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PREFACE 

Many noninvasive examination methods of the heart have not held out against the 
invasive methods, which modern cardiac therapy, surgically or with catheterization, 
requires. They have disappeared completely or are only used by isolated groups of 
researchers. However, there is an obvious tendency to apply the invasive procedures 
as the last diagnostic possibility. 

In the attempt to select clinically relevant methods, the expert authors of this 
book demonstrate that echocardiography, expanded with contrast and Doppler, 
has been developed into one of the most important noninvasive methods. The 
results with tissue characterization show that the possibilities of this method have 
not yet been fully explored. 

Nuclear procedures are widely used, although they should only be applied in 
direct connection with clinical cardiology. 

The new lead methods of the ecg, such as ecg-mapping, show that standard 
electrocardiography of electrical functions is not yet fully exploited. 

The rapidly developing method of computer tomography is also being applied to 
cardiology. Since nuclear magnetic resonance requires extensive equipment con­
struction, its future is as yet unsure. 

Of course, a book like this does not intend to treat the subject of noninvasive 
cardiology in extensive detail. Established methods like standard electrocardio­
graphy, phonocardiography and sphygmography are not discussed. The aim of this 
book is rather to demonstrate the trend of present developments in the field. 
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I. ADVANCES IN METHODOLOGY 

I. COMPUTER STRUCTURES FOR DIGITAL IMAGING 

W ALTER AMELING 

I. INTRODUCTION 

In the near future most areas of the medical field will be confronted with data­
gathering and computer-systems. Therefore it is worthwhile looking at the main 

problems and criteria which are involved with such systems. Methods and models 

have to be discussed which will very soon lead to technical restrictions and limita­
tions for the application, especially in the area of online-computing. Nowadays the 
speed of single- or multiprocessor-systems enables mathematical and statistical 
describing functions to be used, which were not thought about some years ago. The 

evolution in technology allows us today to realize computer-systems which are 
highly flexible, expandable, very efficient and easy to adapt to different problems. 
First we have to recognize that the only way to increase the speed and power of a 

computer-system in a given technology is by parallel processing; that means we are 

led to complex computer structures, e.g. multiprocessor-systems. In the medical 

field, especially for digital image processing, we need extremely powerful systems 
for online and real-time computation. 

In this paper the different aspects of static and dynamic image analysis and the 
related computer systems are discussed. We will determine the limitations and 
different parameters which rule the system-design and the specifications. Images 
are usually analyzed for: 

- image enhancement 

(noise filtering, contrast enhancement, color enhancement, restoration of de­
focused and motion-blurred images) 

- geometric manipUlations 

(image rotation, zooming, scrolling, topographic operations, transformation) 

- image classification 

(pattern recognition, feature extraction) 
. . 

- image sequence processmg 
(flow analysis). 

Tasks for the analysis of image sequences, so called dynamic image processing, are 
transient recording, real-time-filtering and fast data processing. The necessary high 

Meyer, J., Schweizer, P. and Erbel, R. (eds.) Advances in noninvasive cardiology 
© 1983 Martinus Nijho// Publishers, Boston. ISBN 978-94-009-6722-9. 
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Figure 1. Information processing system. 
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performance can be achieved by independent data and/or instruction paths. These 
features lead to pipeline and/or parallel processing. 

The optical nature of images originally requires optical manipulation. Since 
images have to be couverted, the optical information has to be couverted (film, 
video-tape). This simplifies image processing very much, because optical manipula­
tions are much more difficult than analog or digital ones. The high processing speed 
and high accuracy of modern digital computers have restrained analog processing, 
so that nearly all image processing is done digitally today. As an example of a digital 
image processing system, the ISPS system developed at the Rogowski Institute, 
Aachen Technical University, is presented. The high performance in this case is 
achieved by parallel data handling and processing due to multi -port devices, use of a 
multiprocessor subsystem and independent data paths. 

2. CHARACTERISTIC VARIABLES OF ONLINE-PROCESSING 

The common operational principle of different information processing systems is 
shown in Figure 1. An arbitrary source inputs the information to the system which 
then processes and outputs it to the information sink. The processing system 
computes the output information according to a given function. In the area of 
measuring devices the main function is to provide maximum coincidence of input 
and output information (minimum distortions). In the area of data processing (e.g. 
automatic measuring and value processing) more complex functions are used to 
eliminate distortions caused by external noise and to compute characteristic prop­
erties of the input information. This provides support in diagnosis for medical 
applications, because carefully registered and well documented data are required. 

Information processing in most cases requires conversions (e.g. analog-digital 
conversion) without loss of information (Figure 2). Unfortunately any conversion 
adds some noise, which may cause errors in processing later on. In order to provide 
an adequate conversion we have to consider all parameters of an information-
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carrying signal. Most signals carry information as intensity levels dependent on 
time. The simplest signal of this kind is a sinusoidal wave x (t) 

x(t)=i . sin (wt + ({J) 

where i is the peak intensity, ({J is the phase shift and w is the radian frequency. 
However, most signals are not sinusoidal. Any periodic signal f(t) can be ap­

proximated by a sum g(t) of sinusoidal signals (harmonics) with different intensities 

and frequencies: 

n n 

g(t) = ~o + L am' cos(mwt) + L bm·sin(mwt) 

m= 1 m=l 

with : 

ao = ~ . J to + T f(t)dt 
2 T to 

2 Jto+ T am = T' to f(t) cos(mwt)dt 

2 f to + T bm = T' to f(t) sin(mwt)dt. 

The accuracy of the approximation is the better the larger the number n of har­
monics. Non-periodic signals can be approximated in a similar way: the discrete 
frequency spectrum is replaced with a continuous one. In either case, a charac­
teristic property of the signal is the frequency of the highest harmonic. 

In order to digitize an analog signal, it has to be divided into discrete-time and 
discrete-intensity values. Shannon's theorem requests that the sampling rate fa of an 
AID-converter at minimum must be twice the frequencyf~ of the highest harmonic: 
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An ECG-A/D-converter therefore must provide a minimum sampling rate of 100 
Hz since the highest harmonic is about 50 Hz. Sampling rates of 200 Hz to 250 Hz 
are common today (Figure 3). 

The sampling rate fa gives us the maximum time Ur for conversion: 

Ur is the step size for the discrete-time axis. For ECG-applications Ur is 4 to 5 ms. 

3. REQUIREMENTS ON THE COMPUTER SYSTEM 

In order to determine the data-input-rates to the computer, we look at different 
applications: 
- online ECG-c1assification (for comparison reasons only) 
- offline 20 and 3D image processing 
- online 20 and 3D image processing. 

These applications differ in the number of variables involved and the restrictions of 
processing time: 

- two variables: 
(a) intensity over time or 
(b) intensity over ID-position. 
ECG-c1assification is a typical example of medical applications. The sampling 
rate of the AfD-conversion is 200 Hz, the intensity resolution is 256 steps. This 
results in 8 bit every 5 ms, i.e. the data-transfer rate is 1600 bit/so 
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- three variables: 
intensity (grey-level + color) over position (area). The horizontal and vertical 
resolution of a 2D-image should be 512, 1024 or 2048 steps in either direction. 
Each sample is characterized by an 8-bit grey level (256 intensity levels) and a 4 to 
8 bit color information (16 to 256 colors). These resolutions have turned out to be 
sufficient for present image processing applications. Under these circumstances, 
the total data quantity of a 2D-image varies from 106 to 108 bit. 

- four variables: 
(a) intensity over 2D-position and time 
(b) intensity over 3D-position. 

(a) Time constraints to 2D-image manipulations are given by the frame rate. The 
frame rate on the one hand depends on the resolution of time-dependent 
processes (e.g. flow processes), on the other hand on the human eye which 
expects to observe a continuous motion despite time-discrete displaying. This 
requires a frame rate greater than 20 per second. Typical frame rates are 33 
Hz for ultrasound and 50 Hz for X-ray applications. The total processing 
time for one frame therefore varies from 20 ms to 30 ms. This gives a data­
transfer-rate from 107 to 109 bit/so 

(b) Similar to 2D-images, a single 3D-image offers a total data quantity of 109 to 
1011 bit. 

- five variables: 
intensity over 3D-position and time. 
Online 3D-image processing is the most expensive case of large data-transfer­
rates. According to the above mentioned online 2D-image processing, te data­
transfer-rates vary from 1010 to 1012 bit/so 

In order to summarize the above results we introduce the variable "instructions per 
second" (IPS) as a characteristic value for the computing power required to meet 
the requirements of offline and online image processing. All estimations base on a 
computing effort of 100 instructions per pixel (picture element';" pixel) executed on 
a 8-bit computer. They should be interpreted as orders of magnitude not as exact 
values: 

- ECG-filtering and -classification 
(200 Hz sampling rate, resolution 8 bit) 
2 .104 IPS 

- 2D-image manipulation (offline: 10 s) 
(1024 x 1024 x (8 + 8) bit) 
2 .107 IPS 

- 2D-image manipulation (online 50 Hz) 
1010 IPS 
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Figure 4. Array-computer. 

- 3D-image manipulation (offline: 10 s) 
(1024 x 1024 x 1024 x (8 + 8) bit) 
2 .1010 IPS 

- 3D-image manipulation (online 50 Hz) 
1013 IPS. 

host 

Ifwe look to the actual technological restrictions, we see that due to switching times 
from 10- 9 to 10- 6 s, the maximum processing rates vary from 106 IPS (micro­
computers and minicomputers, inexpensive) to 109 IPS (super computers, very 
expensive). That means that only 2D-image processing with simple manipulations 
are feasible whereas complex 2D-manipulations and 3D-manipulations can be 
realized offline only. Future development in technology will not provide a speed-up 
in computing power more than 102 to 103 for single processors so that complex 
online manipulations are very restricted. 

4. DESIGN OF COMPUTER ARCHITECTURES FOR IMAGING 

All estimations have been made under the assumption that only a single processor is 
used. Improvements in processing speed can be achieved by: 

- hardware support for important functions such as scrolling, zooming, histogram, 
addition and subtraction of frames, simple filtering. The gain in speed versus 
software realizations range from 10 to 100. The specialization along with hard­
ware implementation produce high-technology special-purpose computers. 

- parallel computation by multiple processing elements. Given, that the computa­
tion of an algorithm in image processing consists of several widely independent 
tasks, these tasks can be computed by specialized processors sequentially. The 
different stages of computation can be used simultaneously for different data. 
This parallel processing is called pipelining. 
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Figure 5. Pipeline-computer (e.g. ECG-c\assification). 

Digital image representation involves a great quantity of data (pixels). For a 
lot of manipulations based on matrix-operations parallelism can be achieved at 
the data level. One single algorithm has to be executed on each of the pixels and 
the computation of a single pixel is not dependent on other pixels or depends only 
on a very restricted environment (kernel). That means, that data exchanges occur 
mainly to neighbor pixels, so that the appropriate computer architecture is the 
array (Figure 4). 

These two types of computer architectures can be classified by a scheme proposed 
by Flynn according to the number of data and instruction streams. The four 
different classes are: 

• single instruction single data stream 
(single processor system) 

• single instruction multiple data stream 
(array processor system) 

• multiple instruction single data stream 
(pipeline processor system) 

• multiple instruction multiple data stream 
(multiprocessor system). 

SISD 

SIMD 

MISD 

MIMD 

Let us consider two examples for pipeline and array computers: 

(a) Pipeline computer 
The above mentioned ECG-filtering and classification fits well into this class (see 
Figure 5). The analog signals of the electrodes are converted to digital information 
and stored into memory. Processor PI is specialized (by software or hardware) for 
filtering 50 Hz noise and other distortions involved in ECG-registration. The 
filtered data are presented via memory (called mailbox) to processor P2 which 
classifies the ECG-signals and gives the results to processor P3 for output on 
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graphic-display. This procedure transmits data through a pipe. The slowest stage 
determines the throughput-rate. Parallelism is given by the fact that the number of 
data involved simultaneously is the number of stages in the pipe. Since this number 
is very restricted, the speed-up due to parallel computation is rather small but 
greater due to the specialized stages. 

(b) Array-computer 
All processing elements in an array usually provide restricted computing capacity 
compared to minicomputers, for example. The elements are specialized in very 
important functions for matrix-manipulation as add, subtract, multiply, divide and 
compare. Since only one or a few data are handled by one element at a time, the 
memory capacity is rather small. The large speed-up in total processing rate is 
achieved by the synchronous execution of instructions which are fetched from 
program memory and decoded only once for all processing elements. Input and 
output is performed by a host computer. 

Parallel computation in an array can be demonstrated very well with 2D-image 
filtering. The filter algorithm requires that the grey-level of each pixel be replaced 
with the mean grey-level of its environment (e.g. 4 x 4 or 16 x 16 kernel). Since the 
computation of each pixel does not depend on the computation of any other, the 
filtering can be done simultaneously. Maximum speed is achieved if the dimension 
of the array corresponds directly to the image to be processed. That means, a 
1024 x 1024-image can be computed by 1.048.576 processing elements at maxi­
mum. Latest developments in array processors involve 128 x 128 = 16384 ele­
ments at unknown costs. This proves that the maximum parallelism in image 
processing cannot be fully exploited because of difficult hardware implementation 
and too high costs. 

For the above reasons, typical medium-cost image processing systems today are 
special-purpose computers with mUltiple pipelines and hardware support for ele­
mentary operations. Array processors are mainly used in high-cost high-technology 
systems. The features of such a typical medium-cost system are: 

• input rate: 
• online: 

• nearly online: 
• some minutes: 

107 bit/s, 16 frames memory 
30 frames per second 
addition, subtraction of frames, zooming transforms (lD­
Fourier, Hadamard, exponential) 
histogram, convolution, noise filtering 
classifications, Gaussian filter, 2D-Fourier. 
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5. REGISTRATION OF DIGITAL IMAGES 

Digital image registration is another important area in image processing, since it 
allows for fast and accurate access to stored information for offline computations. 
An estimation demonstrates the required storage capacities and data-transfer-rates 
for an image sequence registration: 

• image sequence registration over 10 seconds (2D) 
(1024 x 1024 x (8 + 8) bit, 50 frames per second) 
-+ data transfer rate: 108 bit/s 

required capacity: 109 bit ~ 108 byte 
• image sequence registration over 10 seconds (3D) 

(1024 x 1024 x 1024 x (8 + 8) bit, 50 frames per second) 
-+ data transfer rate: 1011 bit/s 

required capacity: 1012 bit ~ 1011 byte. 

Unfortunately, actual mass storages as disks or tapes provide capacities from 108 to 
109 byte and transfer rates up to 107 bit/so That means, that online 2D-image 
registration is possible today only with sophisticated hardware. 3D-image registra­
tion with digital representation over periods of some seconds will be impossible in 
the near future. 

6. IMAGE SEQUENCE PROCESSING SYSTEM ISPS 

The above treatment shows, that main image processing problems are. designing 
appropriate computer architectures and applying numerical algorithms in an in­
expensive (memory space and computation time) way. 

For application the Rogowski Institute has developed a system to handle the 
following subtasks: 

• real-time data acquisition for scenes 
• transient recording 
• image enhancement by real-time filtering 
• fast off-line data processing. 

The overall system architecture of the Image-Sequence Processing System is shown 
in Figure 6. Opposed to conventional structures of data processing systems, this 
architecture contains multi-port devices. By this we allow implementation of data 
flow concepts and parallel processing and we avoid the "von Neumann bottleneck" 
due to a single link between memory and control/operation units of classical 
computing systems. 

The most important component of the system is a 3-port paged memory which is 
used 
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Figure 6. Image Sequence Processing System (lSPS). 

- to input digitized analog data or output data for video display 
- to transmit data to disk drives 
- to allow the processing of image data by several processing elements in parallel. 

The memory therefore is accessed by 

• display processor (basic manipulations) 
• A/D converter 
• multiprocessor system 

(complex operations, SIMD-mode supported) 

• console computer 
(registration, I/O) 

• host computer 

The results show, that this architecture fulfills all our specifications and guaranties 
an efficient software implementation. The high performance is achieved by parallel 
data handling and processing due to multiport devices and a multiprocessor system 
with independent data paths. 
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2. DIGITAL OPTICAL RECORDING - THE KEY TO MASS PICTURE 
STORAGE 

D. MEYER-EBRECHT 

ABSTRACT 

Digital imaging is being increasingly applied in diagnostic medicine. New digital 
image modalities are extending the range of diagnostic techniques, and it is antici­
pated that novel imaging technologies will gradually replace the traditional photo­
graphic X-ray process. They all produce digital data sets which are far beyond those 
data volumes handled by conventional computer systems. New technologies are, 
therefore, required to build distributed picture information systems which support 
the user during acquisition and evaluation of all the types of pictures. Key compo­
nents of such systems are storage modalities. Storage systems to store millions of 
pictures which are needed for background storage, i.e. picture archives, will be 
feasible by the application of the Digital Optical Recording (DOR) technology. 
Digital optical disks of 30 cm in diameter will store 1.6 . 1010 bit of data which is 
equivalent to some 10.000 digital pictures such as CT or some 1000 digitized large 
format X-rays. Digital Picture Archiving and Communication Systems based on 
this technology will probably have an essential impact on the way of operating with 
pictorial information in diagnostic medicine. 

INTRODUCTION 

Digital Optical Recording (DOR) has much popularity in the picture processing 
community because it outperforms any other established storage technology with 
respect to storage density and storage costs. Therefore, when considering the 
amount of bits per digitized picture and the number of pictures produced every 
year, DOR seems at present to be the only realistic solution for digital mass picture 
storage, which in turn is a highly desirable modality because it will extend the 
functions of computer systems to support the routine work with pictures. More­
over, besides simply replacing a hospital's picture archive and providing immediate 
access to pictorial information at any workplace, the digital Picture Archiving and 
Communication Systems (PACS) [1] will provide the necessary infrastructure to 
embed the growing number of digital imaging and image processing modalities. 
Because of its importance as a key component we will dedicate this lecture to an 

Meyer, J., Schweizer, P. and Erbel, R. (eds.) Advances in noninvasive cardiology 
© 1983 Martinus Nijhoff Publishers, Boston. ISBN 978-94-009-6722-9. 
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Figure 1. Functional scheme of the DOR mechanism: disk sandwich (top), laser and detector optics for 
write and read (bottom). 

introduction into the DOR technology, and discuss how a DOR-based PACS could 
make an impact on the daily work with pictures in diagnostic medicine. 

DIGITAL OPTICAL RECORDING: AN INTRODUCTION 

The concept of optical information recording is based on the application of lasers 
and optics to produce, on the surface of a spinning disk, patterns at a resolution 
close to the wavelength of light, thus achieving a very high information storage 
density. This storage concept found its first applications in the consumer area, viz. 
the Video Long Play (VLP) disk and the Compact Disk (CD) for audio. Both 
approaches start with writing a spiral track with the analog resp. digital signal 
pattern onto the light sensitive surface of a master disk from which, in a fabrication 
process similar to that of conventional grammophone records, the final prerecorded 
VLP's or CD's are derived. 

Many of the principles and production techniques applied for the consumer disks 
are also used for the professional Digital Optical Recording (DOR) approach 
which, in contrast to the prerecorded consumer disks, provide the user with the 
possibility of writing information, and reading this information immediately after 
recording at random access [2, 3, 4]. The DOR storage medium is again a disk of 
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Figure 2. Electron microscope photograph of DOR disk surface: holes of less than one micron in 
diameter burned by the laser (top right), pre-recorded sector heading codes (left), three empty grooves 
and scale of micron units (bottom) . 

30-cm diameter. The disk is formed from two glass substrates placed back-to-back 
in a sealed air-tight construction ("sandwich") (Figure 1, top). Evaporated metal 
layers are fitted to the inner surfaces of the substrates on top of a spiral groove 
which is equivalent to 32,000 circular tracks. The groove is used to track the beam of 
a solid-state laser by means of an electro-mechanically deflected lens-and-mirror 
system (Figure 1, centre), and to focus it onto the middle of the groove. Switching 
the laser from low-power to full-power wiIl result in melting holes of below one 
micron diameter into the metal coating (Figure 2). These holes represent the user­
recorded bits. 

In practice the DOR disk is not a completely empty disk. Rather, the prerecorded 
groove is structured into sectors, and track and sector addresses are prerecorded in 
so-called sector headers. Further, a complex data coding and decoding scheme is 
applied for the sake of error protection resulting in an error rate of 10- 12 . In spite of 
these means the net data capacity is about 1.6 . 1010 bits on both sides of a disk. 
Comparing the recorded bits per unit volume, this density is far beyond any 
conventional computer storage medium. 

A further advantage of the DOR disk is its rugged and compact design. Handling 
for the purpose of exchanging disks on the recorder drive is as simple as handling, 
for example, floppy disks. Also, automatic disk exchange has already been prac­
ticed by a so-called "juke box", which will be the key to far larger data stores. 
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Finally the lifetime of the disk will be much longer than that of magnetically 
recorded data. Accelerated life tests give rise to anticipation of a guaranteed lifetime 
of far beyond ten years. Thus the persistency of recorded data due to negligible 
ageing effects as well as due to the inherent principle of non-era sible recording 
seems to be an ideal pre-condition to meet legal requirements for picture archive 
integrity. 

AN ELECTRONIC HOSPITAL PICTURE ARCHIVE BASED ON DOR 

A DOR is not yet an electronic picture archive, although it will obviously be the key 
component of it. When considering picture archives of several millions of pictures 
(e.g. a hospital's picture production during a period of ten years) an appropriate 
structuring into a hierarchy of storage levels becomes necessary. 

The basic storage medium will be the digital optical disk with a storage capacity 
of I.6 . 1010 bits. This corresponds to between 103 and 104 pictures per disk 
depending on the type of picture (see Table 1). Accompanying a-numeric informa­
tion will occupy only a negligible additional storage space if it is directly typed in. 
Otherwise written documents could be scanned with a facsimile scanner and pro­
cessed like pictures. 

A complete electronic picture archive will, therefore, contain several thousand 
disks. The question arises of how the access to that amount of disks can be made 
sufficiently fast. Fortunately, in general there is a strong decrease of the average 
retrieval frequency as a function of the age of the retrieved pictures. Pictures are 
most frequently retrieved during the stay of a patient (some weeks), less frequently 
during the first two or three years, when follow-up investigations may occur, and 
far less frequently during the following years. Although this situation may change 
to some degree as a result of the faster and more convenient access to electronic 
picture archives, it will still be an acceptable archive strategy to have access time 
increase as the duration of the storage also increases. 

This feature results in a picture base structure (see chapter 4.3 in [5]) where one or 
more optical data disks containing only the most active pictures are mounted on 
DOR drives - the highest storage level within a storage hierarchy. At this level the 

Table 1. Data volumes of digitized pictures 

Large format X-ray film 

High-resolution X-ray TV frame 
CT scan 

Ultrasound scan 
Radionuclide scan 

A4 Page, typewritten, coded 
Facsimile scan of A4 page 

20002 pel @ 
10002 pel @ 
5122 pel (aJ 
5122 pel @ 
2562 pel @ 

2500 char. @ 
1700 . 2300 pel @ 

8 bit = 32 Mbit 

8 bit = 8 Mbit 
12 bit = 3 Mbit 

4 bit = I Mbit 
6 bit = 0.4 Mbit 

8 bit = 20 kbit 
I bit = 4 Mbit 
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latency time, i.e. the average time of physical arrival at the start address of the 
desired picture, will be a fraction of a second as determined by the limitations of the 
disk drive actuating mechanism. Optical data disks with older pictures will be 
stored in a "juke box" at the second storage level. Access to the desired disk and its 
transport to a disk drive could be performed in less than 10 sec, provided that a 
linear arrangement of disks limited to a capacity of about 100 disks is used. Instead 
of employing a large number oflinear "juke boxes" it may be a cheaper solution to 
store, at the lowest storage level, those disks containing very old pictures in a two­
dimensional disk exchange unit. Due to the more complicated disk transport 
mechanism a latency time beyond 10 sec will probably have to be tolerated at this 
level. 

If non-erasable optical data disks are used throughout the picture base it would 
not be convenient to re-organize the archive. As a result, in some applications 
related pictures which are filed at different times will be located on different disks at 
different storage levels. The retrieval of sets of related pictures (e.g. when scanning 
the case history of a patient over a period of several years) may be speeded up by 
means of a management and control system which transfers pictures due for 
retrieval into a magnetic disk foreground memory at the highest storage level 
immediately after the first picture of a sequence has been accessed. 

SOME CONSIDERATIONS ON THE IMPACT OF ELECTRONIC MASS PICTURE STORAGE 

An electronic picture archive based on DOR storage devices can be regarded as a 
one-to-one replacement of the current hospital film archive if the storage system is 
equipped with appropriate picture input and picture output devices such as high 
resolution laser film scanners and grey-level hardcopy devices [6, 7]. To make full 
use, however, of the potential of electronic picture storage it will be required to 
implement three further logical steps: 

• direct connection of all electronic image sources, 
• introduction of terminal-type picture workstations with direct connections to 

the picture archiving system, and, finally, 
• integration of the resulting Picture Archiving and Communication System 

(PACS) with existing Hospital Information Systems (HIS). 

It is obvious that the growing number of electronic imaging modalities is strongly 
stimulating the development of P ACS. Indeed it is an unsatisfying situation to 
operate a highly sophisticated digital imaging machine such as a CT while being 
constrained to archive the high-quality digital picture on film at a strongly limited 
performance. On the other hand the availability of a suitable digital background 
will certainly stimulate the introduction of novel image pick-up devices such as 
Large-Area Detectors (LAD) or high-resolution Image Intensifier TV cameras 
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Figure 3. Hierarchical concept for a distributed picture information system. 

which can potentially replace the photographic film in a number of diagnostic 
applications. 

The concept ofthe Digital Diagnostic Workstation, though being the next logical 
extension, will certainly be a far more critical item, because it would possibly cause 
essential changes in the work of medical personnel. We are anticipating that display 
terminals will be available which will offer 

• high-resolution display capabilities (at least 10002 pel display with "real time" 
zoom and scroll options etc.), 

• response time (period elapsing between a user command and the completion of 
a retrieval or processing operation) of a few seconds at maximum, and 

• extended processing capabilities (manipulation, enhancement, quantitative 
evaluation etc.). 

A research prototype of such a workstation which employs a novel picture com­
puter architecture is currently under investigation at our research laboratory. 

It will be a point of major research interest to optimize the man-machine inter­
face, and tailor it to the specific needs of the medical user. Provided that the 
technical, ergonomic, and psycho-visual problems will be solved, then we assume 
that the advantages of 

• having immediate access to all filed pictures, 
• applying picture manipulations and processing under visual control, and 
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Figure 4. Experimental PACS based on an early laboratory prototype of a DOR drive, and a laboratory 
model high-power picture processor for workstation application . 

• being supported by convenient data base functions (delivery of related alpha­
numeric information, and guidance to the desired pictures) 

will balance well against the inconvenience of changing from the present light-wall 
viewing to a display-oriented work. 

A final step towards a consistent diagnostic documentation system must be the 
integration of pictures and all other types of diagnostic data. From a systems 
architecture point of view it is recommended to maintain a strict separation of 
pictorial information and all other types of information - physically. Logically the 
picture storage system should be treated as an extension of the hospital or departe­
mental patient data base, to which the user will have access from his diagnostic 
workstation in a well-established manner [8] (Figure 3). First experiments are being 
performed in a laboratory environment applying a prototype DOR system under 
the superior management of the Philips RADOS System (radiologic department 
data base and organisation system) [9] (Figure 4). 
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3. ADVANCES AND PERSPECTIVES IN ULTRASOUND TECHNOLOGY 

R. HAUKE 

The pulse-echo method can be divided into three areas of technology with respect 
to the medical application. 

These are compound-scan, B-scan and sector scan systems. The decision about 
which system is used for which examination is mainly given by the available 
acoustic window, resolution and scan speed required for medical diagnosis. It is 
known that compound systems have slow frame rates but a very good contour 
resolution (Figure 1). It is not possible to visualize structures which are almost 
parallel to the direction of propagation of the ultrasound pulse. To get the complete 
contour of the boundary, one has to project the structure by different angles in 
order to get the complete contour information. An example is given in Figure 2, 
where a foetal head is imaged with a sector scan system, demonstrating clearly the 
lack of contour resolution. In linear-array-systems the lack of complete contour 
information is often due to shadowing which occurs, for example, behind highly 
reflecting or absorbing tissue or stones (Figure 3). Again, using appropriate com­
pound techniques (different projections of the same target) it is possible to get 
complete information (Figure 4). Moreover, the resolution can be improved [1]. In 
order to get faster imaging, Kossoff [2] has proposed an automated compound 
system (Octoson) using up to eight mechanical sector scanners simultaneously but 
real-time for cardiac application is still not obtained (Figure 5). 

In achieving real-time, the first approach used mechanical B-systems of the 
Vidoson type. It turned out that the frame rates were still limited and that the 
handling of the mechanical transducer was not acceptable. Therefore the develop­
ment led to linear arrays with microangulation where high speed switching of 
groups of transducer elements with electronic focussing is possible (Figure 6). 

For applications where only small acoustical windows (especially cardiology) are 
available, there is a strong demand for sector scanners. In the past, mechanical 
systems were used (Figure 7). The development here replaced the mechanical 
systems by electronic beam steering and focussing devices using so-called phased 
array systems [3]. The advantage of electronic systems is the high flexibility of image 
formation. Due to this fact it is possible to get simultaneously not only the sector 
image (Figure 8a), but, by appropriate ECG gating, systolic and diastolic images 
(Figure 8b) or several TM displays (Figure 8c) with B-display, or even TM and 
Doppler information at the same time (Figure 8d). 
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(a) Figure II . (b) 

(c) (d) 

Above is a summary of the history of the replacement of mechanical systems by 
electronic scanners. As indicated in Figure 9 a future system which could combine 
all applications in one system would be a Multimode Linear Array. Figure 10 gives 
the different types of scan modes which could be produced using the same tranducer 
without any mechanical displacement. 

U sing this technology [4] the following results were obtained in neurology: Figure 
II a gives the ultrasonic image of an in-vivo-brain. 

Figure II b shows the same object after using a II x 21 filter mask for contrast 
enhancement. Figure 11 c gives the result of automatic contour detection and Figure 
lId is the superposition of Iia and Ilc. 

In cardiology similar results can be obtained using the same technology. Figure 
12a and b demonstrate some resolution limits for cardiac applications in the use of 
an exised heart. Left ventricle (LV), right ventricle (RV), intra ventricular septum 
(IVS) and trabecular structures are clearly shown. 

In cardiology high resolution real time images can be obtained by segmented real 
time compound (RTC), where only some projections are used for image formation. 
For higher image rates one could restrict the compound imaging to a small limited 
area or segmen t. 

In conclusion the impact of using Multimode Linear Array (MMLA) in car­
diology would be: 
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(a) 
Figure 12. 

l. high resolution imaging (segmented RTC) 
(a) precision of volume measurement improved 
(b) automated tracing of ventricular edges 
(c) differential diagnosis improved (infarcted areas ... ) 

2. greater field of view, even proximal 
3. Doppler improved, giving better flow results 

(b) 

4. increased possibility of computer aided information extraction. 
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4. AUTOMATIC EVALUATION OF LEFT VENTRICULAR CONTOUR 
FROM TWO-DIMENSIONAL ECHOCARDIOGRAPHY 

E. VAN OCKEN, P. SCHENKELS, V.A. CLAES and D.L. BRUTSAERT 

The present study describes a method to evaluate left ventricular function by on-line 
digital storage and automatic contour detection of ECG synchronized two-dimen­
sional echocardiography. The electronic sector scanner starts synchronized with 
the ECG (within 2.4 ms) and is connected on-line with the computer in order to 
store on disc all the two dimensional ultrasound frames over a period of at least 10 
consecutive heartbeats (50 frames/s). To improve image quality and to reduce the 
noise, the pixels in corresponding frames of the 10 cardiac cycles are time averaged 
to one single cycle. From the grey levels in the averaged heart cycle, the contour of 
the left ventricular cavity is automatically outlined by the computer. The same 
procedure is repeated for each frame of the averaged heart cycle. The computer 
program provides a plot of the full set of contours throughout the cardiac cycle. To 
study regional heart function the contours can also be displayed as an unrolled 3D­
surface which represents wall displacement versus time. A few clinical cases are 
presented illustrating the possibilities of this method to study left ventricular func­
tion in a more quantitative way. 

INTRODUCTION 

Two-dimensional echocardiography is normally used for qualitative observation of 
the heart structures and movement, but it can now also be processed as a quantita­
tive non-invasive method for evaluating global and regional ventricular function. 
The main problem in quantification of 2D-echocardiography is to reduce the 
enormous amount of data stored in the consecutive heart frames in order to obtain 
an overview of the movement of the ventricular wall in space and time. 

DATA INPUT 

To manage this large amount of pictorial data in the image of a heart cycle, we 
interfaced on-line a two-dimensional echosystem (Toshiba SSH-IOA) with a com­
puter (Hewlett-Packard WOOF). The electronic sector scanner is switched to ECG­
synchronized mode in order to resynchronize the frames with the ECG-timebase at 
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each QRS-complex. The analog to digital converter converts the ultrasound B­
mode information at a rate of 128 points (8 bit) per line. The data are sent in packed 
format to the computer. The input-procedure is elaborated to handle a continuous 
data flow coming from the echo system interface and to store these data on a 
peripheral disk unit (HP7925-120Mbyte). The used data rate is 358400 points per 
second (128 points/line; 112 lines/frame; 25 frames/sec) and is far below the maxi­
mum possibilities of the input procedure (672000 points/sec). The total recording 
time is only limited by the available disk space. In our system a maximum of about 
80 seconds of heart pictures can be stored, but for clinical use the recording period is 
mostly limited to 10 seconds. In this time, a sufficient number of heart cycles are 
available for averaging. Quantitative evaluation of the ventricular movement can 
be disturbed if the echo-quality is poor. In this case, a pre-treatment of the pictures 
is performed. The frames are stored in a consecutive way and at each QRS-complex 
the frames are resynchronized. Consequently the frames in each heart cycle are 
scanned at the same instant after the QRS-complex. If nothing has changed during 
the recording period, the corresponding pictures of the consecutive heart cycles 
should be equal and the pictures can be averaged linearly. 

(Note: a hardware averaging interface is in preparation and will soon become 
commercially available from our laboratory.) 

In the resulting averaged heartcycle the noise is remarkably reduced, resulting in 
improved delineation of the myocardium, and more particularly the endocardial 
contour can more easily be delined . This averaged heartcycle will be used as basic 
cycle for further automatic contour detection . 

AUTOMATIC EVALUATION 

In the analysis of the contraction of the heart , time dependence is very important. 
Therefore the resolution in time is improved by doubling the frame-rate . During the 
storage and the averaging of the data the pixels are treated as points of an individual 
echoline. The electronic sector scanner sweeps twice over the frame in interlaced 
mode. The frames composed of 112 echolinescan be subdivided into two subframes 
of 56 echolines. The first subframe contains the odd, and the second one the even 



29 

ultrasound lines. In this manner we can increase the frame-rate from 25 frames a 
second to 50 frames a second. On the other hand, the line density is depressed by a 
factor of two, but this is due to the limited convergence of the echobeam. The spatial 
resolution is mainly limited by the lateral divergence of the echobeam, hence 
reducing the line density gives only a slight depression of the spatial resolution. 

The contour detection proceeds as follows: the operator has to indicate by 
lightpen a point in the left ventricle on the end-systolic and on the end-diastolic 
frame, and a provisional systolic and diastolic contour will be filling up, calculated 
by the ventricular cavity. From the radius of the systolic boundary - decreased by 
one third - and that of the diastolic boundery - increased by one third - the inner 
and outer limits for the contour detection are fixed. 

A problem for automatic outlining are the drop-outs in weakly echo genetic 
regions, e.g. where the ultrasound beam hits the wall tangentially. Therefore a 
coloured circle is traced as a safety belt around the ventricle (in order) to close the 
drop-outs and to avoid incorrectable artefacts in the calculation of inner and outer 
boundaries. 

Between the smallest and the largest boundary contour the endocardium is 
outlined in each frame of the cardiac cycle. 

DISPLAYING 

Once all the contours are calculated, the computer provides a clear overview of 
ventricular performance in a clinical report where cross-sectional surface and 
volume are plotted versus time together with the ECG and the ejection fraction. 
Diastolic and systolic contours are also plotted. The continuous movement of the 
wall during the averaged heartcycle from systolic to diastolic contour is displayed in 
a three-dimensional graphial representation. The radius of the contour is plotted 
versus the different direction (angles form 0 0 to 360°) and in the depth on a tilted 
axis the time is represented. This three-dimensional surface provides an aerial view 
of the systolic valley and of the diastolic hill. The plot can also been rotated 
horizontally over 90 0 for a better view-point of region wall motion. 

CONCLUSION 

By continous on-line computer storage, averaging and automatic computer detec­
tion of the endocardial contour of the left ventricle of each frame in the cardiac 
cycle, 2D-echocardiography has now been extended into a fast, fully non-invasive 
method for quantitative analysis of total as well as regional function of the heart. 



5. CLINICAL IMPLICATIONS OF TRANSESOPHAGEAL ECHO­
CARDIOGRAPHY PRESENT STATUS AND FUTURE ASPECTS 

PE1ER HANRATH, MICHAEL SCHLU1ER, WOLFGANG THIER, BURKHART A. LANGEN­
S1EIN AND W AL 1ER BLEIFELD 

Imaging of the heart and its motion can provide valuable diagnostic information. 
However, cardiac imaging from standard transthoracic transducer locations can be 
compromised in a certain percentage of patients, mainly by the interposition of ribs 
and air-containing lung tissue between the ultrasound transducer and the target. In 
order to overcome these limitations, Frazin et al [1] introduced transesophageal 
imaging of the heart by M-mode echocardiography. He and others demonstrated 
the value of this technique as a diagnostic tool and as a unique approach to evaluate 
left ventricular performance during open-heart surgery or during exercise [2, 3, 4, 5, 
6]. The feasibility of transesophageal cross-sectional imaging of the heart with a 
mechanical sector scanner or with a linear array scanner was reported in 1978 and 
1980, respectively [7,8]. In this paper we describe transesophageal cardiac imaging 
in humans with a specially designed phased array transducer system incorporated 
into the shaft of a commercially available gastroscope [9]. 

TRANSDUCER DESIGN 

Two prototypes of endoscopic ultrasound systems were tested in our laboratory 
(Figure 1). One consists of a 3.5 MHz array of 32 elements attached to the flexible 
tip of a standard gastroscope (Figure 1, right hand side). It obtains cardiac cross­
sections in a horizontal plane. The 3.5 MHz transducer head of the second system 
holds two adjacent arrays mounted at right angles to each other for horizontal as 
well as sagittal cross-sectional imaging of the heart (Figure 1, left hand side). The 
rigid parts of both systems are represented by the outer dimensions of the trans­
ducerheadswhichare35 x 15 x 16mm3 and 40 x 17 x 15 mm3, respectively. The 
shaft of the gastroscope-like probe has a diameter of 9 mm. Further technical 
information concerning transducer technology was given in detail by Souquet et al. 
[10]. 

TRANSESOPHAGEAL IMAGING TECHNIQUE 

Investigations with the ultrasonic gastroscope are comparable to routine endo-
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Figure 1. Transducer heads of two prototype ultrasonic gastroscope systems. Head on the right contains 

single array of 32 elements for horizontal cross-sectional imaging. Head on the left holds two adjacent 
arrays, one for horizontal and one for sagittal imaging. 

Figure 2. Aortic root with all three cusps in transesophageal short-axis view. 
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Figure 3. Transesophageal horizontal view with left atrium (LA), vena cava superior (VCS) and aorta 
(Ao). VCS is filled with echo contrast due to peripheral venous injection of saline. 

Figure 4. Transesophageal horizontal view showing ostium of right coronary artery (RCA). Ao: aorta. 
LA: left atrium. RA: right atrium. RVOT: right ventricular outflow tract. 
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Figure 5. Ostium of left coronary artery (LeA) in transesophageal horizontal view. Left atrium (LA), 
aorta (Ao), and right ventricular outflow tract (RVOT) are also shown. 

6,,21 

Figure 6. Transesophageal horizontal view at the level of the atrioventricular junction with left atrium 
(LA), mitral leaflets, left ventricle (LV) and left ventricular outflow tract (L VOT), interventricular 

septum, and right ventricle (RV). 
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Figure 7. Transesophageal short-axis view of left ventricle at the level of the papillary muscles. aPM : 

anterior papillary muscle. pPM: posterior papillary muscle. 

54 

Figure 8. Transesophageal sagittal view of left ventricle at the level of the papillary muscles. Apical 

region to the left, mitral region to the right of figure. LVAW: left ventricular anterior wall. L VPW: left 
ventricular posterior wall. aPM: anterior papillary muscle. pPM: posterior papillary muscle. 
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scopic examinations. The gastroscope is introduced while the patient is lying in a 
supine position. The examination is done after the patient was fasted for about 8 
hours. For sedation the patient usually receives 5 to 10 mg diazepam intravenously. 
Since fiber optics were replaced in this prototype, the probe is introduced blindly. 
An x-ray examination is performed in those patients where clinical history suggests 
a diverticulum of the esophagus. 

IDENTIFICATION OF THE SITUS OF THE HEART 

At a depth of about 40 cm from the patient's teeth the aorta ascendens at the level of 
the aortic root can usually be seen (Figure 2). Clockwise rotation of the endoscope 
will image the vena cava superior (Figure 3). By clockwise or counter-clockwise 
rotation of the probe at the level of the peripheral edge of the aortic cusps the origin 
of the right (Figure 4) or of the left (Figure 5) coronary artery can be identified. The 
left ventricular inflow and outflow tracts can be visualized by slightly advancing the 
gastroscope down the esophagus from the aortic root level and rotating counter­
clockwise (Figure 6). At lower esophageal levels the transducer allows visualization 
of the left ventricle at the level of the papillary muscles (Figure 7) or of the apical 
region. By rotating the endoscope in a clockwise direction the different structures of 
the right heart can be seen. If the double array system is used, horizontal and sagittal 
cross-sections of the heart can be obtained from the same esophageal transducer 
position by activating the respective transducer array. A sagittal image of the left 
ventricle corresponding to the horizontal view of Figure 7 is shown in Figure 8. 

Recently, efforts have been directed towards using this new technique as a 
monitoring device for the evaluation of left ventricular performance during sur­
gery. The high resolution images allow monitoring of left ventricular function and 
size continuously during surgical procedures. 

Transesophageal two-dimensional imaging of the heart adds a new dimension to 
the diagnostic application of cardiac ultrasonography as a complementory diag­
nostic tool or as an intraoperative monitoring device. Contours and motion of 
valves, cavities and great vessels can be easily identified by choosing the correct 
depth and transducer orientation within the esophagus. The proximity of the heart 
to the esophagus permits the use of high-frequency transducers, resulting in cardiac 
cross-sectional images of high spatial resolution. Interest in transesophageal car­
diac imaging is presently increasing and various types of ultrasonic imaging devices 
for esophageal use have already been presented. All these devices suffered either 
from a rigid tip too large to allow use in man [8], or from mechanical vibrations [7], 
or from a very restricted field of view [8]. 

A miniaturized phased array transducer fixed to the distal end of a gastroscope 
has the advantages of being small in size and covering most parts of the heart within 
its 90° sector image. 

Transesophageal two-dimensional images of the heart are generally less familiar 
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than those of transthoracic transducer locations. Since the long axis of the heart is 
oblique to the axis of the esophagus in the frontal as well as in the lateral plane and 
since the ultrasonic plane is either perpendicular or parallel to the esophageal axis, 
true long-axis views of the heart cannot be obtained with the present esophageal 
imaging system, whereas short-axis views at various left ventricular levels are 
possible with the horizontal phased array simply by transducer angulation. It is, 
however, important to examine the heart at angles oblique to the esophagus, i.e. 
parallel to the cardiac long axis, and we believe that this can be achieved with an 
esophageal phased array system which can be externally rotated about its normal 
axis. 

REFERENCES 

1. Frazin L, Talano JV, Stephanides L, Loeb HS, Kopel L, Gunnar RM: Esophageal echocardio­
graphy. Circulation 54:102-108,1976. 

2. Matsumoto M, Oka Y, Lin YT, Strom J, Sonnenblick EH, Frater RWM: Transesophageal echocar­
diography for assessing ventricular performance. NY State J Med 79:19-21,1979. 

3. Matsumoto M, Oka Y, Strom J, Frishman W, Kadish A, Becher R, Frater WM, Sonnenblick EH: 
Application oftransesophageal echocardiography for continuous intraoperative monitoring ofleft 
ventricular performance. Am J CardioI46:95-105, 1980. 

4. Hanrath P, Kremer P, Langenstein BA, Matsumoto M, Bleifeld W: Transosophageale Echokar­
diographie. Dtsch Med Wschr 106:523-525, 1981. 

5. Kremer P, Hanrath P, Langenstein BA, Matsumoto M, Tams C, Bleifeld W: The evaluation ofleft 
ventricular function at rest and during exercise by transesophageal echocardiography in aortic 
insufficiency (abstr). Am J CardioI47:412, 1981. 

5. Matsuzuki M, Matsuda Y, Yoshinobu I, Takahashi Y, Sasaki T, Toma Y, Ishida K, Yorozu T, 

Kumada T, Kusukawa R: Esophageal echocardiographic left ventricular antero-Iateral wall motion 
in normal subjects and patients with coronary artery disease. Circulation 63: 1085-1092, 1981. 

7. Hisanaga K, Hisanaga A, Hibi N, Nishimura K, Kambe T: High speed rotating scanner for 
transesophageal cross-sectional echocardiography. Am J CardioI46:837-842, 1980. 

8. DiMagno EP, Buxton JL, Regan PT, Hattery RR, Wilson DA, Suarez JR, Green PS: Ultrasonic 
endoscope. Lancet 1:629-631, 1980. 

9. Schluter M, Langenstein BA, Polster J, Kremer P, Souquet J, Engel S, Hanrath P: Transesophageal 
cross-sectional echocardiography with a phased array transducer system-technique and initial 
clinical results. Br Heart H 48:67-72, 1982. 

10. Souquet J, Hanrath P, Zitelli L, Kremer P, Langenstein BA, Schluter M: Transesophageal phased 
array for imaging the heart. IEEE Trans Biomed Eng BME-29:707-712, 1982. 



6. NONINVASIVE EVALUATION AND QUANTIFICATION OF 
REGIONAL MYOCARDIAL BLOOD FLOW 

HEINRICH R. SCHELBERT, MARKUS SCHWAIGER, SUNG-CHENG HUANG, ANIL SHAH 
and MICHAEL E. PHELPS 

Radionuclide imaging with Tl-201 is widely used for evaluating regional myocar­
dial perfusion. Its value for diagnosing ischemic heart disease and estimating its 
extent has been well established. However, the distribution of myocardial blood 
flow can be assessed with this technique only qualitatively, and measurements of 
regional myocardial perfusion in terms ofml/min/gm myocardium are not possible. 
Such measurements can conceivably be made with the recently developed positron 
emission computed tomography (positron-CT) [1, 2]. This new imaging modality 
permits noninvasive measurements of indicator tissue concentrations. Cross-sectio­
nal Positron-CT images of the heart quantitatively reflect regional tracer tissue con­
centrations and hence are comparable to autoradiography. They offer the capa­
bility of measuring in vivo tissue activity concentrations which previously has been 
possible only by in vitro counting of tissue samples. Combined use of this new 
imaging device with tracers of blood flow is likely to permit noninvasive measure­
ments of regional blood flow in the human heart. 

We have extensively evaluated and characterized N-13 ammonia as such a tracer 
of myocardial blood flow [3, 4]. N-13 ammonia is administered intravenously and 
rapidly clears from blood into myocardium where it becomes trapped in proportion 
to myocardial blood flow. The tissue retention halftimes in myocardium average 2 
to 3 hours. Therefore, distribution ofN-13 activity in the myocardium at the time of 
imaging closely reflects the distribution of myocardial blood flow at the time of 
tracer injection. The net extraction of N-13 ammonia as the product of extraction 
fraction and blood flow is proportional to myocardial blood flow. As shown in 
Figure I, this relationship is nonlinear. In the high flow range, increases in myocar­
dial blood flow result in relatively small increments in N-13 tissue concentrations, 
yet flow changes within the range from 0 to 250 ml/min/IOO gm are paralleled by 
proportionate and almost linear increases in myocardial N-13 tissue concen­
trations. Accordingly, within the physiologic range of blood flow, regional differ­
ences in perfusion are reflected by proportionate differences in tracer concen­
trations. 
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Figure 1. Comparison between regional myocardial blood flow and regional myocardial N-13 ammonia 
concentrations determined with in vitro counting in canine myocardium. Myocardial blood flow was 
measured using radioactive labeled microspheres. (With permission of American Journal of Car­
diology.) 

We have previously demonstrated the possibility of detecting mild, subcritical 
stenosis with Positron-CT and N-13 ammonia during drug induced hyperemia [5]. 
In these studies in chronically instrumented dogs, coronary stenoses of as little as 
47% diameter narrowing were accurately identified. We subsequently employed the 
same approach in 32 patients with arteriographically documented coronary artery 
disease [6]. The findings in these patients were compared to those obtained in 13 
normals who were young volunteers without clinical evidence of cardiovascular 
disease. Each participant was initially studied at rest with intravenous N -13 am­
monia and cross-sectional imaging of the myocardial N-13 ammonia distribution. 
A second study was performed one hour later. After the N-13 activity had physi­
cally decayed, coronary hyperemia was induced with intravenous dipyridamole. A 
second dose of N-13 ammonia was injected and cross-sectional imaging of the 
myocardial N-13 activity distribution at the same levels through the heart was 
repeated. In the 13 normal volunteers, myocardial N-13 concentrations increased 
uniformly after dipyridamole and myocardial perfusion remained homogenous. By 
contrast, in 31 of the 32 patients with coronary artery disease, the myocardial 
distribution ofN-13 activity became highly inhomogenous after dipyridamole and 
new or more extensive defects in regional N-13 concentrations were observed. A 
typical example is shown in Figure 2. Through quantitative analysis of the Positron­
CT images, these new defects were caused by attenuated increases in N-13 con­
centrations in segments supplied by stenosed coronary arteries as compared to 



41 

Figure 2. Control and hyperemic cross-sectional positron computed tomographic images of the 
myocardial N-13 ammonia distribution in a 67 year old woman with 100% stenosis of the proximal left 
anterior descending coronary artery. Level I is recorded through the high anterior and lateral wall, 
level 2 through the mid-left ventricle and level 3 through the mid to lower left ventricle. The control 
images reveal uniform N-13 activity throughout the left ventricular myocardium suggesting adequate 
collateral blood flow to the anterior wall at rest. However, in the hyperemic images, N-13 activity 

was greatly reduced in the anterior wall. N-13 activity increased from rest to hyperemia by 32% in 
the lateral wall and by 40% in the interventricular septum but by only 13% in the anterior wall.The 

appearance of a defect in the hyperemic images therefore does not indicate a decrease in blood flow from 
the control state to hyperemia but an attenuated response to pharmacologic coronary vasodilation. 
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Figure 3. Increase in myocardial concentrations from the control state to dypridamole-induced co­

ronary vasodilation. In the normal volunteers, the percent increase in N-13 concentrations was of similar 

magnitude in the anterior (ANT), lateral (LAT) and posterior (POST) wall and suggests similar 

hyperemic responses in the left anterior descending, left circumflex and posterior descending coronary 

arteries. In the patients with coronary artery disease (CAD), N-13 concentrations increased significantly 

less in myocardium supplied by stenosed vessels than in myocardium without arteriographically signifi­
cant coronary artery lesions (normal). However, the percent increase in the "normal" segments was less 
than that in normal volunteers. p = probability; SD = standard deviation. (Permission from American 
Journal of Cardiology.) 

control segments. In some instances, N-13 concentrations failed to increase at all or 
even declined from control to hyperemia. Hence, the flow increase in these segments 
was attenuated or even absent. Of interest was another observation: in myocardium 
supplied by apparently normal coronary arteries, the increase in N-13 concen­
trations from control to dipyridamole induced ischemia was less than in normal 
voluteers, suggesting the presence of coronary artery disease that was radiographi­
cally or anatomically not appreciated or was considered functionally insignificant 
(Figure 3). 

As mentioned above, Positron-CT with N-13 ammonia after drug induced coro­
nary hyperemia demonstrated in 31 of the 32 patients perfusion abnormalities that 
were not seen at control, resulting in an overall sensitivity for detection of coronary 
artery disease of97%. More importantly, of the 58 coronary stenoses in this group 
of 32 patients, 52 or 90% were correctly identified by N-13 ammonia and Positron­
CT during drug induced coronary hyperemia (Table 1). 

Positron-CT imaging and N-13 ammonia was compared to TI-201 stress imag-
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ingin 11 patients. All TI-201 studies were performed within 2 weeks of the Positron­

CT study. In this patient subset, Tl-201 stress scintigraphy correctly identified 
coronary artery disease in 10 patients and Positron-CT in all 11 patients. Because of 
the relatively small patient sample, this difference was statistically not significant. 
However, whereas Tl-201 stress imaging correctly identified only 11 of the 19 
diseased coronary arteries in the same patient sub-set, the tomographic approach 
correctly identified disease in 17 coronary arteries. This difference was significant 
and indicates the potential of Positron-CT and N-13 ammonia for assessing the 
extent of coronary artery disease. Coronary stenoses that remained undetected by 
Positron-CT usually involved the right coronary artery supplying the inferior wall 
which - with the current imaging devices - is difficult to visualize. Nevertheless, the 
results indicate that Positron-CT and N-13 ammonia significantly improved the 
sensitivity of detection of coronary artery disease and the noninvasive assessment of 
its extent. 

We mentioned earlier the unique capability of Positron-CT for noninvasive 
measurements of regional indicator tissue concentrations. Because the properties of 
N-13 ammonia as a tracer of myocardial blood flow mimic to some extent those of 
radioactive microspheres, we hypothesized that the tracer may allow noninvasive 
quantitation of regional myocardial blood flow. Radioactive microspheres are 
widely used for measurements of regional myocardial perfusion in experimental 
animals. Microspheres are almost completely trapped and retained in myocardium 
in proportion to regional myocardial blood flow and rapidly clear from blood. N-13 

Table 1. Summary of findings in normal volunteers and patients with coronary artery disease 

Number Patients Total Number Patients Sensitivity for 
of with number of with all detection of 
patients abnormal of stenosed stenosed 

study stenosed vessels vessels CAD Diseased 
vessels identified identified vessels 

A. Normal volunteers 

No coronary 

disease 13 0 0 0 0 

B. CAD Patients 

Single vessel 

disease 16 15 16 15 15 94% 94% 
Double vessel 

disease 6 6 12 II 5 100% 92% 
Triple vessel 

disease 10 20 30 26 6* 100% 87% 

Total 32 31 58 52 26 97% 90% 

* In each of the remaining 4 patients two stenosed vessels were detected. 
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ammonia is similarly trapped and fixed in myocardium in proportion to myocardial 
blood flow and its blood clearance is rapid. For example, within 5 min of injection, 
blood concentrations ofN-13 ammonia are less than 5% of the peak concentration. 
The arterial input function is relatively clean and completed within a relatively short 
time. 

Regional myocardial tissue perfusion can then be derived from tissue concen­
trations, the arterial input function and the withdrawal rate of arterial blood. 
Analogous to the microsphere technique, regional myocardial blood flow F is 

calculated by the equation F = C m X Fa/Ca, where C m is the myocardial micro­
sphere (or activity) tissue concentration (cpm/gm), Fa the withdrawal rate of arterial 
blood (ml/min) and Ca the activity in the arterial reference sample (cpm). The 
myocardial tissue concentration Cm is conventionally measured in vitro by well 
counting of tissue samples. With N-13 ammonia, Cm can be derived from the cross­
sectional Positron-CT images. Regions of interest are assigned to the image and the 
derived counts ROI converted into counts per volume. Because of the relatively low 
spatial resolution of the current imaging device, true tissue tracer concentrations 
are underestimated because of the partial volume effect. This underestimation is 
related to object size [7], i.e. the thickness of the left ventricular wall, but can be 
corrected for if the regional wall thickness and the relationship between object size 
and count recovery are known [8]. Lastly, activity concentrations derived from the 
Positron-CT images are normalized to the activity concentrations in the arterial 
reference sample determined by well counting. Hence, C m can be determined from 
the cross-sectional Positron-CT images by: 

CPET • CF 
C m = -"-'=---

RCwI 

where CpET is the activity concentration derived from the ROI (cpm/cm3), the 
calibration factor CF relating blood activity concentrations measured by well 
counting to those measured from the Positron-CT images, and the recovery coef­
ficient RC as a function of the left ventricular wall thickness wt. The latter value is 

wI 

derived from the relationship between recovered and true indicator concentrations 
established previously by Hoffman and Phelphs [7] and the left ventricular wall 
thickness determined by ultrasound. We successfully employed the microsphere 

approach in earlier animal experimental studies where micro spheres labeled with 
positron emitting Ga-68 were administered into the left atrium and microsphere 
tissue activities determined in vivo with Positron-CT. These in vivo measurements 
were in good agreement with those determined simultaneously with gamma emitt­
ing micro spheres and in vivo tissue counting [8]. 

The possibility to obtain similar measurements with N-13 ammonia as a tracer of 
MBF that can be administered intravenously was tested in chronically instrumen­
ted dogs. N-13 ammonia was administered intravenously and the myocardial N-13 
ammonia concentrations determined by Positron-CT [9]. Beginning with the tracer 
injection, arterial reference blood was withdrawn at a constant rate for 2 min and 
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Figure 4. Comparison of myocardial blood flow measured by the arterial reference method with 

radioactive micro spheres and by N-13 ammonia and Positron-CT in the canine myocardium. 

tissue concentrations determined from the Positron-CT image acquired 3 min after 
tracer injection . Myocardial blood flow was also determined with the microsphere 
technique using 15f.1 radioactive labeled microspheres injected into the left atrium at 
the time of the N-13 ammonia administration [10]. Measurements of myocardial 
blood flow with the microsphere technique are compared in Figure 4 to those with 
the N-13 ammonia approach. The nonlinear relationship between the two measure­
ments is consistent with our previous observations on N-13 ammonia (see also 
Figure I) . Yet, in the flow range up to approximately 200 ml jminjl 00 gm, the 
relationship is almost linear although N -13 ammonia measurements consistently 
underestimate regional myocardial blood flow by approximately 20 to 30%. This 
underestimation is because the extraction fraction of N-13 ammonia is less than 
100%. Nevertheless, as demonstrated by the relatively small standard error of the 
estimate, the results indicate that noninvasive measurements of regional myocar­
dial blood flow with this approach may in fact become possible. 

More recently, Jones and co-workers [I I, 12] succeeded in measuring local 
cerebral blood flow with 0- 15 labeled water after inhalation of 0- 1 5 labeled carbon 
dioxide. The same group of investigators expanded this approach by combining it 
with measurements of the local cerebral extraction fraction of oxygen thus making 
the measurement of the local cerebral metabolic rate of oxygen possible [12- 15]. 

Using this method in patients with ischemic cerebrovascular disease, Frackowiak 
and co-workers [14] were able to assess the severity of ischemic cerebral insults and 
to more accurately predict their subsequent outcome. In these studies, regional 
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TM co 1 Min 3 

5 7 9 Flow 

Figure 5. A typical example of an 0-15 H 20 study for measurement of myocardial blood flow in the dog 

model. TM = transmission image using a Ga-67 mg ring source, CO = blood pool image following an 

inhalation of 0-15 CO. These images are used to define the region of the left ventricular myocardium. 
Serial cross-sectional images are obtained at 1,3, 5, 7 and 9 minutes following the intravenous bolus 

injection of 0-15 water. At I minute the tracer is mostly within the blood pool and starts to diffuse into 
the myocardium, the latter images are characterized by the clearance of the tracer starting in the blood 
pool followed by the myocardium. Due to the short halftime of 0-15 (120 seconds), the late images are of 
noisy quality. From the projection data obtained for 10 minutes, the blood flow is determined by 

integrative analysis of the myocardial and blood time activity curves. The calculated flow values are 

displayed parametrically within the region of the myocardium as flow image. 

oxygen metabolic rates were a far better predictor of tissue metabolism and sub­
sequent clinical improvement than local cerebral blood flow. 

Huang and co-workers [I 7-20] in our laboratory modified this method of cereb­
ral blood flow measurements by administering a bolus of 0- 15 labeled water 
intravenously. More recently, this approach has been adopted for blood flow 
measurements in myocardium. Measurements in the heart are complicated by a 
number of problems: unlike the brain, the heart is a thin walled and moving organ 
which complicates retrieval of true indicator tissue concentrations. This difficulty is 
further compounded by large pools of blood such as, for example, the cardiac 
chambers and the intramyocardial vascular space, both of which contain activity. 
This activity can lead to considerable cross-contamination of 0- 15 activity between 
the blood pools and myocardial tissues. It appears however that these shortcomings 
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can largely be overcome by methods that allow corrections for activity cross­
contamination or with the newer generation of high performance positron tomo­
graphs with improved temporal and spatial resolution. Preliminary animal experi­
mental studies in our laboratory by Huang and co-workers [21] indicate that such 
measurements of local myocardial blood flow are indeed possible with oxygen-I 5 
labeled water, serial Positron-CT imaging and arterial blood sampling. In these 
studies, blood pool images were obtained separately after inhalation of 0-1 5 labeled 
CO and were used to remove the activity contamination from the myocardial 0-15 
water clearance data. From the corrected myocardial 0-15 water clearance data and 
the arterial input function, images of the regional myocardial perfusion were 
generated. Local perfusion values correlated well with those obtained by the 
radioactive microsphere technique as an independent reference. These observations 
- though preliminary - indicate that the 0-15 water technique can in fact be 
employed for accurate measurements of local myocardial blood flow (Figure 5). 

At present, the practical use of this technique appears limited because of the 
relatively low spatial and temporal resolution of currently available whole body 
Positron-CT imaging devices. Yet, as new Positron tomographs are developed with 
higher resolutions and counting efficiency and will be available in the near future, 
the use of this technique appears feasible in man. Because of the short physical 
halftime of oxygen-I 5, this method offers the advantage of rapid serial measure­
ments of myocardial blood flow. It also could be combined with measurements of 
regional myocardial oxygen extraction by the technique already established with 
Positron-CT in the brain. 

While coronary artery disease and its extent can be identified noninvasively with 
qualitative radionuclide techniques with a relatively high degree of accuracy, it 
would seem that the external quantification of regional myocardial blood flow will 
have two major advantages: first, if tests can be devised that maximally and 
consistently increase coronary flow in a standardized fashion, these then would 
provide in combination with a noninvasive technique for the measurement of 
regional myocardial blood flow a means for quantifying coronary flow reserve as 
well as an impairment as the result of coronary artery disease. Accordingly, it might 
become possible to establish a quantitative index of the functional significance of 
coronary stenosis that could complement the anatomical information derived by 
coronary angiography. Secondly, the availability of a technique for measurements 
of regional myocardial oxygen metabolism may provide a new means to study 
tissue viability, as for example in ischemia. As recently demonstrated by Fracko­
wiak and co-workers [22], in cerebral ischemia, regional oxygen extraction rates 
were better predictors of subsequent recovery than blood flow. Further, the 
availability of such a technique could be highly useful in evaluating the metabolic 
response to interventions currently used to improve function of ischemic tissue or to 
salvage injured myocardium. 
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II. QUANTIFICATION OF GLOBAL VENTRICULAR 
FUNCTION 

7. PRESENT STATUS OF DIGITAL ANGIOCARDIOGRAPHY 

PAUL H. HEINTZEN, RUDIGER BRENNECKE AND JOACHIM H. BDRSCH 

1. INTRODUCTION 

Conventional ("analog") angiocardiography and angiography of the coronary and 
peripheral circulation provide fundamental information about structure and func­
tion of the cardiovascular system. These techniques have reached a very high level 
of perfection. 

The objective of this presentation is not only to outline 
(a) how (and where) digital image processing techniques could yet evolve, but also: 
(b)why and where digital angiocardiography can improve and/or complement 

subjective viewing of the passage of the contrast material and other heretofore 
practised quantitative angiocardiographic techniques. 

2. DEVELOPMENT OF ANGIOCARDIOGRAPHIC METHODOLOGY 

The essential steps in the development of angiocardiographic methodology should 
be reviewed briefly, since they reflect (not only) the historical evolution of these 
techniques but thereby demonstrate the complex interrelationship between the 
medical goals (and motivations), the physiological, mathematical and bioengineer­
ing concepts and the (fortunately simultaneous) technological progress, which gra­
dually allowed the realization of these concepts and thus the achievement of some of 
the goals [I-II]. 

The main steps are considered the following: 
(a) Imaging of the cardiovascular structures by intravenous contrast media injection 

and the use of the available standard x-ray systems (static pictures or very low 
temporal resolution). 

(b) Full size serial angiocardiography by film changers (single or biplane, high 
spatial, low temporal resolution). 

(c) Selective injection technique and percutaneous catheterization (right heart, left 
heart, coronary arteries). 

(d) Dynamic Cine- and Videoangiocardiography with high spatial- and temporal 
resolution image intensifiers. 

Meyer, J., Schweizer, P. and Erbel, R. (eds.) Advances in noninvasive cardiology 
© 1983 Martinus Nijhoff Publishers, Boston. ISBN 978-94-009-6722-9. 
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Figure 1. Survey on the evolution of digital videoangiocardiography from videodensitometry and 
videometry in our institution after having worked out the fundamentals for using the x-ray equipment as 
a measuring tool. Middle column: experimental and clinical concepts and efforts. Right column: 
bioengineering developments. 

(e) Quantitative Video-(Cine) angiocardiography with (biplane) electronic image 
and reference data acquisition, processing storage, retrieval. Analog or partial 
digital parameter extraction. 
X-ray equipment as "measuring tool". 

(f) Computerized processing of completely digitized image series: 
a: successively obtained images (digital projection angiocardiography); 
b: simultaneously obtained images (computer tomography); 
c: combination of both (dynamic spatial reconstruction). 

Figure 1 gives a survey on our efforts in this field starting in the mid-sixties. If one 
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Figure 2. Comparison of the different modalities for generating and evaluating image series. Upper part: 

images taken at different times give insight into 2 D anatomy and function. With a comparable number of 
pictures taken at different angles (lower part) multiple cross sections of a static 3 D object can be 

obtained. It requires the same number of pictures and processed data for each image if a dynamic spatial 

reconstruction (DSR) of the beating heart should be achieved. 

follows this evolution it is obvious that the desire for quantitative angiocardiographic 
I 

image analysis was the strongest stimulus for the development of digital imaging 
techniques and computer processing of x-ray images - independent and before the 
advent of computer tomography [see 3, 4, 11 - 13]. 

The different modalities in digital processing of angiocardiographic or other 
image series are demonstrated in Figure 2. Projection images, taken under different 
angles (with moving structures at the same time or at least the same "phase") can be 
used to reconstruct (multiple) cross sections of an organ. The result still reflects 
static 2 or 3 0 anatomy (lower part of Figure 2) . From a comparable number of 
projection images taken at different times one gets insight into a "new dimension" , 
namely "function" of the heart. To arrive at a clinically useful 3 0 dynamic 
reconstruction of the beating heart, a huge, almost utopic data rate has to be 
processed, which is the purpose and the aim of the Mayo Clinic dynamic spatial 
reconstructor [OSR 3, 9, 10, 14, 15]. 

The principle of direct , dynamic digital video-angiocardiographic (OOOVA) is 
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Figure 3. Graphic demonstration of the transformation of a linewise scanned videoimage series by AID 
conversion into a "homogeneous" block of digitized data - temporarily stored into a digital buffer - and 
available for further operations as desired. 

Figure 4. Graphic demonstration of the amount of imformation stored in a digitized block of data 
comparable to the average requirements in digital angiocardiography. Each picture element ("pixel") 
has 8 bits for gray level resolution. Each cube appears at the upper corner of the lower cube. 
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Figure 5. Comparison of the amount of information for handling a digitized image series with a spatial 
resolution of256 x 256 picture elements ("pixels") and 256 images (e.g. about 50 fields per second for 5 
seconds) and a resolution of 512 x 512 pixels for 50 frames per second, for 5 seconds. 
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Figure 6. Demonstration of the " interchangibility" of spatial and temporal resolution for a given data 

rate (as the limiting factor of a given equipment). One has the choice between low spatial and high 
temporal or high spatial and low temporal resolution. Possible indications for the various options are 
given in the lower part of the picture. 
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outlined in Figure 3. The line wise structure of a video angiocardiographic image 
sequence is transfered by analog to digital conversion into a block of "homo­
geneous" data stored into a digital buffer which might or might not be part of the 
storage capacity of a digital computer. This process can be executed in real time. 
Each picture element ("PIXEL") represents the brightness information at a given 
picture site (location) and at a given time (picture number). 

By this procedure a series of subsequent pictures is transformed into a block of 
simultaneously available data so that the spatial and temporal information is in­
terchangeable and can be combined or mixed, as desired! The desired or required 
spatial and temporal resolution may vary widely in the various fields of possible 
radiological applications of digital imaging techniques. In cardiovascular radiology 
a spatial resolution of 256 x 256 or 512 x 512 and an image frequency of I to 50 
fields per sec covers most of the needs. 

A graphic representation of the order of information and the amount of data as 
related to the most commonly required resolutions is given in Figures 4 and 5. It is 
obvious, that the data rate is proportional to the product of the temporal and 
spatial and density resolution. 

Figure 6 demonstrates the relationship between the various combinations of 
spatial and temporal resolution and the fields of useful application in cardiovas­
cular radiology. 

An ideal system should have the flexibility of allowing - for a given maximum 
data rate - a variable choice between spatial, temporal and (possibly) density 
resolution, according to the clinical or experimental problem under study. 

As published earlier [16-21] single, "static" images and in particular image 
sequences may be objected to a number of image processing techniques, such as 
histogram modifications, filter operations (spatial, temporal) image restorations 
and other kinds of "manipulations" which can facilitate and improve the extraction 
of clinically relevant information by contrast enhancement, or by generating (syn­
thetize) new image aspects and qualities. 

The greatest benefit of digital image processing techniques in the field of car­
diovascular radiology can be achieved not from digital processing of single, static 
images or just simple background subtraction operations, but from the flexible use 
of a whole image series due to the fact that spatial and temporal information can be 
combined and processed in variable modes. This however requires intelligent, 
experimentally elaborated and clinically relevant biological and engineering con­
cepts. 

This simultaneous availability of all data characterizes the "anatomy" of the 
cardiovascular system and the changes of structure and blood flow with time, i.e. 
''function'' is the main reason for the specific advantages of digital over con­
ventional angiocardiographic imaging techniques (Figure 7). 

The possibilities of contrast enhancement and thereby the revival of intravenous 
contrast injection techniques in angiocardiography has certainly a number of useful 
clinical applications [19-26]. Probably its value is presently overestimated. Nev-
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Figure 7. this graphic representation of a block of data obtained by digitizing a videoangiocardiog­
raphic image sequence should demonstrate the equalization of spatial and temporal coordinates and 
thereby the simultaneously available and mixable information about anatomy and function . This is one 
of the principle advantages of digital processing of image series. 

ertheless these new aspects attracted and stimulated clinicians and manufacturers 
which resulted in the first commercially available systems for digital subtraction 
angiography in 1980/1981. This in turn is a prerequisite for the breakthrough of a 
method which otherwise remains often unnoticed for long periods. 

3. SPECIFIC IMAGING TECHNIQUES 

If the information from more than one picture of an image series (taken at different 
times) is combined, the result may yet only reflect anatomy. This is the case in dye 
filled cardiovascular structures after " background" subtraction. 

There are, however, many modalities for digital image series processing - as 
demonstrated in Figure 8 - where the informationfrom afew or an increasing number 
ofindividual pictures is combined (subtracted, summed up, mixed etc.) whereby these 
input pictures reflect the cardiovascular system at different functional states, e.g. at a 
given time interval (so called TID mode) or at specific instances of the cardiac cycle 
(i.e. endsystolic and enddiastolic pictures). Such operations can therefore be con sid-
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Figure 8. Survey on various techniques for extraction of clinically relevant information from angiocar­

diographic image series by combining in different ways the information of more than one picture from 
the series. The most common and simplest way is image subtraction. The most complex modes of digital 
image processing are using the information from the whole image series (lower part) for extraction of 

functional parameters from multi-pixel densograms. 

ered already as simple types of "functional imaging". 
Simple "masc mode subtraction" (Figure 8 A), which means subtraction without 

considering the cardiac phase, can be performed in real time. It gives satisfying 
results if motional artifacts can be kept small, for example in intravenous and 
intraarterial subtraction angiography of the peripheral circulation. (Most of the 
presently available equipment on the market allows this type of operation.) 

If, however, digital subtraction techniques should be applied to the central 
circulation, motional artifacts are caused by the contraction of the heart and even 
more by the respiration. The "slow motion" artifacts of respiration can be reduced 
by subtracting images which are separated by a short time interval (TID mode) thus 
leaving only the more rapid changes of the contrast material distribution related to 
the heart motion and blood flow. The contrast itself is thereby reduced, which can 
be compensated in part by higher amplification after background subtraction. 

Based on our experience, ecg gated techniques are almost always required to give 
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Figure 9. Demonstration of the method of myocardial imaging which is useful for the determination of 
LV muscle mass, wall thickness and thickening as well as for the detection of myocardial perfusion 
disturbances. 

acceptable results from image subtraction if digital processing should be applied to 
the central circulation (Figure 8 C,D). 

Respiration can cause motional artefacts, particularly in children. The method 
developed in our laboratory [19] allows the selection of pictures for subtraction 
from a series of "background" images taken over a whole respiratory and cardiac 
cycle before contrast injection in order to find those pictures by (on line) cross 
correlation techniques, which optimaly correspond to the actual contrast pictures. 
This ecg and respiratory gated subtraction is possible in real time with the Image 
Sequence Acquisition and Analysis Computer ("ISAAC"), developed in our labo­
ratories [20, 21, 26]. 

For functional studies of ventricular performance ecg gated endsystoIic (ES) 
pictures can be subtracted from enddiastolic ones (ED) (Figure 8 C). The resulting 
subtraction images reflect the mode of contraction of the left ventricle as a 2 D 
correlate of stroke volume and ejection fraction (EF). From biplane pictures ven­
tricular volumes and ejection fraction can be calculated as in conventional 
angiocardiography. 

For specific studies of left or right ventricular function the radiation can also be 
triggered [27], from either the computer or a microprocessor which coordinates 
image generation, image acquisition, digitization, processing storage and retrieval 
[20, 21, 26]. 
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In addition to the possible reduction of contrast material- which is needed for a 
given piece of information - the radiation dose can also be reduced in digital 
angiocardiography, be it intravenous or selective, depending on the diagnostic 
problem. Thus at least 4 left ventricular performance studies are possible (during 
rest and exercise) without increasing the patient's load [28]. 

Having the whole sequence of images stored in digital format enables any useful 
combination of pictures from various phases of the contrast passage to be used to 
synthetize composite images (Figure 8 E), whereby the background may be re­
moved and the noise reduced before or parallel to image synthesis. 

Combinations of dextro- and levocardiograms depicted in different gray levels or 
colours demonstrate the spatial relationship between the heart chambers and great 
vessels and thereby allow a clear delineation of the ventricular septum, in particular 
in the four chamber view [29]. 

For these studies, only a limited number of pictures from the whole series has to 
be processed. However, interactive search for those pictures which optimally fit to 
each other is required and can be done shortly after the procedure. This type of 
operation will probably not become a field for automatic real time digital image 
processing. 

4. COMPLEX MODES OF FUNCTIONAL IMAGING. 

4.1. Organ perfusion studies 

These are possible by image integration and contrast enhancement during the 
passage of the contrast material through the capillary bed. One particular interest­
ing aspect of digital angiocardiography is the study of the perfusion of the cardiac 
muscle itself, since it allows the determination of the left ventricular muscle mass 
and the detection of perfusion defects [24, 30-32]. 

For this purpose contrast enhancement is used by heart phase related integration 
and background subtraction during the capillary phase of the coronary circulation. 
This can be achieved by aortic, selective coronary or left ventricular dye injection. 
From the initial levocardiogram (LV injection) the internal surface of the left 
ventricular muscle wall is obtained. During the following perfusion of the heart 
muscle via the coronary arteries, contrast enhancement techniques allow the opac­
ification of the myocardial wall and thereby the delineation of the epicardial 
surface. From this late picture the early levocardiogram is electronically subtracted, 
leaving only the left ventricular muscle shell opacified (Figure 9). 

The left ventricular muscle mass can then be determined by subtracting the LV 
volume derived from the endocardial surface from the volume, obtained from the 
biplane epicardial contours of the left ventricle (LV), applying the established 
videometric methods. [33, 34]. The calculated muscle volume correlated very well 
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Figure 10. (a- d). Schematic demonstration that, in a digitized image series, each pixel can be considered 
as a videodensitometric window (a) so that the image changes with time constitute a matrix of pixel­
densograms, (b) which can be evaluated in various ways applying some principles of the indicator 
dilution technique. From the pixel-densograms "functional" (-time)parameters (c) or volume para­
meters (area under the densogramm (d) can be obtained . 
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with the true LV muscle volume measured postmortem in pig hearts [30-32]. 
In addition, animal studies with experimentally created ventricular infarctions of 

known size have shown that variations in the wall thickness, wall motion and 
myocardial perfusion become detectable by this technique [32]. 

4.2. Blood flow distribution measurements 

Within the block of data obtained after digitization of a complete image series, each 
picture element ("pixel") can be considered as a videodensitometric window so that 
all kinds of indicator dilution operation can be performed in the most complete way 
(Figure 8F). 

From the whole density time curves functional parameters can be derived. This is 
demonstrated in Figure 10c for a time parameter (maximum of densogram or 
arrival time). This time value can be displayed providing a new picture quality 
which signalizes the progress of the contrast bolus within one image [35-38]. A 2D 
x-ray density display is thereby converted into a 2 D time value display either in gray 
levels, colours or numbers. 

Such time parameters can be grouped considering the underlying anatomy and 
the physiological problem. Forflow distribution measurements in the vascular tree, 
programs have been developed which allow a useful "temporal segmentation" of the 
contrast bolus so that its stepwise progression within a given time interval can be 
detected and displayed [36-38]. 

From the area under the same densogram (Figure IOd) another parameter can be 
derived representing the depth of the cardiovascular structure within the path of 
radiation, and thereby a measure of the volume of the vessel in a given region or 
segment of the vascular tree if all individual area-parameters are integrated. 

) 

Quantitative flow distribution measurements are possible in a branching vas-
cular tree by a principle using time parameter extraction as described above and 
vascular volume parameters. 

Since the isochrones obtained by temporal segmentation give a quantitative 
measure of the progress of the contrast bolus within a given part of the vessel, for 
example during a 60 millisecond interval, and the volume element between these 
isochrones is also known, the volume displacement in the vessel within a given time 
- i.e. the flow - at this site can be calculated. The relative flow rates in a branching 
vessel can be converted into absolute values, if the dimension of the vessel is 
determined by an independent (videometric) measurement at any site of the vessel. 
The calculated flow distribution can be indicated by numbers displayed with the 
(coloured) picture of the vascular tree [26, 37]. 

It is expected that this type of image analysis will be useful also for the study of the 
regional circulation in many other organs, and in particular for the investigation of 
quantitative functional aspects of the disturbed coronary circulation. Experimen­
tally, studies about the usefulness and limitations of this methods are in progress. 
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5. CONCLUSION: 

Digital x-ray imaging techniques evolved from the endeavour after quantitative 
data extraction from angiocardiograms could be realized stepwise according to the 
technological progress and the increasing awareness of its potential power. 

At the present time it is still more an additional technique which can complement 
the high quality conventional angiocardiographic methods. In some instances it can 
already replace "more invasive" investigations - without being strictly "non in­
vasive". 

However, simple masc mode subtraction is only the "peak of the iceberg". The 
potential power of the method and the main reasons for the predicted expansion 
are: 
(a) the flexibility of electronic, and in particular digital, data handling for image 

acquisition, processing, storage and retrieval and 
(b)the possibility of arriving at completely new image qualities and information 

heretofore not available from the conventional radiographic imaging tech­
niques. 

As shown from our experimental studies "quantitative functional imaging" with 
various parameter extraction allows new insights into the structure and function of 
the cardiovascular system. 

Since technology already provides the components for high quality digital x-ray 
imaging, and the knowledge is available, it can be predicted that - at least for 
angiocardiography - during the next decade digital (video?) electronic techniques 
will replace (and complement) roentgen cinematography in the same (overlapping) 
way that the latter has replaced full size angiocardiography. I am convinced that the 
evolving systems will not only be more flexible and powerful but also more eco­
nomic. 

The place for three-dimensional dynamic reconstruction of the cardiovascular 
system has still to be worked out and the superiority to be proved for the various 
pathological conditions. In any case we do not need "all dimensions" for "all" 
clinically relevant questions to be answered. We have to select the appropriate and 
available approach. In any case, it will be more and more "digital". 

6. SUMMARY 

A survey is given on the evolution of digital imaging techniques for the processing of 
angiocardiographic projection image series. The main advantage of this type of 
computerized angiocardiography is the fact that, in an image time series, structure 
and function of the cardiovascular system are represented by a homogeneous block 
of digitized data which can be combined and evaluated in a most flexible way. A 
very simple though attractive and clinically useful application of these technique is 
contrast enhancement by background subtraction and noise reduction. This allows 
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some diagnostic problems to be solved by intraveneous contrast injection and with 
less radiation. 

Other more complex, specific and promising techniques are those for myocardial 
perfusion studies in coronary heart disease and muscle mass determination, as well 
as methods for blood flow measurements in branching vessels. Due to the flexibility 
of electronic digital data acquisition, processing, storage and retrieval (and the 
many new options for contrast enhancement, functional imaging and the gene­
ration of new image qualities) digital cardiovascular radiology is predicted to 
replace more and more conventional angiocardiographic techniques during the 
next decade. 
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8. QUANTIFICATION OF LEFT VENTRICULAR FUNCTION 
BY TWO-DIMENSIONAL ECHOCARDIOGRAPHY 

RAIMUND ERBEL, PETER SCHWEIZER, JURGEN MEYER, WINFRIED KREBS AND SVEN 

EFFERT 

INTRODUCTION 

Two-dimensional echocardiography has overcome some of the major metho­
dologicallimitations of M-mode echocardiography [I]. In addition the introduc­
tion of apical echocardiography by Silverman and Schiller [2] has opened up the 
possibility of imaging the left ventricle in long-axis in multiple projections. Usually 
the apical four- and two-chamber views are scanned. In these two cross sections of 
the left ventricle, aortic and mitral valves represent landmarks. Images of the left 
ventricle in the two-chamber view are very similar to cineventriculograms in the 30° 
right anterior oblique (RAO) projection. Therefore this scan plane was called 
"RAO-equivalent view". 

Left ventricular volumes and ejection fraction were determined from apical two­
dimensional echocardiograms and compared to cineventriculograms. Correlation 
coefficients ranged from 0.73 [3] to 0.98 [4]. Regression coefficients for end-diastolic 
volume ranged from 0.45 [5] to 0.94 [4], y-axis intercept from - 3.7 ml [4] to 42 ml 
[6], and standard errors of estimate from 15 ml [7] to 45 ml [8]. For end-systolic 
volumes smaller standard errors of estimate were found, due to the smaller volume 
range (Table 1). Some authors reported higher regression equations [3, 9], some 
lower [4,5,6, 10], or even equal values [7] compared to end-diastolic volume. That 
means left ventricular volume is underestimated by two-dimensional echocardio­
graphy compared to cineventriculography. 

Biplane volume determination from combined apical RAO-equivalent and 4-
chamber views could not avoid underestimation of ventricular volume, as different 
authors could demonstrate [6, 11, 12]. It was obvious that even correlation coef­
ficients and standard errors of estimate could not significantly improve because of 
methodological problems of either method [11, 12]. But the degree of under­
estimation of ejection fraction could be decreased [11]. 

The underestimation of ventricular volume was not dependent on whether 
mechanical [13, 14] or electronic sector scanners were used [5-7, 9-12]. Also, in 
respect to the resolution, no significant difference was found [15, 16]. 

In most studies patients with and without coronary artery disease were examined. 
Therefore different patient groups were analysed to evaluate influence on left 
ventricular volume determination by two-dimensional echocardiography. As Table 

Meyer, J., Schweizer, P. and Erbel, R. (eds.) Advances in noninvasive cardiology 
© 1983 Martinus Nijhoff Publishers, Boston. ISBN 978-94-009-6722-9. 
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Figure 1. C.orrelati.on between directly determined, "true" .or filling v.olume and indirectly measured 
yolume by biplane tw.o-dimensi.onai ech.ocardi.ography .or radi.ography .of asymmetric model hearts. 
D = mean difference ± standard deviati.on (S D)' SEE = standard err.or .of estimate. 

I demonstrates, regression equations and correlations in patients with congestive 
cardiomyopathy and valvular heart disease were similar to those previously re­
ported in patients with coronary artery disease [9]. That means that accuracy of 
volume determination by two-dimensional echocardiography is not dependent on 
underlying heart disease. 

2. MODEL HEART STUDIES 

In thin wall (I mm) asymmetric model hearts, left ventricular volume determination 
was compared between directly measured "true" filling volume and indirectly 
measured two-dimensional echocardiographic and radiographic model heart vo­
lume. A disc method, area-Iength- and ellipsoid method for single and biplane 
volume calculation were used. For all calculation methods biplane estimation of 
volume was superior to single plane analysis. Only for the disc method - a modified 
Simpson's rule - could a linearity between the directly and indirectly determined 
volumes be found . For two-dimensional echocardiography the regression equation 
was given by y = 0.91x + 8.4, correlation coefficient, r = 0.989, standard error of 
estimate ± 12.8 ml, confidence limits 0.85, 0.98. For radiography regression the 
equation was y = 0.99x + 5.9, r = 0.991, standard error of estimate ± 12.6 ml, 
confidence limits 0.93, 1.06. Whereas " true" volume was not significantly under­
estimated by two-dimensional echocardiography, radiography overestimated 
"true" volume significantly. Between the two indirect methods a significant differ­
ence of 10.2 ± 21 .1 ml was calculated. That means that a difference of about 10 ml 
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Figure 2. Apical two-dimensional echocardiogram in the RAO-equivalent view before (left side) and 
during (right side) cineventriculography at end-diastole and end-systole. LA/LV = left atrium/ventricle, 
Ao = Aortic root, MV = mitral valve. Endocardial border is outlined. 

has to be expected because of methodological problems when comparisons between 
these two indect methods in patients are done (Figure I). 

3. ECHOVENTRICULOGRAPHY 

In part, underestimation of left ventricular volume by two-dimensional echocar­
diography is explained by methodological difference observed in model heart 
studies. Differences in heart rate, blood pressure, and respiration phases, as well as 
possible influences of contrast agents were discussed as reasons for the systematic 
underestimation [9]. Therefore simultaneous recordings ot two-dimensional echo­
cardiograms and cineventriculograms - echo ventriculography - were performed to 
analyse left ventricular volume with both methods for the same heart beat. Radio­
graphic contrast material served as a contrast agent for echocardiography as well. A 
typical example is shown in Figure 2. The injection ofthe contrast material filled the 
left ventricle with dense echoes; a clear outlining of left ventricular endocardial 
border was possible. The injection of contrast material resulted in a small increase 
of end-diastolic volume and stroke volume. With the fourth heart cycle left ven-
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Figure 3. End-diastolic (EDV) and end-systolic volume (ESV) measured by cineventriculography 
(CVG) and two-dimensional echocardiography (2dE) for the first beat before and the four first beats 
during angiography. 
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Figure 4. Stroke volume and ejection fraction of the left ventricle for the last beat before (0) and the first 

four beats (1-4) during contrast injection, cineventriculography (CVG), two-dimensional echocardio­
graphy (2dE). Both parameters decreased with the fourth beat, significantly for stroke volume de­
termined by 2dE. 
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Figure 5. Correlation between cineventriculographic (CVG) and twodimensional echocardiographic 
(2dE) end-diastolic volume. x- = mean value, y- = mean value ± standard deviation, SEE = standard 
error of estimate. 

tricular ejection fraction decreased significantly. This effect of the contrast material 
was observed with two-dimensional echocardiography and cineventriculography 
(Figures 3 and 4). 

Analysis of left ventricular end-diastolic and end-systolic volume revealed a 
systematic underestimation of left ventricular volume as already observed in non 
simultaneous studies. For end-diastolic volume regression the equation was given 
by y = 0.659x + 0.8, r = 0.907, standard error of estimate ± 26.2 ml, for end­
systolic volume by 0.571x + 17.8, r = 0.938, standard error of estimate ± 18.6 ml 
(Figures 5 and 6). For ejection fraction regression the equation was 
y = 0.606x + 13.0, r = 0.803, standard error of estimate ± 9.1 %. Mean value for 
two-dimensional echocardiography was 44.5 ± 15.0%, for cineventriculography 
52.0± 19.9%. That means, despite simultaneous recordings of cineventriculo­
graphy and echocardiography, left ventricular volume was underestimated by 
two-dimensional echocardiography. 

Analysis of the position of the echo-transducer during cineventriculography 
revealed that the transducer was superiorly and anteriorly to the anatomic apex of 
the left ventricle (Figure 7) in 90% of our patients [IS]. The mean angle between long 
axis of left ventricle and axial direction of echo beam measured 22.4 ± 9.5° at end­
diastole and 20.0 ± 9.8° at end-systole (n = 46). These measurements were done 
during cineventriculograms in the 30° RAO-projection. In the 60° left anterior 
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Figure 6. Correlation between cineventriculographic (CVG) and two-dimensional echocardiographic 
(2dE) end-systolic volume. Abbreviation see Figure 5. 

oblique (LAO) 30° caudal-cranial projection, a mean angle of 33.1 ± 12.9° and 
32.5 ± 12.7° was found, respectively. 

Despite the transducer position being superiorly and anteriorly to the anatomic 
apex of the left ventricle, two-dimensional echocardiographic images showed that 
the left ventricle was scanned in the RAO-equivalent view in its whole contour and 
the long axis in the centre of the sector scan. Therefore two-dimensional echo­
cardiographic image of the left ventricle represents in most patients a tangential cut 
of the heart resulting in underestimation of diameters, areas, and volumes of the left 
ventricle. Also. underestimation of ejection fraction can be explained, because a 
tangential cut does not demonstrate the full contraction of a ventricle which is 
observed in the centre of the ventricle, as the tangential scan by M -mode in Figure 8 
illustrates. 

Other reasons of underestimation of left ventricular volume by two-dimensional 
echocardiography compared to cineventriculography have been discussed in detail 
previously [18]. Low lateral resolution and slice-thickness artifacts have to be 
mentioned [19, 20]. Differences in outlining left ventricular contour are important 
[18, 21]. Whereas for cineventriculograms outer borders of trabeculaes are followed, 
for two-dimensional echocardiography inner borders of the trabeculaes are out­
lined. These differences could not be avoided by echo ventriculography because it 
cannot be expected that micro bubbles move inside the trabeculaes as contrast fluid 
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Figure 7. Cine ventriculogram in the 30oRAO-view. On the screen the echo-transducer (Schallkopt) for 
simultaneous recording of two-dimensional echocardiogram in the apical RAO-equivalent view. Clearly 
illustrated is the position of the transducer superior to the anatomic apex. By fluoroscopic control a 
closer position to the apex of the left ventricle could not be achieved . Thus, a tangential cut of the 
ventricle could only be received. 

does. It is concluded from these studies that underestimation of left ventricular 
contour is mainly due to a tangential cut of the heart, in part due to low lateral 
resolution, slice-thickness artifacts, and differences in outlining left ventricular 
endocardial border. Because of the large scatter of values for position of echo­
transducer in respect to left ventricular apex, it seems to be impossible to predict for 
an individual patient the amount of underestimation. The fact that apical two­
dimensional echocardiographic images represent tangential cuts of the heart have 
to be taken into account when three dimensional reconstructions of the heart are 
performed. 

4. NORMAL VALUES 

Correction of two-dimensional echocardiographically determined left ventricular 
volumes can be done with established regression equations, because correlation 
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coefficients were high and regression equations for different patient groups in one 

laboratory were comparable. U sing this method important clinical results could be 
obtained in patients before and after coronary bypass surgery [22] and after re­
cuscitation [23]. 

Because of the fact that high standard errors of estimate were found and that 
regression equations from one laboratory to the other differed significantly, and the 
large scatter of values which were found for the position of the echo-transducer in 
respect to left ventricular apex, it does not seem to be possible to predict under­
estimation of ventricular volume by two-dimensional echocardiography for every 
individual patient. Therefore normal values for apical two-dimensional echocar­
diography were calculated in 55 normal subjects, 35 men and 20 female. Mean age 
was 30.2 ± 6.0 and 26.2 ± 4.1 years respectively. Mean heart rate measured 
72.5 ± 15.8 and 72.7 ± 10.4 min-I, blood pressure 126.5 ± 10.6/81.0 ± 4.7 mmHg 
and 119.7 ± 12.4/77.8 ± 8.3 mmHg. Left ventricular volume was determined in the 
RAO-equivalent and 4-chamber view for single plane measurements and in both 
combined planes for biplane calculations [24, 25]. Left ventricular volumes were 
calculated for body surface area. Normal values for the RAO-equivalent view are 
listed in Table 2. Indicated are mean values and standard errors of estimate. 
Tolerance limits separate the normal range from pathological values with a toler­
ance coefficient of95% covering a distribution of90%. According to these tolerance 
limits classification of individual patients can be done. 

No significant difference was found for normal values determined for RAO­
equivalent and 4-chamber view, as well as for biplane measurements. Between men 
and women significant differences were found in respect to absolute values, but not 
for corrected values (that means for volume indices) [24, 25]. 

5. SENSITIVITY, SPECIFICITY, AND PREDICTIVE ACCURACY 

In our laboratory the following tolerance borders are used: Cineventriculography: 
end-diastolic volume 205 ml, end-systolic volume 95 ml, stroke volume 72 ml, and 
ejection fraction 55%, two-dimensional echocardiography 155 ml, 70 ml, 43 ml, and 
49% respectively. Based on these tolerance limits, sensitivity, specificity and pre­
dictive accuracy for detection ofleft ventricular dysfunction were determined in 110 
patients, 50 suffering from coronary artery disease, 38 from valvular heart disease, 
and 20 from dilatative cardiomyopathy [26]. For end-diastolic volume, sensitivity 
measured 83%, specificity 88%, and predictive accuracy 85%, for end-systolic 
volume 94, 86 and 86%, for stroke volume 39, 98 and 78%, and for ejection fraction 
84, 98 and 98%. This means that impaired left ventricular function can be predicted 
by two-dimensional echocardiography with a high accuracy and sensitivity. 
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Table 2. Normal values for apical two-dimensional echocardiographic end-diastolic, end-systolic, 

stroke volume, and ejection fraction determination from RAO-equivalent and 4-chamber views 
(RAO/4C). Mean values (x-), standard deviation (SO), and tolerance borders with a tolerance coeffi-

cient of 95~~ covering 90~~ of the distribution 

End-diastolic volume index/ml/m2 

RAO Single-plane Biplane 

4-chamber RAO/4C 

x 65.7 65.5 66.8 

Male SO 12.6 7.7 8.8 

T 87.5 78.8 82.0 

x 59.3 62.0 60.7 

Female SO 11.4 10.8 12.5 
T 81.4 83.0 85.0 

End-systolic volume index/ml/m2 

RAO Single-plane Biplane 

4-chamber RAO/4C 

x 27.4 27.2 26.9 

Male SO 7.2 5.2 5.2 

T 39.9 36.2 35.9 

x 23.4 27.3 25.7 
Female SO 6.7 7.7 7.4 

T 36.4 42.2 40.1 

Stroke volume index/ml/m2 

RAO Single-plane Biplane 
4-chamber RAO/4C 

x 37.1 38.3 39.9 

Male SO 8.0 5.5 7.0 
T 24.1 28.8 28.7 

x 38.9 34.7 35.0 
Female SO 8.6 4.0 6.8 

T 23.4 26.9 21.8 
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Table 2 (continued) 

Ejection fraction/!,o 

RAO Single-plane Biplane 

4-chamber RAO/4C 

x 58.5 58.7 59.2 

Male SD 7.1 5.9 6.0 
T 46.2 48.5 48.8 

x 60.6 56.8 58.1 

Female SD 6.4 6.2 6.5 

T 48.2 44.8 45.5 

6. REPRODUCIBILITY 

Our studies revealed for beat-to-beat variability high values for explained variance 
calculated with a factor analysis program [27]. For RAO-equivalent view explained 
variance measured for end-diastolic volume was 95% and for end-systolic volume 
96%, for stroke volume 88% and for ejection fraction 83%. Analysis of 5 instead of 3 
consecutive heart beats revealed an increase of reliability of less than 1 %. That 
means, for apical two-dimensional echocardiography, analysis of 3 consecutive 
heart cycles is sufficient; more heart cycles do not enhance accuracy. 

Day-to-day variability was evaluated on three consecutive days in 16 subjects. It 
was found that an absolute change of at least 10-12 ml for ventricular volumes and 
10% for left ventricular ejection fraction have to be assessed as a limit for significant 
serial alterations in individual patients to be able to differentiate between random 
and non random variations. 

Intra-observer variability was small. No more than 5% intra-observer variability 
has to be expected for apical two-dimensional echocardiography as two-way ana­
lysis of variance and permutation tests revealed, except for the end-diastolic volume 
measured from RAO-equivalent views. 

Inter-observer variability is strongly dependent on observer experience. Between 
experienced observers no significant differences were found for 4-chamber view and 
no significant differences for ejection fraction determined from RAO-equivalent 
views, but for end-diastolic, and end-diastolic volume as well as stroke volume in 
this scan plane, as permutation test demonstrated [27]. Thus, 4-chamber view 
showed a higher reproducibility than RAO-equivalent view. 
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7. PHARMACODYNAMICS 

Comparison between two-dimensional echocardiography and cineventriculo­
graphy before and after changes of ventricular function induced by positive in­
otropic agent (Prenalterol), postextrasystolic potentiation, and heart rate were 
studied [28-30). It could be demonstrated that regression equations before and after 
changes of ventricular function remained nearly unchanged. Therefore percentage 
changes of left ventricular volumes and ejection fraction of two-dimensional echo­
cardiography and cineventriculography were comparable despite large differences in 
absolute values. That means, two-dimensional echocardiography can be used for 
pharmacodynamic studies if percentage changes instead of absolute changes are 
used. 

8. CONCLUSIONS 

Two-dimensional echocardiography can be used for left ventricular volume and 
ejection fraction determination with high sensitivity and specificity for detection of 
impaired left ventricular function. Analysis of 3 consecutive heart cycles should be 
performed. In serial studies a limits of 10% absolute change of ejection fraction has 
be assessed to differentiate between random and non random errors. Intra-observer 
variability is less than 5%. Inter-observer variability is strongly experience de­
pendent. Percentage changes ofleft ventricular volumes and ejection fraction can be 
used for pharmacodynamic studies with two-dimensional echocardiography. 
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9. IMAGING OF THE LEFT VENTRICLE BY CONTRAST ECHO­
CARDIOGRAPHY 

J. ROELANDT AND P.W. SERRUYS 

The injection of biologically compatible solutions may produce a "cloud of echoes" 
in the blood which is otherwise echo free. The source of this echocardiographic 
contrast is microbubbles of air introduced during injection [1, 2]. Left ventricular 
catheter injections have been employed to identify left heart structures from M­
mode echocardiograms [3, 4], to validate cardiac views imaged by two-dimensional 
echocardiography [5,6], for the demonstration of small, intracardiac, left-to-right 
shunts and for the diagnosis of minimal degrees of aortic and mitral valve re­
gurgitation [7, 8, 9]. 

Recently the possibility of transmitting echo contrast material across the capil­
lary bed of the lungs to the left heart with pulmonary wedge injections [10, 11, 12] 
has been demonstrated. Some methodological and clinical aspects of left ventric­
ular contrast echocardiography are reviewed. It should be realized, however, that 
most of this area is investigational. 

METHODOLOGY OF LEFT VENTRICULAR CONTRAST ECHOCARDIOGRAPHY 

Echocardiographic contrast studies of the left ventricle are performed in the cathe­
terization laboratory. M-mode or two-dimensional techniques can be employed, 
each having its specific advantages and limitations for clinical problem solving and 
research. 

Our experience with left ventricular echo contrast has been mainly with two­
dimensional echocardiography. The long-axis and short-axis views from the para­
sternal transducer position as well as the four-chamber and long-axis views from 
apical transducer position are routinely recorded [6, 13]. The apical views are 
especially useful for quantitative left ventricular studies, since the entire left ven­
tricle from apex to base can often be recorded. To create echocardiographic con­
trast, we routinely use a manual flush of the catheter with 5 to 10 ml of 5% dextrose 
in water. Indocyanine green dye may yield a better contrast effect because of its 
surfactant properties, which keep the microbubbles of air, resulting from the 
vigorous shaking during preparation, stabilized in the solution [2]. One millimeter 
of indocyanine green solution (5 mg/ml for adults) is injected into the catheter and 
manually flushed with 5 to 10 ml of physiologic saline or 5% dextrose in water [7]. 

Meyer, J., Schweizer, P. and Erbel, R. (eds.) Advances in noninvasive cardiology 
© 1983 Martinus Nijhoff Publishers, Boston. ISBN 978-94-009-6722-9. 
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Figure I. Stop-frame, apical four-chamber views obtained from a patient with a normal left ventricle 

immediately before (upper panel) and after pulmonary wedge injection of echocardiographic contrast 

(lower panel). The echo contrast fills both the left atrium (LA) and left ventricle (LV), of which the cavity 

contour becomes clearly delineated . A: apical; B: basal; L: left; R: right; RA: right atrium and RV: right 
ventricle. (With permission: Roelandt J et al : Contrast echocardiography of the left ventricle. In: 

Contrast Echocardiography, Roelandt J, Meltzer RS, Martinus Nijhoff, The Hague, 1982, pp 72- 85.) 

We have never observed any adverse patient reaction to direct left ventricular 
injections during echocardiographic contrast studies. 

Bommer et al. [10] reported in 1979 that catheter injections in the pulmonary 
wedge position in dogs cause echocardiographic contrast on the left side of the 
heart. Reale et al [II] studied 43 patients with acquired or congenital heart disease 
and injected different echo-producing substances (indocyanine green dye, saline 
and carbon dioxide) via a balloon-tipped catheter in the pulmonary wedge position. 
Echocardiographic contrast was seen in the left ventricle in all patients studied . No 
complications or side effects were observed. We have studied 41 patients, using a 
Cournand 7F catheter alone in 27, a Swan-Ganz 7F catheter alone in 3 and both 
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Figure 2. Parasternal long-axis views of a patient with a small ventricular septal defect before (upper 

panel) and after (lower panel) catheter injection of echo contrast in the left ventricular outflow tract. 

Echoes appear in the right ventricular outflow tract (arrow) proving the existence of a smallleft-to-right 
shunt. A: anterior; AP: apical; BA: basa l; P: posterior; Ao: aorta; Cath: catheter; LA: left atrium; LV: left 

ventricle; RV: right ventricle. (With permission: Roelandt Jet al: Contrast echocardiography of the left 

ventricle. In: Contrast Echocardiography, Roelandt J, Meltzer RS (eds) , Martinus Nijhoff, The Hague, 

1982, pp 72- 85.) 

catheters in II , for pulmonary wedge injections [12]. Left ventricular echocardio­
graphic contrast was seen in 3 out of 14 patients with the Swan-Ganz catheter and 
in 30 out of 38 patients when the Cournand catheter was used (Figure I). We found 
that injection pressure proximal to the catheter had to be more than 40 kPa (300 
mmHg) in order to obtain left side echocardiographic contrast. 

Angiocardiographic studies with injections of Amipaque® further demonstrated 
that a complete occlusive wedge position of the catheter must be achieved. The 
latter finding probably explains the higher success rate with a Cournand catheter: 
its higher stiffness allows more complete occlusion. It is conceivable that the 
pressure applied during occlusive injections may allow deformation of the air 



84 

bubbles into a "dumbbell' shape resulting in their intact passage, rather than being 
retained by the "sieve" action of the capillary bed [14]. Apart from coughing, none 
of our patients had symptoms or worsening oftheir cardiopulmonary status related 
to the pulmonary wedge injections. Nonetheless, the method must still be consid­
ered as an experimental procedure until its safety has been finally established. 

CLINICAL APPLICATIONS OF LEFT VENTRICULAR CONTRAST ECHOCARDIOGRAPHY 

Demonstration of left-to-right shunts 

Echo contrast flow patterns after left ventricular injection are helpful in identifying 
ventricular septal defects with left-to-right shunting and are at least as sensitive as 
indicator-dilution studies. Appearance of the echo contrast in the right ventricle or 
right ventricular outflow tract may be simultaneous with injection or be delayed by 
one cycle. The appearance time is dependent upon the timing of injection during the 
cardiac cycle and the position of the catheter in the left ventricle. A left-to-right 
shunt as small as 5% of the pulmonary flow may be detected [8]. We have experience 
with two patients in whom a ventricular septal defect was missed by oximetry and 
diagnosed by left ventricular contrast echocardiography (Figure 2). The method is 
useful for the demonstration of a left ventricular to right atrial shunt and the 
localization of small defects in the trabecular septum using the apical four-chamber 
view. Recently, Reale et al [11] have demonstrated the possibility of using pul­
monary wedge injections for direct visualization of a left-to-right shunt at atrial or 
ventricular level, thus obviating left heart catheterization. They. rightly concluded 
that the method could be used as a simple screening procedure during right heart 
catheterization to avoid invasion of the left heart in some patients. The toxicity of 
pulmonary wedge injections and the sensitivity of this approach as compared to 
oximetry and indicator dilution techniques need further evaluation. 

Demonstration of valvular insufficiency 

Systolic regurgitation of echo contrast material to the left atrium after left ventric­
ular injection is indicative of mitral regurgitation. The method is sensitive and 
minimal amounts of regurgitation are readily detected [9, 15]. In moderate to severe 
degrees of mitral incompetence, the clearance time of the echo contrast form both 
the left atrium and left ventricle is considerably prolonged. Normally, echo contrast 
material remains from 4 to 10 cycles in the left ventricle and from 4 to 6 cycles in the 
left atrium. Uchiyama et al [16] were able to determine the site of regurgitation in 
two patients with mitral valve prolapse syndrome using the echo contrast tech­
niques. Aortic regurgitation is demonstrated with a high degree of sensitivity by 
injecting echo contrast material in the aortic root and detecting its appearance in the 
left ventricle during diastole. The clearance time of the echo contrast from the left 
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ventricle is much prolonged (15 to 50 cycles). In some instances, the regurgitant 
pattern of echo contrast may be observed as a "shower of echoes" hitting the 
anterior mitral valve or interventricular septum. Clearance time cannot be used to 
quantify mitral or aortic regurgitation reliably. It may serve, however, to confirm or 
exclude its presence in patients in whom roentgenographic contrast studies are 
contraindicated due to pregnancy [17] or angiographic dye allergy. 

EXPERIMENTAL APPLICATION OF LEFT VENTRICULAR ECHOCARDIOGRAPHY 

Quantitation of/efi ventricular volume 

Feigenbaum et al. [4] utilized left ventricular injections of indocyanine green dye to 
identify the endocardium from other echoes within its cavity. Even when using 
newer equipment, non-structural echoes often obscure the endocardial boundaries 
and make proper delineation of the left ventricular cavity difficult or even im­
possible [18]. It is conceivable that opacification of the left ventricular cavity with 
echocardiographic contrast would improve border recognition. Improved cavity 
delineation by echocardiographic contrast may increase the accuracy ofleft ventric­
ular volume determination from two-dimensional images. All studies published so 
far on comparison of left ventricular volumes determined by angiocardiography 
demonstrate a systematic underestimation of volumes by the echo method. We 
therefore made recordings of the left ventricle in four views (parasternal long-axis 
and short axis views at mitral level; apical four-chamber and long-axis views) before 
and during left ventricular injections of dextrose 5% in water in 13 patients. Long­
axis length and surface area within the endocardial contours were measured from 
stop-frame images independently from recordings with and without contrast using 
a lightpen system and a digital computer. These measurements were repeated by the 
same investigator one month later. Both long axis length and the surface area were 
significantly larger with contrast than without (p <0.001). Thus, the use of echo 
contrast did improve the accuracy of these measurements. Measurements on con­
trast images did not improve the reproducibility, and even showed a higher intra­
observer variability. This is not surprising as echo contrast improves border re­
cognition in areas with non-structural echoes and endocardial drop-outs but ob­
scures the endocardium in the areas where it is clearly visible during the baseline 
study. In another series of 18 patients we compared left ventricular volumes de­
termined by angiocardiography with those measured from two-dimensional echo­
cardiographic views (apical four-chamber view and apical long-axis view) before 
and during injections of echocardiographic contrast. The use of contrast improved 
the accuracy but did not alter the reproducibility (random error of measurement). 
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Figure 3. Apical four-chamber views with a rectangular sample area for measuring the videodensity 
designated within the left ventricular cavity (upper panel). During contrast studies, a curve of the 
cumulated videodensity is simultaneously displayed on the videoscreen (middle and lower panel). (With 
permission: Roelandt J et al: Contrast echocardiography in clinical practice. In: Progress in Medical 
Ultrasound, vol 3, Excerpta Medica, 1982, pp 183- 216.) 
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Study of blood flow patterns 

The non-contrast blood flowing from the left atrium into the left ventricle after its 
opacification with echo contrast allows us to observe transmitral blood flow. The 
negative contrast shadow delineates the functional mitral valve orifice while the 
anatomical orifice area is visualized during the baseline study. Intracavitary flow 
patterns produced by a mitral valve prosthesis can be followed after pulmonary 
wedge injections. Occasionally one may observe a vortex of echo contrast circulat­
ing within an ischaemic aneurysm in patients with coronary artery disease. Left 
ventricular contrast echocardiography may thus allow a new type of study on local 
flow, turbulence and stasis, which promises to become more useful in the future if 
transpulmonary echo contrast transmission becomes available. 

Videodensitometric analysis of echo cardiographic contrast 

Bommer et al. [19] described in 1978 a method of obtaining dilution curves of 
echocardiographic contrast by videodensitometry. They focused an analog photo­
meter upon the screen of the videomonitor over the middle of the right ventricular 
cavity during two-dimensional echocardiographic contrast studies. The dilution 
curves were reproducible on multiple echocardiographic contrast injections to an 
accuracy of 15%. The time course of decay made it possible to separate patients with 
normal from those with low cardiac output and/or tricuspid regurgitation. Echo­
contrast indicator dilution curves of the left ventricle were subsequently performed 
in dogs using injections of 10 ml of a 1: 100,000 concentration by volume of 30 
micron diameter microballoons. Good correlations with cardiac output measure­
ments were found [20]. We have used an image-processing computer to analyze 
video recordings of contrast injections in order to follow the decay of density after 
left ventricular and pulmonary wedge injections in 17 patients (Figure 3). A mean­
ingful calculation of the area under the curve could not be made because of 
limitations due to video "overload" immediately after injection. In consequence, 
contrary to the studies by DeMaria et al [20], it seems that cardiac output measure­
ments cannot be estimated reliably using routine contrast dilution techniques. The 
decay phase was found to be exponential and has characteristics of indicator­
dilution curves, as predicted theoretically. Preliminary data indicate that R-wave 
gating may allow estimation of ejection fraction [21]. 

Hagler et al [22] used computer-based videodensitometric techniques to analyze 
video recordings ofleft ventricular contrast echocardiograms to quantitate left-to­
right shunts. Time-density histograms were generated from the right and left 
ventricular cavities after injection of echo contrast in the left ventricle in 7 patients 
with a ventricular septal defect. Their results indicate the possibility of quantitating 
shunts with these techniques. 
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10. QUANTIFICATION OF LEFT VENTRICULAR FUNCTION 
BY DOPPLER ULTRASOUND 

KENT RICHARDS AND SCOTT CANNON 

INTRODUCTION 

Measurement of cardiac performance is a critical task in the evaluation of patients 
with cardiac disease. Because the heart's most important function is to deliver 
adequate blood flow to meet the metabolic needs of tissues, measurement of cardiac 
output is an important method of assessing cardiac performance. Unfortunately, 
resting cardiac output varies widely in normals and this normal range overlaps with 
that of individuals in which cardiac performance may be severely altered because of 
disease. Thus, evaluation of left ventricular performance must employ techniques 
which either pharmacologically or physically stress the heart, or which consider the 
independent roles of afterload, preload and contractibility on cardiac performance. 
The following discussion will emphasize the usefulness of non-invasive Doppler 
ultrasound in assessing systolic left ventricular performance. The role of parameters 
derived by combining ultrasonic imaging and Doppler will be stressed. 

DOPPLER ECHOCARDIOGRAPHIC TECHNIQUES 

Doppler echocardiography utilizes high frequency sound (usually 2-5 MHz) which 
is broadcast transcutaneously into the heart and great vessels. The frequency of 
ultrasound reflected from moving blood cells is shifted by an amount proportional 
to the velocity ( V) of the moving blood. The Doppler frequency shift is the differ­
ence in frequency between the broadcast carrier signal and the reflected signal (FR ). 

Velocity may be calculated from the Doppler equation if Doppler frequency shift 
(FD)' speed of ultrasound and tissue (CT), carrier frequency (FJ, and the cosine of 
the angle between the ultrasound beam and the blood velocity vectors (cos B) are 
measured: 

If volume flow (Q) is to be calculated, the cross-sectional area (A) of the vessel at the 
point at which the velocity measurement was made, must be known (Figure 2). 

Meyer, J., Schweizer, P. and Erbel, R. (eds.) Advances in noninvasive cardiology 
© 1983 Martinus NijhofJ Publishers, Boston. ISBN 978-94-009-6722-9. 
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Figure 1. Ultrasound broadcast from the transducer encounters blood cells moving at velocity V within 
the sample volume (shaded) and is reflected back into the transducer. Doppler angel (j is shown. 

0---v ) 
Q = v x A 

Figure 2. Volume flow (Q) may be measured if velocity (V) and cross-sectional area (A) of the vessel are 

known. 

To estimate blood velocity accurately, the volume of blood sampled by Doppler 
must be representative of velocity patterns present across the entire cross-sectional 
area of the vessel. If volume flow is measured, it is assumed that the change in vessel 
diameter during systole is small. If serial measurements under different hemody­
namic conditions are to be made, the velocity profile across the vessel cross-section 
is assumed to remain relatively constant; changes in vessel cross-sectional area must 
be measured for each hemodynamic situation. 

Both images of Doppler flow data are required if volume flow, or changes in 
volume flow or velocity, are to be measured. 

DOPPLER ECHOCARDIOGRAPHIC MEASUREMENT OF CARDIAC OUTPUT 

An accurate, non-invasive method of monitoring beat-to-beat changes in cardiac 
stroke volume would be extremely useful in assessing cardiac function in critically ill 
patients as well as in those undergoing new therapeutic interventions. It would also 
provide objective information about the response to various diagnostic maneuvers 
(i.e. Valsalva) or the response to transient changes in cardiac rhythm (i.e. ventric­
ular or atrial premature beats). Doppler echocardiographic techniques appear 
useful in each of these areas. 
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Figure 3. An analog Doppler tracing from the ascending aorta illustrates derivation of the systolic 

frequency-time area and systolic time. Time is on the X-axis and frequency shift on the Y-axis. 

High quality Doppler echocardiographic recordings of blood velocity from the 

aorta have been reported by multiple investigators [1-4]. A good correlation be­
tween velocity calculated from ultrasonic Doppler echocardiographic techniques 
and that obtained using electromagnetic flowmeters has been demonstrated in 
instrumented animals [5- 7]. Changes in the area under the systolic velocity-time 
curve (the integral of the systolic velocity signal) have correlated well with changes 
in stroke volume determined by invasive methods in experimental animals [5, 7] and 
man [8, 9). The measurements in animal preparations appear valid whether induced 
by change in volume status or change in inotropic state [5, 7]. 

Cardiac output measurements in man require determination of aortic cross­
sectional area at the level of the Doppler sample volume, as well as Doppler angle 

and the area under the Doppler frequency-time curve or mean Doppler frequency 
shift. Volume flow is directly proportional to the product of the speed of ultrasound 
in tissue (CT = 1.5 X 105 em/sec), the systolic frequency-time area (Afts) and the 
systolic aortic cross-sectional area (A AOS) ' and inversely proportional to the product 
of the cosine of the Doppler angle (cos B) , frequency (F,J and the sum of the time of 
systole for all frequency-time areas measured (T,l (Figure 3). 

In a series of 29 patients Darsee et al. [9] found a correlation coefficients of 
.96-.98 between thermodulation or Fick cardiac output and that obtained by 
Doppler techniques. Doppler measurements were made in the ascending aorta with 
the transducer at the suprasternal notch; the cosine of the Doppler angle was 
assumed to be one. Aortic cross-sectional area was measured at the aortic valve 
leaflets by M-mode echocardiographic technique. 

A similar study by Magnin et al. [8] of II patients utilized a combined pulsed 
Doppler-phased-array ultrasonoscope. Because the parasternal window was used 
to measure ascending aortic velocity, accurate measurement of Doppler angle was 
important and was accomplished by superimposing Doppler beam and sample 
volume position on the two-dimensional echocardiographic image utilized to mea­
sure aortic cross-sectional area. A correction coefficient of .83 was observed be-
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Figure 4. An analog Doppler tracing from its ascending aorta illustrates derivation of maximum blood 

acceleration (from maximum change in frequency per unit time, dFd/dt) and maximum velocity (from 

maximum frequency, Fd). 

tween simultaneous Fick and Doppler cardiac output. Considerable variability in 
the Doppler cardiac output occurred with changes in the parasternal window 
utilized; the authors attributed this primarily to difficulty in accurately measuring 
the three-dimensional angle required for velocity calculations. 

Subsequent studies by Hoekenga et al [10] and Voyles et al [II] have utilized the 
suprasternal notch window to obtain ascending aortic Doppler signal. A cor­
relation coefficient of .87 was noted between Fick and Doppler cardiac output in a 
series of 15 patients. Reproducibility of the suprasternal notch approach was 
demonstrated by observing less than 20% change in serial Doppler cardiac output 
measurements made by two separate technicians on ten resting patients. 

The feasibility of performing Dopplercardiographic studies from the supraster­
nal notch during rest and upright bicycle exercise has been demonstrated by Greene 
et al [12). Interestingly, a reduced increase in cardiac output was observed in 
patients with coronary artery disease when compared to normal controls. Their 
study suggests the possibility of using exercise Dopplercardiography as a means of 
evaluating left ventricular performance in patients with normal resting flow. 

DOPPLER CARDIOGRAPHIC DETERMINATION OF MAXIMUM AORTIC VELOCITY AND 

ACCELERATION 

The usefulness of maximum velocity and acceleration of ascending aortic blood flow 
as a method of assessing left ventricular contractility was first suggested by Rushner 
[13). Kezdi et al [15] and Noble et al [14] have demonstrated a decrease in maximum 
acceleration during progressive left ventricular dysfunction induced in a canine 
model by acute coronary artery occlusion. A recent study by Van Den Bos et al [16] 
suggests that maximum blood acceleration is less influenced by changes in preload 
and afterload than are other ejection phase indices of ventricular contractility. 
During negative inotropic maneuvers, isovolumic indices (i.e. LV dp/dt) and maxi-
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mum aortic blood acceleration move in parallel. Numerous authors have used both 
maximum aortic flow velocity and acceleration to assess left ventricular function in 
patients with coronary artery disease [17-19]. In a recent study by Klinke et al [20] 
changes in maximum velocity and acceleration were measured in 9 patients under­
going catheterization with a special electromagnetic flow probe; observations were 
made before and after propranolol injection. Their study demonstrated the expect­
ed decrease maximum dpjdt induced by administering the negative inotropic agent 
and illustrated the parallel changes in aortic flow acceleration and velocity. Impor­
tant conclusions suggested by the authors included: 

I. Usefulness of ascending aortic flow parameters - maximum velocity and 
acceleration - in assessing contractile state. 

2. Parallel change between more classic indices of isovolumic function (maxi­
mum dpjdt) and ejection phase indices (stroke volume and stroke work), and 
maximum blood velocity and acceleration. 

Though invasive validation of Doppler-derived aortic acceleration data has not 
been performed, comparison of invasive and non-invasive velocity-time records has 
been performed [6, 7]; correlations suggest that acceleration data should be avail­
able transcutaneously. 

DOPPLER ECHOCARDIOGRAPHIC DERIVATION OF SYSTOLIC TIME INTERVALS 

The ability to record systolic time intervals using non-invasive Doppler has been 
demonstrated by Rothendler et al [21]. Their technique utilized a Doppler ul­
trasound transducer over the temporal artery instead of the conventional carotid 
indirect pressure transducer. There was excellent correlation between conventional 
and Doppler-temporal artery derived left ventricular ejection time and pre-ejection 
period (r = .99). The major advantage in the technique is that it reduces artifact 
induced by motion. Because of this, Doppler-systolic time intervals may be ob­
tained during moderate levels of exercise. 

SUMMARY 

The above literature suggest the clinical usefulness of Doppler in non-invasive 
evaluation ofleft ventricular performance. The data suggesting the use of ultrasonic 
Doppler and imaging in measuring changes in cardiac output are encouraging. 
Initial data concerning the usefulness of maximum aortic flow acceleration to 
evaluate left ventricular contractibility are exciting but require further investi­
gation. The usefulness of systolic time intervals obtained during physical stress, 
likewise, awaits further research. 
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11. SCINTIGRAPHIC METHODS FOR QUANTIFYING GLOBAL LEFT 
VENTRICULAR FUNCTION* 

HARALD SCHICHA 

The global function of the left ventricle can be assessed by pressure and volume 
parameters. Volume parameters can be measured non-invasively by the following 
nuclear medicine procedures: 
- measurement of minimal cardiac transit times, 
- first pass radionuclide angiography (first pass RNA), 
- multiple gated blood pool examination (multiple GBP). 

MINIMAL CARDIAC TRANSIT TIMES 

The minimal cardiac transit times are the differences of the appearance times in the 
various heart segments obtained after intravenous injection of a radioactive bolus. 
In patients with valvular heart disease and in patients with congestive heart failure 
the transit times are prolonged. The method proved to be very sensitive in detecting 
global cardiac malfunction, because in addition to the transit times ofthe ventricles, 
those of the atria and lung are also measured [1]. However, specificity is limited and 
repeated examinations in short time intervals are not possible. 

For the detection and differentiation of cardiac diseases the assessment of re­
gional function in addition to global function is essential. Moreover, abnormalities 
are observed frequently only during exercise. Therefore methods should be pre­
ferred which can assess global and regional function at rest as well as during 
exercise. For this purpose the first pass RNA and the multiple GBP are widely 
applied. 

FIRST PASS RNA (Figure I) 

After injection of 10 to 20 mCi of 99 mTc as a bolus the first pass through the heart is 
registered generally in RAO position using a gamma camera with computer [2]. 
After flagging a region of interest of the whole heart, a double-peak curve is 
obtained. The first peak relates to the right (RH) and the second peak to the left 

* Supported by SFB 89 - Cardiology - Goettingen. 

Meyer, J., Schweizer, P. and Erbel, R. (eds.) Advances in noninvasive cardiology 
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Figure I. First pass RNA. 

heart (LH). When imaging is performed during the first and the second peak, the 
right and the left ventricle can be separated. After background subtraction a high 
frequency curve from the right and the left ventricle (LV) can be generated . The 
count maxima represent the enddiastolic phase (ED) and the minima the end­
systolic phase (ES). From these curves the right and left ventricular ejection 

fraction (R VEF, LVEF) can be calculated [3]. 

MULTIPLE GBP (Figure 2) 

An ECG-gated count acquisition of the heart was first introduced by Hoffmann 
and Kleine in 1965 [4]. This principle was applied to the gamma camera by Strauss 
et al in 1971 [5]. Fifteen to 25 mCi 99mTc labelled albumin or red blood cells are 
injected. After 3 to 5 minutes the tracer is distributed equally within the circulation. 
The count acquisition by the gamma camera is directed by the patient's ECG via 
computer. The duration of several heart beats is measured by the computer and the 
heart cycle is then gated into 16 to 50 frames. The count acquisition is performed for 
2 to 5 minutes to obtain adequate information for each single frame. Thus a 
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Figure 2. Multiple GBP. 

representative heart cycle is generated which is the mean of several hundred beats. 
When imaged as a movie using an endless loop the impression of a beating heart is 
given . For quantitative evaluation the contour of the left ventricle should be flagged 
by multiple regions of interest according to its change during t'le heart cycle. This 
can be performed automatically. The resulting time-activity curve is equivalent to 
the volume changes of the left ventricle [6, 7, 8]. This can be performed for the right 
ventricle, too. 

VOLUME PARAMETERS OF GLOBAL LEFT VENTRICULAR FUNCTION 

Several volume and time-volume parameters can be derived quantitatively from the 
first pass RNA as well as from the multiple GBP (Figure 3). The most important 
parameter is the ejection fraction. The ejection fraction during the first third of 
systole (i/3EF) is considered to be more sensitive than the total one. Peak ejection 
rate, early diastolic filling rate and circumferential fiber shortening are also as­
sumed to be sensitive parameters of global left ventricular function. Pre-ejection 
period, ejection time and rapid diastolic filling time can be measured, too. Ad-



100 

Cts, 

. 
peak ejection 

rate 

EF 

, 
I 

, , 

early diastolic 
filling rate 

Figure 3. Volume and time-volume parameters of the activity curve. 

Table], Comparison of first pass RNA and multiple GBP 

First pass 

Equipment Gamma camera 
and computer 

Radionuclide Tc- 99m 
(Kr- 8Im, Au- 195m) 

Bolus problems Possible 
positioning problems Possible 
Acquisition time 0,5- 1 min 

No of beat evaluated 3- 6 

time for evaluation 5- 20 min 
Separation of R V and LV By geometry 

and by time 
Examination position RAO 20°_30° 

anterior 

Multiple positions No 
Multiple acquisitions No 
(i,e. stepwise stress, drugs) 
Absolute volumes 
(EDV, ESV, SV, cardiac output) Yes 
RVEF Yes 

SV 
[mIl 

ESV 
[mIl 

Multiple gated 

Tc- 99m 

No 
No 
2- 5 min 

150- 600 
5- 20 min 
Only by 
geometry 

LAO 30°- 50° 
anterior 
LAO 60° 70° 
Yes 
Yes 

Yes 
Yes 

EDV 
[mil 
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ditionally absolute volumes can be calculated as the enddiastolic volume (EDV), 
the end systolic volume (ESV) and the stroke volume (SV) in milliliters and the 
cardiac output (CO) in liters per minute. By comparing the output counts of the 
right and the left ventricle regurgitation fractions can be estimated. 

Several questions arise: 

1. Which are the advantages and disadvantages of the first pass RNA and the 
multiple GBP? 

2. What is the accuracy of both methods compared to angiography? 
3. How is their reproducibility? 

4. Which are the advantages and the disadvantages compared to echocardio­
graphy? 

5. What are the physiological and pathological reactions of the volume parameters 
of cardiac function? Which are the clinical indications for nuclear cardiac stu­
dies? 

COMPARISON BETWEEN FIRST PASS RNA AND MULTIPLE GBP (Table I) 

For both methods a gamma camera with computer is necessary. It has to be noted 
that the quality and the versatility of the commercially available computer-software 
is very different and does influence accuracy and reproducibility of the results. 

Up to now 99mTc is the most common radionuclide applied. In the case of 
multiple GBP albumin or red blood cells are labelled in order to obtain a tracer 
which stays predominantly in the circulation during the investigation. 

The in-vivo labelling of red blood cells is easier, but the quality of the in-vitro 
labelling is superior. For the assessment of the right ventricular function also 133Xe 
and 81mKr have been used. Whether the newly generator-nuclide 195mAu will be 
superior and generally utilized for the first pass RNA, is dependent on the cost and 
on its availability. 

For the first pass RNA a bolus injection is necessary. This requires a special 
injection technique. If the bolus is not sufficient or if regurgitation or severe 
pulmonary hypertension is present, evaluation may be impossible. These limi­
tations are avoided by the multiple GBP. 

The multiple GBP permits individual positioning of the gamma camera over the 
heart. This is not possible using the first pass RNA. 

For the mUltiple GBP acquisition at least 2 minutes are required for each posi­
tion. This may be critical in patients with severe exercise angina. The main advan­
tage of the first pass RNA is the short acquisition time of about 20 to 30 seconds. 

The evaluation of data can be performed automatically for the most part of both 
methods. The time needed is dependent on the complexity of evaluation and ranges 
between 5 and 20 minutes. 

Using the first pass RNA separation of the right and left ventricle is possible by 
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Figure 4. Comparison of LVEF measured by multiple GBP to biplane angiography (LVEF Angio) 

standard deviation = 5.2 ± 4.6%. 

positioning of the camera as well as by the different time intervals, at which the 
bolus passes the right and the left ventricle. Therefore this method permits a nearly 
selective visualization of the left ventricle in RAO 30° position without overlap by 
the right ventricle. This makes it easy to compare the results with angiographic data. 
On the other hand the standard position for the multiple GBP is an individual LAO 
position generally between 30° and 50° in such a way that the right and left ventricle 
are separated clearly by the septal wall. This position is uncommon for angio­
graphy, which makes the comparison more difficult. Using the standard RAO 30° 
position the right and left ventricle cannot be separated. But additional imaging in 
the anterior and in the LAO 60° to 70° position is useful to assess wall motion 

abnormalities. 
The most substantial advantage of the multiple GBP is that for about 4 hours 

Table 2. Accuracy of LVEF measured by first pass RNA and multiple GBP in comparison with 

angiography 

First pass Multiple gated 

Number of studies 21 25 

Number of patients 771 774 

Correlation with 
angiography (r) 

Range 0.84-0.97 0.70-0.97 

Mean 0.90 0.88 



Table 3. Accuracy of absolute volumes measured by various nuclear methods 

Number of studies 

Number of patients 

Correlation with 

angiography, Fick, 

thermodilution (r) 

Range 

Mean 

Area-length 

4 
142 

0.78-D.92 
0.88 

Various 

count methods 

19 
575 

0.80-D.98 
0.91 
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after application ofthe tracer any number of measurements can be performed. This 
includes multiple positions as well as mUltiple acquisitions at rest and during 
stepwise exercise. Also the effect of drugs and other interventions can be assessed 
easily during this time interval. On the contrary, using the first pass RNA with 
99mTc, the number of measurements within a short time is limited. First pass and 
equilibrium methods can be combined. 

The radiation exposure to the gonads by these studies utilizing 99mTc r~nges 
between 200 and 400 mrad [9], which is about 1/2 to 1/5 of that of an x-ray urogram. 
Therefore repeated examinations are acceptable in most cases. 

ACCURACY OF FIRST PASS RNA AND MULTIPLE GBP COMPARED TO ANGIOGRAPHY 

A great number of studies has been performed to compare the nuclear methods with 
angiography. In 77 patients we found a correlation coefficient of 0.91 between 
multiple GBP L VEF and biplane angiographic LVEF (Figure 4). A summary of the 
literature data showes the following results (Table 2): comparing the first pass RNA 
with angiography the correlation coefficients ranges between 0.84 and 0.97 with a 
mean value of 0.90. For the multiple GBP the correlation coefficients ranged 
between 0.70 and 0.97 with a mean value of 0.88 which is not significantly different. 
Hence both methods show good correlation with angiography [2, 3, 5, 6, 10]. 

The right ventricular ejection fraction (RVEF) can also be obtained by both 
methods [3, 6, 10]. Comparing different nuclear methods the correlation coef-

Table 4. Reproducibility of nuclear cardiac studies 

LVEF 

Absolute volumes 

r 

0.95-D.99 
0.90-D.99 

+/-

1-5% 

1-12% 



104 

Table 5. Accuracy of L VEF measured with the nuclear stethoscope 

Number of studies 

Number of patients 

Comparison with angiography or/and 
camera nuclear study (L VEF) (r) 

Range 

Mean 

5 
337 

0.S4-D.92 
0.77 

ficients ranged between 0.95 and 0.98. When comparing the nuclear R VEF with the 
results of angiography, the correlation coefficient was somewhat lower (r = 0.85) 
which is probably due to the limitations of angiography for quantifying right 
ventricular function. 

Absolute volumes of the left ventricle (Table 3) including end-diastolic volume, 
end-systolic volume, stroke volume and cardiac output have been measured by 
both methods with a good correlation either to angiography, to the Fick's principle 
or to thermodilution. The application of the area-length method yielded correlation 
coefficients ranging between 0.78 and 0.92 with a mean of 0.88. Recently various 
count-based methods have been developed. For those methods correlation coef­
ficients ranged between 0.80 and 0.98 with a mean value of 0.91. Although the 
count-based methods are obviously more accurate, a standardized procedure has 
not been established up to now. 

REPRODUCIBILITY (Table 4) 

The reproducibility of nuclear cardiac studies has been investigated mainly using the 
multiple GBP. Those studies tested intraobserver-variance, interobserver-variance 
and the reproducibility of repeated acquisition within short time intervals. It could 
be demonstrated that using an automatic or semiautomatic flagging of the ventric­
ular contours the reproducibility was much better compared to flagging by hand. 
With a short acquisition time of only 2 minutes, reproducibility was not decreased 

Table 6. Comparison of echocardiography and radionuc1ide studies to angiography 

Number of studies 
Number of patients 
Correlation with 
angiography (L VEF) (r) 

Range 

Mean 

ECHO 

8 
412 

0.24-D.90 
0.66 

Radionuclide 

0.70-D.96 
0.87 
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Figure 5. Normal range of R VEF and L VEF at different levels of exercise during graded ergometry. 

essentially. For the L VEF a high reproducibility was obtained [6, 10]. The cor­
relation coefficients ranged between 0.95 and 0.99 and the differences ranged 
between ± I to 5 (absolute) %. For absolute volumes, various count-based methods 
showed also a good reproducibility with correlation coefficients ranging between 

0.90 and 0.99, and with differences ranging between ± I to 12 (relative) %. 

THE "NUCLEAR STETHOSCOPE" (Table 5) 

An inexpensive portable single probe detector has been developed to assess global 
cardiac function easily in intensive care units. First pass as well as multiple gated 
acquisitions can be performed [II] . In several investigations correlation coefficients 
of L VEF compared to angiography or to nuclear camera studies ranged between 
0.54 and 0.92 with a mean value of 0.77 . The positioning of the single probe detector 
is somewhat difficult. In patients with wall motion abnormalities the accuracy was 

rather poor. Nevertheless, reproducibility was high in these patients. Therefore the 
"nuclear stethoscope" may be useful especially for follow-up examinations in 
intensive care units. 

COMPARISON BETWEEN NUCLIDE CARDIAC STUDIES AND ECHOCARDIOGRAPHY 

Echocardiography has to be considered as a non-invasive procedure which may 
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Figure 6. Response of the left ventricle to supine exercise. EF = ejection fraction, CO = cardiac output, 
SV = stroke volume, EDV = end-diastolic volume, ESV = end-systolic volume. 

substitute nuclear cardiac function studies. Some investigations have been perform­
ed in order to compare echocardiography as well as nuclear cardiac methods to 

angiography (Table 6). Generally the accuracy and the reproducibility was superior 
using nuclear cardiac methods. On the other hand echocardiography covers numer­
ous indications which cannot be covered by nuclear methods, e.g. in valvular and 
pericardial disease and in cardiomyopathy. The most important advantage of the 
nuclear cardiac study is that examination can be standardized and evaluations can 
be carried out automatically to a high degree. Moreover, studies at rest as well as 
during exercise can be evaluated regulary in more than 95% of cases. Therefore 
nuclear cardiac studies look superior in patients with ischemic heart disease. Nuc­
lear cardiac methods and echocardiography should be considered to be supplemen­
tary methods [12]. 

RESPONSE OF THE LEFT VENTRICLE TO EXERCISE 

In normal controls the R VEF as well as the L VEF increase during dynamic exercise 
[13] (Figure 5) which is the result of an increasing stroke volume and a decreasing 
end-systolic volume (Figure 6). 

The L VEF increases during adequate exercise at least by 5 ( absolute) % or at least 
by 10 (relative) % [3, 6, 10]. In patients with coronary artery disease a significant 
reduction of the L VEF during exercise angina is observed. In coronary patients 
without exercise angina, alterations of cardiac volumes are less pronounced during 
exercise. Therefore the LVEF may not change or may decrease only slightly. 
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The sensitivity of parameters of global function was found to vary between 45 

and 95% for detecting coronary artery disease. This is probably due to significant 

differences in patient populations and to the mode and the level of exercise. 
During the performing of exercise studies it has to be taken into account that the 

response of the left ventricle depends considerably on the mode of exercise and on 
special medications. The exercise response is different for dynamic exercise in the 
supine and erect position, or using the handgrip stress test, the cold pressure test, an 
afterload stress test or atrial pacing [14]. Additionally, drugs like nitrates, pro­
pranolol, isoproterenol or nifedipin may change the exercise response. Further­
more acute effects can vary from long-term effects. In coronary patients under long­

term medication with betablockers the exercise response of the left ventricle can be 

normal [10]. 

INDICATIONS FOR NUCLEAR FUNCTION STUDIES 

Regardless of the method used and of the mode of exercise performed, most 
important are a well defined standardized nuclear method and a sufficiently high 
exercise level. Before introducing any nuclear cardiac function study as a routine 
examination, it has to be validated by angiography. 

There are numerous indications for nuclear cardiac exercise studies which can 
only be summarized briefly: for an initial examination they can help to establish, 
whether coronary artery disease is present and to differentiate between coronary 
artery disease and cardiomyopathy. For this purpose thallium scintigraphy also has 
to be considered. But even in patients with invasively proven heart disease, nuclear 
studies can be helpful to quantify the degree and the exercise response. Also the 
individual effects of drugs can be measured. Nuclear cardiac studies are most 
suitable for quantitative follow-up examinations. In this regard the limitations of 
invasive procedures are obvious. The effects of medical and surgical treatment can 
be controlled quantitatively including exercise tests. 

Nuclear cardiac studies at rest and during exercise have been developed into a 
clinical routine examination during the last few years. The equipment is available in 
most of the nuclear medicine departments. Further improvement can be expected 
by technological progression, i.e. using the bifocal collimator or single photon 
emission tomography. 
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12. QUANTIFICATION OF LEFT VENTRICULAR FUNCTION BY 
COMPUTED TOMOGRAPHY 

R. RIENMULLER, A. BAUMER, C.M. KIRSCH AND B.-E. STRAUER 

With the introduction of the third generation ofCT-Scanners with scanning times 
of 1 to 6 seconds, CT became a well accepted method in the diagnostics of thoracic 
and mediastinal diseases. The CT changed and partly replaced some of the well 
established diagnostic procedures of the mediastinum [8, 10, 17]. To differentiate 
vascular from nonvascular structures in the mediastinum by CT it is mostly nec­
essary to enhance the blood density by means of an intravenously applied contrast 
agent. By this means cardiac structures [5] like the interventricular septum, the 
myocardium, the heart chambers, the coronary arteries, the coronary sinus, the 
peri-epicardium and the subepicardial space will also become visible. 

Having studied more than 530 patients with different cardiac diseases, CT of the 
heart seems to be not only of diagnostic value in constrictive pericardia I diseases [4, 
12], in different groups of cardiomyopathies [14] and in patients with primar and 
secondary cardiac tumors, but also in the follow-up of their specific treatment as a 
non-invasive method with reproducible results [14]. 

F or diagnostic statements of CT studies of the heart it is not only necessary to 
analyse the morphological appearance of the above mentioned cardiac structures 
[7] and of the major heart vessels qualitatively, but it is also desirable to provide 
some quantitative data [14, 19]. 

The aim of this paper is to show the present capibilities of CT to assess quanti­
tatively the left ventricular end-diastolic volume (EDV) and left ventricular muscle 
mass (LVMM) in absolute values and to quantify cardiac hemodynamics using 
ratios of the heart chambers and of the major heart vessels respectively. A com­
parison with angiocardiographic (HK) data will be presented. 

PATIENTS AND METHODS 

We studied more than 530 patients with different cardiac diseases. Ofthese patients, 
we selected those for whom (in addition to our CT studies) angiocardiographic data 
were available. Regardless of the diseases we selected only those data for a com­
parative study which were obviously technically inconstestable in both methods. 
The mean time difference between the CT- and HK-studies was 3 days. 

Meyer, J., Schweizer, P. and Erbel, R. (eds.) Advances in noninvasive cardiology 
© 1983 Martinus NijhoffPublishers, Boston. ISBN 978-94-009-6722-9. 
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Figure 1. Outline of a CT-scan of the heart with the maximum circumference of the left ventricle. 
AB: long axis; CD: transverse axis; S: interventricular Septum; P: pericardium; RV: right ventricle; LV: 
left ventricle; RA: right atrium; LA: left atrium; Ad: descending aorta; G: line through the atrio­

ventricular grooves. 

Equipment and procedures of cardiac CT 

In our CT study we used a 4.8 second Somatom II (Firma Siemens). The patients 
were examined in a supine position and suspended inspiration. They were scanned 
contiguously from the left diaphragma to the aortic arch performing 16 to 40 scans 
per patient with a scan-layer thickness of 8 mm. The necessary amount of contrast 
agent (65% Solution of Methylglucamine-ioxithalamat, Telebrix 3000 , Fa. Byk­
Gulden) ranged between 50- 150 ccm. Some consideration of cardiac CT images: 

I. Using our CT unit without gating we get a reconstructed CT image of a beating 
heart over a period of 4.8 sec. This means during one CT scan the heart performs 
5- 10 strokes. Nevertheless, due to the image reconstruction principle the CT 
images of the heart look well defined. 

2. After intravenous contrast enhancement of the blood anatomical details of 5- 3 
mm become visible, assuming the density of the surrounding tissue is sufficiently 
different. In a non-moving object, details of maximum 1.5 mm will be detectable. 

3. In contrast to angiographic, echocardiographic and nuclear medicine studies 
using CT without gating, it is not possible to analyze the motion of the heart. 

4. Acute changes of cardiac dynamics at the time of scanning are not detectable. 
5. However, it is possible to visualize the results of longer lasting changes in cardiac 

hemodynamics having caused morphological changes of the heart and its major 
vessels. 

6. Any measured distance ABm in a CT image of the heart is a function of the real 
distance ABr the heart rate (HR) , the stroke volume (SV) , the applied hard- and 
software (HSW) and the partial volume effect (PVE) [14]. 
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ABm = f (AB" HR, SV, Tel' HSW, PVE) 

Quantitative assessment of the enddiastolic volume in CT 

We select the very cardiac scan in which the left ventricle shows its maximum 
circumference and draw the long axis through the apex and the middle of the left 
ventricle (LV) parallel to the septum (Figure 1). The end-point A of the long axis is 
determined by the outside contour of the left apex. The end-point B one gets by 
drawing a connecting line between both of the atrioventriculare grooves. The 
vertical line above the middle of the long axis is the transverse axis. Its end-point C 
is determined by the outside-contour of the postero lateral wall of the left ventricle. 
The end-point D is at the inside of the septum of the LV [13]. 

Similar to angiocardiographic methods for calculating the left ventricular vol­
ume, the above mentioned long and transverse axis is used to calculate the 
enddiastolic volume by applying the so called two axis method and the formula 
V = 1I/6 . L . M2. We suppose, that the shape of the left ventricle is of elliptical 
configuration - an assumption which is conclusively proved by Arvidsson, Greene, 
Dodge and others [1, 3, 6]. 

Quantitative assessment of the left ventricular muscle mass in CT 

Assuming the left ventricle to be of rotational elliptical shape we calculate the left 
ventricular muscle mass in CT as the difference of the outside and the inside 
contours of the left ventricle [14, 19]. 

Quantitative assessment of cardiac dynamics 

Some quantitative assessment of the results of chronic changes of cardiac hemo­
dynamics are possible by calculating the ratios ofleft ventricle/left atrium, the right 
ventricle/right atrium and of the major heart vessels as ratios of the corresponding 
parts of the descending aorta/inferior vena cava and of the descending aorta/ 
superior vena cava. 

In detail we select the very cardiac scan in which the left ventricle and left atrium 
or right ventricle and right atrium respectively are of their maximum size. Then, 
using indentical technical CT parameters, we measure the circumference of the left 
and right ventricle and the maximum transverse axis of the corresponding left or 
right atrium and calculate the ratios. For calculating the ratios of the major heart 
vessels we select the cardiac scan where the inferior vena cava and the correspond­
ing descending aorta can be detected simultaneously. Then we measure the circum­
ferences of both vessels and calculate their ratios. Similarly we select that cardiac 
scan in which the superior vena cava, ascending aorta, pulmonary truncus and the 
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Figure 2. Comparison of the enddiastolic volumes of the left ventricle calculated from CT and angio­
cardiograms. 

corresponding part of the descending aorta are also detectable simultaneously. The 
calculation of the ratios followed the measurements of the circumferences of these 
vessels. 

Procedures in cardiac catheterisation 

Left ventricular angiocardiogramms were obtained by intraventricular injection of 
40 to 60 ccm of contrast agent (Urografin 0 76% using a contrast injector) in a 30° 
RAO projection. Only the angiogramms of the first to third heart cycle following a 
contrast injection were used, assuming there was no extrasystolic or postextra­
systolic heart action [18]. The calculation of the left ventricular volumes were 
performed according to a modification of the two axis method of Dodge. 

The left ventricular muscle mass was calculated as the difference between the left 
ventricular total volume and the enddiastolic volume, including the specific weight 
of the heart muscle mass as described by Hugenholz [9] and Simon [15]. 
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RESULTS 

Assessment of the enddiastolic volume in CT 

Using the above method we compared the enddiastolic volumes of 75 patients, 
regardless of their cardiac diseases. The selection of the patients was performed 
under the premises that the CT as well as the HK images were technically sufficient. 
Figure 2 shows the results of the comparison of the enddiastolic volume calculated 
from CT- and HK-images in healthy individuals and in patients with various 
cardiac diseases. There is a linear correlation y = 1,0178 x + 1,596 (P < 1 %). With 
a correlation coefficient r = 0,93. Th\-95% interval of confidence for r ranges 
between 0.89 to 0.95. The standard deviation is ± 23 ccm. 

Results of the enddiasto/ic volume calculated by CT in various cardiac diseases 

Table 1 shows the results of the enddiastolic volume calculated from CT images 
only in 123 patients with various diseases. All of the patients had undergone 
angiocardiography. Five patients did not present pathologic findings in HK; 9 

Table 1. EDV calculated from ST in healthy persons and in patients with different cardiac diseases 

Diagnosis Number of Mean EDV 

patients value (ml) 

Normal" 5 92 
n. HFb 9 90 
HF' 14 149 
arLRRd 20 120 

sec.CMe 12 134 
CHDf 29 134 

CHD with An! 12 185 

CCM h 13 248 
HCM(O,N)i 9 105 

" Patients with no pathology in angiocardiography. 
b Inborne heart failure. 
, Aquired heart failure. 

d Systemic hypertension. 

e Secondary cardiomyopathy (WHOjISFC). 

f Coronary heart disease. 

g Coronary heart disease and left ventricular aneurysm. 

h Dilative cardiomyopathy (WHOjISFC). 

x+a Significance of the 

95% lei differences of EDV" , I 

±21 0 • 
±23 

± 58 
± 16 6. 
±23 0 
± 16 • 
±44 • 6 
± 57 • 6 
±21 

i Hypertrophic obstructive ( 0) and non obstructive (N) cardiomyopathy (WHOjISFC). 

j IC: Interval of confidence. 

k, I 6, .: 95% significance of the differences of EDV in different groups of patients. 

0: 90% significance of the differences of EDV in different groups of patients. 



114 

400 LVMM CT (e] 

300 

200 

100 

o 100 200 300 

)' . O,n4 x ·28,43 
r-O,81 
SO - , 29,6 
n-29 
p<1 1. 

IYMMHK [e] 

400 

Figure 3. Comparison of the left ventricular muscle mass calculated from CT and angiocardiograms. 
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Figure 4. Left ventricular muscle mass calculated by CT images in 96 patients with various cardiac 
diseases. Norm: patients without pathologic findings in angiocardiography; n.HF: congenital heart 
failure; HF: heart failure; art.RR: systemic hypertension; sec.CM: secondary cardiomyopathy; CHD: 
coronary heart disease; CHD with An: coronary heart disease with aneurysm of the left ventricle; 
CCM: dilative cardiomyopathy; HCM: hypertrophic, obstructive-O, non-obstructive N, cardiomyo­
pathy. 



liS 

Comparison or the Ratio 

LV/LA RV/RA 

10.33 16.5 1QJ6 8.07 5 e.2 4.84 3 
t 1A . 2.32 11 11.17 . 1.04 t o.58 . 0A3 .0.48 

n· 9 11 20 10 e 11 20 10 

Figure 5. Comparison of the ratios of the left ventricle/left atrium and right ventricle/right atrium. 

LV: left ventricle; LA: left atrium; RV: right ventricle; RA: right atrium; Normal: patients without 

pathologic findings in angiocardiography; CCM: dilative cardiomyopathy; CAD: coronary heart dis­
ease; P .constr.: constrictive pericarditis; n: number of patients; IJ: interval of confidence. 

patients had congenital and 14 patients aquired heart failure; 20 patients were 
suffering from systemic hypertension of different stages; 13 patients had dilative, 9 
hypertrophic and 12 secondary cardiomyopathies (WHOjISFC); 41 patients had 
coronary artery diseases, 12 of them with a left ventricular aneurysm. 

Assessment of the leji ventricular muscle mass in CT 

Comparison of the results of the assessment of the left ventricular muscle mass in 
CT and HK follows. 

In 29 patients we compared the weight of the left ventricle muscle mass with both 
of the methods and again found a linear relation (Figure 3): y = 0.774 x + 28.43 
(P < I %) with a certain underestimation of the left ventricular muscle mass in CT. 
The correlation coefficient r = 0.8\ and its 95% interval of confidence is 0.64 to 
0.91. The standard deviation is ± 29.6 g. 
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Figure 6. Comparison of the ratios of diameter of the descending aorta/inferior vena cava and of 
descending aorta/superior vena cava. 

Results of the leji ventricular muscle mass calculated by CT in various cardiac diseases 

Figure 4 shows the left ventricular muscle mass calculated by CT images only in 96 
patients with various cardiac diseases. All the cardiac diagnoses were confirmed by 
angiocardiography. Three patients did not present any pathologic findings in HK; 8 
patients had congenital and 12 acquired heart failure; 13 patients had systemic 
hypertension of different stage; 32 patients had coronary artery diseases of different 
stages, 7 of them with a left ventricular aneurysm; II patients had dilative, 8 
hypertrophic and 7 secondary cardiomyopathies (WHO/ISFC). Figure 4 shows the 
mean values and their 95% interval of confidence. The points and circles shows the 
90% of95% differences of the values of the left ventricular muscle mass between the 
various group of patients. 

Quantitative assessment of chronic changes olcardiac dynamics in CT 

Chronic pressure and/or volume changes in the pulmonary and/or systemic circula­
tion can be followed by changes in the shape, size, position and relation of the heart 
chambers and the major heart vessels which are detectible by CT. We calculated the 
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Figure 7. CT-scans in 4 patients with various cardiac diseases with the maximum circumference of the 

left ventricle. 

ratios of the LV JLA and of the RV JRA in 50 patients. 10 were normals, II had 
dilative cardiomyopathy, 20 coronary artery diseases and 10 had constrictive peri­
carditis. All the diagnoses were proven by angiocardiography. Figure 5 displays the 
mean values of LV/LA and RF /RA ratios and their 95% interval of confidence - the 
highest for the group of dilative cardiomyopathies and the lowest for the constric­
tive pericarditis. The relative size of the ventricles compared to the corresponding 
atria are just qualitatively drawn . 

Figure 6 shows the mean values of the ratios between the diameters of descending 
aorta (inferior part) (AD!) and the corresponding inferior vena cava (Vel) and 
between the descending aorta (superior part) (ADS) and of the corresponding 
superior vena cava (VeS) and their 95% interval of confidence. It is obvious that the 
ratios ADljVeS are the highest for healthy persons and the lowest for the group of 
patients with constrictive pericarditis. The ratios ADljVCI in patients with dilative 
cardiomyopathies and coronary artery diseases are not sufficiently distinguishable 
from normals. 

In the comparison to the ratios ADS/VeS only the group of patients with 
constrictive pericarditis are different from normals. Patients with dilative cardio­
myopathy and coronary artery disease show approximately the same values. 
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Figure 8. (a) CT scan at the level just above the basis of the heart of a patient with the history of Hodgkin 
disease before therapy. (b) CTscan at the level of the middle of the heart. 

DISCUSSION 

Even without gating, CT studies of the heart show cardiac structures which are 
different or similar in their size, shape, position and relation in dependence of the 
underlying cardiac diseases and the results of their chronic hemodynamics changes. 

These morphological changes visible in CT are dependent on the underlying 
cardiac diseases with their changes of the volumes and/or pressure loads in the total 
or a part of the circulatory system. Figure 7 shows the CT scans of four hearts in 
which the left ventricle shows its maximum circumference. In the upper left there is a 
dilated left ventricle of a rounded shape in a patient with a dilative cardiomyopathy 
and with an enddiastolic volume of 400 ccm. 

The upper right image shows the heart of a patient with clinically proven myo­
carditis. The left ventricle is also enlarged and of elliptical shape. The enddiastolic 
volume was 210 ccm. 

In the lower left image there is the CT scan of a patient with coronary artery 
disease (3 vessels disease). Again the left ventricle is enlarged and of elliptical 
shape. The enddiastolic volume was 290 ccm. There is also a thinning of the arte­
rior wall of the left ventricle due to an infarction. The last image in the lower 
right shows the heart of a patient with systemic hypertension for about 12 years 
(RR 200/140 mmHg max). 
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Figure 9. (a, b). CT scans of the same patient at the same levels after successful chemotherapy. 

The left ventricle is also dilated but a hypertrophy of the septum and of the 
myocardial wall is also visible. The enddiastolic volume was 300 ccm. 

Even if "we cannot state in quantitative physical terms the reason why images 
without significant artifacts can be obtained of structures which are moving to the 
extent the myocardium does" as stated by Carlsson et al [2], all the four CT images 
of the heart show expected shape and size ofthe left ventricle and of the surrounding 
structures. 

Figure 8 shows two CT scans of a patient with a history of Hodgkin disease with a 
tumor mass in the left atrium bulging into the left ventricle and in the direction of 
the right atrium and right ventricle. There is also a tumor mass in front of the right 
ventricle infiltrating the pericardium and the anterior chest wall (Figure 8a, b). 
After successful chemotherapy (Figure 9b) there is no tumor mass in the left atrium. 
The tumor in front of the right ventricle became smaller and the heart chambers are 
now of normal shape, size, position and relation to each other. 

Due to the cardiac inflow and outflow reduction the superior vena cava is 
enlarged (Figure 8a) in comparison to the descending aorta and changed to normal 
size at the end of the successful treatment (Figure 9a). 

These examples of CT scans of the heart performed on a routine basis of 5 
different patients show the present quality of non-gated CT images. However, if 
used in the clinical diagnostic procedures, it is also neccessary to quantify at least 
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some of the visible cardiac structures. 
The above mentioned assessment of the enddiastolic volume of the left ventricle 

yield a value of the size of the left ventricle. Our values of the enddiastolic volume 
and left ventricle muscle mass calculated in patients with various cardiac diseases 
correspond to the known values of the angiocardiography and thus allow their 
application in the daily cardiac diagnostics [19]. There is no question that, as long as 
we cannot perform gated CT images of the heart from the diaphragm to the aortic 
arch contiguously, or as long as we do not have a CT machine available with 
scanning times in the order of some milliseconds, it will not be possible to assess 
acute changes of the volumes or the movement of the myocardial walls [11, 16]. 

Although it is sometimes difficult to measure the circumferences of the chambers 
and the major heart vessels in CT images, the calculated ratios support the qualita­
tive assessment of the chronic cardiac hemodynamics. Problems can occur, caused 
by motion, partial volume effect [2] or by highly inhomogenous thoracic structures, 
when the sampling theorem is hurt. Furthermore, scanning of cardiac structures or 
vessels in an oblique projection can enlarge or reduce the real size. 

SUMMARY 

According to our experience (having studied more than 530 patients with a variety 
of cardiac diseases) we think that a carefully performed cardiac CT as well as a 
careful analysis of the position, size, shape and relation of all the cardiac structures 
and of the heart tissues makes it possible to arrive at diagnostic statements close to 
those obtained by angiography, echocardiography and nuclear medicine studies. 
Finally it is possible to quantify the enddiastolic volume and the left ventricular 
muscle mass with an accuracy comparable to invasive methods. 
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III. REGIONAL WALL MOTION IN MYOCARDIAL ISCHEMIA 

13. EARLY CHANGES IN TRANSMURAL ISCHEMIA: AN OVERVIEW 
ON DETECTION CAPABILITIES OFFERED BY 
ECHOCARDIOGRAPHIC AND NUCLEAR TECHNIQUES IN MAN* 

A. DISTANTE, O. PARODI, D. ROYAl, P. MARZULLO, E. PICANO, E. MOSCARELLI, W. 
BENClVELLI AND A. L'ABBATE 

INTRODUCTION 

The approach to the diagnosis of ischemic heart disease in its acute manifestations 
has deeply changed over the last few years, since multiple evidence has been 
collected on the role offunctional and often transient factors in the pathogenesis of 
ischemic attacks [1]. 

Although clinical history, ECG and enzymes still represent milestones in the 
screening phase of acute coronary patients, it is becoming more and more impor­
tant to provide evidence of myocardial ischemia independent from ECG, which 
does not always show conclusive diagnostic alterations. "Independent evidence" 
could be reached by means of other non-invasive techniques, such as those offered 
by echocardiology and nuclear cardiology. For a long time echocardiographic and 
nuclear techniques have been considered less than adequate techniques for studying 
coronary patients and specifically myocardial ischemia, which is known to be no.t 
only a transient but also a regional phenomenon. Some of these limitations have 
also been overcome with the notion that echocardiography and nuclear medicine as 
well as ECG provide much more information if performed during ischemic attacks 
than basally. 

Over the past few years at the Clinical Physiology Institute we have paid much 
attention to the extraordinary potentialities intrinsic to nuclear and ultrasonic 
techniques in the detection of acute myocardial ischemia and in the definition of its 
site and extension. 

Our experience on this issue, based mainly on data collected in Prinzmetal 
patients during attacks of angina at rest and ST segment elevation, can be sum­
marized in the observation hereinafter reported [2, 3]. 

SIGNS OF MYOCARDIAL ISCHEMIA 

A. Echocardiographic techniques 

The usefulness of echocardiography in acute myocardial ischemia stems from the 

* Partially supported by A.R.MD (Associazione per la Ricerca Medica). 

Meyer, J., Schweizer, P. and Erbel, R. (eds.) Advances in noninvasive cardiology 
© 1983 Martinus Nijhoff Publishers, Boston. ISBN 978-94-009-6722-9. 
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Figure I.Original M-mode recordings documenting a full sequence of induced myocardial ischemia as 

related to electrocardiographic appearance of ST segment changes. It is clearly seen that mechanical 

changes in the septal wall do occur before ECG changes indicative of myocardial ischemia. The sequence 

of mechanical impairment of the ischemic septal wall is characterized by a progressive decrease both in 
systolic thickening and in wall motion, which become totally abolished at the peak ECG phase (ST 
segment elevation). 

Mechanical impairment is fully reversible as shown in the recovery phase: moreover, the previously 
ischemic wall demonstrates a "rebound phenomenon" consisting of an overshoot in motion and of 
systolic thickening (With kind permission of American Heart Journal.) 
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Figure 2. Histograms (mean ± SEM) showing percentual variations (%) from the basal state relative to 

the main echocardiographic parameters during different phases ("Pre-ECG"; " ECG" ; "Post-ECG" ). 

The presented values are referred to eleven episodes of myocardial ischemia with ST segment elevation 

induced by ergonovine maleate. WM = wall motion; DT = end diastolic thickness; ST = end systolic 

thickness; %ST = % systolic thickening; EDD = end-diastolic diameter; ESD = end-systolic diameter; 

% FS = % fractional shortening. (With kind permission of American Heart Journal.) 

experimental evidence that ischemia transiently affects both the geometry and the 
function of cardiac structures. 

(a) Regional impairment of contractility indices (decrease in percentual systolic wall 

thickening, in wall motion and in percentual fractional shortening). These para­
meters have been shown to be realiable expressions of regional contractility. In 
agreement with several experimental studies, their impairment occurs in man also 
as a very early phenomenon of myocardial ischemia when related to the apperance 
of ECG changes and anginal pain (Figures I and 2). 

(b) Regional wall thinning (decrease in end-diastolic wall thickness). this sign, during 
anginal attacks at rest, could be due to a primary reduction in coronary blood flow 
with a consequent decrease in intramyocardial blood content of the ischemic area. 

Experimental studies have shown that coronary blood flow and intravascular blood 
content represent dynamic variables influencing wall thickness , which decreases 
following the occlusion of the coronary artery. An additional factor, which might 
explain the thinning of the ischemic wall , could be represented by the regional 
dilatation of the ventricle which would cause stretching and re.ciprocal sliding of the 
fibers . 

(c) Left ventricular enlargement (increase III end-diastolic dimensions). Such a 
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Figure 3. Two-dimensional echocardiograms obtained from the subxifoid approach during basal con­
dition (BASAL) and during an episode of spontaneous myocardial ischemia with ST segment elevation 
(ISCHEMIA). On the top, the two spots were recorded during end-diastole while the two spots on the 
bottom during end-systole. It is clearly evident that, in the basal state, the interventricular septum has a 
normal thickening from diastole to systole; during ischemia however only the proximal part of the 
septum thickens while the distal portion does not change at all from diastole to systole. 

Such a difference in mechanical function of the two different portions of the septum produces, during 
systole, a sharp anatomical demarcation between the ischemic and the non ischemic wall (step sign). 
(Distante et al: Mises it jour cardiologiques, 11:455, 1982. With kind permission.) 
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Figure 4. 21°Tl scintigraphy obtained during transient ischemia in the LAO 40° projection (right panel) 
and in control conditions 4 hours later (left panel). ECG during ischemia shows ST segment elevation in 
the anterior leads. In the corresponding image a severe and apparently transmural perfusion defect is 
evident in the septal wall which appears within normal limits in the control scintigram. ECG changes 
were not accompanied by anginal pain. 

change parallels the decrease in contractility indices and the thinning of the 
ischemic wall, and could be partially explained by the incomplete left ventricular 
emptying and by the increase of left ventricular end-diastolic pressure. As observed 
also in chronic ischemic heart disease with significant pump impairment, left ven­
tricular cavity may appear geometrically distorted (Figure 3). 

(d) Rebound phenomenon (increase in contractility indices and wall thickness, de­
crease in left ventricular end-diastolic and end-systolic diameters). This transient 
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Figure 5. 201TI scintigraphy obtained a few minutes following tracer injection (left panel) and 4 hours 

later (right panel), in AP projection (upper images) and in LAO 40° (lower panels). Although ECG 

clearly demonstrates lateral ischemia, only a transient septal perfusion defect is detectable. The defect 

appears to be not transmural. 

The scarce correlation between site of ECG changes and hypoperfused myocardial walls is a common 

finding in angina at rest characterized by ST segment depression. 

overshoot of ventricular function, which has been linked to reactive hyperemia, 
occurs in the recovery phase of myocardial ischemia;it has already been shown in 
experimental animals after a brief period of coronary occlusion follo~ed by the re­
opening of the vessel, a situation very similar to the coronary spasm resolution in 
man. 
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B. Radioisotopic techniques 

(a) Regional wall motion abnormalities and /ejt ventricular cavity enlargement as 
detected by Blood Pool Gated scintigraphy. The monitoring capabilities inherent to 
this technique have allowed demonstration that impairment of contractility not 
only preceeds the ECG alterations and anginal pain, but also can occur in absence 
of symptoms (silent ischemia). To this purpose, however, echocardiographic mo­
nitoring - although cumbersome in some patients - must be used for an accurate 
assessment of the sequence of events. Qualitative (cine-mode) as well as quantitative 
(ejection fraction, phase analysis) indices may be obtained in different clinical 
conditions. 

An alternative approach to the study of acute ischemia is provided by the use of a 
single collimator probe (Nuclear Stethoscope); with this technique - although no 
imaging is available - it is possible to monitor, with a higher temporal resolution, 

the changes in end-diastolic, end-systolic volumes and ejection fraction occurring 
during attacks of myocardial ischemia (4) 

(b) Reversible perfusion defects on 201 Thallium myocardial scintigraphy. 

Thallium scintigraphy is diagnostic of myocardial ischemia when it shows a tran­

sient uptake defect in images obtained within a few minutes following the tracer 
injection [5]. This defect should disappear after a certain time, for the re-distri­

bution of the isotope has elapsed (usually from some minutes to a few hours after 
the same injection) (Figure 4). 

Scintigraphic pattern is different in angina at rest with ST segment elevation and 
ST depression (Figure 5); in the first case, a transmural, severe and localized 
perfusion defect is usually detectable, while in the second case such a defect appears 

to be apparently limited to the subendocardial layers, although less severe but more 
extensive -6]. 

The major limiting factors in the use of this technique are the limited imaging 
qualities of the tracer, the interference of metabolic factors, and the unpredictable 
effect of reactive hyperemia. Moreover, being a "one sample" technique, the Thal­
lium injection must be triggered by some independent sign of ischemia, thus pre­
venting the use of the technique in the assessment of the sequence of events. 

TIME SEQUENCE OF ECHOCARDIOGRAPHIC AND RADIOISOTOPIC SIGNS OF ISCHEMIA 

The above described signs of ischemia are detectable with utmost evidence at peak 
ECG ischemic changes; these are, however, some of the pathophysiologic changes 
which characterize transient ischemic attacks. However, at least in patients with ST 
segment elevation during pain, contractility impairment of the ischemic wall is 
detectable - by Echocardiography and Blood Pool Gating - before onset of ECG 
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alterations. Such changes are of the same kind, but less pronounced than those 
present at peak ECG changes. When ischemia is over, pain disappears and ECG is 
back to normal; a transient functional overshoot in contractility of the previously 
ischemic wall (with values significantly increased as compared to the basal state) is 
detected by Echocardiography and Blood Pool Scintigraphy. Such rebound effect 
in Prinzmetal angina is linked to reactive hyperemia, very likely triggered by the 
release of coronary vasospasm: 201Tl can show, in these cases, an increase in tracer 
uptake as compared to basal. 

The occurrence of phenomenon such as the "contractile rebound" after ischemia 
can appear in contrast to the reported echocardiographic persistent segmental wall 
motion abnormalities in patients with unstable angina [7]. These data, on the 
contrary, may well describe two opposite patterns of a spectrum. On one side, when 
ischemia is less severe or lasts a short time, reperfusion might trigger the over­
recruitment of contractile units which ischemia had "switched off' (so a contractile 
overshoot becomes evident, meaning that ischemia "hits and runs") [8]. At the 
other end of the spectrum, severe ischemic episodes, either too long or too many, 
might cause a more prolonged post-ischemic dysfunction: in this case, ischemia 
"hits and stuns", and echocardiography can act as the detector of presence and 
entity of myocardial stunning. 

CONCLUSIONS 

A combined use of echocardiographic and radioisotopic techniques allows a fairly 
accurate detection of presence, site and extent of transient myocardial ischemia. 
The major drawbacks of each technique are also the biggest aces of the other: spatial 
and temporal resolution, cost and manpower, for nuclear techniques; limited spa­
tial imaging, qualitative reading, restriction by acoustic window for echocardiog­
raphy. Their complementary use can give a remarkable amount of additional 
information on acute transient myocardial ischemia, both on the pathophysiologi­
cal and on the clinical side. 
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14. REGIONAL WALL MOTION DURING STRESS TESTING: 
A COMPARISON BETWEEN ATRIAL PACING 
AND ISOMETRIC HAND GRIP 

R.W. BROWER, H..J. TEN KATEN, A.H.A. BOM AND P.W. SERRUYS 

INTRODUCTION 

Both the use of isometric hand grip and atrial pacing have been advocated as a 
means for stressing the heart so as to reveal functional disturbances not apparent at 
rest in patients with ischaemic heart disease. There remains uncertainty, however, 
concerning their relative strengths in eliciting a response. The isometric handgrip 
test (IHGT) usually elevates blood pressure and heart rate simultaneously with 
possibly direct inotropic stimulation via catecholamine release. In patients with 
coronary artery disease, peripheral resistance has been shown to increase, while in 
normal resistance is less affected. The atrial pacing stress test (APST) increases the 
minute work of the heart while shortening the diastolic filling period for the 
coronary circulation. In patients with already compromised coronary perfusion 
this stress can induce myocardial ischemia. Furthermore, it has been argued that the 
first post-pacing beat, provided the Q-Q interval can be controlled to equal that at 
rest, would most directly reflect normal chronotropic conditions after the onset of 
pacing induced stress. By analogy, if the primary stress of the IHGT in a population 
with chronic coronary artery disease is after-load elevation with or without in­
otropic effects, the heart rate should be controlled to most directly document the 
consequences. Thus, this study was undertaken to compare the response in patients 
with coronary artery disease to these two stress tests where the effect of heart rate 
was eliminated. 

While the aim of this work is towards a better understanding of the APST and 
IHGT, the practical application is also important. It would be most desirable to 
have available completely non-invasive means of measuring heart function as well 
as stressing the heart. The IHGT would be especially attractive in this regard if it 
could be shown to be an effective stress test in terms of those quantities easily 
measured non-invasively. 

Meyer, J., Schweizer, P. and Erbel, R. (eds.) Advances in noninvasive cardiology 
© 1983 Martinus Nijhoff Publishers, Boston. ISBN 978-94-009-6722-9. 
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Figure la. Reproducibility of shortening fraction measurements from marker pairs at rest. Data were 
taken from the control period prior to the APST and IHGT, about 20 minutes apart. The standard error 

of the estimate is 1.64 percentage points which is taken as a practical estimate of the reproducibility of 

shortening fraction. 
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Figure lb. Reproducibility of maximum marker separation, Lmax, as in Figure la. The standard error 
of the estimate is 0.51 mm. 
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METHODS 

Patient material 

Twenty adult patients were studied one year after coronary artery bypass graft 
surgery. The mean age was 51 yr, range 30 to 64 yr. Sixteen patients were in NYHA I 
and four in class II. In total 48 grafts were placed (2.4 grafts/patient) of which 73% 
were patent at one year. The mean ejection fraction was 0.61 ± 0.12 (range 0.32 to 
0.77); six patients had an EF below the normal limit of 0.55. Cardiac index was 
3.30 ± 0.67 L/min/m2 (mean ± SD). 

At the time of surgery, 41 epicardial marker pairs were placed in bypass perfused 
regions on the left ventricle. In 73% of regions grafts were patent and contributing 
to the total perfusion, while in the remaining 27%, the pertinent coronary artery 
could be at least partially visualized via collaterals or flow through the native 
diseased coronary artery. The test regions thus represent a spectrum in adequacy of 
perfusion and this is reflected in the range of regional shortening fraction measured 
as well as their response to stress testing. 

Protocol 

All medication was discontinued 36 hours before catheterization which was per­
formed without pre-medication. All hemodynamic data and marker motion re­
ported here were obtained prior to angiography. 

The maximal handgrip pressure was determined at a paced heart rate (HR) 10 to 
15 BPM above rest values. Control measurements were made at rest. The patient 
was then asked to sustain 50% of maximum over a two minute period. Registration 
of LV pressure and marker motion was obtained during the last 20 seconds. 

The atrial pacing stress test was performed by incrementing the HR 20 BPM 
every minute until a maximum of 180 BPM, or until the ECG was positive, or the 
patient reported angina. Marker motion was recorded at basal HR, at maximum 
paced HR, and for the first post-pacing beat upon cessation of pacing. HR for the 
first post-pacing beat was controlled by the pacemaker set at the rest rate. 

We measured the absolute marker separation using biplane projections and 
calculated the shortening fraction occurring during the ejection period. Thus, 
measurements from the same region were obtained for both stress tests. Dyskinesia 
was quantified by a negative shortening fraction. 

RESULTS 

Reproducibility 

Control measurements of marker motion were made prior to the atrial pacing and 
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isometric hand grip stress test 20 minutes apart. The mean heart rate was 79 ± 11 
BPM and 91 ± 10 BPM (mean ± SD) respectively. The 12 BPM difference reflects 
the policy of performing the hand grip measurements with atrial pacing 10 BPM 
above rest values in order to over-ride the chronotropic effect of handgrip. 

The relation between the two control measurements for shortening fraction (SF) 
and maximum marker separation (Lmax) is shown in Figures la and 1 b respec­
tively. Mean shortening fraction was 9.90 ± 6.1 and 10.0 ± 6.3 (units percent 
shortening). The regression equation has a correlation coefficient of 0.964 with a 
standard error of the estimate of 1.64 for 41 measurements. The standard error of 
the estimate is taken as a practical estimate of the reproducibility of the measure­
ment of shortening fraction. 

The mean maximum marker separation, Lmax, for the two control measure­
ments was 2.61 ± 0.94 cm and 2.61 ± 0.94 cm with a correlation coefficient of 0.999 
and standard error of the estimate of 0.051 cm. The value of 0.051 cm is 2% of the 
mean separation, which we take as the reproducibility of the measurement of 
marker separation. 

Pacing 

The results of the atrial pacing stress test (APST) on HR, SF, and Lmax are shown 
in Table I (Meas. I & II). The HR increase was on average 70 BPM from a basal rate 
of 80 BPM. In response, SF decreased by 2 percentage points (P<O.OOI), while 
Lmax decreased by 0.8 mm ( - 3% of control). That is, on average SF and Lmax 
both decreased significantly, but by a factor only slightly in excess of the repro­
ducibility of the measurement. The hemodynamic measurements during pacing 
followed a pattern consistent with previous reports (Table 2, Meas. I & II). Peak LV 
pressure showed a small, but significant (P <0.0002) decline of 12 mmHg, and end 
diastolic pressure fell by 6.7 mmHg (P <0.0001), peak rate of change of LV pressure 
increased from 1570 ± 330 mmHg/s to 2060 ± 510 mmHg/s (P<5 x 10- 6), and 
Vmax increased from 48 ± 9.5 S-1 to 66 ± 14.5 S-1 (P < 10- 5). 

Post-pacing 

The heart rate for the first post-pacing beat, determined from the R-R interval of 
the paced EeG, was virtually identical to the control rate (Tables I and 2, Meas. 
III). The post-pacing SF increased from control by I percentage point, while Lmax 
increased from control values by 0.3 mm on average. Thus, while there was a 
statistically significant increase in both SF and Lmax, the change was not great. In 
spite of considerable individual variability in SF and Lmax there was a consistent 
response. 

Multivariate analysis showed that the post-pacing shortening fraction change (6 
SF = SF post-pacing - SF control) could be predicted from the response of 
marker motion during pacing. 



Ii SF = - 1.33 

R = 0.84 

+ 0.48 x (SF pacing - SF control 

- 58 x (Lmax pacing - Lmax control)jLmax control 
+ 4.31 x (T post-pacing - T pacing) 

where T represents the RR interval in s. 
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This finding is best illustrated in Figure 2 which shows the measured SF change 
compared with that predicted by the above regression equation. This SF change is 
positively correlated with the change in SF during pacing, and negatively correlated 
with the fractional change in Lmax. The change in the RR interval 
(postpacing - pacing) has a weaker positive influence on the shortening fraction 
change. On average both SF and Lmax decrease during pacing, but are not highly 
correlated with each other (R = 0.292). This is an essential point in explaining the 
heretofore unpredictability of the post-pacing beat. It is primarily the combined 
response of SF and Lmax during pacing which predicts how the first post-pacing 
beat will behave. Sf post-pacing will be maximized when, during pacing, SF 
increases and Lmax decreases. Likewise SF post-pacing will be minimized when SF 
decreases during pacing and Lmax increases. 

The hemodynamic measurements post-pacing are summarized in Table 2. Peak 

Table 1. Summary of marker measurements in 20 patients (41 marker pairs) 

Variable Measurement Mean SD P 

HR I 77 \1 

II 148 17 10- 6 

III 80 IS NS 

IV 89 10 
V 91 13 NS 

SF 9.90 6.09 
II 7.88 6.70 0.001 
1Il 10.89 7.54 0.02 
IV 10.04 6.28 
V 9.61 6.34 NS 

Lmax 2.61 0.94 
II 2.53 0.92 2 x 10- 6 

III 2.64 1.92 2 x 10- 5 

IV 2.61 0.94 
V 2.63 0.96 NS 

SF = shortening fraction, Lmax = maximum marker separation. All statistical comparisons employed 

the Students paired t-test with respect to the appropriate control or rest values. NS means no significant 

difference at the 0.01 level of significance. Measurements: I = control at rest, II = maximum pacing 

rate, 1II = first post pacing beat (HR controlled), IV = control for IHGT (HR controlled 10 BPM 

above rest), V = IHGT (HR controlled 10 BPM above rest). 
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L V pressure increased by 20 mmHg over control levels (P < 0.000 1) while EDP 
showed a non-significant increase of 2. 7 mmHg. Peak dP /dt increased 820 mmHg/s 
(P< 10- 6), and Vmax increased by 15 S-l (P< 10- 6) over control values. 

Hand grip 

Because the right atrium was paced at 10 to 15 BPM above rest levels during the 
isometric handgrip test (IHGT) to override the chronotropic effect of the test, there 

Table 2. Summary of hemodynamic measurements during the APST and IHGT 

Variable Measurement Mean SD P 

HR I 78.6 11.3 
II 149.3 19.9 10- 6 

III 82.8 15.9 NS 
IV 91.3 10.7 
V 93.6 12.6 NS 

PeakP 134 25.2 
II 122 21.0 0.0002 
III 154 28.2 0.0001 
IV 138 25 
V 165 29.8 5 x 10- 6 

EDP I 16.1 7.0 
II 9.4 5.5 5 x 10- 6 

III 18.8 6.6 NS 
IV 13.1 4.9 
V 19.3 6.6 5 x 10- 6 

Peak dPfdt I 1570 330 
II 2060 510 5 x 10- 6 

III 2390 410 10- 6 

IV 1760 375 
V 1920 504 0.003 

Vmax 48 9.5 
II 66 14.5 10-; 
III 63 11.6 10- 6 

IV 52 10.2 
V 49 9.8 0.003 

Measurement: I = control at rest, II = maximum pacing rate, III = first post pacing beat (HR con-
trolled), IV = control for IHGT (HR controlled 10 BPM above rest), V = IHGT (HR controlled 10 
BPM above rest). P = probability computed from Student's paired t-test, NS = no significant difference 
at the 0.01 level. All comparisons with respect to appropriate control measurement. 
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Figure 2. The measured shortening fraction change (first post pacing beat - control) vs that predicted 
from multivariate analysis incorporating measurements made during the atrial pacing stress test. This 

suggests that all the information contained in the first post-pacing beat is also available in the APST. 

was no significant change in HR of90 BPM. On average SF remained unchanged, 
as did Lmax. 

Multivariate regression with the variables identified as most predictive during the 
APST also failed to reveal any outstanding correlations, neither did step-up ana­
lysis using the entire set of measured variables reveal any significant correlations. 
We can only conclude that the IHGT, in the absence of the usual heart rate 
response, is not a sufficient stress to the heart to be reflected in changes in either 
myocardial dimension or fractional shortening. 

On the other hand, there were clear hemodynamic changes during the IHGT. 
Peak LV pressure increased by 27 mmHg (P < 5 x 10- 6). This was accompanied by 
an increase in LV EDP by 6.2 mmHg (P<5 x 10- 6 ). There was a less impressive 
and conflicting change in the contractility indices: Peak dP /dt increased by 160 
mmHg/s (P < 0.003) while Vmax, which is less load dependent, fell by 3 s- 1 

(P <0.003) to a level identical with that during rest prior to the APST. Thus, during 
the IHGT the most significant response was found for peak L VP and EDP, but 
there was relatively little change in the contractility indices in response to the 
conflicting demands of the stress and loading conditions. 

DISCUSSION 

During atrial pacing, the left ventricle normally responds with an increase in all 
contractility indices, such as peak dP/dt and Vmax, and a decrease in end-diastolic 
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pressure (EDP). A decrease in contractility and/or an increase in EDP is associated 
with the onset of ischaemia. Ventriculographic studies [2] show that the LV volume 
decreases during pacing; stroke volume also decreases nearly inversely with heart 
rate, so that cardiac output is maintained. The decrease in EF is not as great as that 
of SV, as EF is partially compensated by the decrease in EDV. It is therefore 
expected that the normal response of the epicardial markers would be a decrease in 
both Lmax and SF. The results reported above confirm these expectations. Nev­
ertheless, there is a great deal of variability as would be expected in so heterogenious 
a group of patients one year after bypass grafting. Following the abrupt reduction 
in the pacing rate the Q-Q interval (and heart rate) returned to near rest values, but 
SF and Lmax increased slightly. There was considerably individual and regional 
variability in this response. 

In spite of this variability in the change in shortening fraction with respect to 
control values, this change could be individually predicted from the response 
obtained during pacing (Figure 2). Furthermore, the change in SF and Lmax during 
pacing were independent predictors of this response. This implies a decoupling of 
the dimension change and shortening fraction change during stress testing. That is, 
there may be three classes of abnormal response: a decrease in SF of more than 
normal and/or a constant or increase in Lmax. 

One can only speculate at this point on the physiological mechanism which would 
allow a decoupling of the SF and Lmax response in ischaemic heart disease. This 
may be due to an imbalance in the utilization of reserve mechanisms. Nevertheless, 
the existence of such a possibility is now documented. 

There is nearly universal agreement that the dominant effect of isometric hand 
grip (IHGT) is an increase in systemic arterial pressure. There is less agreement over 
the mechanisms involved or their relative importance in normal man compared to 
the patient with ischaemic heart disease. Savin et al [1] found that the blood pressure 
increase in patients after bypass surgery was attributable to an increased peripheral 
resistance with no significant changes in ventricular dimensions, EF, or velocity of 
shortening, in spite of a significant increase in HR. In a denervated group of 
patients the HR response was absent, but otherwise an essentially similar response 
was noted. Ishise [2], on the other hand, studied normals and hypertensives and 
concluded that the after load elevation was due to an increase in cardiac output with 
little change in peripheral resistance. There were no significant changes in LV 
dimensions for the normotensives. These results are consistent with the hypothesis 
that normals respond to IHGT by increasing CO, while patients with coronary 
artery disease respond by increasing peripheral resistance. Indeed, models based on 
the interplay between alpha and beta sympathetic activity, and parasympathetic 
activity have been proposed by Savin et al [1]. 

The response to the induced afterload increase in stroke work, end diastolic 
pressure and volume, and contractility has been classified by several investigators 
[3,4, 5,6] as follows: the normal response is an increase in stroke work with minimal 
elevation in preload; the abnormal response is an unchanged or decreased stroke 
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work with elevation in preload. Contractility does not appear to change greatly for 
either type of patient. 

In our group of20patients, 12 showed a4mmHg or more rise in EDP while in 8 it 
was 3 mmHg or less. Multivariate correlation between the change in Vmax vs the 
change in EDP and peak P failed to reveal any significant correlations. Correlation 
analysis with the change in peak dP/dt as the independent variable, however, did 
reveal a significant correlation with the change in peak pressure (R = 0.82) but not 
EDP. Therefore, the response of EDP is not predictive of the response of con­
tractility to IHGT. The correlation of peak dP /dt with peak P, but not that ofVmax 
with peak P, reflects their different sensitivities to load effects; Vmax is generally 
considered to be less load dependent. 

There were no significant changes in ventricular dimensions or in shortening 
fraction during IHGT, nor did multivariate regression analysis reveal any more 
subtle patterns in the IHGT response predictable from the APST response. 

Previous reports on the value of the IHGT as a stress test focused primarily on LV 
pressure or pressure derived indices. Our results are largely consistent with these 
findings even with the HR maintained constant. The dominant effect was afterload 
elevation. There were less clear changes in the contractility indices: peak dP /dt 
increased while Vmax was decreased. It is likely, therefore, that the increase in 
contractility described previously was in large part a secondary effect of a heart rate 
increase. In this study SF and Lmax generally failed to respond to the stimulus of 
afterload elevation, with constant heart rate, even in those patients who demon­
strated a manifestly abnormal APST. When IHGT does result in ischaemia, as has 
been reported in the literature, a mechanism involving a heart rate increase must 
therefore be suspected. While we do not dismiss the IHGT as a non-invasive stress 
test, its use does appear contraindicated for follow-up involving the measurement 
of myocardial dimensions. Direct atrial pacing, while an invasive procedure, ap­
pears to be more powerful in detecting functional abnormalities as a result of 
ischaemia not apparent at rest. 
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15. DIGITAL IMAGING OF THE LEFT VENTRICLE 
BY PERIPHERAL CONTRAST INJECTION 
DETECTION OF IMPAIRED GLOBAL AND REGIONAL 
LEFT VENTRICULAR FUNCTION 

P. SPILLER, T. FISCHBACH, J. JEHLE, A. LAUBER, B. POLITZ AND F.K. SCHMIEL 

In the last few years digital image processing of intravenous angiograms has 
become an accepted diagnostic tool for visualization of peripheral arterial vessels. 
On the contrary, there are only a few studies analyzing cardiac function with this 
technique [1, 2, 3,4], because of technical problems, but primarily due to difficulties 
resulting from voluntary or involuntary motions of the patients. 

Digital image processing consists of two steps: at first static high contrast back­
ground structures are eliminated by subtracting a mask image from the contrasted 
images. Additionally the resulting difference image is contrast enhanced. It is 
evident that the quality of the difference image considerably depends on the selec­
tion of the mask image. The more congruous the background structures are in both 
the mask and the contrasted image, the better must be the visualization of those 
structures which are filled with contrast medium. A nearly total elimination of 
background structures is rather easily achieved in intravenous cineangiographies of 
the peripheral arteries. 

Digital image processing of the cardiac chambers, on the contrary, is complicated 
by considerable changes of the background structures caused by the contraction of 
the heart and the motion of the lungs. Since intravenous digital angiocardiography 
was considered to be helpful to study left ventricular function not only at rest, but 
also during exercise, the aim of the present work was to test the accuracy of the 
method in clinical studies in man. The main objectives of the paper therefore are: 

1. to describe the digital image processing system used, 
2. to review our experiences with different mask modes, and 
3. to prove the reliability of intravenous digital subtraction angiocardiography for 

quantitative evaluation of left ventricular function at rest and during exercise. 

Figure 1 depicts the hardwired processing system by which the image subtraction is 
performed in real time. At first the videosignal of the mask image is AID converted 
(8 bit, 5 MHz) and stored as a matrix of256 x 256 pixels in an image memory. The 
mask image is dynamically subtracted from the digitized current image sequence by 

Supported by Deutsche F{)fschungsgemeinschaft (SFB 30). 
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means of an arithmetic and logical unit - a so-called AL U. The output of the ALU 
provides a dynamic difference image which can be digitally amplified and recon­
verted into a normal video signal by a D/A-converter. In contrast to commercially 
available systems, the system designed by our group is relatively small and portable. 
It has the advantage that it can be used, for example, combined with a small C-arm 
unit in the coronary care unit. 

Figure 2 illustrates the different mask modes which we examined in this study. 
One of the simplest modes means storing one ECG-triggered mask image and 
subtracting it from all subsequent images. From our experience non-triggered mask 
images lead to poor visualizations of the cardiac chambers, which can rarely be 
evaluated quantitatively. The next mode includes a mask image averaged from 
several frames of the same phase of the cardiac cycle obtained from consecutive 
beats. Our system allows ECG-triggered averaging of 2 to 128 beats. The third 
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Figure 3a. 

Figure 3b. 
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Figure 4. 

mode illustrates the subtraction of a mask image which is updated each R-wave 
throughout the entire angiographic frame sequence. The last mode - the so-called 
TID-mode or time-interval-difference mode - includes the subtraction of a mask 
image which is updated at fixed time intervals of some 10 ms. Contrary to the first 
two modes, the last two use mask images which are obtained from the contrast 
phase. 

Some examples of selecting an adequate mask are demonstrated in Figures 3a 
and b and Figure 4. Figure 3a depicts an unprocessed image of the left ventricle 
obtained by injecting 40 ml of contrast medium into the vena cava. The ventricular 
borders can barely be seen. Figure 3b shows the same, but processed and enhanced 
image. The mask image has been obtained by averaging some images of the pre­
contrast phase. The ventricular borders are readily visible. In Figure 4 the TID-

Table 1. Quantitative evaluation 

Mask mode Rest Excercise 

Pre contrast averaged 18/20 17/20 

TID 20/20 20/20 

TID (ED/ES) 18/20 17/20 
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mode - i.e. subtraction of a mask from the contrast phase - was chosen. The 
endocardial outline of the left ventricle can clearly be identified in all regions. 

The advantage of the TID-mode is that - due to the close temporal relation of 
mask and un subtracted image - the effect of patient motion is minimized. One 
essential disadvantage, however, is that in patients with regional hypo- or akinesia 
the border outlines of the left ventricle can be visualized only insufficiently. This can 
easily be explained: the TID-mode consists of subtracting two succeeding images of 
the contrast phase from each other. The chamber outlines only become visible if the 
two images are different , i.e. if the ventricle changes its configuration between them. 
In the case of akinesia the lack of motion results in a lack of visualization. 

Table I summarizes the number of the obtained angiocardiograms which could 
be evaluated quantitatively by means of three different mask modes. The most 
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effective mode was the TID-mode, which allowed outline ofleft ventricular borders 
at rest and during exercise in all 20 cases examined. Using the first mode - with a 
mask averaged from the pre-contrast phase - and the third one - a modified TID­
mode with both end systolic and enddiastolic images from the same cardiac cycle -
only 17 and 18 cineangiograms, respectively, could be evaluated quantitatively. On 
the whole, the examples and Table I reveal that each mask mode has its specific 
advantages and limitations. 

To prove the accuracy of the dimensional left ventricular data obtained by 
intravenous digital subtraction angiocardiography, a comparison with direct left 
ventricular angiocardiograms was performed. The reliability of measurement was 
tested by correlating corresponding dimensional data determined from both exam­
inations. Digital subtraction was performed using the time-interval-difference 
mode. The angiograms had been performed at rest during the same routine heart 
catheterization. 40 ml of contrast material (Urografin 76%) were injected with a 
flow rate of 15 to 20 mIls into the superior or inferior vena cava as well as into the 
left ventricle. Contrast images were recorded on videotape and cinefilm, respec­

tively. The cinefilms were transformed into a videosignal and then processed. Left 
ventricular dimensions were determined at enddiastole and end systole to calculate 
left ventricular volumes and diameters. 

In Figure 5 left ventricular volumes determined from intravenous digital sub­
traction angiocardiography are correlated to values obtained from left ventricular 
angiography with direct injection of contrast material. The enddiastolic and end­
systolic volumes show a good correlation. The standard deviation of the residuals 
amounts to ± 18 ml on average. 

From the same examinations the correlations of the enddiastolic and endsystolic 
diameters in the basal (B), equatorial (D) and apical (A) region of the left ventricle 
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are depicted in Figure 6. All regression lines are near to the lines of identity, the 
standard deviation of the residuals range between 3.7 and 6.4 mm. The correspond­
ing circumferential fiber shortening rates, determined as parameters of regional 
function , also reveal a close correlation (Figure 7). The poor correlation of the basal 
(B) diameters and circumferential fiber shortening rates result from difficulties in 
recognizing the ventricular borders in that region where the left atrium is super­
imposed. 

To test the reliability of intravenous digital subtraction angiocardiography 
during exercise, measurements regarding the reproducibility were performed. 

In Figure 8 left ventricular volumes determined from two evaluations of the same 
intravenous angiocardiogram are correlated. For processing, the time-interval­
difference mode was used . The regression line is near to the line of identity, the 
standard deviation of the residuals amounts only to ± 12 m!. 

CONCLUSIONS 

I. Left ventricular angiocardiograms of good diagnostic quality can be obtained by 
intravenous injection of contrast material and subsequent digital image processing 
by a portable hardwired system. 

2. The selection of the mask image considerably influences the quality of the 
difference image. The TID-mode permits quantitative evaluation of intravenous 
angiocardiograms at rest and during exercise in all cases examined. This mode is 
limited, however, in patients with local left ventricular akinesia. 

3. The accuracy and reproducibility of functional parameters of the left ven­
tricle, obtained by intravenous digital angiography are comparable to those de-
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termined from angiocardiograms with direct injection of contrast medium. Digital 
subtraction angiography allows a quantitative analysis of global and regional 
ventricular function at rest and during exercise. It must be emphasized, however, 
that it is an at least semi-invasive technique. 
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16. COMBINED CARDIAC CINEANGIOGRAPHY AND PERIPHERAL 
DIGITAL SUBTRACTION ANGIOGRAPHY 

K. BACHMANN, H.D. BETHGE AND P. MARHOFF 

Intravenous angiography, introduced as early as 1939 by Roob and Steinberg [11], 
is making a comeback. With the advance of high resolution image intensifiers, 
television fluoroscopy and digitalization at hand, digital subtraction angiography 
of extracranial, abdominal and peripheral arteries can be performed ambulatorily 
by transvenous power injection. High quality imaging as a prerequisite of routine 
use has been demonstrated not only for digital vascular imaging but also for digital 
subtraction angiography of the left ventricle [3, 4,5,6, 7, 8, 10, 11, 12, 13]. 

Basically, the method of digital vascular imaging offers high quality imaging with 
the minimum of contrast material at the site of interest. But in our experience this 
advance in angiography is, in patients with multiple atherosclerotic lesions, reduced 
by the so-called "non-invasive" transvenous route because multiple injections of 
30---40 cc contrast material are needed to achieve such a high quality. On the other 
hand, catheterization is no longer the problem it was in the days of Roob and 
Steinberg [11] and the question arises as to why digital subtraction angiography is 
not used as part of the invasive procedure and in combination with cineangiog­
raphy. The majority of our candidates for invasive procedures are patients suspec­
ted of having, or already diagnosed as having, coronary heart disease. Total 
cineangiography has demonstrated that 64.8% of these patients have concomitant 
obstructive peripheral artery disease and thus we have to deal with the generalized 
type of atherosclerosis [1, 2]. This was the reason why we introduced "total 
cineangiography" regardless of whether symptoms of peripheral or coronary artery 
disease disabled the patient. 

There exists more argument for combining cardiac cineangiography and periph­
eral digital subtraction angiography. After opacification of the left ventricle there is 
a run-off of contrast material into the arterial system, enough for simultaneous 
digital vessel imaging in the supraaortic, abdominal, pelvic or femoral area. Thus 
digital subtraction angiography performed simultaneously with ventriculography 
could substantially reduce both the amount of contrast material and fluoroscopic 
exposure of conventional "total cineangiography". 

For combined cineangiography and digital subtraction angiography two x-ray 
image intensifier fluoroscopic systems are in place. One is a 27/17 em image 
intensifier mounted on a C-arm (Angioskop®, Fa. Siemens AG) and the other a 
33/25/17 cm image intensifier which is working independently, either in the con-

Meyer, J., Schweizer, P. and Erbel, R. (eds.) Advances in noninvasive cardiology 
© 1983 Martinus Nijhoff Publishers, Boston. ISBN 978-94-009-6722-9. 
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SYSTEMI- SYSTEM 11-
C EANGlOGRAPHY DIGITAl SUBTRACTION ANGIOGRAPHY 

»TOTAL ANGIOGRAPHY« 

Figure 1. On the left hand side the conventional part of the twin system is shown, comprising image 
intensifier plus TV-system and cine camera. TV-images can be stored on video tape and later reviewed. 
Cine film has to be processed before viewing. The right hand side shows the second large field (33 cm) 

image intensifier with TV-camera and digital subtraction unit with an additional monitor for viewing the 

subtraction image, either as dynamic display (50 frames per second) or stop-action display. For patient 
annotation on hardcopy an alphanumerical keyboard is provided . The command module serves for 
setting the proper processing modes and parameters for digital subtraction . 

ventional or the digital subtraction mode (Figure I). 
The digital image processing unit (Angiotron ®, Fa. Siemens AG) is connected to 

the output of a high-resolution, high line rate TV-system (Videomed H®, Fa. 
Siemens AG) that is operated in a 50 frames per second 624 lines per frame mode for 
this purpose. TV images are digitized and integrated in a proper way so as to 
achieve both high signal-to-noise ratio and adequate display of dynamic data. Of 
two digital image stores one is used for storing the "mask" image (image containing 
no contrast-medium), whereas the other serves during real time observation for 
integration purposes, and finally for storing the "filling" image (image containing 
the optimum filling phase). When subtracting these images from one another the 
subtraction image that results is amplified and displayed on a proper monitor. 
Simultaneously with processing, the original video data can be stored on a high 
bandwidth (10 MHz) Video tape recorder for replay at any time, and reprocessing 
through the subtraction unit as often as wanted. For hardcopies a 100 mm camera 
(Videospot H®, Fa. Siemens AG) is used. Since image quality is mainly determined 
by contrast and noise, optium conditions are maintained at k V p settings from 60 to 
70 k V and input dose rates to the image intensifier of around 500 f..lRjs . For the ease 
of operation an automatic dose rate control is provided. 

With both image intensifiers in place, left ventriculography is combined with 
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serial digital imaging of the supraaortic and cerebral vessels, the abdominal aorta 
including the renal arteries or the pelvic arteries. Because left ventricular angiog­
raphy is routinely performed twice, before and after sublingual intake ofISDN, two 
to three areas of interest can be visualized simultaneously by digital subtraction 
angiography. The contrast material injected in the left ventricle is 20-30 cc with a 
flow of 4--8 cc per second. This is sufficient for digital imaging of the abdominal and 
pelvic area. Digital supraaortic vascular imaging is achieved with 8-12 cc and a flow 
of 4-6 cc/sec. 

Because catheterization of the descending aorta with the Sones catheter causes no 
problem for the angiographer and adds no risk to the patient, down-stream in­
jection into the descending aorta is added in patients for digital subtraction angiog­
raphy of the femoral arteries, and in patients who need more than those two or three 
digital imagings performed simultaneously with the ventricular angiogram. The 
technique of intraaortic contrast material injection has the advantage of a further 
reduction of contrast material and concomitant increase in image quality. This 
ultra-low-doses digital subtraction angiography is extremely useful in patients with 
a generalized type of atherosclerosis who need, in addition to coronary angiog­
raphy and ventriculography, a great number of peripheral, abdominal or supraaor­
tic angiograms. Furthermore, digital subtraction angiography is still available 
when we have to deal with severely ill patients and patients with renal failure. 

The Sones catheter can easily be advanced into the abdominal aorta as far as the 
femoral artery. Having started in 1972, this catheterization technique has been used 
in more than 4000 patients without any serious complications. It has turned out to 
be the ideal approach, too, for low-dose-high-quality digital vascular imaging. As 
compared with the transvenous power injection, regardless of whether the cubital 
or femoral vein is used, only 1/3 to 1/10 of contrast material is required, and in 
combination with left ventricular angiography no additional contrast material is 
needed at all. This provides the option of a large number of series, each of them of 
good quality. Thus, with less contrast material, higher vascular imaging quality is 
achieved, providing the option of increasing the number of single injections far 
beyond the limit set for the transvenous approach. 

In our experience it is not the catheterization technique but the contrast material 
which has to be taken as the main potential risk factor in angiography. This has 
prompted us to replace "total cineangiography" by the combination of cine co­
ronary angiography and ventriculography with digital vascular imaging using the 
same catheterization technique which has proven itself to be both safe and reliable 
in more than 4000 patients. Thus digital imaging reduces the number of objections 
to "total cineangiography", particularly those which focus on the amount of 
contrast material. 

The low-contrast-high-quality digital subtraction angiography has, however, 
been used in intraluminal dilatation of peripheral, abdominal and extracranial 
arteries. Up to now we have performed cine-coronary-angiography and ventricul­
ography in combination with digital vascular imaging (total angiography) in 121 
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Figure 2. Using "run-off' contrast material from left ventricular cine angiography (CA) for digital 
cerebral, abdominal and peripheral subtraction angiography (DSA). 

patients with coronary heart disease or supraaortic, abdominal or peripheral obs­
tructive arterial disease without a single complication. Examples of digital sub­
traction angiography in sequence to left ventriculography and after direct in­
traaortic injection are given in Figures 2 and 3. 

CONCLUSION 

A system for combined cineangiography and digital subtraction angiography is 
described which can be used routinely for "total angiography" with a minimum of 
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Figure 3. Combination of cine coronary angiography and left ventriculography with direct digital 

subtraction angiography (DDSA) of cerebral, abdominal and peripheral vessels. 

contrast material and x-ray exposure, using "run-off contrast-material" after ven­
triculography for sequential opacification of cerebral, abdominal , pelvic and fe­
moral arteries. 

The future trend in digital subtraction angiography should not lead us back to the 
days of Roob and Stein berg [II]. We greatly appreciate the pioneer work done by 

Mistretta and coworkers [9, !OJ (but we do not share their conclusion "that digital 
vascular imaging will suffice to reduce the number of conventional catheterization 
procedures") . The patient should have the option of best quality imaging with a 
minimum of contrast material and lowest x-ray exposure. This can be achieved by 
using the combination of cineangiography and digital subtraction angiography or 
direct digital vascular imaging. Thus digital vascular subtraction angiography is a 
step forward towards "total angiography" of patients regardless of whether they 
have symptoms of coronary heart disease or obstructive peripheral artery disease. 
Furthermore, direct digital imaging still provides angiography for the severely ill 
patient when conventional angiography including the transvenous approach is too 
high a risk. 
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IV. TECHNICAL ASPECTS OF PRECORDIAL ECG-MAPPING 

17. TECHNICAL ASPECTS OF PRECORDIAL ECG-MAPPING 

R. HINSEN, J. SILNY, G. RAU, R. VON ESSEN, W. MERX AND S. EFFERT 

1. SUMMARY 

The method of ECG-mapping is a high resolution ECG approach that has been 
demonstrated to provide additional information about the electrophysiological 
events in the heart. Multiple thoracic leads are recorded in order to analyze local 
potential changes on the body surface. Recent advances in electronic technology 
have enabled the development of practical clinical mapping systems. For the eva­
luation of body surface mapping in the clinical routine use we developed a com­
pletely self-contained clinical mapping system that contains all hardware/software 
components necessary for acquisition, processing, representation and documen­
tation of surface maps. Amplifiers as well as microcomputer, floppy disk storage, 
printer and graphic CRT -terminal are mounted on a very compact trolley that can 
be easily wheeled to different measurement applications. In our system, 48 thoracic 
leads plus standard leads I, II, and III are sampled simultaneously using multiplex­
ing techniques and direct memory access. 

After preprocessing and automatic analysis the system provides comprehensive 
measurement reports, including plots of the representative complexes, printed 
values of the measured amplitudes and time intervals, graphs of the course of all 
computed parameters throughout the test etc. Using the described system we 
evaluated the diagnostic performance of ECG-mapping in comprehensive clinical 
studies. 

2. INTRODUCTION 

In the clinical practice the cardiac electric field is generally studied by recording and 
analysing local potential changes as functions of time (Figure 1). There remains a 
lot of information about the electrophysiological events in the heart that cannot be 
obtained by this method. The precise study of the cardiac electric field requires the 
knowledge of the potential distribution at numerous thoracic points as obtained by 
"body surface mapping". This high resolution approach has been demonstrated to 
provide additional information useful for diagnosis and monitoring of heart disease 
[6, 8]. Up to 256 thoracic measurement points are used for the calculation of the 
total surface potential distribution around the thorax (Figure 2). 

Meyer, J., Schweizer, P. and Erbel, R. (eds.) Advances in noninvasive cardiology 
(C) 1983 Martinus Niihoff Publishers, Boston. ISBN 978-94-009-6722-9. 



158 

Standard Leads (Wilson V1 - V6) 

------------Tr,rfrf~~~~~~~~~-

------------Trri~ft~~~~~~~~~-
------------~T~rfff~~~~~~~~~-
-------------~~~~~~~~~~~~~~~-

----- ~----------~~~~~~~~~~~~-

----------------~~~~~~~~~~~--

Figure 1. Computer plot of multiple ECG signals as functions of time. The position of each plotted 
signal corresponds to its position in the electrode array. The shaded area indicates the thoracic location 
of the six Wilson-leads. 
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Figure 2. Recording sites of multiple ECG-Ieads and representation of the momentous spatial potential 
distribution as 3D plot. The equally spaced measurement grid is cut at the vertebral line and unrolled for 
representation . 
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Figure 3. Multiple electrode array in position on the thorax. 48 electrodes are connected to a flexible 
plate. 

3. A METHOD FOR CLINICAL ECG-MAPPING 

3.1. System-Hardware 

For comprehensive clinical studies we had to reduce the number of electrodes. 
Studies of Barr et al [1], Lux et al [4] and others reported that minimized lead 
systems with 24 to 35 electrodes were sufficient to obtain the clinical significant 
information content. In our institute we are also working on this problem in 
experimental and theoretical studies. Based on our present data we estimate that 
less than 50 optimally placed thoracic electrodes - adapted to the individual case ­
are sufficient for the registration of the clinical significant ECG information con­
tent. In most cases the immense technical overhead of a system with a greater 
number of input channels can be avoided. 

Because the number of positions of thoracic electrodes has still to be discussed 
and no lead system has been established as a standard up to now, we use a grid of 
maximal 256 equally spaced measurement points for the calculation of the total 
potential distribution around the thorax (32 columns with 8 electrodes). We have 
implemented several acquisition modes: 
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Figure 4. Diagrammatic representation of the main components of the mapping system. 

I. We record a 48-electrodes lead system (6 columns with 8 electrodes, equally 
spaced in a 3.5 x 3.5 cm grid (Figure 3) ), in several adjacent positions on the 
thorax sequentially. Special software merges the different records into one sur­
face map. 

2. Minimized lead systems with non-equally spaced electrode positions are used . 
Software modules transform these data to our standard grid. 

3. Only certain "regions of interest" are analysed, e.g. for monitoring of ischemia 
and necrosis in patients with myocardial infarction [2, 3], and for ergometer 
stress tests [7]. 

Our standard lead system is shown in Figure 3. All electrodes are connected to a 
flexible synthetic plate. It takes only a few seconds to attach the electrode array to 
the patient's thorax or to remove it. However, a lot of technical problems had to be 
solved concerning data acquisition and processing. Figure 4 shows our hardware 
configuration. A control unit based on a microprocessor supervises the whole 
system and initializes the necessary functions. 48 thoracic leads as well as standard 
leads I, II, III are amplified in an amplifier unit. There is a separate amplifier 
channel for each lead. The amplified leads are connected to a multiplex unit and 
digitized in an analog/digital converter. Each channel is acquired with 500 samples 
per second. The digitized data are stored on a floppy disk storage. All leads are 
sampled simultaneously. To manage the high throughput-rate the analog input 
channel as well as the floppy disk controller have been realized as direct memory 
access controller. 
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Figure 5. One example of several implemented pattern recognition algorithms. Reference points are 
determined in the smoothed signal as well as in its first and second time derivative. 

All hardware components are mounted on a very compact trolley. It contains 
amplifiers, microcomputer, floppy disk storage, graphic display and printer. This 
stand-alone system allows the registration, preprocessing, analysis and represen­
tation of surface maps under clinical conditions. We reduced the number of control 
elements to a minimal necessary set of buttons that is placed on a specially designed 
panel [5]. 

3.2. Preprocessing and computer analysis 

After the sampling period, a quality control of the recorded ECG signals can be 
performed by accelerated display of all signals on the CRT screen. In an alternative 
mode the system automatically controls signal quality and marks ECG intervals of 
lower quality. Software routines for removing line frequency interferences and 
baseline drifts have been implemented. If there is too much noise on single channels, 
the noisy data can be replaced by means of interpolation techniques. The signal is 
then estimated from an average of the signals at the four nearest points. 

Mapping data are averaged and evaluated off-line. For this purpose we have 
implemented a lot of software modules in our system. The first step of evaluation is 
the calculation of a representative heart action of all ECG complexes in the sam­
pling interval in order to reduce respiratory artifacts and muscle activities. 

The representative heart complexes of all monitored leads are passed to a pattern 
recognition module that determines reference points. For rapid and accurate esti­
mation of reference points we have implemented different ECG pattern recognition 
routines for the different types of - more or less deformed - QRS complexes. Figure 
5 shows one example of several implemented ECG pattern recognition algorithms. 
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Figure 6. Display ofECG-Mappings as 3D maps and isopotential maps for preselected instances within 

the heart complex. 

Reference points are determined in the smoothed ECG signal as well as in its first and 
second time derivative. In borderline cases a chain is performed to the interaction 
module. In this module, characteristic ECG points are determined interactively by 
displaying the ECG signal on the CRT terminal and positioning graphic markers. 
All relevant measurement parameters are calculated after the separation of the 
ECG waves. Typical parameters are: Sum-values of R-wave amplitudes, Q-wave 
amplitudes and ST-segment elevation in all leads of a "region of interest" (e.g. 

monitoring of myocardial infarction [2] or QT -intervals and ST-segment depres­
sion (e.g. stress tests for diagnosis of coronary heart disease [7]). 

The trend of ST-segment elevation is evaluated as an indicator of reversible 
myocardial ischemia, and Q-wave development and R-wave reduction as indicators 
of irreversible myocardial damage. 

3.3. Display of ECG-maps 

The sampled signals are displayed as functions oftimej(xi, Yi, t). For exact quanti-
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Figure 7. The precordial potential distribution at an interval of 60 ms after the S-wave is used to define 

the number and positions of the permanent monitoring electrodes. 

tative and qualitative analysis, the momentous potential distributions are displayed 

as isopotential maps or as perspective 3D maps (see Figure 6). Interpolation 

between measurement points is performed with spline functions. Series of 3D-maps 

or Iso-maps are calculated for selected times within the representative heart com­

plex and displayed on the built-in CRT-display. The perspective is calculated for a 

predetermined point of sight (2 angles). Hidden lines of the three dimensional 

potential distribution are eliminated. Monitoring parameters (sum values) are 

plotted as trend curves. 

4. CONTINUOUS ON-LINE ECG-MAPPING 

Our clinical studies with the 48-electrode array demonstrated that it is possible to 

further reduce the number of monitoring electrodes and we developed a method for 

continuous on-line mapping in patients with acute myocardial infarction. In a first 
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Figure 8. Flow chart of continuous on-line mapping. 
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Figure 9. The built-in printer of the mapping system shows the course of the measured parameters (sum 

ofST-segment amplitudes). This patient with acuty myocardial infarction had two phases of recurrent 
ischemia. 

step we register a multiple lead surface map of the precordial potential distribution 
and define the number and positions of the permanent monitoring electrodes. We 
use the momentous isopotential map at an interval of 60 ms after S-wave to define a 
"region" on the thorax surface for monitoring. In our preliminary studies with this 
method we used 8 electrodes and placed them around the centre of the determined 
region (Figure 7). 

Figure 8 shows a flow chart of the system operation. After the determination of a 
surface area for monitoring we attach the adhesive monitoring electrodes to the 
thorax, Before starting continuous on-line monitoring the system must be in­
itialized for the measurement problem, After that, continuous on-line monitoring is 
performed until alarm conditions are fulfilled. During continuous on-line monitor­
ing all representative complexes and trend curves of the monitored parameters are 
immediately displayed. Figur 9 shows an original measurement print-out (course of 
ST-segment sum-values) of a patient with acuty myocardial infarction. The trend 
curve indicates two phases of recurrent ischemia. 
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18. ABILITIES AND LIMITATIONS OF PRECORDIAL MAPPING 
IN ACUTE MYOCARDIAL INFARCTION 

R. VON ESSEN, W. MERX, S. EFFERT, R. HINSEN,.I. SILNY AND G. RAU 

In more than 90% of all patients acute myocardial infarction can be recognized by 
the 12 leads standard ECG. Only in few cases is it necessary to increase the number 
of electrodes for diagnostic purposes as, for instance, in dominant right heart 
infarction. For detailed analysis of the electrocardiographical development of 
myocardial infarction and for the evaluation of therapeutical influence on infarct 
size, however, multiple leads exceeding the number of 12 standard leads have shown 
themselves to be useful. The first investigations concerning these topics were done 
in animal experiments by Maroko, Braunwald and co-workers in the late sixties 
using epicardial leads [1,2, 3] and showed the good correlation between ST -segment 
elevation after LAD occlusion, CK content of myocardium and histological find­
ings in the ischemic area. The close correlation between epicardial and precordial 
ECG changes in anterior myocardial infarction made this method also applicable to 
man [4]. 

"Limitation of final infarct size" was the slogan of the seventies and a lot of 
interventions and treatments, either reducing myocardial oxygen demand or im­
proving oxygen supply of the ischemic area, were studied. During the first years, 
attention was focused especially on the ST -segment changes. A rapid decrease of 
ST-segment elevation was estimated as beneficial to infarct size. One example is 
shown in Figure I. Though the significant influence of the fJ-blocker metoprolol on 

the ST -segment elevation compared to placebo can be recognized, a significant 
influence on final infarct size could not be proved (from our double-blind study 
concerning the effect of metoprolol on infarct size in acute myocardial infarction 
[5]. Analysis of the spontaneous course of ST-segment elevation in some cases 
already reveals a rapid decrease of ST -segment elevation during the first hours after 
onset of infarction without any specific therapy (Figure 2) as seen here in four of our 
patients. Thus, interest turned more to the changes in Q-, R- and S-waves. Our 
short-term investigations of ECG alterations using 48 precordial leads and calcu­
lation of the sum of all precordial Q- and R-wave amplitudes and ST elevation 
demonstrate that a potentially reversible ischemia (indicated by the ST -segment 
elevation) seems to change into an irreversible myocardial damage (indicated by the 
development of Q-waves and reduction or complete loss of R-waves) during the 
first 6 to 8 hours [6,7]. After these initial ECG alterations, the further course could be 
divided into two different types: one group of patients had no further changes in Q-

Meyer, J., Schweizer, P. and Erbel, R. (eds.) Advances in noninvasive cardiology 
© 1983 Martinus Nijhoff Publishers, Boston. ISBN 978-94-009-6722-9. 
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Figure 1. Influence of P-blocker infusion on ST-segment elevation compared to placebo in patients 
with acyte myocardial infarction. 

and R-waves and ST-segment elevation. CK-MB serum curves corresponded to 
those of an uncomplicated infarction. The other group had ECG and enzymatic 
signs of an extension of infarction with a new increase of ST -segment elevation, a 
further development of Q-waves and reduction of R-waves and a second peak of 
MBCK (Figure 3 and 4). Thus, precordial mapping gives an insight into the 
dynamic of the development of myocardial damage. At this point it should be 

r ST/mV 

20 

10 

o~----------~~----------~ + 
onset of 
chest pain 

12 24 
h 

Figure 2. Spontaneous decrease of ST-segment elevation in four patients with anterior myocardial 
infarction without any treatment influencing infarct size (L: ST = sum of precordial ST -segment eleva­
tion using a 48 lead system). 
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Figure 3. Representative patient with uncomplicated myocardial infarction. After initial decrease of 
ST-segment elevation and R-wave reduction and increase of Q-waves, there are no further changes 
indicating extension of necrosis. This is confirmed by a MB-CK serum curve compatible with an 
uncomplicated infarct. 
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Figure 4. Representative patient with extension of myocardial infarction. 15 hours after onset of chest 
pain, a second increase ofST-segment elevation, a new increase ofQ-waves and a further reduction of 
R-waves (accompanied by angina) can be seen. A delayed second peak ofMB-CK indicates extension 
of necrosis. 
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Figure 5. Schema of our monitoring system with the attached electrodes, amplifier and A/D­

converter, mobile minicomputer and database unit , scope and plotter. 

mentioned, that our investigations in patients with acute infarct and successful 
thrombolysis revealed that Q-waves and R-wave loss are, in parts, reversible and 
not identical to necrosis. 

As a new ST-segment elevation is the earliest objective sign of ischemia, the 
consequence was to monitor ST -segment shifts in patients with high risk of re-
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Figure 6. Histogram of a 62-year-old patient with impending infarction and repetive attacks of 
severe ischemia, documented by new ST -elevations. Ischemias could be stopped within few minutes by 
nifedipine ..... 
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Figure 7. There was no correlation (r <0,5) between precordial Q-wave amplitudes (L Q) and 

number of precordial QS complexes = leads without R-waves (nQS) compared to calculated infarct 

size from CK serum cruves (g.eq). The maximum of L Q and nQS during the furst 48 hours after 

onset of infarction was used. Group A = patients with uncomplicated infarcts (see Figure 3). 

Group B = patients with extension of infarcts (see Figure 4). 

ischemia and in those with impending infarction. A computerized system was 
devised, able to monitor up to 16 electrodes simultaneously (Figure 5). The selec­
tion of electrodes was based on a preceding 48 electrodes mapping. In anterior and 
inferior infarction different strategically placed electrodes are used, located in and 
around the centre of the ischemic area. The sum of the ST-elevation and of the R­
waves are calculated in 3 minute intervals and plotted as a histogram. Figure 6 

shows the histogram of a patient with impending infarction and repetitive attacks of 
severe ischemia, documented by new ST -elevation. Ischemia could be stopped 

within few minutes by nifedipine. Our first experiences in 50 patients monitored 
for 24 to 48 hours demonstrate that this method is a useful tool to recognize 
ischemias at once and to improve therapy for avoiding ischemic attacks or ex­
tension of infarcted myocardium [8]. 

All hopes to quantify infarct size exactly by means of precordial mapping have 
not yet been fulfilled. Our investigations could find no correlation between ECG 
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changes (number of precordial leads with ST-segment elevation, number or ampli­
tudes of Q-waves, precordial R-wave amplitudes or number of precordial QS­
complexes) and infarct size calculated from CK or MBCK (Figure 7). However, 
recently Selvester et al [9] reported the pathological validation of computer model 
criteria and infarct size and location. The correlation between a segment sub­
division of the left ventricle and ECG signs of infarction using a score-system 
allowed in patients with first myocardial infarction, and in absence of ECG criteria 
of hypertrophy or bundle branch block a good quantification, which could be 
proved by pathological findings [9]. 

CONCLUSION 

F or diagnostic purposes precordial mapping is useful only in a few cases. Detailed 
analysis of the ECG using multiple leads gives an insight into the dynamic process 
from reversibly ischemic myocardium to irreversible damage. It enables us to 
differentiate between uncomplicated and complicated infarcts. The investigations 
have improved our knowledge of the time course of the infarct and have influenced 
our decision as to how long after onset of infarct does thrombolysis make sense. A 
continuous on-line monitoring of multiple leads promises to increase our know­
ledge of ischemia and improve therapy for avoiding ischemic attacks. To date, ECG 
does not allow exact quantification of infarct size even when using multiple leads. 
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19. DETECTION AND QUANTIFICATION OF ACUTE MYOCARDIAL 
INFARCTION BY TWO-DIMENSIONAL ECHOCARDIOGRAPHY 

P. SCHWEIZER, R. ERBEL, W. MERX, J. MEYER, W. KREBS AND S. EFFERT 

1. INTRODUCTION 

The immediate and long-term prognosis of patients with acute myocardial in­
farction depends largely on the site and extent of the infarcted myocardium. 
Recently, clinical and experimental studies have demonstrated that two-dimen­
sional echocardiography can visualize wall motion abnormalities in acute myocar­
dial infarction and can be used to quantify the extent of ischemia. The practicability 
of those methods could be of special interest to estimation of changes secondary to 
t-therapeutic interventions [1, 2, 3,4]. 

F or several reasons the following quantitative echocardiographic studies in acute 
myocardial infarction were carried out using long axis apical two chamber views: in 
our experience this section plane can be obtained with a success rate of over 85%, 
even in critically ill patients. This is in contrast to the success rate of parasternal 
views which can be obtained only in about 65% [2, 5, 6]. Left ventricular regional 
and global function can be studied from the same section plane. Furthermore, the 
apical two chamber view permits visualization of anterior, apical and inferior parts 
of the left ventricle, resembling cineangiographic right anterior oblique projection 
[7). 

2. SENSITIVITY AND SPECIFICITY OF THE METHOD 

To test the sensitivity and specificity of the method, studies were first of all carried 
out in 39 patients with acyte myocardial infarction immediately before cineangiog­
raphy and coronary arteriography were performed. There were 24 anterior wall 
infarctions and 15 inferior wall infarctions. Two chamber apical cross sections were 
compared with 30o-RAO cineangiographic projections in a quantitative manner. 
The control group consisted of 32 normal persons. 

Borrowed from cineangiography, the following quantitative method was ap­
plied. It was presumed that the two-dimensional cross sections used were compara­
ble to the cineangiographic views: the inner boundaries of the left ventricle were 
traced with a light pen system in endsystole and enddiastole and were transferred to 
a videometry unit with digital computer and corresponding computer periphery. 

Meyer, J., Schweizer, P. and Erbel, R. (eds.) Advances in noninvasive cardiology 
© 1983 Martinus Nijhoff Publishers, Boston. ISBN 978-94-009-6722-9. 
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Figure I . Correlation between echocardiographically and cineangiographically detected wall motion 
abnormalities in 390 area segments of the left ventricle from 39 patients with acute myocardial in­
farction. 
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Figure 2. Plots of regional contraction in area segments (6. F%) for the 24 patients with anterior wall 
infarction. Correlation between two-dimensional echocardiography (above) and cineventriculography 
(below). The normal contraction range is represented by the tolerance limits (lower limits) and the mean 
values (upper limits) and was established in 32 persons. 
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Figure 3. Regional contraction abnormality in 15 patients with inferior wall infarction . Schematic 

representation similar to Figure 2. 
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Figure 4. Regional and global left ventricular function in 39 patients with acute myocardial infarction. A 
high risk group with severe contraction abnormalities and reduced ejection fraction can be identified 
with echocardiography. In this high risk group 4 patients died during early hospitalization. 
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Volumes were calculated according to the Simpson's rule. 

Regional contraction was quantified as follows: the center of gravity of the 
endsystolic outline was derived by the computer. 12 radials from this center in­
tersected the systolic and diastolic perimeters each forming an angle of 30°. Two 
basal segments near the valvular region were excluded from analysis. A systolic 
fractional area change was measured for each of the ten remaining area segments. In 
order to differentiate between normal and disturbed wall motion, tolerance limits 

were established with 32 normals. 
Figure 1 is a schematic representation of the total results obtained with 39 

patients. Starting from 390 segments, 190 segments were abnormal with 
cineangiography and 164 segments proved to be abnormal with two-dimensional 

echocardiography. 28 segments were false positive with the latter method. Thus the 

total sensitivity was 73%, whereas the specificity was 89% and the predictive 
accuracy was 83%. 

Plots of regional contraction for the 24 patients with anterior wall infarction 
versus those of 32 control persons are depicted in Figure 2. On the left hand side can 

be seen the echocardiographic data and on t.he right hand side the cineangiographic 

data. The lower border of the field of normal range, represented by the limit of 

tolerance, is more pronounced with cineangiography than with two-dimension 

echocardiography. Concerning the cross sectional echocardiographic detection of 

anterior wall motion abnormalities, the sensitivity was 80% (the exact correspon­
dence in each subsegment), whereas the specificity was 87%. 

In contrast, the mean changes in fractional area change of the 15 patients with 
inferior wall infarction are summarized in Figure 3. The sensitivity of two-dimen­
sional echocardiography for the detection of inferior wall motion abnormalities 
was 67% with a specificity of 85%. There are of course some discrepancies between 
the echocardiographic and cineangiographic method, which first of all are due to 
the fact that the apical view does not cover all of the ventricular wall seen with 
cineangiographic right anterior oblique projection [7]. 

Nevertheless, in our hands this method proved to be very informative in respect 
to the localization of the infarction and in respect to the prognosis and outcome of 

the patients. Two-dimensional echocardiographic ejection fraction was plotted 

against the amount of pathological segments determined with two-dimensional 
echocardiography in each patient. From global and regional function a subgroup of 
patients could be identified, having bad ejection fraction and large zones of con­
traction abnormality. In this high risk group 4 patients died of pump failure during 
the early stage of infarction (Figure 4). 

3. ASSESSMENT OF THERAPEUTIC INTERVENTIONS 

Two-dimensional echocardiography seemed also to be a reliable means to assess the 
effect of therapeutic interventions in sequential studies, where each subject served 
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Figure 5. Radial plots of the end systolic and enddiastolic left ventricular contour, i.e. the percentage 

radial shortening of the systolic and diastolic perimeters against the radial angle 0-360°. Demonstration 

of a large akinetic zone during the acute stage of infarction, which begins to improve on the first day after 

streptokinasis therapy. 

as his own control. Such a study was performed in acute myocardial infarction to 
determine whether the extent of regional motion abnormality may be influenced by 
early successful intracoronary thrombolytic recanalization of the occluded vessel. 

42 patients aged 41 to 74 years fulfilled the criteria for early intracoronary strep­
tokinase therapy as well as the criteria for repeated registration of technically ade­
quate two-dimensional echocardiograms. Global and regional left ventricular func­
tion were investigated immediately before the intracoronary application of stepto­
kinasis, on the first, second and third day after infarction and during the third to 
fourth week. 

Figure 5 demonstrates the changes of wall motion disturbance during the course 
of an anterior wall infarction with early successful recanalization of the infarcted 
vessel. In this case the time interval between the beginning of symptoms and the 
success of thrombolysis was exactly 180 min . During the acute stage of infarction a 
larger akinetic zone of the anterior and apical wall is visible, which - in this case -
shows a distinct improvement in contraction on the first day of acute myocardial 
infarction and which remains quite stable during the follow up period. 

After complete analysis of all echocardiographic registrations in all patients the 
collective was further subdivided into two groups. Group A consisted of 16 patients 
in which early recanalization of the infarcted vessel was obtained within 4 hours of 
the beginning of symptoms. The mean time interval was 180 ± 32 min. Group B 
consisted of 26 patients, in which thrombolysis was successful only later than 4 
hours, the mean interval being 315 ± 56 min or in which the intervention with 
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Figure 6_ Changes of wall motion abnormality during the first three days of myocardial infarction. Only 
in group A, with short time interval between the beginning of symptoms and recanalization, is there a 
significant improvement in wall motion relative to the control value_ 

streptokinasis remained ineffective; this was the case in 6 patients. The fractional 
area changes of those segments, which proved to be pathological during the in­
vestigation in comparison to tolerance limits, were summed up for each follow up 
period and for each patient. 

The changes of wall motion abnormality during the first three days of myocardial 
infarction are depicted in Figure 6. In group B the sum of regional fractional areas 
being pathological during the follow up study was 49% before therapy and did not 
show any significant alteration during the first three days. In group A, in contrast, 
with a short time interval between the beginning of symptoms and recanalization, 
there was a significant improvement in wall motion relative to the control value. 
The sum of the fractional areas being 33% at the beginning showed further improve­
ment up to 75% at the third day of investigation . 

During the late follow up period (i.e. during the 3rd to 4th week after acute 
myocardial infarction) in the 26 patients of group B there was again no significant 
alteration despite intensive variation of individual values. In contrast, in the 16 
patients of group A, an additional small but significant increase in wall motion 
could be measured. 

According to this significant change in regional function , which was only ob­
served in group A, only in this group of 16 patients could a slight change in global 
function be observed. The ejection fraction significantly increased from 47 ± 8% to 
54 ± 8%. The global left ventricular function in group B, with a worse control value 
of 43% ± 10%, did not show any significant change during the follow-up period 
(EF: 44 ± 10% after 4 weeks). 
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4. SUMMARY AND COMMENT 

Our data demonstrate that two-dimensional echocardiography has a fair sensitivity 
and specificity to localize and quantify wall motion abnormalities. An under­
estimation of the angiographically measured wall disturbance is due to the tangen­
tial cut of the heart from apical cross sectional views. In combination with the 
echocardiographically determined global function, the method has further the 
capability to predict the early prognosis of patients with acute myocardial in­
farction. 

During therapeutic intervention with streptokinasis a significant improvement in 
regional and global function of those patients undergoing very early reperfusion 
could be observed. These latter findings share some limitation, of course, because 
no direct estimation of myocardial vitality is possible from quantitation of regional 
left ventricular function alone. Segmental wall motion abnormalities can be as­
sociated with both myocardial ischemia and infarction [8, 9]. 
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20. DETECTION AND QUANTIFICATION OF ACUTE MYOCARDIAL 

INF ARCTION BY MYOCARDIAL SCINTIGRAPHY 

P. PROBST, O. PACHINGER, H. SOCHOR AND E. OGRIS 

INTRODUCTION 

Detection and quantification of acute myocardial infarction were some of the most 
important goals in cardiology in recent years, since, in both acute and old myocar­
dial infarction, morbidity and mortality are related to the extent of myocardial 
damage [1,2, 3]. Furthermore, this has become particularly important because of 
new attempts for the treatment of acute infarction in the early stage [4]. In order to 

evaluate the success of therapeutic interventions it is necessary to get an estimate of in­
farct size as soon as possible. An ideal method should differentiate between normal 

myocardium,jeopardized tissue (which means myocardium that basically might be 

saved by interventions) and necrotic irreversibly damaged muscle. This has been 

shown experimentally by special staining methods in vitro, but so far not in vivo [5]. 
Apart from ECG, various methods for estimation of infarct size are currently 

used: (I) depletion of myocardial creatine and creatine-MB (CK) depletion, (2) 
assessment of regional ventricular function by echocardiography and isotope stu­
dies of ventricular function and (3) radionuclide methods delineating normally 
perfused myocardium or necrotic tissue. Since these radionuclide techniques are 
noninvasive and can be used rather easily in the intensive care setting, this paper will 
deal with radioisotope methods for the assessment of myocardial infarction [6, 7,8, 
9, 10, II]. 

RADIONUCLIDES IN USE 

Two major approaches are currently used to delineate normal and/or damaged 
myocardium. "Cold spot scanning" techniques will define abnormal areas by a 
defect in the normal distribution of an agent taken up by normally perfused and 
viable myocardium. Of all substances - mainly potassium analogs - thallium 201 

has turned out to be the isotope of choice for this approach, mainly due to its good 
correlation with myocardial blood flow and to the inverse relationship of TI-20l 

uptake [12]. Demonstration of lesions in a positive contrast technique theoretically 

yields advantages due to possible higher target-to-non-target ratios for detecting 
infarcted areas as "hot-spots". Almost all infarct avid tracers have been Tc-99m 

Meyer, J., Schweizer, P. and Erbel, R. (cds.) Advances in noninvasive cardiology 
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Table 1 

"Hot spot" scanning 

(I) Hg-203labelled 

(2) Tc-99m labelled sulfhydril containing 

substances 

Other substances 

(3) 1-131 labelled AB to 

(4) Ga-67 citrate Ln-III leucocytes 

Infarct scanning 
(use of infarct avid radiopharmaceuticals) 

Chlormerodrin fluorescin 

DMA (dimercaptosuccinic acid) 

Penicillamin 
Thioglycerol 

Tetracyclin 
Glucoheptonate 
DTP A (diethyitriaminepentaacetat) 
POP (polyphosphate) 
PYP (pyrophosphate) 
MDP (methylendiphosphonate) 
Myosin 

Myoglobin 

Mitochondria 

Substances labelling inflammatory infiltrat 

labelled but unfortunately the mostly used Tc-99m pyrophosphate is also taken up 
by bone and this reduces the signal to noise relation. In a given infarct a cold lesion 
detected by non-uptake of TI-201 is usually also well defined by a substantial 
increase of Tc-99m pyrophosphate in the same area. The superposition of these 2 
scintigrams should add up to a complete scan of the myocardium [13,14,15,16,17]. 

Tables 1 and 2 depict a listing of substances which have been used, which are still 
in use and which are under investigation for hot spot or cold spot scanning. Out of 

Table 2 

"Cold spot" scanning 

(I) K-43, Cs-129, Rb-81, TI-2OJ 
(2) 1-123 labelled FA 
PPA (phenylpentadecanoic) acid) 
(3) C-II, F-18, N-13, 0-15, Ga-68 

(4) Tc-99m , In-113, Cr-51, 1-131 
(5) Tc-99m labelled substances 

(6) Te-123 m labelled substances 

Myocardial scintigraphy 

Potassium analogs 
HDA (heptadecanoic acid) 

Radiopharmaceuticals labelled with 
positron emitters 
C-II Palmitate 
C-II Carbonmonoxyde 
F-18 Dog (desoxyglucose) 
N-13 Ammonia 
Labelled particles 
DMPE (dimethylphosphinoethane) 
BMT A (betamethylomegaphenyl-tetradecanoicacid) 
TeHDA (tellurheptadecanoic acid) 



Table 3. Comparison of TI-20 I and PYP for scanning of acute myocardial infarction 

Mechanism of accumulation 

Contrast pattern 
Highest sensitivity 
Decr. sensitivity 

False negative 

False positive 

TI-201 

Perfusion 

Na/K ATPase 
Negative 

6h 

24h 

Small infarcts 
NTM infarcts 

RV-INF. 
Unstable AP 
Previous MI 

Ischemia 

Tc-99 m PYP 

Uptake in damaged myocardium 

Positive 
24--48 h 

6d 

Small infarcts ( < 3g) 

NTM infarcts 

No residual flow 
Unstable AP 
Persistent after previous MI 
Any calcification 
Aneurysm 
Cardioversion 
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the many substances which have been used for hot spot scanning, only the pyr­
ophosphate are routinely in clinical use [12, 18]. But there are promising develop­
ments, as with labelled antimyosin, labelled antibodies or myoglobin [19]. There are 
also some advances in labelling inflammatory infiltrates. Up to now only animal 
experiments have been performed with these new substances. Out of the isotopes 
which are used for cold spot scanning, clinical practice has focused on thallium-201 
[20]. This isotope has a low gamma energy which leads to a low radiation exposure 
of the patient and has a half life long enough to allow commercial distribution and 
repeated examination. It accumulates in the normal myocardium related to 
myocardial blood flow; analogs of free fatty acids labelled with single photon 
emitters (1-123 HDA) deliver a different kind of information. Lacking the facilities 
of positron imaging these fatty acid analogs can be considered the "poor man's" 
metabolic imaging [21]. Although some promising work has been presented more 
recently, showing a possible use of these isotopes for better definition of the 
functional status of the myocardium in acute and chronic ischemia by giving 
information about the relation of perfusion and metabolic demands, these tech­
niques are not currently used as a standard diagnostic approach on a routine basis 

Table 4. TI-20l in acute myocardial infarction 

Advantages 

Highly sensitive ( < 6h) 

Localisation 
DD necrosis-ischemia 
In non diagnostic EKG 

Disadvantages 

Expensive 

Availability 

Quantification in acute stage 
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Figure 1. Technetium-99m stannous pyrophosphate scan of a patient with extensive myocardial in­
farction showing a "doughnut" pattern as a poor prognostic sign . 
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[22,23]. The most promising substances - positron emitters - are also listed in the 
table. Unfortunately these are only available for few centers with a cyclotron 
nearby and a positron imaging device. This situation is most likely to remain for the 

near future. Nevertheless (as is also discussed in this book), only positron tech­
niques allow true quantification of perfusion and metabolism at the present time 
[24,25]. Substances listed under point 4 are used by intracoronary administration 
and will not be discussed in this paper. Therefore this review will focus on one 
representative technique of the hot spot scanning group, Tc-99m-pyrophosphate, 
and on one of the cold spot methods, imaging with thallium-20 I (10, 13, 16, 17, 18, 
26). 

COMPARISON OF PYROPHOSPHATE IMAGING AND THALLIUM-20l 

While thallium uptake is mainly dependent on perfusion and the function of the 
membrane A JP-ase system, pyrophosphates are accumulated in damaged myocar­
dium (Table 3). Therefore thallium-20l shows a negative and pyrophosphate a 
positive contrast. The sensitivity of thallium 20 I is high within the first 6 hours, of 
pyrophosphate between 24 and 48 hours. Sensitivity for TI-201 decreases after 24 
hours, for pyrophosphate imaging after 6 days [12, IS]. False negative results with 
thallium-201 can be seen in small infarcts, in non-transmural infarcts and in right 
ventricular infarction. With pyrophosphate we may get false negative results in 
small infarcts (less than 3 grams is thought to be a limit), in non-transmural 
infarction and if there is not enough residual flow to the infarcted area. False 
positive results with thallium-20l are seen in unstable angina pectoris, previous old 
myocardial infarction and ischemia. With pyrophosphate false positive results can 
be obtained also in unstable angina pectoris or after previous myocardial infarction 
with persistent accumulation. Any calcification can cause an accumulation of 
pyrophosphate (calcified valves, thrombi, pericarditis). Aneurysms and cardiover­
sion can also give positive pyrophosphate scans. 

Figure I shows an example of a positive pyrophosphate scan with a large anterior 
wall myocardial infarction showing a higher accumulation of the radiophar­
maceutical at the border of the infarct zone. This "doughnut pattern" is supposed 
to be a poor prognostic sign. The accumulation of pyrophosphate in the ribs and in 
the sternum leads to a higher background. Pathophysiologic factors for the con­
centration of this tracers in damaged myocardium are the presence of some residual 
flow to the damaged mus1e (10-40% of the control normal values), calcium accumu­
lation in the damaged myocardial cells and the presence of irreversibly injured 
myocardial cells [11,12,15]. 

Advantages of Thallium-201 are its high sensitivity in the first 6 hours from the 
beginning of symptoms. An exact localisation, especially in non-diagnostic ECG, 
can be obtained and by sequential imaging differential diagnosis of necrosis and 
ischemia is possible. The former disadvantage resulting from the fact that thal-
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Table 5. Tc 99m PYP in acute myocardial infarction 

Advantages 

Cheap 
Easy to obtain 

Highly sensitive 
RV-infarction 

Disadvantages 

Long time interval 

Background 
Poor quantification 

Poor specificity 

lium-20 1 is a cyclotron product and therefore still expensive has been improved by 
a rather wide spread distribution net. The main limitations however are due to its 
biological behavior. Although thallium-201 uptake is mainly determined by 
myocardial blood flow, cellular extraction and the status of the cell membrane can 
alter the amount of uptake independent of flow. Furthermore, in hyperemia thal­
lium-20l uptake underestimates blood flow and overestimates flow and very low 
ranges. For a wide flow range it offers a good relationship with blood flow and is 
still the imaging agent of choice for delineating myocardial perfusion abnorma­
lities. Sensitivity in acute myocardial infarction has been reported by Wackers et al 
[14] to be 100% within the first 6 hours, 76% within 24 hours and 73% after 48 hours. 
Ritchie et al have shown sensitivities of 85% within the first 7 days and of 70% after 
that time period [27]. The same authors have shown a sensitivity of95% in anterior 
wall myocardial infarction and 73% in inferior myocardial infarction. Specificity 
for the detection of acute myocardial infarction, however, is low since not only 
necrosis shows a defect but also persisting ischemia and old scars. In addition it was 
shown that there is a decrease of defect size within the first few hours of acute 
infarction due to reduction of ischemia of the border zone. Therefore there is a 
decrease of defect size without on actual decrease of infarct zie [14, 28]. 

The advantages of pyrophosphate are that it is cheap, easy to obtain and that it is 
highly sensitive. It has also the property to visualize right ventricular infarction. 
One of the main disadvantages is the long time interval after infarction until the 
scan becomes positive. This precludes its use for the estimation of infarct size 

Table 6. Indications for myocardial imaging in acute myocardial infarction 

Suspected MI 

EKG non diagnostic 

Enzymes non diagnostic 

Localisation 
DD unstable angina - AMI 
Prognosis: T1201: Defect size 

Intact Myocardium 
Tc 99m PYP: Doughnut pattern 

Persist. pos. 



Table 7. Imaging procedures and imaging devices 

(I) Planar imaging (Scintillation Camera) 
(2) Tomographic imaging 

2.1. Limited angle tomography 

7-pinhole collimator rotating slant-hole collimator 
2.2. Transaxial tomographic approaches 

SPECT (single photon emission computerized tomography) 

PCT (positron computerized tomography) 
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reduction due to any intervention [29]. Some data are available reporting on early 
post-interventional uptake in damaged myocardium after intracoronary appli­
cation after intracoronary selective thrombolysis [4,30]. Other disadvantages ofthe 
tracer are the high background, the poor quantification possibilities and the rather 
low specificity [12,26]. 

INDICATIONS FOR INFARCT SCINTIGRAPHY 

Retrospective analysis of main reasons for imaging in acute infarction in the 
coronary care unit revealed that the main indication was infarct diagnosis and 
infarct size estimation. In addition patients with non-interpretable EeG, suspected 
myocardial infarction (positive enzymes, negative EeG) were studied. Also, for 
differential diagnosis of ischemia versus infarcted tissue and unstable angina pec­
toris versus myocardial infarction, these isotopes techniques were applied. There­
fore the following indications for infarct scanning have been accepted: (1) Suspec­
ted myocardial infarction if the EeG is non-diagnostic or the enzymes are not 
diagnostic. (2) Unclear localization. (3) Differential diagnosis of unstable angina 
pectoris in acute myocardial infarction using sequential scanning. (4) Infarct size 
estimation as a prognostic indicator. 

As Perez-Gonzales et al [31] have shown more recently that scintigraphic infarct 
size, determined both by Tc-99m pyrophosphate and TI-201, could successfully 
separate a higher risk group of patients from the ones with better prognosis. Early 
scintigraphic parameters appeared more accurate than any other laboratory in­
dicator for determining late prognosis. Perfusion abnormalities > 35% of the ven-

Table 8. Sensitivity of TI-201: planar imaging vs. 7-pinhole tomography 

Planar Planar Torno 
qualitative quantitative qualitative 

Pat. with previous MI (N = 26) 88% 92% 92% 
Pat. with previous MI and additional 
reversible ischemia (N = 46) 72% 76% 87% 

Torno 
quantitative 

96% 

91% 
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Defect size definition in 
7-PH tomography 
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Figure 2. Infarct size estimation by seven-pinhole TI- 201 scintigraphy. Right panel: defect size esti­
mation by circumferential profile analysis between intersection points of individual patient profile with 
lower limit of the 2 SD range of the normal population . Defect size is expressed as % circumferential 
angle and as integral uptake area. Left panel: Correlation of enzymatic parameters (CK, CK-MB) with 
scintigraphically determined infarct size. A significant correlation was found. Patients indicated as 
streptolysis-patients were not taken for regression analysis. 

tricular area were significantly more often accompanied by non-survival [32,33,34, 
35]. 

IMAGING PROCEDURES AND IMAGING DEVICES 

Table 7 shows several methods currently in use for myocardial imaging. Concerning 
quantification of infarct size there was a great hope that tomographic approaches 
would lead to a significant improvement [36]. The advantages oflower background, 
higher contrast, improved semiquantitative analysis and improved localization 
capabilities can be applied for infarct imaging. In a comparative study of planar 
imaging and 7-pinhole imaging in our institution a slightly increased sensitivity for 
detection of myocardial infarction was found (Table 8). For the diagnosis, "in­
farct" tomographic techniques by 7-pinhole tomography could not significantly 
increase sensitivity. In 30% of the patients, however, additional information con­
cerning size or localization of the infarct was obtained. When comparing the peak 
CPK in acute infarction with scintigraphically determined thallium- 2OI defect size 
by 7-pinhole tomography using a circumferential profile approach [37, 38, 39], a 
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Figure 3. 201 -TI Scan and 123 I-fatty acid extraction image in a patient with successful lysis of an 

occlusion of the right coronary artery. The 201 TI defect size appears smaller than the disturbed 

metabolic activity. 

significant correlation of r = 0.76 was found . Defect size was expressed as percent 
angle of total circumference and as integrated uptake area of the individual 
patient's profile under the normal distribution (Figure 2). Several authors have 

shown that this quantitative technique was able to demonstrate significant differ­
ences in TI- 201 defect size before and after streptolysis, and in comparison with 
patients with unsuccessful or unattempted lysis in acute myocardial infarction [23]. 
A quantification in absolute terms, however, is still not possible [40, 41]. 

These findings are in good concordance with more recently published data of 
Tamaki et al [42] , obtaining tomographic data from a transaxial tomographic 
technique using a rotating gamma-camera, showing also significant correlations of 

CK-MB depletion and scintigraphically defined infarct volume being superior over 
planar determination infarct size (r = 0.89 for tomography, r = 0.73 for planar 
imaging). Nevertheless, there are significant problems in attempts for quantifi­
cation: difficulties in reconstructing three-dimensional infarcts from planar scans, 
poor resolution (more than 3 gram infarcted myocardium necessary) and overlying 
structures of the thorax. 

Defect size is also dependent on the radiopharmaceutical which is used for 
definition of the "area of risk" . When comparing TI- 201 and fatty acids analogs (I-

123 HDA) we could see significant differences in defect size in patients who had 
undergone successful streptokinase therapy with restoration of antegrade coronary 
flow. The majority of them (70%) had smaller defects in the TI- 20 I scan as com­
pared to a much larger metabolic impairment in the fatty acid study. This might be 

due to a persistent metabolic damage of myocardial tissue as compared to the 
restored flow demonstrated by the small thallium-perfusion defect [23, 43]. There­
fore the choice of the substance will also influence the sizing criterion. However, 
useful information about the functional status might be detected by these rather 
new techniques. One of the main problems for tomographic reconstruction is 
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absorbtion, especially when using the low energy isotope TI-201. Hopefully new 
isotopes with higher gamma energies will also increase tomographic accuracy [36]. 

FUTURE ASPECTS 

Clinicians would expect from these isotope methods a 3-dimensional representation 
of infarcted myocardium as soon as possible in the course of infarction [44, 45]. In 
addition quantification of infarction in terms of gram infarcted tissue would be 
desirable. There are promising aspects in positron emitting substances. Unfor­
tunately these are confined only to a few centers with cyclotrons nearby and with 
special instrumentations. Furthermore we could expect the development of new 
radionuclides with similar behaviour to thallium but labelled with technetium 
which might lead to better images and may be used with tomography. Development 
of better algorithms for background and absorption correction in tomography can 
also be expected. What has been achieved so far is the fact that we already have 
techniques at hand which delineate jeopardized myocardium in a much more 
physiologic way than just enzymes or ECG registrations. The prognostic infor­
mation obtainable from these methods could be usable as guidelines for identifi­
cation of high-risk subgroups of patients, because data available suggest that these 
isotope studies might be superior to other methods for prediction of the course of 
individual patients and could be clinically applied to guide treatment in the in­
dividual infarct patient. 
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21. TRANSMISSION COMPUTED TOMOGRAPHY IN 
ACUTE MYOCARDIAL INFARCTION 

ROBERT HERFKENS, BRUCE BRUNDAGE, PAUL KRAMER, JAMES GOLDSTEIN 

AND MARTIN LIPTON* 

INTRODUCTION 

The attenuation of roentgen radiation by different tissues is the basis for images 
recorded on film as well as those obtained during fluoroscopy. Computed tomo­
graphy involves the reconstruction by computer of attenuation profiles. The theory 
underlying this concept was developed and applied by Godfrey N. Hounsfield and 
Alan M. C ormack; for this research they recei ved the 1979 Nobel Prize [I, 2]. Their 
work resulted in the first available commercial CT head scanner in 1972 in England 
[3]. The impact of this development in neuroradiology was dramatic and is well­
documen ted - invasi ve neuroradiographic proced ures ha ve su bsequen tly decreased 
by over 40~;';. There is an even greater need for reconstruction o[the anatomy of the 
heart throughout the cardiac cycle in health and disease. Compared with stationary 
organs like the brain, imaging of the heart presents a far greater challenge. The use 
of CT for diagnosing heart disease is still in its infancy. Nevertheless, clinically 
useful cardiac applications have already emerged and new developments are pro­
gressing rapidly. It is the purpose of this chapter to outline the present clinical status 

of cardiac CT for diagnosing acute myocardial infarction and to discuss the ad­
vantages and limitations of this modality. 

ISCHEMIC HEART DISEASE 

Ischemic heart disease, also known as coronary artery disease, is the prime killer of 
men over the age of 35 and of all adults over the age of 40 in the United States. More 
than one million people die annually in this country from heart disease, some 55% 
of all deaths. Each year 1.2 million Americans sustain their first heart attack and 
despite our best efforts, at least one third die within a month. Only 50% are unable 
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to return to their previous employment and require disability support. Thus, coro­

nary artery disease, by virtue of its incidence and nature, is perhaps the most urgent 
medial problem of our time [4]. It is the primary reason for patients seeking advice 
from their physicians, the largest single cause of days spent in the hospital, and the 
principal diagnosis on most hospital discharge sheets. The total direct cost of heart 
disease is approximately 12 billion dollars each year. The indirect costs in terms of 
lost productivity, family hardships, etc., are incalculably higher. A major portion of 
the 12 billion dollar outlay is spent on the various diagnostic techniques currently 
used. 

The above statistics tend to indicate the relative inadequacy of presently available 

diagnostic methods to detect heart disease until it has progressed to a late stage. 
More than 100 million electrocardiograms are performed annually, but a heart 
attach is often the first confirmation of advanced disease. The sequence of events 
leading to heart attack is usually gradual, occurring over a number of years. Thus, 
there should be ample opportunity for early diagnosis with a sufficiently sensitive 
diagnostic procedure. The established modalities of echocardiography and isotope 
imaging contribute greatly to the routine management of ischemic heart disease, 
but they seldom provide all the necessary diagnostic information required for 
adequate patient management, and like aniography, these methods have fund a­
mental limitations of their own. Despite remarkable advances in the development 
of these noninvasive imaging techniques, the diagnostic gold standard remains 
traditional cardiac catheterization with haemodynamic recording and angiocardio­
graphy. Invasive procedures, however, are not ideal because they are costly, require 

patient hospitalization and carry the risk of complications and are not warranted 
routinely following acute infarction. These disadvantages preclude their use for 
widespread patient screening. Angiocardiography is also limited for more funda­
mental reasons. It is not three-dimensional and is primarily an anatomic study 
which cannot directly quantitate regional myocardial perfusion. It cannot measure 
myocardial wall thickening, nor can it identify left ventricular mass with any degree 
of precision. The prospect, therefore, of developing a noninvasive imaging modality 
capable of obtaining all the required diagnostic information - preferably during 
one diagnostic examination - is an extremely desirable goal. It was this philosophy 
which excited the interest of our group and was the motivation to explore and 
develop computed transmission tomography (CT) for cardiac diagnosis. 

COMPUTED TRANSMISSION TOMOGRAPHY 

The physician is presented with a cross-sectional digital image which is stored in the 
scanner's computer, and provides the opportunity for image manipulation, analysis 
and direct quantitation. CT also has considerably greater density resolution of 
0.5-1.0% compared with 5-10% obtained with conventional x-ray film/screen 
systems. The spatial resolution of CT is notably superior to nuclear medicine 



195 

imaging and, unlike echocardiography, CT scanning is not restricted or impeded by 
air in the lungs or by the rib cage. All present commercial CT scanners were 
designed only for the head and body where motion artifacts are limited to patient 
movement and peristalsis, hence relatively long exposure times are acceptable. 
Cardiac imaging has special requirements because not only must cardiac structure 
be demonstrated, but also cardiac motion requires evaluation. 

The scanner used for cardiac studies at UCSF is a General Electric CT/T 7800 
series rotary fan beam whole body scanner, modified to provide a 2.4 second 
exposure for a 3600 angle of reconstruction. This instrument also has the capability 
to perform 5250 overscans from which either 23600 or 3 1800 (plus fan angle) 
reconstructed images with some overlap are possible. A delay of approximately one 
second occurs before the next rotation is performed in the opposite direction. 
Tomographic sections of 1 cm thickness are usually selected. This scanner has been 
described in detail elsewhere [5]. Scanners with similar exposure times designed by 
other companies are also now being evaluated in several other centers. CT provides 
excellent images for structural diagnostic interpretation and has the added ad­
vantage of cross-sectional tomography. However, only recently has attention been 
focused on a second major capability ofCT scanning: its ability to provide quanti­
tative and numerical assessment of various aspects of normal and diseased pro­
cesses in the body. This ability is fundamental to an instrument that acquires precise 
digital data of the attenuation properties of tissues within a three-dimensional 
distribution of very small volume elements (the CT image). Since the precise 
geometrical location of each picture element (pixel) is known, CT can be used to 
accurately measure sizes of anatomic structures. Furthermore, the value of the 
attenuation (CT number) within each pixel reflects the tissue density at that point. 
Since CT scans can be repeated relatively rapidly in time, dynamic aspects of 
changes in density and size can be studied. Such quantitative studies have a variety 
of important clinical applications and can often be used to obtain information not 
available from any other technique. 

ACUTE MYOCARDIAL INFARCTION 

An exciting and potentially one of the most useful prospects for CT imaging of the 
heart is the recognition and quantification of myocardial infarction by contrast 
enhancement. Multiple transverse slices at either 0.5 cm or 1 cm intervals from the 
apex to the base of the heart permits imaging of the entire ventricular myocardium. 
Infarcted tissue can be delineated with small intravenous boluses (20 ml) or drip 
infusion of 1.5 ml/kg of contrast medium as an area of lower density than normal 
myocardium (Figure 1). It may be possible to estimate the area and size of infarction 
by measuring such contrast deficient areas on each of the CT scans. Differences in 
infarcted tissue density compared to non-infarcted myocardium have been demon­
strated in excised dogs' hearts, presumably because of edema. These early studies 



196 

were all limited to postmortem hearts and models [6-12]. The development of 
improved instruments and more rapid exposure times, together with contrast 
medium enhancement has made possible cardiac imaging in vivo [13-15). 

The region of infarction can be demonstrated in beating dog hearts, first as a zone 
of decreased myocardial perfusion, and then delayed enhancement may be ob­
served in 15-30 minutes. The perimeter of the infarction is enhanced by a as yet not 
completely explained delayed uptake of the contrast agent. The center of the 
infarctionremains relatively contrast free, at which time the contrast medium has 
usually washed out of adjacent normal myocardium (Figure I). 

CT CORRELATIVE STUDIES IN DOGS 

Doherty, et al [15] reported a study comprising 28 mongrel dogs. Myocardial 
infarcts were produced by coronary ligation via a left thoracotomy in 23 animals 
and 5 dogs were normal controls. Anterior infarcts were produced in 16 dogs by 
ligating the proximal left anterior descending coronary artery just distal to the first 
septal perforator, and posterior infarcts were produced in 7 dogs by ligating the 
circumflex coronary artery distal to the origin of the first marginal branch. Eight 
dogs were imaged within 12 hours of infarction. Four of these were scanned at 
hourly intervals after ligation for 6 hours. The others were first scanned between 24 
and 72 hours. Nine were imaged at least twice and three were imaged four times over 
four months. In the dogs in whom CT and pathologic infarct sizes were compared 
(n = 8), all the infarcts were 24-48 hours old. After the dogs were sacrificed with an 
overdose of pentobarbital, the hearts were removed and the left ventricle was 
dissected free from the rest of the heart. It was then sliced in rings I cm thick from 
apex to base. The rings of myocardial tissue were stained with nitroblue tetra­
zolium, the regions that did not take up the stain were traced on transparent paper 
and the area was calculated by planimetry. In two cases after the scans had been 
completed, the dogs were frozen in position used for scanning in order to preserve 
their anatomic relationships, and were then cut into I cm thick transverse slices with 
a band saw. 

The distribution of contrast material at tissue level was also determined from the 
post-mortem distribution of 131 I -labeled contrast medium injected 10 minutes 
before sacrifice. This was correlated (n = 4) with a microsphere determination of 
blood flow and with measurement of thallium-201 (1.5 mCi 10 minutes before 
sacrifice) and technetium-99m pyrophosphate uptake (10 mCi 45 minutes before 
sacrifice). 

The ring where the infarct was most prominent on nitroblue tetrazolium staining 
was further sliced into sections through normal tissue to infarct border and into the 
infarct center, so that the endocardial layers were separated from the epicardial 
layers. Samples were placed in 10% buffered formalin solution and counted in a 
Hewlett-Packard gamma spectrometer. Window settings were selected to corre-
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Figure 1. Early and late contrast medium enhancement in an acutely infarcted dog: non-gated recon­
structions. This figure shows two 4.8 second I cm thick scans following an intravenous bolus of20 ml of 
contrast medium at the level of the ventricular cavities in a dog with a heart rate of 114 beats per minute. 
This animal has a 2 day old anteroseptal myocardial infarction produced by permanent ligation of the 
left anterior descending coronary artery. The left panel shows contrast enhancement of both ventricles 
between which is seen the less enhanced ventricular septum, continuous with the free left ventricular 
myocardial wall. The area which appears to be less well opacified represents the myocardial infarction. 
The scan on the right was obtained 10 minutes later at the same anatomical level without further contrast 
medium injection. The area of the infarct is now dramatically profiled by marked contrast medium 
enhancement relative to surrounding healthy myocardium, which is less enhanced due to normal 
washout. 

spond to the peak energies for each radionuclide, and appropriate correction for 
scattered radiation and decay were performed. Results were expressed as countsj 
min per 0.1 g of tissue. After counting, selected samples from the border zone and 
infarct center were processed in a conventional manner for histology and sections 
were stained with hematoxylineosin. The presence of infarction was documented by 
light microcopic examination of the sections. 

RESULTS IN DOGS 

When dogs with homogenous transmural myocardial infarcts were imaged during 
and after contrast infusion, three classes of tissue could be distinguished by the 
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Figure 2. Correlation of the cross-sectional areas of homogenous transmural infarcts determined by 
computed tomography and pathology. Twenty-three individual slices from eight dogs with infarcts 
24-48 hours old are shown. The correlation coefficient r = 0.98. Reproduced from Circulation 63:597 

(1981), Figure 6. 

kinetics of contrast uptake and washout. The normal myocardium opacified at a 
rate approximately 50% lower than the ventricular cavity. The infarct center 

showed only slight enhancement compared with the normal myocardium. Sur­
rounding the infarct was a border zone that opacified, during infusion runs, at a 
rate similar to normal myocardium. However, the washout time constant was 
approximately six times larger than that of normal myocardium. Figure 2 shows the 
good correlation that was found on comparison of the area of the unenhanced 
myocardium determined from the CT image data taken during infusion with that 
obtained post-mortem (I' = 0.976,), = 0.861 x (+ 0.33). The smallest area of in­
farction in the slices measured 0.35 cm 2 from a dog whose total infarct weight was 
1.3 g. ECG gated scans were also performed in 7 animals with infarction and in 5 
normal controls using the method described by Berninger et al [16]. WaH motion 
abnormalities were detected in all the infarct animals at the site of the infarct and 
were not seen in the normals. The gated scans, compared qualitatively with the 
ungated scans, showed better image quality due to the fact that motion artifacts 
which were prominent in dogs whose noninfarcted myocardium was hyperkinetic, 
were reduced (Figure 3). Gating did not significantly increase the resolution of the 
infarct region, presumably because it was almost statis throughout the cardiac 
cycle. CT gating studies are now also being performed in other centers [17-19]. 

PATHOLOGY OF DOG INFARCTS 

Histologically, the infarct centers consisted of a homogenous population of ceHs 
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Figure 3. End diastolic and end systolic gated images of an animal with a chronic anterior infarct. A high 
rate of infusion of contrast medium was used initially to enhance the infarcted area followed by a 
continuous infusion at a lower rate . The infarcted region is akinetic. The left ventricular wall posterior to 

the papillary muscle is hyperkinetic. Reproduced from J. Computer Assisted Tomography 32: 155, 1979. 

that showed poor staining and relaxed myofibrils with hypereosinophilic cyto­
plasm, whereas the border zone showed foci of normal cells interlaced with a 
pleomorphic group of cells. These cells showed a variable degree of myofibril 
disruption, frequent contraction bands, and some has basophilic cytoplasm. There 
was a greater degree of neutrophil infiltration in the border than in the center. The 
highest concentration of 131 I-labeled contrast medium and technetium-99m pyro­
phosphate occurred in the tissues that histologically contained predominantly 
border zone tissue, both at the lateral boundaries of the infarct and in the epicardial 
layers. Compared with normal tissue, the maximum ratios were 6: I and 25: I for the 
131 I and pyrophosphate, respectively. In the endocardial samples where the zone of 
sharp reduction occurred, the distribution of contrast behave more like thallium 
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Figure 4(a). A non-gated CT scan from a series taken through the ventricular cavities following an 
intravenous infusion of 1.5 mg/kg body weight ofConray400 in a patient with an acute (approximately 3 
days old) antero-septal myocardial infarction. The infarcted region is depicted as the dark horseshoe­
shaped area of myocardium. Note that the remaining normal myocardium is contrast enhanced and in 
part forms a border around the infarct zone. The dotted line was selected by the physician so that the CT 
computer can reconstruct this oblique (almost sagittal) projection, as shown in Figure 4B. 

than pyrophosphate, which consistently tended to penetrate deeper into the infarct 
center. U sing excitation analysis to detect the presence of iodine, Higgins et al [20] 
showed that the maximum ratio between normal and infarcted myocardium was 8: I 
and occurred 180 minutes after injection, in agreement with our "in vivo" data. 

These in vestigations have now been extended to human studies. The prognosis of 
patients sustaining myocardial infarction depends primarily upon left ventricular 
recovery and function. This is related closely to the extent of ischemic injury. 
Recent developments and emphasis on interventions aimed at limiting the infarc­
tion and associated necrosis are dependent upon techniques capable of identifying 
and quantitating infarct size. Preliminary results in humans studied at our Institute 
by contrast enhanced CT durin the past three years show some promise in this 
direction. 
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Figure 4(b) . Shows a CT computer reconstruction in a steep oblique (almost lateral plane) through the 

left ventricle and aorta. This plane corresponds to the line depicted in Figure 4(a). The computer selects 

pixels along this plane from I cm thick CT scans obtained at multiple contiguous levels - optimally 

obtained while the patient holds respiration static. The infarct size in longitudinal extent can be 

appreciated as the ark , almost black , band (arrows) along the left side of the image with adjacent densely 

enhanced left ventricular cavity (LV) profiled . The region of the left atrium (LA) is seen further to the 

right and behind this the descending aorta (AO). - = infarct; LV = left ventricle; Ao = aorta; LA = 

left aorta . 

The diagnosis of acute infarction was based on the classically established 
methods of history, ECG findings and enzyme criteria in our patient population. 
Contrast media containing a high concentration of iodine (e.g. Conray 400, or 
Renografin 76) was infused intravenously in a dose of 1.5 ml/kg during a ten minute 
period. CT scanning was performed at contiguous I cm levels from cardiac apex to 
base during the end of the infusion . The patients were instructed to suspend 
respiration during the scans. 

The CT appearances of a typical infarct is illustrated in Figure 4(a) and (b). 
Display options are available for transforming a series of sequential scans into 
coronal, oblique or, as shown in Figure 4(b), sagittal sections. Delayed enhance­
ment seen routinely in the animal studies was very seldom found in patients. The 
explanation is uncertain, but many factors , including contrast volume, the ad­
ministered pharmaco-kinetics of contrast agent, as well as species variation in 
collateral pathways may be influential. Quantitative CT methods used to measure 
infarct size are currently being evaluated. The major problem in both static and 
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Figure 5. Shows the correlation of infarct volume estimated from CT scan data with the total myocar­
dial enzyme (CPK) curve area. Although only a few points are plotted, the relationship appears very 

promising. The correlation coefficient r = 0.94. 

dynamic sizing applications is the method used for defining the edge or boundary of 

the structure of interest. Methods including the half-height CT number contour, 

point of steepest descent, and histogram boundary selection have been considered. 

A preliminary analysis of infarct size using planimetry of each slice and summing 

the slices in 5 patients is illustrated in Figure 5. Infarct size shown here appears to 

correlate with the corresponding CPK enzyme curve areas. This, however, is a small 
patient series. Many blood sample enzyme measurements are, of course, required to 
determine the shape of the enzyme curve in each patient; such a prospective study is 
in progress at UCSF. Validation studies of this type are essential but not simplistic 

either in logistics or coordination. Our preliminary results indicate that present CT 

scanners are quite capable of demonstrating antero-septal lesions using the per­

fusion defect originally seen in the dogs (11 of 13, i.e. 80- 90% were recognized by 
CT). However, there are limitations in scanning the inferior wall, and infarction 

here was usually overlooked [21]. Prospects, however, are good for improving these 

results. CT procedural techniques can be modified, and improvements continue in 

CT technology and instrumentation. It should be noted that CT also has the 

potential to measure wall thickness, and with ECG gating, wall dynamics. As­

sociated intraventricular thrombus can also be identified as illustrated in the 

example shown in Figure 6. The sensitivity appears to be similar to that of two­

dimensional echocardiography, but preliminary work suggests that CT may be 

more specific, particularly in the apical region of the left ventricle [22]. 

Since CT development is still at a very early stage compared with the long 
development periods required for other imaging techniques such as cinecardio­
angiography, it is apparent that the future potential for cardiac CT is great [23, 24]. 

The first prototype cardiac CT scanner designed at UCSF is nearing completion 
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[25]. The impact of this multislice millisecond CT instrument is awaited with great 

anticipation and enthusiasm. 
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V. TISSUE ANALYSIS 

22. TISSUE QUANTIFICATION BY ULTRASOUND. 
TECHNICAL ASPECTS 

ROBERT C. CHIVERS 

l. INTRODUCTION 

Cardiology has a distinct place in the development of diagnostic ultrasound, for 
two reasons. Firstly, cardiology as a speciality has almost exclusive use of one of the 
modes of ultrasonic diagnosis - the M-mode (1954) which followed the develop­
ment of the B-mode (1952) by just two years [1], and secondly it was the cardio­
logists Asberg [2] and Born [3] who pioneered motional imaging that has proved so 
valuable to those using B-mode for other investigations (scanning). The develop­
ment of the A-scan was based onl1 simple physical model of partial reflection of an 
ultrasonic pulse at a change of the acoustic impedance of the propagation medium. 
Considerable effort was expended in electronic development to emphasise those 
features of the returning echo train that were consistent with this model. The image 
produced thus tended to be a differential one, which limited its quantitative in­
terpretation. 

The subsequent developments in ultrasonic diagnostic techniques have very 
largely tended to be technological rather than scientific because of the speed of 
developments in the electronics industry that have very dramatically increased the 
sophistication of the instruments that can be economically produced [4]. However, 
the B-scans produced were bistable, only outlining the structures present and giving 
little or no information on what was between the large echo producing interfaces. 
This was of no disadvantage in M-mode scanning where the display indicates 
relative distances as a function of time from which the parameters of movement, 
displacement, velocity and acceleration may be derived. 

Approximately ten years ago [5] a fundamental change took place in the philo­
sophy of ultrasonic diagnosis with the extension of the simple interface model to 
include the many small echoes that were detected between those of the major 
interfaces but not displayed. The postulate was that these were caused by scattering 
of the waves by small scale inhomogeneities in the tissue. This produced two new 
directions of endeavour - the development of grey-scale machines in which these 
textural features play an important diagnostic role, and the whole field of tissue 
characterization. The two are clearly related: in the former we are interested in 
finding the display which permits optimal differential diagnosis of a particular 
pathology, in the latter for quantitative ultrasonic indices which can be related to 
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histological and pathological classifications. Eventually these two may merge, but 

at the present the links between them are tenuous. Before discussing them, the 

ultrasonic parameters that may be appropriate will be outlined. 

2. ULTRASONIC PARAMETERS 

The parameters which may be used to describe the way in which an ultrasonic wave 

propagates through tissue are [6]: 

- acoustic velocity C = (pPf -t where p is the density and P the compressibility of 

the tissue 
- characteristic acoustic impedance Z = pc 
- absorption coefficient ocA 

(an index of the ultrasonic energy lost by conversion to other forms of energy) 

- scattering cross section per unit volume OCs 

(an index of the ultrasonic energy redirected out of the propagating beam) 

- attenuation coefficient OCT = OCs + ocA 

(an index of the total energy lost per unit distance as the pulse propagates). 

It is difficult to adopt a systematic approach to the problem of relating these to a 

particular histology or pathology, partly because of the physical variability that 
may exist within a particular pathological classification. In addition it may be a 

combination of these parameters, or their dependence on some other variable such 

as temperature, that gives the most sensitive discriminatory test. However, follow­

ing a suggestion of Fields and Dunn [7], O'Brien [8] has reviewed the literature on 
the variation of velocity and attenuation looking for general trends. His conclusion 
was that as the complexity of the tissue increases, both velocity and attenuation 
increase, with the collagen content increasing and the water content decreasing. For 
a material such as heart muscle which may have well defined fibre directions, the 
velocity, scattering and attenuation may all be anisotropic (i.e. depend on the 
direction of the fibres in relation to that of the ultrasonic beam). 

Measurements taken in the laboratory from only a guide to the in vivo situation, 
not only because of the problem of the condition of the tissue, but also because the 
two parameters most usually measured in the laboratory - velocity and attenuation 
-can only be estimated with pulse-echo systems, and even then the signal processing 

required is quite sophisticated (as is discussed in Section 5 below). An alternative to 

the approach based on ultrasonic parameter measurements is that of quantification 

of the display itself. 

3. QUANTITATIVE ANALYSIS OF DISPLAYS 

The traditional M-scan picture has intrinsic in it not only a display of motion but 
also of reflectivity. For thin structures, the reflectivity is related not only to the 
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boundary impedance changes that the structure produces, but also to the thickness 
of the structure itself and to its orientation with respect to the ultrasonic beam. The 
identification of the relative contributions of these effects is difficult. If the structure 
is extended, in addition to the echoes caused by the impedance changes at the 
interfaces, there may be the small scale "scattering" echoes of the extended model 
discussed in Section 1. Working from a commercial scanning device quantitative 
indices can be derived both for the reflectivity of the interfaces and for the scattering 
properties. Thus Friedman et al [9] have shown that left main carotid artery disease 
can be distinguished (in two dimensional echo cardiography) from epicardial fat or 
calcification associated with aortic and mitral valve disease (all of which produce 
high level echoes). This is achieved by careful adjustment of the gain of the the 
display and by the choice of a particular type of display characteristic, both of which 
may be quantified. Similarly, quantitative indices may be derived for the textural 
features associated with scattering [lO]. The main problems with these approaches, 
though, are that they tend very often to depend on the signal processing and 
transducers used to make the display, and are essentially empirical (and thus hard to 
optimise). 

4. LABORATORY MEASUREMENTS ON HEART TISSUES 

The information available in the literature on ultrasonic velocity and attenuation in 
tissues has been collated by Goss et al [11]. Such listings need to be interpreted with 
care [12] since much data is on different animals, the conditions of the tissues are 
often unspecified and the experimental technique may have been subject to errors 
such as the phase-cancellation artefact identified in 1975 [13], the implications of 
which have still not been well defined [5, 14]. 

Of the parameters given in Section 2, only the velocity, scattering and attenuation 
of cardiac tissue appear to have been significantly investigated. The methods of 
measuring scattering have been discussed by Reid [15], but there are a wide range of 
techniques for measurement of velocity and attenuation, nearly all of which involve 
having the source and the detector of the ultrasound on opposite sides of the 
specimen, thus making them inapplicable for in vivo work. Apart from using 
conventional approaches for measuring values averaged over small volumes, there 
are two techniques available for more detailed investigation - ultrasonic computer 
assisted tomography and ultrasonic microscopy. The former [16] is similar to its x­
ray predecessor except that in addition to reconstructions related to attenuation 
from the amplitudes of the pulses, the time delays may also be reconstructed to give 
maps of "velocity". Acoustic microscopy [17] may give extremely good resolution 
of the texture of both velocity and attenuation, but the better the resolution, the 
higher the frequency needed and the thinner the specimen used. At 100 MHz, for 
example, a 500 lim thick sample is used and measurements may be made over an 
area 70 fim square [17]. Neither computer-assisted tomography nor microscopy 
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appear to have been used extensively to date for cardiac tissue, although the latter 
indicates significant velocity changes for infarcted tissues, and anisotropy of heart 
muscle [17]. 

Measurements of attenuation for cardiology appear to have been pioneered by 
Lele and his coworkers [18, 19] who discovered the frequency dependence of 
attenuation to be indicative of myocardial infarction. They have also shown the 
impedance of infarcted myocardium to be lower than that of healthy tissue [19]. The 
former result has been confirmed and extended by Miller and his coworkers [20] 
who have performed a series of meticulous investigations [21-25]. Using a creatine 
kinase analysis as an index, a good correlation has been found in dogs between the 
severity of myocardial infarction and the slope of the attenuation with frequency 
[21], both increasing together. The production of ischaemia in dogs appears to 
result in a significant decrease in the attenuation of the ischaemic region in the first 
24 hours, but after 3 days it is significantly higher as it is for infarcts. Thus variations 
of attenuation may be an early index of ischaemia [22]. 

It appears that the increased attenuation is due to a collagen increase, and that 
although collagen appears to be the main factor causing an increase in the infarcted 
tissue, it accounts for only approximately 15/~ of the attenuation in normal tissue 
[23]. Oedema may 41lso contribute to the increased attenuation. 

Scattering measurements have been reported by Reid and Shung who indicate an 
apparent isotropy of scattering for heart tissue at 5 MHz [26] and an approximately 
fourth power dependence on frequency [27]. Mimbs and his colleagues have shown 
there to be an increase in the ultrasonic backscatter in ischaemic tissues (of dogs and 
rabbits) [24] and found a strong dependence of this backscatter on collagen content. 
Investigation of the backscattering of myopathic regions [25] showed some increase 
although fibrotic regions showed more greatly increased backscattering compared 
to the normal at 2.25 MHz in rabbits. Thus alterations do occur in the properties of 
reflected sound in cardiomyopathy which could be used for early detection al­
though more investigation may be needed to optimise the index used. 

Scattering measurements may also be used to give an index of structural spacing 
in tissues and one report [28] indicates an increase in the fibre bundle spacing from 
90-110 f.1m before infarction to 200-220 f.1m after. 

5. IN-VIVO MEASUREMENTS 

Little work appears to have been described in vivo. Gore et al [29] have used an 
autocorrelation function approach on a normal heart showing significant changes 
between end-systole and end-diastole techniques, indicating a potential for mo­
nitoring muscle contractility. The group at Washington University, Missouri (Mil­
ler, Mimbs et al) have performed measurements in dogs (open chest) in vivo and 
shown that backscattering in ischaemic regions increases significantly and may be 
measured in vivo if the heart is accessible. In recent years a number of techniques 
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have been described in the literature for estimating values of, for example, imped­
ance [30], velocity [31], attenuation [32], and scattering [33] from pulse-echo data. 
These do not yet appear to have been used greatly in cardiology. One of the most 
important features is the compromise inherent in any of these techniques as to the 
validity of the assumptions involved. Invalidity of these assumptions will cause 
differences between parameter values measured by conventional laboratory trans­
mission methods and those estimated from pulse-echo techniques. The application 
of results obtained in vitro to the in-vivo situation are thus liable to need careful 
proving before they can be reliably used. In addition to the fact that there are 
limitations involved in estimating velocity and attenuation data by pulse-echo 
methods, there are the problems of the overlying tissues, the cardiac motion, and 
the orientation of the tissues being investigated [34]. A powerful data acquisition 
and manipulation system is required. More information on digital processing and 
applications will be found in the next three papers. 

There is clearly a great potential for investigation in this area of tissue quantifi­
cation but for it to be effective it must be directed by specific important clinical 
questions. One incidental question that arises is whether or not it may be wise to 
move the normal frequency range of M-scans out of the region in which the 
attenuation characteristics of ischaemic and normal tissue are almost the same [20]. 
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23. APPROACHES TO MYOCARDIAL TISSUE CHARACTERIZATION 
USING ULTRASOUND ECHO AMPLITUDE INFORMATION 

DAVID J. SKORTON, STEVE M. COLLINS AND HEWLETT E. MELTON, JR. 

1. INTRODUCTION 

Echocardiography has achieved a prominent place as a noninvasive cardiac diag­
nostic technique, because of its ability to supply the clinician with reliable cardiac 
morphologic information in a safe, painless, and relatively inexpensive manner [1]. 
M-mode and two-dimensional echocardiography are extensively used for the eva­
luation of a wide variety of cardiac abnormalities including valvular, ischemic, 
congenital and myocardial disorders [2]. The myriad of standard qualitative and 
quantitative clinical applications of echocardiography are all based on the ultra­
sonic detection of large, smooth-surfaced (specular) reflectors such as the epi­
cardium, endocardium, walls of the great arteries, and cardiac valves. The clinical 
echocardiographer observes the position and motion of these specular reflectors 
and thereby deduces abnormalities of the structure and function of the heart. 

In addition to the useful information which can be gained from imaging the 
specular reflectors of the heart, a growing body of evidence suggests that diagnosti­
cally important information is present in the lower amplitude ultrasonic signals 
returning from, or passing through, myocardial tissue itself. A relatively new area of 
investigation has grown around the exploration of tissue acoustic properties, an 
area of endeavor referred to as "ultrasound tissue characterization" [3, 4]. A 
working definition of ultrasound tissue characterization is the evaluation of some 
of the structural features of a volume of tissue based upon its acoustic properties. 
The assumption underlying this approach is that the acoustic properties of tissue 
are closely related to the structural organization of the tissue and, further, that these 
acoustic properties may be recognized or measured in a clinically relevant manner. 
Ultrasound tissue characterization has been intensively studied in other organs 
such as the breast [5], liver [6], and eye [7]. Investigations of myocardial acoustic 
properties have been more difficult because of the imaging constraints of thoracic 
anatomy as well as the complex translational and rotational motion of the heart. 
Nonetheless, several recent investigations and reports, taken together, supply con­
vincing evidence that myocardial acoustic properties are significantly changed by 
acute and chronic cardiac disorders [8, 9, 10, 11, 12, 13]; that these changes may be 
measured or otherwise detected in potentially clinically useful ways [14, 15, 16]; and 
that ultrasound tissue analysis may supply unique information on myocardial 
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Figure 1. The slope of the attenuation/frequency relationship is shown at various times after experimen­

tal coronary occlusion . The attenuation of infarcted myocardium was less than that of normal tissue for 

the first 24 hours post-occlusion, and thereafter, attenuation was increased. (Reproduced from reference 

No. 20, with permission of the author and of the American Physiological Society.) 

structure which is not available using current echocardiographic techniques. 
It is our purpose in this paper to review the basic approaches to measurement or 

detection of altered myocardial acoustic properties, including the approaches we 
have studied, and to identify several significant problems in ultrasound tissue 

analysis - problems which must be confronted and solved in order to utilize 
myocardial acoustic analysis as a reliable diagnostic method. 

2. METHODS OF ULTRASOUND TISSUE CHARACTERIZATION 

In another paper in this volume, Chivers has reviewed the important physical and 
technical considerations underlying ultrasound tissue characterization [17]. Three 
general categories of approaches have been explored in applying these principles to 
myocardial analysis: measurement of classic acoustic properties of tissues such as 
attenuation [10] or backscatter [I I]; direct display of regional alterations in acoustic 
properties using imaging techniques [14, 18]; and the analysis of diagnostic patterns 
in ultrasonic signals utilizing statistical or other signal or image analytic techniques 
[I5, 16, 19]. 

The measurement of acoustic properties of tissue is an important approach be­
cause it adds to our understanding of the basic mechanisms of ultrasound/tissue 
interactions. Several acoustic parameters have been studied in normal and abnor­
mal myocardium, including acoustic impedance [8], attenuation [10, II], and ba­
ckscatter [I I, 12]. In one of the first investigations of cardiac tissue acoustic proper­
ties, Namery and Lele measured a lower acoustic impedance in acutely infarcted 
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Figure 2. Measurements of integrated backscatter successfully differentiated between normal, myo­
pathic, and fibrotic myocardium in an animal model of doxorubicin cardiotoxicity. (Reproduced from 
reference No. 13 with permission of the author and publisher.) 

myocardium than in normal myocardium [8]. Mimbs and associates confirmed an 
alteration in myocardial acoustic properties as soon as fifteen minutes after experi­
mental coronary occlusion [20]. These investigators measured a decrease in ul­
trasound attenuation (slope of the frequency/attenuation relationship) beginning 
at fifteen minutes postocclusion with a sustained decrease compared to normal 
myocardium for up to 24 hours (Figure I). Beginning at three days postocclusion, 
however, the frequency/attenuation slope was increased compared to normal 
myocardium. 

These early experiments in myocardial ultrasonic tissue characterization had two 
important implications for further research. First, measurement of the frequency­
dependence of attenuation could reliably distinguish normal from acutely infarcted 
myocardium at a very early stage of injury. Second, the relative change in atte­
nuation from an early decrease to a late increase after myocardial infarction 
suggested that different mechanisms were responsible for the acoustic alterations in 
acute compared to subacute myocardial infarction [9] . Although of great theoreti­
cal interest, these measurements of attenuation were performed in transmission 
mode (i.e. with a transmitting crystal on one side of a tissue specimen and a receiving 
crystal on the opposite side). This technique is not compatible with the constraints 
of clinical imaging, which require the same crystal to be used as transmitter and 
receiver. Therefore, a great deal of subsequent investigation has been directed 
toward the use of reflected ultrasound and the measurement of ultrasound ba­
ckscatter instead of attenuation [11 ~ 13]. Mimbs and coworkers demonstrated an 
increase in integrated backscatter in acutely infarcted myocardium as soon as one 
hour after experimental coronary occlusion and this increase persisted for several 
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weeks after the injury [11, 12]. In subsequent experiments, Mimbs and associates 
attempted to delineate the mechanism of these alterations in ultrasound atte­
nuation and backscatter in myocardium. These investigators have demonstrated an 
increase in tissue water (edema) in acute myocardial infarction and have attributed 
acute alterations in backscatter (and attenuation) to this alteration in water content 
[12]. In chronic myocardial infarction, with healing and scar formation, the col­
lagen content of the tissue correlated with attenuation and with backscatter [11]. 
These observations confirmed earlier measurements and predictions by Johnston et 
al who hypothesized that the relative content of structural protein and water would 
be important determinants of tissue acoustic characteristics [21]. Mimbs et al have 
also utilized integrated backscatter measurements to identify myocardium da­
maged by chronic doxorubicin administration [13], demonstrating an increase in 
integrated backscatter with increasing duration of doxorubicin administration 
(Figure 2). 

Approaches to myocardial tissue characterization based on the measurement of 
acoustic parameters will undoubtedly continue to be of importance, especially as 
methods are developed to deal with the confounding effects of tissue intervening 
between the transducer and region of interest [22, 23]. 

Abnormally structured myocardium may occasionally be directly visualized in 
standard clinical echocardiograms [14, 24]. For example, the bright homogeneous 
appearance of calcified tissue and the peculiar texture of the ventricular septum in 
hypertrophic cardiomyopathy [25] are familiar to the clinical echocardiographer. 
Rasmussen et al have reported a thin dense-appearing ventricular septum in pa­
tients with scar due to myocardial infarction [14] (Figure 3). This increased density 
is due to the increase of integrated backscatter as demonstrated by Mimbs et al [11], 
and as briefly discussed above. This direct visualization of the acoustically abnor­
mal myocardial regions is unpredictable, however, and is made difficult by signal 
compression in the echocardiographic system. A very wide amplitude dynamic 
range (over 80 decibels) is present in a pulsed ultrasound examination [26]. How­
ever, most available display monitors can only display 15-20 decibels of this 
amplitude dynamic range [26]. Thus, the much wider signal dynamic range must be 
compressed into the available range of the display monitor, sometimes obscuring 
diagnostic regional differences in amplitude. Furthermore, the nonlinear method of 
compression generally employed may alter the relative appearances of various echo 
amplitudes [27]. Color encoding of two-dimensional echocardiograms is one meth­
od of attempting to retain contrast resolution and may hold promise for future 
applications of direct display of abnormal myocardial acoustic properties [18]. 

Digital computer image analysis techniques may be utilized to characterize the 
"pattern" of reflector or transmitted ultrasound using statistical or other analytic 
techniques [15, 16, 19,28]. Although some of these patterns may be recognizable by 
the clinician (e.g. the "sparkling" appearance of the septum in hypertrophic cardio­
myopathy), other patterns may not be easily appreciated without computer-based 
analysis. For example, Joynt et al have studied the statistical characteristics of 
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Figure 3. An M-mode echocardiogram at left ventricular level demonstrates bright echoes from the 
ventricular septum, which was also thin, indicating septal scar. IVS: interventricular septum; PW: 
posterior wall. (Reproduced from reference No. 14 with permission of the author and the American 
Heart Association.) 
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Figure 4. Gray level (echo amplitude) histograms are shown for control (A) and infarcted (8) regions of 
myocardium before and after experimental coronary occlusion. In the control region, the skewed shape 
of the gray level distribution did not change after occlusion. In the infarcted region, a relatively larger 
number of higher gray levels was seen after occlusion, changing the shape of the histogram. (Reproduced 
from reference No. 16 with permission of the author and the American Heart Association.) 

ultrasound radio-frequency signals digitized from a single line-of-sight of a two­
dimensional scan [29]. These investigators have demonstrated that the behavior of 
the frequency spectrum of infarcted myocardium over time differs from that of 
normal tissue [29], and the probability density function of echo amplitudes may be 
utilized to differentiate cardiac myxomata from thrombi [15]. Using a somewhat 
similar approach, Dines and associates have demonstrated statistical characteris­
tics of radio-frequency signals which distinguished infarction and gave clues as to 
the spacing of myofibrils [19]. It is important to recognize that this type of analysis 
does not actually measure ultrasonic parameters such as attenuation or backscat­
ter. Instead, first or second order statistical analysis of the ultrasound signal (or 
image) from a specific region of tissue is used to derive information on the structure 
of that tissue. Abnormalities are defined based on comparison with normal regions 
of the same image or by comparison with a previous (normal) examination. 

Much of the previous work in ultrasound digital signal analysis has been perfor­
med using the radio-frequency ultrasound signal , with the intention offully exploit­
ing the high frequency content of this signal [30]. Although this approach is 
attractive and has been used successfully in the past, the rapid sampling rate and 
large amount of digital data storage necessary to evaluate radio-frequency data 
currently impose significant practical problems on clinical application of this ap­
proach. Further, current commercially available ultrasound instruments do not 
allow access to the ultrasound signal in its radio-frequency form . Investigations of 
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Figure 5. The gray level histogram may not convey information on the spatial pattern of gray levels in a 
region of interest. Two schematic regions are shown at the top of the figure . Each region is half black and 
half white; thus, both regions have the same gray level histogram (lower panels). The patterns of black 
and white (textures) in the two regions are different, but this difference is not apparent in the gray level 
histograms. 

the statistical nature of ultrasound signals have also been performed using the 
"envelope-detected" or video signal. The motivation for this approach is that 
successful characterization of tissue structure using ultrasound video data will 
allow more rapid transfer of the analysis techniques to the clinical setting. 

Utilizing two-dimensional echocardiographic image (video) data, we have ex­
plored several approaches to ultrasound myocardial analysis [16, 28]. We studied 
experimental myocardial infarction in a closed-chest dog model , performing two­
dimensional echocardiograms before and two days after acute coronary occlusion 
[16]. Regional average gray level (as an analog of echo amplitude) increased signi­
ficantly from pre- to postocclusion images in infarcted regions, and did not change 
significantly in regions which did not sustain infarction. Unfortunately, due to the 
variability in gray level, this increase in gray level could only be identified by 
comparison to a control echocardiogram. That is, mean gray level did not vary 
significantly between infarcted and normal regions within postocclusion images. In 
an attempt to further evaluate echo amplitude data we studied the distribution of 
gray levels, that is, the shape of gray level frequency histograms. The shape of the 
histogram proved to be a reliable discriminator of infarcted myocardium (Figure 4). 
We successfully utilized the calculation of regional echo amplitude kurtosis to 
identify regions of infarcted myocardium within postocclusion images and without 
the need for comparison to a control echocardiogram [16]. Thus, we found that the 
distribution of gray levels (echo amplitudes) differed significantly between in­
farcted and normal myocardial regions. This study indicated the feasibility of 
identifying infarcted myocardium based on 2D echo image data obtained in c1osed­
chest subjects. 
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The analysis of gray level histograms, while supplying data on the overall content 
of echo amplitudes in a region of interest, may not convey information on the 
spatial distribution of gray levels (Figure 5). We hypothesized that the spatial 
pattern or texture present in regions of 2D echo images would contain information 
which would aid in identifying abnormal myocardial structure. We tested this 
hypothesis by studying regional 2D echo image texture in a dog model of acute 
myocardial contusion [28]. Standard 2D echocardiograms were performed before 
and immediately after delivery of blunt chest trauma to anesthetized dogs. The 
regions which sustained contusion exhibited a brighter, "coarser" texture in the 2D 
images, and this alteration in texture was successfully quantified using a set of 
classical texture calculations [28]. The results of the calculations suggested that 
acute myocardial contusion was characterized by brighter myocardium, by in­
creased size of individual echo "spots", and by coalescence of echo reflections 
producing a coarse texture appearance. Thus, this study demonstrated that quanti­
tative measures of 2D image texture in the model studied could detect injured 
myocardium. 

3. CURRENT PROBLEMS IN ULTRASOUND MYOCARDIAL TISSUE ANALYSIS 

One unresolved question concerning ultrasound tissue analysis centers on whether 
the image data should be analyzed in its radio-frequency form or as a video signal. 
The relative merits of these approaches are briefly alluded to above, and recent 
investigation has been directed at comparisons of data collected in both ways [30]. 
Regardless of the precise data format, however, certain problems of image for­
mation and data generation are inherent in ultrasound imaging, problems which 
must be taken into account and solved before ultrasound tissue analysis will be 
clinically useful. We have studied aspects of two of these problems: (a) the need for 
an accurate, reproducible method of accounting for attenuation of ultrasound by 
tissue intervening between the transducer and region of interest [23]; and (b) the fact 
that echo amplitude data appear to vary significantly within the sector field-of­
view, as a function of range and azimuth [31]. 

Currently available echocardiographs compensate for attenuation of the ul­
trasound signal by tissue solely as a function of range, or distance from the trans­
ducer. That is, the scan is partitioned into two or more range intervals, and the 
image is amplified by varying amounts at each range interval. Unfortunately, 
within each range interval, the entire azimuthal extent of the scan is amplified to the 
same degree. The actual amount of signal attenuation encountered varies, however, 
according to the precise line-of-sight (e.g. a line-of-sight which passes through the 
center of the left ventricular cavity will be attenuated very little by the blood in the 
cavity, whereas a line-of-sight which passes through the ventricular septum will 
encounter much more attenuation). Thus, significant differences in regional atte­
nuation, and therefore in regional average gray level, may occur in scans performed 
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using currently available methods of gain compensation, differences due mainly to 

the lack of line-by-line attenuation compensation. In a study of excised, fixed left 

ventricles in vitro, we performed gain compensation in two ways: using a com­
mercially available time-gain compensation (TOC) system; and using a new meth­
od of amplification which applies gain compensation to each line of sight, based on 
the level of the ultrasound signal encountered [23, 32]. If returning echo amplitudes 
are relatively low, the signal is assumed to arise from blood in a cavity, and less gain 
compensation is applied; if the returning amplitudes are relatively high, the signal is 
assumed to arise from myocardium, and more gain compensation is applied. In our 
in vitro experiment, we demonstrated significantly less regional variability in ave­
rage gray level when using the new method of gain compensation (rational gain 
compensation, ROC) than when using the standard, TOC [32]. Thus, regional 
differences arising from actual alterations in tissue structure (e.g. scar) would be less 
likely to be masked or mimicked by artifactual differences in gray level which are 
due solely to the method of gain compensation. 

Cohen et al have recently reported another, different method of accounting for 
attenuation by the chest wall in studies designed to measure regional integrated 
backscatter [22]. An empirical correction factor was developed, based upon 
measurements of excised chest wall specimens. This correction factor was then used 
to approximately correct integrated backscatter measurements for the effects of 
intervening chest wall tissue. The corrected measurements agreed closely with those 
obtained directly from the epicardial surface, demonstrating that this method of 
gain compensation (or correction) is also a useful approach [22]. 

Another important problem which must be addressed in studies of tissue analysis 
based on pulse echo methods is the regional variability of echo amplitude infor­
mation within the ultrasound field of view. Flax et al have developed a computer 
analysis ofB-scan image formation, and have predicted that texture in a B-scan will 
vary as a function of range and azimuth within the scan [33]. The causes of this 
variability are complex and include changes in system resolution, transducer geo­
metry, and the effect of the signal detection and display processes. In order to study 
the relevance of these factors to clinical echocardiographic images, we performed 
standard, 2D echos on a commercially available, graphite-in-gel, tissue equivalent 
phantom. The distribution of the scatterers in this phantom is uniform. Therefore, 
we would expect the displayed texture in a 2D echo image to also be uniform if the 
texture pattern were due solely to the target characteristics. We measured signifi­
cant differences in several quantitative texture measures, however, as a function of 
range and azimuth in the scans [31]. This high degree of variability supports the 
previous model study by Flax et al [33] and is further evidence that the displayed 
texture in a 2D echo image is the result of several factors related to the imaging 
system. Therefore, regional alterations in image texture may not be equated with 
actual changes in tissue structure, until methods are found of correcting for, or 
circumventing these significant regional differences in echo amplitude information. 
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4. FUTURE OF ULTRASOUND TISSUE ANALYSIS 

Several problems must be solved before ultrasound tissue analysis can take its place 
as a clinical technique. In addition to the problems we have discussed in this article, 
a great need exists for further studies of the mechanisms of tissue scattering and 
attenuation. Such studies will allow more rational, deliberate approaches to ul­
trasound tissue analysis and will also improve our knowledge of basic 
ultrasound/tissue interactions. 

Thus, ultrasound tissue analysis should be considered currently an investi­
gational technique. However, the promising studies reviewed here, and a great deal 
of additional current investigation suggests that in the near future, ultrasound 
tissue characterization will be added to the growing diagnostic arsenal ofthe clinical 
cardiologist, and will extend the utility of echocardiography in cardiac diagnosis. 
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24. DIGITAL ANALYSIS OF ECHO-SIGNALS 
FOR TISSUE CHARACTERIZATION 

P . .JENSCH,.J. MEYER, P. SCHWEIZER, R. ERBEL, W. KUBALSKI, 
W. KREBS, W. AMELING AND S. EFFERT 

1. INTRODUCTION 

Ultrasonic cardiac tissue characterization on the basis of signal-speed and signal­
attenuation measurements is covered with problems [1]. It has been evaluated, 
however, that the frequency dependence of the attenuation coefficient is different in 
normal and infarcted myocardium [1] . .Joynt et al have shown that the histogram of 
echo amplitude distribution taken from A-scans is shifted and broadened in da­
maged myocardium [3]. These findings are obtained by applying Fourier transfor­
mation, spectral analysis and other methods well known in the field of system 
theory. 

The simplest class of commonly used measures is segment statistics such as mean, 
and variance. Such measures are easily computed and have been used effectively in 
the analysis of images where structures are less important than discrimination. 
More sophisticated methods are those which analyse structures by autocorrelation 
methods with selected templates. 

Some effects of system theoretical methods can be visualized by using a second 
and third dimension. This opens the door for the application of image processing 
approaches. Our first results are derived from histogram evaluations. This ap­
proach plays a fundamental role in establishing and classifying objects and regions. 
In the context of tissue characterization on the basis of B-mode image analysis the 
following problems are of concern: 

- given a segment of a sector scan image 
to which of a finite number of classes does the segment belong? 

- given a segment of a sector scan image 
how can it be described? 

- given a whole sector scan image 
how can the boundaries between different tissue regions be established? 

These problems cannot be solved by analysing single sector scan images. Because of 
the nature of the ultrasonic signal passing the tissue there are a lot of disturbances 
which are different from patient to patient. A satisfying answer can only be found 
after successful evaluation of a sufficiently large database. Therefore it is imperative 
to collect in vitro and in vivo relevant data. 

Meyer, J., Schweizer, P. and Erbel, R. (eds.) Advances in noninvasive cardiology 
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Figure 1. Image Sequence Processing System. (VBM = video bus module, Be = bus connection, MS/D 
control = mass storage/display control, PE = processing element) - description in detail within the text. 

2. DATA REGISTRATION 

F or studies of ultrasound images we have developed an Image Sequence Processing 
System (see also [4]). The system (Figure I) is primarily used for image enhancement 
and feature extraction. To allow other applications especially tissue characteri­
zation, the system permits the following task decomposition: 

registration 
- real-time data acquisition of ultrasound signals (also scenes of B-mode images) 
- transient recording 

processing 
- image enhancement by real-time filtering 
- fast off-line data processing. 

The system has several data input channels as shown in Figure I. A real-time 
output of a sector scanner (ultrasound signal itself or the equivalent video signal) 
may be connected to the analog-digital-converter (A/D). Along with each pulse 
transmitted by the ultrasonic scanner a scan start signal (L) is generated which 
initiates the sampling of the analog signal (I) and the buffering of the digitized 
values in the multi-port memory via the video bus module (VBM). For synchroni­
zation purposes a frame start signal (F) may also be used . Data are then transmitted 
from the memory to the mass storage devices. The whole system is controlled by a 
console computer (microprocessor system) which is capable of sampling ECG and 
pressure or of receiving digital data via a V.24 link. This link is the slow standard 
data exchange channel for some ultrasonic scanner. 
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Figure 2a. Two-dimensional parasternal short axis cross section: left ventricular (LV) aneurysm of the 

anterior and lateral wall (arrows), encircled area: endocardial border. 

Figure 2b. Echo intensity plot of the two-dimensional short axis view of Figure 2a. The region of the 
aneurysm shows echo intensity patterns being different from those of the normal myocardial regions. 
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Figure 2c 

Figure 2d 
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Figure 2e 

Figure 2c- e. Echo histogram patterns ofthe two-dimensional short axis view of Figure 2a. The Figure 2c 
shows the histogram distribution of the whole cross section. The grey-level distribution of Figure 2d is 
quite normal, being in contrast to the grey-level distribution depicted in Figure 2b. Figure 2e depicts the 
histogram of a small myocardial window, selected at random. The distribution of grey-levels is also quite 
normal. 

The system is prepared for transient recording at a sample rate of up to 20 MHz 
for a standard system configuration and a higher sample rate after extending the 
A/D converter. All sampling operations may be synchronized by the ECG which is 
evaluated by the console computer or the ultrasonic scanner. Data processing may 
be performed by: 

- the console computer (speed is moderate) 
and/or 
the image-processor (a special hardware device for real-time processing) 

For sophisticated processing a cluster of processing elements (PE) with a separate 
memory is foreseen . 

Visualization is realized by the image processor which comprises program­
mable look-up-tables and an arithmetic unit. All operations are performed at video 
speed. Operations are: 
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Figure 3a. Two-dimensional parasternal short axis view; registration of the prolapsing left atrial tumour 

within the left ventricular cavity (encircled area), RV = right ventricle, LV = left ventricle. 

Figure 3b. Echo intensity plot of the two-dimensional parasternal short axis view of Figure 3a . The 
tumour region shows a distribution of echo intensities being different from that of the myocardium. 
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Figure 3c 

Figure 3d 
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Figure 3e 

Figure 3c-e. Echo histogram distributions of the two-dimensional short axis view. Figure 3c shows the 

histogram of the whole cross section. The distribution of the of Fig 3d belongs to the 

rectangular window and shows abnormal echo characteristics. Figure 3e shows the histogram of a 
randomly selected region of the same window size as in Figure 3d. The grey-level distribution is quite 
normal. 

o normal addition, 
o normal subtraction, 
o weighted addition, and 
o weighted subtraction 

used instead of multiplication and division. 

Operands of these operations may be part of pictures or even whole images 
passing the processing unit as data streams. 

The graphic memory supports an additional bitplane which can be used for 
interactive image segmentation (contouring) with a Jightpen or joystick. 

Analysis with our Image Processing System is completely digital, i.e. the well 
known problems in analog signal processing are eliminated. But in digital process­
ing there still remains the problem of noise caused by the nature of the ultrasonic 
signal. Noise filtering can be accomplished by smoothing algorithms. Postprocess­
ing of numerical results must be performed with care because the image one 
ultimately sees is the visualized equivalence of the electrical signals from the trans-
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Figure 4a. Two-dimensional parasternal long axis cross section: demonstration of a large left atrial (LA) 

tumour (myxoma) prolapsing into the left ventricular cavity (LV). Within the encircled area left 

ventricular ca vity and parts of the tumours. R V = right ventricle. 

Figure 4b. Echo intensity plot of the two-dimensional long axis cross section of Figure 4a. The tumour 
region shows a distribution of echo intensities being different from that of the myocardium. 
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Figure4c 

Figure 4d 



233 

Figure 4e 

Figures 4c- e. Echo histogram patterns of the two-dimensional long axis view of Figure 4a. Figure 4c is 
the histogram of the whole cross section. Figure 4d is the histogram distribution of the shown window, 
being significantly different from normal. Figure 4e shows the histogram pattern of an randomly selected 
region with a normal distribution. 

ducer. By homomorphic filtering one can extract the effect of the transducer. What 
remains after that is a description of the material in the focal zone, i.e. the region of 
interest. 

3. APPLICATION 

While studying echocardiographic images we got the impression that within the 
images there might be some information which might correlate with tissue con­
ditions. We observed different patterns in reflected echoes. The echocardiogram of 
Figure 2a is a short axis view of the left ventricle and in the upper part of this image 
there is an aneurysm. Under normal conditions one would expect echoes in this 
region. One gets an overview about the quality of the signals and structure infor­
mation by viewing these grey leveled image in a 3-dimensional space - like a 
mountain view (Figure 2b). it is easily realized that the pictorial impression of the 
aneurysmic region is quite different from the normal tissue nearby. 
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Another example is given in Figures 3 and 4. The outer left ventricular boun­
daries are normal but within the cavity there are abnormal echoes caused by a 
prolapsing left artrial tumour. Figures 3b and 4b show the 3-dimensional repre­
sentation. 

Figures 2b--e, 3b--e and 4b--e show grey-level histograms of the original figures. 
We observed that histograms according to Figures 3d and 4d are typical and clearly 
different from histograms of other regions. 

It can be seen from most of the histograms that the relevant content of infor­
mation is related to signals of low amplitudes. This condition may be considered 
when defining the colour-look-up-tables in order to obtain enhanced pictures (as 
demonstrated in the oral presentation). 

The currently available histogram software employs two methods to calculate its 
transformation specifications: 

(1) a region of interest is interactively definable for transformation in the large and 
(2) for motion analysis the region of interest may be frozen and the transformation 

parameters may be changed in certain time intervals. 

To verify these findings we have set up a screening program to collect relevant 
ultrasonic data for in vitro and in vivo tissue characterization. With this database 
we try to verify some results which are mentioned in the literature by some re­
searchers and obtained by the analysis of signal speed and signal attenuation as well 
as data scattering. Independently of this comparison we register patterns of one­
and two-dimensional histograms. Our aim will be to decribe histogram patterns 
which correspond to tissue conditions. As can be anticipated by the 3-dimensional 
representation, this may go on with consideration of the context, i.e. the structure 
type of grey level intensities or with consideration of anatomy information. 

We think that these selected examples show that it is reasonable to continue with 
our studies in finding correlations between echo-patterns and tissue types. 

Since the information obtained for this purpose is of such a critical character a 
greater understanding ofthe interaction between ultrasound and tissue is necessary. 
Typical sector B-scan pictures contain extra information, decribed as anomalies. 
To locate artefacts motion analysis may give some additional information. This 
problem again is another motivation for an appropriate database. 

4. SUMMARY 

We are in the process of exploring a pattern recognition approach to tissue charac­
terization. We have built an experimental system and used it to several B-scans. In 
the cases in which we were able to compare our results with the medical diagnostics 
we found that tissue regions can be segmented by a histogram method. Because of 
our encouraging initial experiments we ha ve extended our Image Sequence Process-
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ing System to establish a database. We plan to perform further evaluations to 
obtain correlation figures between automatically segmented regions ofB-scans and 
tissue types. 
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25. DIGITAL TWO-DIMENSIONAL ECHOCARDIOGRAPHY: 
LINE-MODE DATA ACQUISITION, IMAGE PROCESSING, 
AND APPROACHES TO QUANTITATION 

ANDREW .1. BUDA, EDWARD J. DELP, JANICE M. JENKINS, DAVID N. SMITH, 

CHARLES R. MEYER, FRED L. BOOKSTEIN AND BERTRAM PITT 

Two-dimensional echocardiography (2D echo) is a powerful noninvasive technique 
for the diagnosis of cardiac disease. This technique is particularly well suited to left 
ventricular functional analysis, in view of the many unique tomographic views that 
are available for study. However, the assessment ofleft ventricular function by 2D 
echo remains largely qualitative because of intrinsic limitations of the ultrasound 
data, poor border definition in the stop frame video image, and the tedium of 
manual tracing of appropriate images. Despite these limitations, operator defined 
2D echo video images of tomographic left ventricular sections have yielded impor­
tant quantitative information concerning left ventricular volume [1, 2], mass [3], 
and function [4, 5] with acceptable error. Further developments in computer pro­
cessing of the 2D echo images will improve the assessment of these parameters. 

Automatic computer processing of 2D echo images would avoid the excessive 
time, labor, and subjectivity of manual tracing and would ultimately improve the 
reliability and validity of quantitative measures. Various published techniques 
[6-10] for digitizing single frames of 2D echo information are unsatisfactory be­
cause of the lengthy time required for digitizing a simple frame of information, 
which eliminates any real-time capability, and the significant deterioration of the 
image as it is transferred through several optical systems into the computer me­
mory. 

Garcia et al [11] described an interface to a standard medical imaging computer 
from the video-output of the 2D echo unit or its video tape recorder. After space­
time smoothing, beat to beat and frame by frame, they were able to automatically 
detect endocardial interfaces by standard threshold and second derivative methods. 
Skorton et al [6] digitized ultrasound data by an optical densitometer then sub­
mitted it to multiple image averaging and grey level thresholding. Measures of wall 
thickness and left ventricular internal dimensions from the computer processed 2D 
echo images correlated well with the same measurements from M-mode; cor­
relations using the unprocessed 2D echo images were much worse. 

This report summarizes our recent work in computer acquisition and processing 
of 2D echo images for the purpose of quantifying left ventricular global and 
regional function. Our efforts initially involved acquisition and processing of 2D 
echo video data, [12] but, more recently, we have developed a method of direct line 
mode data acquisition for 2D echo [13] which we presently employ. Using the 

Meyer, J., Schweizer, P. and Erbel, R. (eds.) Advances in noninvasive cardiology 
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Figure 1. A parasternal left ventricular short-axis video-output acquired 2D echo image following 
processing with superimposition of endocardial and epicardial edges. 

directly acquired data, we have used a number of edge detection algorithms to 
determine most anatomically appropriate borders. In parallel with this, we have 
developed a program for left ventricular functional analysis which we presently 
employ for our clinical and research studies. 

DIGITIZATION AND PROCESSING OF 2D ECHO VIDEO DATA 

Our initial attempts at computer processing of 2D echo images were performed 
using a medical imaging system coupled to the video output of our 2D echo unit 
[12]. The imaging system (A 2, Medical Data Systems, Ann Arbor, Michigan) 
consisted of a Nova III Central Processor Unit, 48K 16-bit word main frame 
memory, a 5 megabyte magnetic disk, a video display with 512 x 512 pixel re­
solution and 256 gray level representation. The parasternal left ventricular short 
axis at the midpapiIIary muscle level was digitized into a 64 x 64 array at 30 frames 
per second and stored on magnetic tape for further processing. A total of 20 cardiac 
cycles were collected , ECG gated on the R wave. 

These digitized data were transferred via magnetic tape to the University of 
Michigan Computer and Image Processing Research Network (CIPRNET). This 
facility consists of a Dec Vax 11/780 with four megabytes of main memory, two 28 
megabyte disks, two 300 megabyte disks, a Ramtek 9300 image display system, and 
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Figure 2. A block diagram outlining the processing steps in a commercial sector scanner and our method 
of direct digitization of the envelope detected signal. Note that several steps of noise introduction are 

avoided by the direct digitization. 

a DeAnza IP 600 image processor. The system operates under the UNIX operating 
system. All programs for echo image analysis were written in the language C. 

Our processing began with the spatial averaging of time-aligned frames to pro­
duce a composite cardiac cycle of 29 images. Spatial smoothing further eliminated 
noise. An axially applied gradient method using 12 radial chords spaced 30 degrees 
apart and originating at the center of the ventricular cavity was used to identify 
endocardial and epicardial boundaries. This approach produced short axis left 
ventricular images that were anatomically appropriate (Figure I). 

Our initial experience with digitization of video 20 echo data suggested to us that 
further improvements in real-time data acquisition at the source would be required 
for improved results. 
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Figure 3. Schematic illustration of the mapping of the sector B-mode fan format (A) into a rectangular 

matrix (B). 

REAL TIME LINE MODE DATA ACQUISITION 

In their review, Wells and Woodcock [14] distinguished between two approaches to 
echo signal digitization. They termed methods which digitized the usual visual 
output of the echo unit "digitization of analog recordings" and termed methods in 
which the RF-signal or the envelope detected signal was directly fed to an AID 
converter "direct digitization". The term "line-mode data" has been applied to data 
digitized along the ultrasonic line of sight with positional information [15]. 

To further improve the data at its source, we implemented direct line mode 
digitization of our 2D echo data (Figure 2). The computer system used consisted of 
a Nova 4 Central Processor Unit, 96K 16-bit word main frame memory, a 92.5 
megabyte magnetic disk, a video display with 512 x 512 pixel resolution and 256 
gray level display. We modified our computer's video AID-converter for horizontal 
and vertical synchronization by external digital signals. The analog section was 
rebuilt to adapt to the post-TGC envelope detected RF signal from the echo 
machine. The pixel clock which determines the sampling rate along a line was set to 
2 MHz. 

From the digital-beam steering logic in the phased array echo machine, two 
synchronization signals are derived: one for the firing of the center transducer 
element and one at the beginning of the first fan beam. The envelope detected signal 
is amplified and transmitted directly to the AID converter through a coaxial cable. 
Synchronization signals are sent through line drivers and coaxial cable to the 
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Figure 4. (Top) a parasternal left ventricular end-systolic 2D echo image taken directly from the video 

display. (Bottom) the same image acquired using directly line modedigitization. There is some distortion 

of the hape of the left ventricle because of the rectangular matrix format but endocardial and epicardial 

definition is improved. 



242 

Figure 5. Effect of preprocessing using spatial and temporal smoothing on line mode data interpolated 
to sector format. Upper left: original image; lower left: original image with edges overlayed; upper right: 

image after spatial and temporal smoothing; lower right: smoothed image with edges overlayed. Note 
the distortions in the endocardial and epicardial borders produced by the smoothing process. 

synchronization input of the AjD converter. The process is controlled by an 
assembly language program with the same features as the TV -image digitization 
control programs, except that the image size is flexible to 128 x 256 pixels. R wave 
triggering is used to synchronize the digitization. 

The B-mode signal fan rays are thus mapped into a rectangular matrix (Figure 3). 
Since 128 fan lines are produced by the echo machine and all of them are digitized, 
there is no data loss within a single fan frame (Figure 4). However, the digital 
transfer rate of the whole frame to magnetic disk is too slow to begin acquisition of 
the next fan frame. Thus only every other fan frame is digitized. The row index of a 
matrix element is the ray number in which a specific resolution element was 
sampled; the column index is the time of sampling measured from the center 
element transmit pulse. Only straight lines through the center of the source data 
coordinate system map into straight lines in the rectangular data matrix. An M­
mode reconstruction from the columns of the rectangular matrix represents M­
mode lines along the fan lines; an M-mode reconstruction along any other line is 
possible using the mapping function. Frame to frame and cycle to cycle averaging 
techniques for noise reduction are implemented easily in the software of this system 
using the programming language. 
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Figure 6. Regional analysis program used for quantitative 20 echo studies. See text for details. 

DIGITAL PROCESSING OF LINE-MODE DATA 

The digitized line-mode data was processed using our previously described algor­
ithms [12] . For this data , cycle-averaging and spatial smoothing may not be nec­
essary. In fact, the edges found for each image in a cycle have fewer artifacts and 
tend to preserve edge connectivity throughout the cycle (Figure .S). 

We are extending these results by treating the edge detection problem using 
dynamic scene analysis. We plan to use boundary locations in one frame to aid in 
finding edges in previous and subsequent frames . We have just begun to apply time­
varying edge detectors to our 2D echo data and our preliminary results appear 
promlsmg. 

After further processing, we will examine various shape descriptors for use as 
indices of cardiac status. The development of new shape descriptors based on local 
radius of curvature should provide further information regarding left ventricular 
function. 

QUANTITATIVE ANALYSIS OF THE LEFT VENTRICULAR IMAGE 

In parallel with our efforts at 2D echo direct line mode digital acquisition, image 
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processing and edge detection, we have developed a program to analyze regional 
left ventricular function. This analysis may be applied to any left ventricular short­
axis projection and the derived data in combination with long-axis data may be 
used to estimate global left ventricular function and mass using well described 
algorithms, such as Simpson's rule. 

In this analysis, the endocardial and epicardial borders of the left ventricle at end­
diastole and end-systole are manually entered into the computer using a Tektronix 
digitizing tablet. A menu displayed on the image device guides and prompts the 
operator for data input. The data input consists of epicardial and endocardial 
borders, external alignment points for the systolic and diastolic images and five 
centimeter magnification calibration points. once all the data have been entered, the 
program calculates the center of mass of the diastolic endocardial border, the 
rotation angle and translation coordinates for alignment of the systolic borders 
over the diastolic borders. These aligned borders are then stored in a protected disk 
file for archival and research use. All calculations are performed using the center of 
mass of the end-diastolic endocardial border as the reference point. The continuous 
borders are divided into 24 segments, each of 15 degrees, for calculation of regional 
ejection fraction, regional wall area, and regional wall thickness (Figure 6). There is 
a graphical display of proportional change, diastole to systole, along with the 
segmented systolic and diastolic borders. 

We have used this approach to regional left ventricular analysis in a chronic 
canine model of acute coronary occlusion and reperfusion to investigate myocar­
dial functional response to reperfusion in specific segments according to pathologic 
data. Our approach should be useful in the quantitative evaluation of acute 
ischemic syndromes in animal models and in man. 

DISCUSSION 

The interpretation of left ventricular function by 2D echo has largely remained a 
descriptive technique requiring expert observers. Quantitative analysis has in­
volved manual delineation of endocardial and epicardial boundaries of end-dias­
tolic and end-systolic frames by trained operators. Other frames of the cardiac cycle 
are generally not analyzed because of the time and labor involved. 

The ability to further automatically process these 2D echo images should im­
prove our ability to quantitate 2D echo data, provide a more objective approach to 
interpretation, and improve inter-observer variability. The major limiting factor to 
the development of computer processing of 2D echo has been the long acquisition 
times required to digitize a single frame of data. Digital interfaces specific to 
ultrasound make it possible to acquire digital 2D echo data in real-time. Owing to 
the inherent complex interaction of ultrasound in tissues and the several steps of 
processing that occur within the commercial 2D echo unit, this digitized data is 
unfortunately noisy. 
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In our initial approach to acquisition of 2D echo data, the video output of the 
unit [12] was digitized. This method has several flaws. First, the resampling process 
required to form a video image from the line mode data tends to produce under­
sampling of data in the near field and oversampling in the far field. Second, the 
ultrasound frame generation does not necessarily match the video frame rate. 
Third, the scan converter within the echo unit maps the information into a range of 
gray values with a dynamic range matched to the human visual system; however, 
the usable dynamic range of the data is significantly greater. Fourth, the averaging 
technique for speckle reduction is usually not under user control. Fifth, the video 
image data depends on the processing performed by the echo technician who varies 
the control settings on the echo unit to achieve an image which looks "best" to the 
human observer; however, this image may not necessarily be optimal for computer 
processing. 

F or these reasons, we presently approach the digital acquisition of 2D echo data 
through direct line mode digitization [13]. With this approach, RF envelope de­
tected data are digitized before data transfer to the digital scan converter. This 
avoids the introduction of noise at several levels of data conversion and provides 
improved signal to noise ratios. 

Robinson and Williams [15] indicated that this method is superior to other 
methods of digitization for 2D echo processing. In addition, this line mode digiti­
zation method has several advantages compared to conventional video image 
digitization. (1) The ultrasound frame generation rate is equal to the A/D frame 
conversion rate; this condition is not necessarily fulfilled by video image digiti­
zation. (2) The envelope detected signal is independent of all control settings on the 
echo unit except for gain control. (3) The dynamic range of the 8-bit line mode data 
significantly exceeds that of the typical 4- to 6-bit output of the digital scan 
converter used for video data acquisition. For these reasons, we believe that line 
mode data digitization is presently the preferred method of ultrasound data acqui­
sition for computer processing. 

Image processing and algorithm development have been undertaken at our 
CIPRNET facilities. After applying Laplacian, Sobel, trapezoidal and high pass 
filtering edge detection routines, our previously described approach of axial gra­
dient edge detection appears to be the simplest and most accurate detector for 
providing anatomically appropriate endocardial and epicardial definition. With 
the line mode digitization, temporal and/or spatial smoothing may produce ar­
tifacts in our automatically derived edges. These smoothing techniques may be 
better suited to 2D echo video data for which they provide some improvement in 
signal to noise ratios. 

Further algorithm development, testing, and validation are required before clini­
cal applications of these techniques can be attempted. Although our axial gradient 
technique is useful, we believe that edge detection would be improved by using a 
time-varying image analys!s approach in which edge redundancy in frame by frame 
analysis would be used to provide further improvement in edge tracking. This form 
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of dynamic scene analysis has been used in other imaging problems with success [16, 
17]. 

Assuming that appropriate edges can be found and validated, a quantitative 
approach to global and regional analysis would then be necessary. Several attempts 
at left ventricular function quantitation have been attempted with manually defined 
edges with variable success [1-5). Although good correlations with gold standard 
measurements have been achieved, there remains IO/~ to 20/0 variability in the 
measurement of left ventricular volumes and mass. This variability derives from 
tomographic trajectory, poor endocardial definition, observer error and, of course, 
additional variability of the gold standard method. For instance, in contrast left 
ventriculography, the contrast material produces volume loading and a negative 
inotropic effect [18] contributing to discrepancies with other imaging techniques. 
Automatic methods of edge detection and quantitation for 2D echo should reduce 
inter-observer variability but will not influence these other factors, which require 
different solutions. A major impact of automatic quantitated processing will be the 
time saved in analysis and the ability to measure dynamic information contained 
within the entire cardiac cycle. 

The quantitative analysis of regional function which we have developed is similar 
to approaches previously described [5, 11]. However, controversy continues regard­
ing the use of coordinate systems and correction of three dimensional movement 
[19]. This problem is best illustrated by the variability of regional analysis depend­
ing on whether a fixed or floating center of mass is used. Although axial coordinates 
have been traditionally used with most cardiac imaging modalities, the unique 
tomographic information provided by 2D echo permits an approach to shape 
descriptors using Fourier shape analysis or mean tensor analysis [20]. These forms 
of analysis may circumvent the problem introduced with a coordinate, axial ap­
proach to quantitative regional left ventricular function. 

We anticipate further improvements in digital data acquisition, image process­
ing, development of edge detection algorithms, and methods of quantitation of 2D 
echo images. These improvements should then provide a basis for meaning ful three 
dimensional reconstruction of 2D echo images. 
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26. ANALYSIS OF MYOCARDIAL STRUCTURE 
BY COMPUTED TOMOGRAPHY 

K. LACKNER, O. KOSTER AND P. THURN 

Computed tomography of the heart represents an expansion of the non invasive 
roentgenological diagnosis of cardiac lesions 

1. by the representation of the heart in a horizontal sectional image, free from 
overlapping effects, with the resulting additional anatomical information; 

2. by the visualization of all chambers of the heart in a single examination; 
3. by the direct demonstration of the ventricular septum and ventricular myocar­

dium; 
4. using ECG-gated cardio-CT, by the non invasive assessment of ventricular wall 

motion; 
5. by the non invasive demonstration of coronary bypass perfusion. 

By intravenous injection of approximately 250 m165% contrast medium, intermit­
tently throughout the duration of the examination a difference in density between 
the cavities of the heart and the myocardium adequate for CT -imaging is achieved. 
Ungated cardio-CT is handicapped by more or less distinct motion artefacts. 
Nevertheless, good imaging results are possible with respect to the morphological 
point of view. ECG-gated cardio-CT enables the image reconstruction of the heart 
in diastole and systole or any position in between with a time resolution of approxi­
mately 0.1 s and allows functional assessments. The normal anatomy of the heart in 
ungated and ECG-gated cardio-CT is demonstrated in Figure 1. The analysis of 
myocardial structure in cardio-CT is based on: 

1. measurement of the wall thickness; 
2. measurement of the tissue density; 
3. assessment of size, shape and wall motion of the cavities. 

The increased wall thickness of the left ventricle in the course of pressure overload is 
well demonstrated in the ungated CT-image (Figure 2). ECG-gated cardio-CT in 
addition demonstrates the systolic thickening of the intact myocardium, the wall 
motion and the residual blood volume [2, 7, 10, 12, 14, 15, 18]. 

Quantitative assessment of the myocardial thickness is possible by means of 
cardio-CT. Points of measurement are the interventricular septum and the lateral 

Meyer, J., Schweizer, P. and Erbel, R. (eds.) Advances in noninvasive cardiology 
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Figure 1. Normal anatomy (ECG-gated scan); (left) diastole, (right) systole. RA = right atrium, 

RV = right ventricle, Sv = interventricular septum, LV = left ventricle, @ = mitral valve closed in 
systole, LA = left atrium, Sa = interatrial septum, + = anterior papillary muscle. 

wall of the left ventricle. The results in normal conditions and pressure overload of 
the left ventricle are compared in Table 1. 

Increased myocardial thickness occurs also in restrictive cardiomyopathy and 
idiopathic hypertrophic subaortic stenosis. In IHSS, cardio-CT demonstrates the 
circumscribed thickening of the ventricular septum (Figure 3). The ratio of the 
diameter of the myocardium in the area of the hypertrophic ventricular septum and 

Figure 2. Aortic valve stenosis (ECG-gated scan); (left) diastole, (right) systole. Concentric hypertrophy 
of the left ventricle ( .... ). Normal contraction. 
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Figure 3. Idiopathic hypertrophic subaortic stenosis ( i). A (B; C) ratio of myocardial thickness 

enlarged in case of IHSS. 

left ventricular lateral wall is increased and shows in cardio-CT similar results as the 
ratio between ventricular septum and posterior wall in echocardiography (Table 2). 

Myocardial scars in patients with coronary heart disease appear in cardio-CT as 
wall segments with decreased wall thickness and circumscribed ventricular dila­
tation (Figure 4). ECG-gated cardio-CT shows the abnormal contraction of 
ischemic wall lesions and allows quantitative assessments of systolic shortening of 

ventricular axes and the calculation of the ejection fraction. The correlation coef­

ficient comparing the ejection fraction calculated by ECG-gated cardio-CT and 
laevocardiography was r = 0.72. I n addition the systolic thickening of the normal 
myocardium and decreased systolic thickening of the ischemic myocardium can be 
demonstrated by CT. 

Table I. Myocardial thickness of the left ventricle (mm) 

Normal 

Pressure 

Overload 

Left ventricle 

x 
x-
Sx 
n 

x 
x-
Sx 
n 

Ungated 

II 
I 1.1 
1.8 

118 

16 
16.6 
3.5 

45 

Diastolic Systolic 

9.5 13.5 
9.8 14 
1.7 2.5 

114 114 

13.5 20.5 
14.3 20.3 
2.5 2.9 

26 26 
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Figure 40. Hypokinesia of the anterior wall of the left ventricle ( i). 

Figure 4b. Akinesia of the anterior wall of the left ventricle ( i). Myocardial attenuation of the infarcted 
wall area. 

Figure 4c. Aneurysm «(al) of the anterior wall of the left ventricle and ventricular septum. Myocardial 
attenuation of the infarcted wall area. 
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Figure 5. Myocardial calification ( t) of the anterior wall of the left ventricle following myocardial 

infarct. 

Changes of cardiac tissue density in cardio-CT appear in the presence of cardiac 
calcifications, tumors, thrombi and acute ischemic lesion of the myocardium; in 
addition tissue density measurements are of diagnostic value in the assessment of 
coronary bypass perfusion [3, 4, 8] and in pericardial effusions. 

The exact localisation and differential diagnosis of cardiac calcifications is im­
proved by the visualization in the horizontal slice plane of the CT-image. Para­
cardial, pericardial, myocardial or intracavitary calcifications are easier and more 
accurately separated using CT (Figure 5). Intracavity thrombi are of lower tissue 

Table 2. Ratio of myocardial thickness ventricular septum Jlateral wall in CT 

Normal 

IHSS 

-
X 1.1 

x 1.7 

Figures 4a- c. ECG-gated scans in patients with coronary heart disease; (left) diastole, (right) systole. 
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Figure 6a. Mitral valve stenosis. Parietal thrombi (@) in the enlarged left atrium (LA). RA = right 

atrium, Aa = ascending aorta. 

Figure 6b. Myxoma ( t) of the right ventricle (RV). Right atrium (RA) enlarged. 

density than the myocardium or most of the other cardiac tumors [5, 6, 13]. Besides 

the patient's history, clinical findings and the localisation tissue density measure­

ments done by cardio-CT provide additional diagnostic criteria for the differen­

tiation of thrombi and tumors. The tissue density of thrombi was found to be below 

60 HU in general, and the tissue density of myxomas was between 50 and 100 HU in 
the post contrast scans. In the very few cardiac sarcomas we observed , the tissue 
density was more or less inhomogenous and of higher level than in myxomas 
between 100 and 200 HU (Figure 6). 

The changes of tissue density in acute ischemic lesions of the myocardium were 
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Figure 6c. Mesothelioma with sarcomatous parts infiltrating the left ventricular wall ( t) and nearly 

obstructing the left atrium (LA). LV = left ventricle. 

until now of interest primarily for experimental studies. Several authors using 

canines showed the ischemic area following coronary artery occlusion as hypodens 

area, as the contrast perfusion of the ischemic myocardium is decreased [1,9, II, 16, 

17]. Tissue density measurements of the normal and ischemic myocardium allow 

quantitative assessments of the myocardial perfusion. After bolus injection of 

contrast medium a quick increase in density within the normal perfused myocar­

dium occurs. The time/density curve is characteristic and similar to the one which 

can be measured in the aorta. The post contrast injection increase in density of the 

ischemic myocardium is much slower and of lower degree. This experimental model 
can be used to visualize the effect of different drugs on myocardial perfusion, 
especially of the ischemic area. (Figure 7). In combination with the ECG-gated 
cardio-CT, also positive inotropic effects can be demonstrated . 

CONCLUSION 

In conclusion, cardio-CT allows a wide range analysis of cardiac structures. In part, 

indications and diagnostic findings are similar to echocardiography, for example in 

coronary heart disease, cardiomyopathy, assessment of wall thickness, cardiac 

tumors or pericardia I effusions and tumors. As the time resolution of cardio-CT is 

less as compared to echocardiography, scintigraphy and DVI, functional assess­

ments using ECG-gated cardio-CT are not as precise. Cardio-CT is superior in the 

demonstration of thrombi, calcifications, assessment of bypass perfusion, the dif­

ferentiation of cardiac or pericardial tumors, the assessment of cardiac rotation, the 
demonstration of the ventricular apex and by the possibility of tissue density 
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Figure 7a. Experimental myocardial infarct (dog) following ligation of the circumflex artery. Suben­

docardial ischemia (+-) of the posterior wall of the left ventricle appears hypodens (dark) in the CT­

image. 

400 
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Figure 7b. Time/density curve of the ischemic and normal myocardium after bolus injection of 60 ccm 
75/~ contrast material intravenously. The density increase of the ischemic myocardium is much slower 
and of lower degree as measured in the normal myocardium. 
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measurements. Contraindications are contrast medium allergy, cardiac failure with 

pulmonary edema, renal failure, acute myocardial infarct. The rate of technical 
insufficent examinations is approximately 5/~. The value of echocardiography as a 

non invasive screening method is not influenced by cardio-CT. It should be used if 
its potential additional diagnostic criteria might be of help, if echocardiography is 
not conclusive or technically impossible and for the confirmation of diagnoses at 
the non invasive level. 
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27. ANALYSIS OF CORONARY BYPASS GRAFT PATENCY 

BY COMPUTED TOMOGRAPHY 

W.G. DANIEL, W. DOHRING, P.R. LICHTLEN AND H.-ST. STENDER 

Accurate determination of aortocoronary bypass graft patency is still dependent on 
angiography, an invasive procedure. A non-invasive method, easily performed, 
repeatable and without special risks, visualizing the anatomy and providing direct 
information on graft patency would be very useful in the postoperative control of 
patients after bypass graft surgery. In this aspect, computed tomography (CT) has 
been reported to represent an ideal tool [1-12]. However, merits and limits of this 
method need to be defined, since in the studies published so far, the number of 
investigated grafts are often small and angiographic controls of the results are not 
always available. Therefore, in a consecutive series of patients who underwent 
postoperative coronary angiography due to persistent or recurrent angina pectoris, 
CT scanning was also performed for assessment of bypass graft patency in close 
temporal relation to angiography. 

MATERIALS AND METHODS 

Sixty-seven consecutive patients (65 males and 2 females), age 40-67 years, with a 
total of 125 grafts (1--4 grafts per patient; average 1.87 grafts) were entered into the 
study. All patients underwent angiography for assessment of graft patency due to 
recurrent postoperative chest pain. 

Twenty-seven patients with 54 grafts were studied by CT 1 to 126 days before 
angiography (average 35 days); in 40 patients with 71 grafts, CT followed angiog­
raphy 1 to 41 days (average 7 days). 

CT examinations were performed during suspended inspiration using a "So­
matom" total body scanner (Siemens AG, West Germany) without additional 
equipment for dynamic scanning or gating of the cardiac cycle. Scan duration for 
one section (x-ray beam rotation of 360°) amounted to 5 sec, the thickness of the 
tomographic section obtained being 8 mm; scans could be repeated after an interval 
of6 sec. 

A metal clip attached to the proximal anastomosis of each graft during opera­
tion, served as a marker of the search of the ideal scan level, just below the proximal 
anastomosis, yet still above the origin of the coronary arteries. In addition, polaroid 
photographs taken intraoperatively, showing the exact position of the graft, were 

Meyer, J., Schweizer, P. and Erbel, R. (eds.) Advances in noninvasive cardiology 
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Table I. Angiographic results of the studied bypass grafts 

Angiography Patent Occluded No. 

LAD 45 15 (25'/0) 60 
RCA 19 6 (24/0) 25 
Obtuse margo 20 11 (36/0 ) 31 
Diagonal 5 1 (l7/~) 6 

Int. mammary 3 3 

Total 92 33 (26'10) 125 

LAD = left anterior descending coronary artery; RCA = right coronary artery; Obtuse margo = obtuse 

marginal branch of the circumflex artery; Diagonal = diagonal branch of the LAD; lnt. 
mammary = internal mammary artery graft. For details see text. 

available for most of the patients. 
CT scans were obtained before and after one to three bolus injections of 50 ml 

Megluminioglicinate (Rayvist® 300) into an anticubital vein. At the average, 
1.98 ± 0.65 contrast injections per patient were made. Scanning started usually 5 to 
8 sec after the end of the bolus injection and 2 to 3 scans followed each injection. 
Evaluation of graft patency was based on the typical contrast enhancement of the 
graft structure associated with an increase of the attenuation values, and patency 
was judged qualitatively by two independent observers, at least one having no 
knowledge of the angiographic results. 

RESULTS 

Angiography 

Angiography revealed that 92 of 125 grafts were patent (patency rate 73.6/~) and 33 
were occluded. The details of the angiographic findings are summarized in Table 1. 

Whereas 79 grafts appeared unobstructed both with regard to the proximal and 
distal anastomoses as well as the veins themselves, 13 grafts showed a stenosis of 
75/~ or higher: 5 grafts to an obtuse marginal branch (OMB) of the circumflex 
coronary artery (LCX), 4 to the left anterior descending coronary artery (LAD), 3 
to the right coronary artery (RCA) and I to a diagonal branch (DB) ofthe LAD. In 
9 cases the stenosis was localized in the proximal half, in 4 cases in the distal half of 
the bypass vein or in the region of the corresponding anastomosis. 

---
Figure I. CT scan of a single LAD bypass graft (arrows) before (a) and after (b, c) contrast material 

administration, with enlargement of the area of interest (c). The patient was studied in the early 
postoperative period; a retrosternal hematoma (H) can still be seen. A = ascending aorta; 
P = pulmonary artery. 
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Figure 2. CT scan of a single RCA graft (arrow) after contrast material administration (enlargement of 
the area of interest). A = ascending aorta; P = pulmonary artery. 

Computed tomography 

Eighty-four of the 92 angiographically patent grafts were also visualized by CT 
(Table 2): 44 of 45 patent grafts to the LAD (97. 7/~ ), 16 of 19 patent grafts to the 
RCA (84.2/~), 17 of 20 patent grafts to an OMB of the LCX (85/~ ) , 4 of 5 patent 
grafts to a DB (80/~), and all 3 internal mammary artery grafts. Typical CT 
examples are shown in Figures 1- 3. Sensitivity for CT scan detection of graft 

Table 2. Visualization of bypass grafts by CT in comparison to angiography 

Grafted AngiographicaJly Angiographically 
vessel patent grafts occl uded grafts All grafts No. 

CT+ CT- CT+ CT- CT correct 

LAD 44 I 14 58 ( 96.7iJ 60 
RCA 16 3 I 5 21 ( 84.0i~ ) 25 
Obtuse margo branch 17 3 2 9 26 ( 83.9i~) 31 
Diagonal branch 4 5 ( 83.3 i~) 6 
Int. mammary 3 3 ( J()().Oi~) 3 

Total 84 8 4 29 113 ( 90.4i~) 125 

CT + ( ) = grafts patent (occluded) by computed tomography; LAD = left anterior descending 
coronary artery; RCA = right coronary artery; Obtuse margo branch = obtuse marginal branch of the 
circumflex coronary artery; Diagonal branch = diagonal branch of the LAD; Int. mammary = internal 
mammary artery graft. For details see text. 
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Figure 3. CT scan of bypass grafts to the LAD (curved arrow), RD (white long arrow) and OMB (black 

arrow); the latter is positioned behind the aorta running parallel to the scan level. Scan was taken 
following contrast material administration. A = adcending aorta; P = pulmonary artery. 

Figure 4. CT scan of a verely calcified left coronary artery without contrast material administration. The 

left main stem and proximal parts of the LAD and LCX are clearly visualized . 

patency (S = (graft patent by CT and angiography/graft patent by angiography 
alone) . 1(0) amounted to 91.3 /~. 

Of the 33 grafts occluded at angiography, 29 (87.9/~ ) were considered to be 
occluded also on CT (Table 2): 14 of 15 occluded grafts to the LAD (93.3/~) , 5 of 6 
occluded grafts to the RCA (83 . 3/~), 9 of 11 occluded grafts to an OMB of the LCX 
(81.8/~) and I graft to a DB of the LAD. Hence, 4 grafts found occluded at 
angiography were considered to be patent by CT. In these 4 false-positive cases, the 
CT study was performed 9 to 32 days before angiography. Thus, it cannot be ruled 
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Figure 5. CT scan of left coronary artery following contrast material administration (a, b) , with 
enlargement of the area of interest (b). LAD and LCX can clearly be visualized . A = ascending aorta. 

out that some of the 4 grafts became occluded during the time between CT and 
angiography, especially since all 4 patients were studied because of recent onset of 
chest pain. 

Accordingly, the study revealed a specificity (SP = (grafts occluded by CT and 
angiography/grafts occluded by angiography) . 100) ofCT for assessment of bypass 
graft patency of 87.9/~ and an accuracy (ACC = (patent and occluded grafts 
diagnozed correctly by CT /all studied grafts) . 100) of 90.4/~ . 

In 13 grafts, angiography demonstrated one or more significant stenoses either of 
the graft itself or of one of the anastomoses. Eleven (84.6/~ ) of these partially 
obstructed bypass grafts were considered to be patent by CT. 

Interobserver disagreement existed with regard to the evaluation of 4 grafts 
(3.2/~ ) : 2 angiographically patent grafts (1 to a DB and 1 to an OMB) and 2 
occluded grafts (1 to the LAD and 1 to an OMB). Fifteen months after the last 
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patient of this study was investigated by CT all scans were reevaluated by one of the 
two observers. Reevaluation differed from the initial scan interpretation in only two 
cases (2 grafts to an OMB of the LCX) amounting to an intraobserver-variability of 

1.6/~. 
Finally, it should be mentioned that native coronary arteries could also be 

visualized by CT without contrast enhancement, when they were calcified (Figure 
4) or following injection of contrast material when a corresponding scan level was 
chosen (Figure 5). 

CONCLUSIONS 

1. Non-dynamic computed tomography permits the correct identification of patent 
aorto-coronary bypass grafts in a high percentage of cases. 

2. This is in particular true for the clinically most important grafts to the LAD. 
3. False-positive results are rare. 
4. Thus, in postoperatively asymptomatic or, at least, markedly improved patients, 

CT scans demonstrating one or more patent grafts may be sufficient for the 
anatomical documentation of the success of bypass graft surgery. 

5. However, current CT scanning does not provide definite information on partial 
graft obstruction or graft function, and therefore, in clinically symptomatic 
patients, this method is still not informative enough to replace coronary angiog­
raphy. 
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