers a unique solution. In 

principle, the reproducibility of Gl, FI and Eff 

measurements is only affected by the delineation of the left 

ventricle and by the projection used for the acquisition. 

Their usefulness is restricted, however, by the fact that 

they were experimentally found to be strongly dependent on 

counting statistics. This limits their clinical 

applicability to studies performed within relatively narrow 

limits of count rate. 

Within the left ventricle, regional volume changes 

during the cardiac cycle result from electrical activation, 

myocardial contraction and passive movements and valve 

function. Disturbances in one of these factors will 

determine the ultimate value of Gl, FI and Eff as they may 

induce asynchronisms in regional volume changes. Although 

hypokinetic wall motion disturbances that do not induce an 

asynchronism in the regional volume changes cannot be 

differentiated from normal wall motion by our approach, in 

clinical situations we found a close correlation between the 

severity of RWMD described roentgenologically and Gl, FI and 

Eff. In the presence of localised hypokinetic segments, FI 

might be a more sensitive index than Gl. This probably 

corresponds to other observations, that a decreased 

relaxa tion veloci ty is the most sensi ti ve sign of GAD 

(13). Since GAD is a localised disorder with respeet to the 

myocardial walls, a standardised quan tifica tion of the 

regional wall motion response to exercise is an essential 

requirement to determine cardiovascular function mo re 

eXhaustively. In patients without heart disease, Gl is not 

significantly affected by the complex interventions on 

preload and afterload that occur during hemodialysis (1). 



136 

Analysis of the heart as a pump has been clinically 

centered upon the Frank Starling relation between EDV of 

the ventricle and its stroke volume. In this context, 

evaluation of cardiac function by conventional indices such 

as LVEF, considers the ventricle as a black box with unknown 

internal structure but with given magnitudes of input and 

output. In contrast our description emphasises the 

anisotropic character of ventricular pump function. Eff is 

related to the efficiency of the heart defined as the ratio 

of the work performed by an "ideal" synchronous pump to the 

actual work performed by the asynchronous ventricle. CI and 

FI respectively describe decreases in pump efficiency due to 

asynchronisms in emptying and filling. 
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CONCLUSIONS 

A temporal Fourier transform (TFT) applied on a time 

series of scintigraphic images concentrates on the change in 

information contained in each picture element as a function 

of'time. Basically it is a mathematical device that performs 

data extraction through data reduction of the activity/time 

relations present in the original data. An algorithm for the 

calculation on a pixel by pixel basis of the first harmonic 

amplitude and phase is easily implemented in a dedicated 

mini-computer for nuclear medicine. Both amplitude and phase 

are displayed as parametric functional images. In order to 

obtain a standard presentation of the results we developed a 

cyclic color scale, an essential requirement for the 

unequivocal display of the phase image. It the n appears 

that, within the restrictions of the first harmonic as a 

temporal model for the process under study, a TFT allows a 

higher phase resolution than the actual sampling frequency 

of the original data. 

The approximation of the impulse response by a 

sinusoidal function has no physiological counterpart when a 

TFT is applied to the study of transient phenomena such as 

superior vena caval imaging. Nevertheless as com pa red to 

conventional maximum and time of maximum images, the 

statistical value of the parametric images is improved. To 

study mediastinal flow obstruction induced by retrosternal 

goiters, superior cavography was performed with the neck in 
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extension and repeated with the neek in flexion. 

Ampli tude/phase images allowed to observe abnormal venous 

flow patterns, changing with the neek position, and thus 

suggesting the presenee of mobile, non fixed and possibly 

reseetable lesions responsible for a superior vena eava 

syndrome. 

By means of dynamie lung transmission seintigraphy, the 

periodie variations in density in the thorax during an 

averaged respiratory eyele are reeorded as digital 

radiologieal images. The nowadays available deteetors that 

allow single photon eounting yield only erude information 

from the point of view of spatial resolution, but the 

dynamie information in the data refleet the mechanieal 

effeets of breathing. The applieation of the funetional 

imaging proeedure to these data allowed to differentiate 

normal from pathologieal states and to objeetify the effeet 

of therapy in COPD patients. 

The movement of the blood pool during an averaged 

e a I' d i a e e y e 1 e 0 b s e r v e d i n e q u i 1 ib r i u m ga t e d n u e 1 ea r 

angiography (EGNA) is amenable to systematie analysis in 

terms of amplitude and phase. The variations in blood volume 

(space, time) are deteeted and reeorded as 2 dimensional 

projeetions of variations in eount rate (image, time). The 

original data are eharaeterised by a high level of 

struetured baekground, stationary in time. The eompression 

of the relevant information on the temporal variations in 

eount rate into 2 parametrie images overeomes some of the 

limitations of the visual inspeetion of the EGNA studies due 

to image eontrast, photon noise and limited sampling 

frequeney. With respeet to this, amplitude and phase images 

compare favorably with other eount rate derived funetional 

images. The aeeuraey of the model for the temporal behaviour 

of the ventrieular volume ehanges will depend on the 

eontribution of the first harmonie to the information 
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content of the whole Fourier spectrum, This holds also true 

for more sophisticated displays of the phase information, 

Disturbances in regional myocardial contraction result 

in decreased and delayed blood volume movements. As such, 

the evaluation of regional wall motion disturbances in terms 

of magnitude and timing of the temporal variations in count 

rate relies upon a more fundamental aspect of the tracer 

technique rather than upon a pure morphological 

interpretation, This approach is conceptually different from 

the evaluation of RWMD by contrast ventriculography or by 

earlier scintigraphic techniques, which concentrate on the 

extension of the ventricular borders during systole. For a 

qualitative evaluation, the restriction to the first 

harmonic component of the activity changes allows a 

clinically adequate detection and localisation of RWMD, 

including those of the right ventricle. 

The possibility of assessing RWMD non invasively allows 

a more extensive evaluation of regional myocardial 

contraction during intervention studies and in critically 

ill patients. The objectivation of RWMD during exercise 

radionuclide ventriculography proved to be more sensitive 

and more specific than ECG anomalies or Tl myocardial 

perfusion defects for the diagnosis of LAD or CX stenoses. 

The appearance of RWMD was not sensitive for the detection 

of RCA stenoses, although the observation of RWMD was very 

specific for the latter condi tion. During acute myocardial 

infarction we observed more severe al tera tions in the 

sequence of ventricular wall motion (as determined by the 

phase image) in patients with anterior than in patients with 

posterior myocardial infarction. In the early evolution of 

the infarction, the synchronism of the regional ventricular 

blood volume changes improved most in patients with 

posterior myocardial infarction. This improvement correlated 

with an improvement in global ventricular function as 
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determined by left ventricular ejection fraction. These 

observations, suggesting functional dissimilarity of the 

anterior and posterior walls, emphasize the necessity to 

quantify the synchronism in regional ventricular blood 

changes and to correlate regional ventricular motion to 

global ventricular function in a standardised manner. 

In patients with disturbances in electrical activation 

of the ventricles, the phase image demonstrated marke d 

differences in both localisation and timing of the blood 

pool movements. The characterisation of distinct phase 

patterns for various types of intraventricular conduction 

disturbances contributed largely to the interest raised by 

phase analysis in the U.S.. Al thou gh the first harmonic 

model does not allow to differentiate between timing 

differences occuring during ventricular emptying or filling 

periods, ampli tude/phase analysis optimises the perception 

of magni tude and timing of count rate changes to an extent 

that cannot be observed by mo re conventional data processing 

procedures. 

Mathematically it can be demonstrated that as long as 

amplitude/phase analysis is restricted to a first harmonic 

model, the subdivision of the cardiac cycle in only 4 images 

is sufficient for the calculation of the parametric images 

by a temporai Hadamard transform. In selected clinical 

situations, such as in patients with valvular disorders, the 

inability to differentiate between alterations in emptying 

or filling may introduce a lack of specificity of the 

amplitude/phase patterns. As an alternative procedure, we 

therefore developed a method of temporai contrast 

enhancement, which in terms of Fourier analysis, conserves 

all the Fourier frequencies of an averaged cardiac cycle 

except the zero frequency component. Both the clinical 

applicability of the temporai Hadamard transform and the 

improved perception of timing differences by temporai 
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contrast enhancement relate the choice of pattern 

recognition procedures in clinical practice to 

psychophysical characteristics of human vision, 

Wi thin a first harmonic model, the effect of regional 

asynchronism on global ventricular performance can be 

evaluated as the amplitude of the regional variations in 

blood volume modulated by their phase, Extended to the whole 

frequency spectrum, we have defined 3 parameters which 

quantify ventricular pump function as the ratio of the 

efficient blood volume changes (stroke volume) to the actual 

blood volume changes occuring throughout the cardiac cycle 

as aresult of asynchronisms in ventricular emptying or 

filling or both, By comparing the individual pumping 

contributions located at each pixel with the net result for 

the global pumping behaviour, these indices gi ve an id ea of 

the efficiency wi th which all parts of the ventricle 

cooperate in order to generate the desired pumping action, 

The practical usefulness of the indices, however, is 

restricted by the fact that they were found to be strongly 

dependent on counting statistics, Preliminary clinical 

investigations have shown the indices to be quite promising 

for assessing structural disturbances in ventricular 

function, with emphasis on the anisotropic character of the 

ventricular pump, 

The investigation of ampli tUde/phase patterns in 

cardiac blood pool studies may be justified by the physical 

properties of the original data as determined by the 

acquisition procedure, the pathophysiological model of the 

process under study and the psychophysical characteristics 

of our perception, While the functional imaging procedure 

originally aimed at the conversion of the original data to 

images better suited for visual inspection, the 

interpretation of blood volume changes in terms of amplitude 

and phase resulted in the extraction of quantitative 
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information on ventricular pump efficiency. In this context 

optimal function can be compromised by two types of local 

factors: the first is the pres ene e of ventricular wall 

segments that do not contribute enough to the pumping action 

Le. an amplitude defeet. The second is a lack of 

synchronici ty between various segments of the ventricular 

wall, Le. timing defects. A description of the 

intraventricular blood pool movements in this way contrasts 

with conventional indices of cardiac status which generally 

define ventricular function in terms of magnitude of input 

and output. It is expected that, in the light of the complex 

cardiac morphology, the determina tion of asynergy indices 

will provide a clinical tool for further investigations into 

the relationships between structure and funetion. 
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Fig. 3. Generation of amplitude and phase images of an equilibrium gated eardiae 
blood pool study 

3.a. original data/3.b. cosine series/3.e. sine series/3.d. funetional images/3.e. 
amplitude/phase images 
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Fig. 4. Simulation study of a periodic phenomenon 
4.a . original data/4.b. linearly increasing amplitude/4 .c. phase image in cyclic 

color code 
Fig. 6. Representation of the phase im age of Fig. 4.c. in different conventional 
color codes and in the cyclic color code 
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Fig. 7. Radionuclide superior eavography in a normal eontrol subjeet 
7.a. preproeessed image series of traeer transit through mediastinumj7 .b. fune­

tional imagesj7 .e. funetional images without preproeessing 
Fig. 8. Fixed SVC syndrome in patient I 

8.a. before thyroideetomy j8.b. one month after thyroideetomy 
Fig. 9. Visualisation of eollateral eireulation on the funetional images in patient 2 
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Fig. 12. Processed data series obtained during erect FB 

Fig. 15. Phase images and amplitude/phase histograms with different breathing 
manoeuvres 

15.3. phase images/ 15.b. amplituctejphase histograms 

Fig. 16. Transmission stud y in COPD patients 
16.3. before AAS retraining/16 .b. after AAS retraining 
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Fig. 17. EGNA study in a norma1 eontro1 person 
17.a. origina1 (preproeessed) data series/17.b. u1: end diastolie frame; 11 : end 

systolie frame; ur: ROI over LV, RV, liver; Ir: TAC + fitted sine funetions/17.e. 
u1: amplitude image; 11 : phase image; ur : amplitudejphase distribution in global 
image; Ir : amplitudejphase distribution in LV 
Fig. 22. Effeet of eycle le ng th on 1st and 2nd harmonie amplitude and phase 
images in a patient with a long diastasis period. 2nd Harmonie amplitude is seal ed 
to maximum of 1 st harmonie amplitude 

22.a. basie frequeney = heart frequeney /22 b diastasis period disearded. 
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Fig. 25. EGNA studv in a patient with an antero-apical aneurvsm 
25.a. original(preprocessed) data series/25.b. ul : end diastolic frame; 11: end 

systolic frame; ur : ROlland ROI 2; Ir : TAC + fitted sine functions 

25.c. ul : amplitude image ; 11 : phase image; ur : REF image; Ir : LV amplitude /phase distribution/ 
25.d. higher harmonic images 
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Fig. 29. Examples of RWMD with increasing severity and different localisations 
29.a. posterolateral hypokinesis/29.b. posterobasal dyskinesis 

29 .c. anterior dyskinesis/29.d. right ventricular dyskinesis 
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Fig. 38. Typical amplitude/phase distributian 
38.a. in LBBB/38.b. in RBBB 

Fig. 40. Effect af pace maker stimulatian 
40.a. narmal sinus rhythm/40.b. RV pace maker stimulatian 70/min. 

Fig. 41. Effect af ventricular pacing at high frequencies 
Fig. 42. Effect af retragnde atrial activiatian 
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Fig. 44 Application of Hadamard transform to simulation study of periodie 
phenomenon 

Fig. 45. Comparison of Fourier and Hadamard transform in EGNA study of a 
patient with RV paee maker stimulation at l20/min. 

45.a. amplitude information/45.b. phase information 

Fig. 48. TemporaI eontrast enhaneement and fraetional variation image series of 
EGNA study in a patient with retrograde atrial aetivation during VVI paeing 

48.a. temporaI eontrast enhaneement/48 .b. fraetional variation image series 
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