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cise and detailed presentation of anatomy, pathology, 

motion, flow, and even metabolic functions. Imaging by 

means of X-rays, magnetic resonance and ultrasound, 

endoscopy and photography primarily yield anatomic 

information, including the presentation of motion and 

blood flow. 

Imaging techniques in nuclear medicine , such as 

gamma camera, single photon emission tomography and 
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positron emission tomography are used to visualize 

meta-bolic functions . Transitions between the different 

imaging techniques are gradual. Several of the men

tioned modalities, primarily used to obtain information 

in one area, can also be used in a modified version to 

gain complementary information. Magnetic resonance 

imaging, for example, is not only suitable to show the 

anatomy of the patient, but can also be used for tissue 

characterization if, instead of proton density, the relaxa

tion ti mes are emphasized in the images. Furthermore, 

blood flow can be measured and even metabolic proc

esses can be assessed by utilizing chemical shift imag

ing. 

Supporting the physician in achieving the best 

possible evaluation of the multiture of images available, 

and thus contributing to the improvement of clinical 

diagnostics and therapy by developing the necessary 

technical tools and techniques, is an extraordinarily 

important task of Biomedical Engineering. Of special 

importance is the integration of different image contents. 

Combining the information of different images of the 

same patient, acquired either by different modalities or 

using the same technique but at different times, can 

often decisively improve the diagnostic possibilities. 

Unfortunately, comparing or combining the infor

mation content of individual images is often associated 

with considerable difficulties bec~use, as a necessary 

prerequisite, the pictures have to be precisely aligned 

and scaled, i.e. registered. The question is how to 

achieve a reliable and exact image registration. Func

tional images often exhibit very low resolution , and 

anatomically characteristic points, so-called landmarks, 

which would make the proceeding much easier, are 

hardly recognizable. In addition, images acquired on the 

basis of different physical principals or with different 

imaging procedures represent different parameters. 

Anatomic boundaries do not .always malch exactly the 

regions of metabolic activity. Differences in image 

scales, viewing angles, as well as the fact that in most 

cases images are taken at different times, result in addi

tional problems. 
In nuclear medicine images like PET scans, the 

resolution, as compared to NMR images, very often is 
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not sufficient to unequivocally assign certain image 

structures to anatomic features . By superimposing the 

PET and NMR images, a spatial anatomic reference can 

be brought into the PET scan, whereupon sources of 

abnormal metabolic activity, e.g. tumors, can be as

signed or localized better than with a PET scan alone. 

Even with pictures like the fundus images shown 

in figure 1, taken with the same camera but at different 

times in order to detect possible anatomical changes, it 

is often difficult to achieve exact matching. This applies 

even more since it is not known a priori whether the 

obvious distinctions between the images are due to di f· 

ferences in the image acquisition, e.g. different viewing 

angles, or whether they appear as a result of physiologi

cal, anatomical or pathological changes of the fundus. 

Clinical experience has shown that image registra· 

tion, i.e. the process to align images with respect to their 

position, orientation and scale, poses a very complicated 

problem to a human expert. A reliable technique for 

automatic image registration therefore represents a sig

nificant help for the improvement of medical diagnos

tics. 

Image registration can be formally defined as the 

transfmnation of an image with regard to another image 

such that the characteristics of each area or volume 

element of the depicted object can be addressed by the 

Fig. 1. Two fundus images showing the same region of 
the retina, but taken at different times. Image B 
exhibits distinct deformations compared to 
image A. 
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same coordinates in both images. That means that for 

any body element randomly chosen in one of the im

ages, the matching in formation from the second image 

is immediately available. 

Image registration techniques fall essentially into 

two categCX'ies: local and global metlXlds. Local metho:is 

are based on the correspondence between small sub

groups of imaging points, the landmarks or control 

points. With few exceptions, medical images are les s 

suitable fo r the local methods of image registration, 

because a simple and reliable determination of land

marks is impossible in most cases. 

Global registration techniques try to establ ish a 

single transformation for the whole image to achieve 

optimum registration. The dimension m of the problem 

correspmds to the number of possi ble deformation para

meters. A measure of similarity is defined that repre

sents a function of the image contents and the m-par

ametric transformation. The solution is the point within 

the m-dimensional space which achieves the highest 

LOCAL REGISTRATION 

GLOBAL REGISTRATION 

4 Parameters: 

Rotation 

Scaling" 

Translation 

Fig. 2. Local and global image registration. Local reg
istration is based on the matching of landmarks, 
requiring rubber-sheet transformations, whereas 
global registration determines one transforma
tion for the whole image to achieve optimum 
matching. 
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similarity between both images. Conventional methods 

determine the registration parameters by exhausting 

search, i.e. a measure of similarity is calculated for each 

possible translation, rotation and scaling, and then its 

maximum is determined. The computational amount 

required for this search is enormous . Therefore, the so

called hierarchical or coarse to fine strategies have been 

adopted, which initially determine the approximate area 

of the maximum with a coarse mesh and then do a 

complete search in the immediate area using a fine 

mesh . 

The cross correlation function (CCF) has proven to 

be the most effective measure of simjJarity for image 

registration. Unlike other techniques it does not require 

any prior segmentation or pattern recognition, it is 

largely indifferent against noise, and furthermore, it 

utilizes the complete image information to determine the 

similarity. 

The cross correlation function of two images 

',(x,y) and I
2
(x,y) with their corresponding spectral 

representations F,(u,v) and F2(u,v), which are deter

mined by Fourier transforms, is detemlined as : 

The coordinates of the maxima, indicating the alignment 

with the highest similarity, determine the translation 

parameters for the image registration . 

In a normal presentation of image information as 

the 2- or 3-dimensional distribution of image parameters 

like density, absorption coefficient etc., translation can

not be determined independent of the rotation and image 

scale. A substantial facilitation and simplification of 

image registration can be achieved by decoupling the 

single registration parameters, i.e. by a transformation of 

the image into a presentation that is invariant with re

gard to translation. rotation and scaling. With such an 

invariant image representation, the registration parame-
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ters can be detennined independently and one after the 

other, a procedure which leads to a drastic reduction of 

the computational amount required. 

In order to demonstrate the characteristics of the 

threefold invariant image description, consider two pic

tures f(x ,y) and f(x ,y) where f(x,y) is determjned by a 

4-parametric geometric transformation of f(x,y): 

i'(x,y) = f( a(xcos13+ysin{3)- tu, a( -xsin{3+ycos13) -6y) (2) 

6x and 6y are translations, a is a uniform scaling fac

tor and ~ is the angle of rotation. 

Decoupling the registration parameters for transla

tions can be achieved by utilizing the characteristics of 

the Fourier transform. An image shift in the spatial 

domain corresponds to a phase sruft in the spatial fre

quency domain, i.e. calculating the magnitude of the 

Fourier spectra or the power spectra of the images elimi

nates the translation parameters. Thus, the images are 

invariant with regard to an image translation , but still 

contain the rotation and scaling parameters: 

Transformation of the magnitude spectra into polar 

coordinates (r,8) causes the decoupling of rotation and 

scaling: 

IP'(r,®) I = ~21 F (~ , e + 13)1 
(4) 

wilh r = JX2+y2 and ®=tan-1(y/x) 

Rotation now appears as a cyclic shift in the angular 

coordinate and scaling is lirruted to the radius coordi

nate. The consequences are that, first, rotation can eas

ily be determined by means of cross correlation, and 

second, the magnitude spectrum of the magnitude spec

trum in polar coordinates is invariant with regard to 

cyclic shifts which actually represent the rotation of the 

original image. 
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Finally, a logarithmic transformation of the r-axis 

transforms the image scaling into a shift by In(a) : 

IF '(p,®) I " ~21 F (p -In(a) , ® + 13) I 
(5) 

with p = In(r) 

The image transformation into polar coordinates 

followed by a logarithmic transform of the r-axis is 

called a "log-polar" transformation. The results of these 

transformations indicate a simple way to determine the 

scaling differences of two images by just calculating a 

cross correlation function . It also becomes evident that 

by calculating the power spectrum of the log-polar trans

formed image a representation is obtained that is invari

ant with regard to the scale factor, too. The complete 

transformation uncouples translation, rotation and scale, 

and thus leads to a triple invariant image representation 

which lends itself to a very effective and fast aJgorithm 

for image registration as shown in figure 3. [1,2,3] 

The procedure to register two images, based on the 

CCF 

Posilion 

Reglstrallon , 
Size and Orientation 

Fig. 3. Flow diagram for image registration based on 
triple invariant image description. 
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triple invarianl image description works as follows . 

First, the magnitude of the Fourier spectrum of both 

images is determined. The transformation of a half-ring 

into log-polar coordi nates is followed by expansion with 

zeros in the direction of the radius logarithm. The coor

di nates of the maximum of the cross correlation function 

determine the scaling factor and rotation angle necessary 

fo r image registration. One of the images is rotated and 

scaled accordingly. The correlation between the original 

image #1 and the registered image #2 now yields the 

differences in position. After an appropriate compensa

tion of the translation the images are registered. 

Reliabil ity and precision of the procedure have 

been tested very successfully with different imaging 

modalities, including fundus photography, X-ray CT, 

nuclear medical images and ultrasound images. In addi

tion to performing crossvalidations [3], test images were 

shifted , rotated, and scaled and the calculated transfor

mation parameters were compared with the known 

man ipu lations. The errors basically corresponded to the 

computer precision . For a series of fundus images the 

identified errors could be neglected as they were smaller 

than one picture element for translation, smaller than 

0.1 0 for rotation and smaller than 0 .1 % for the scaling 

factor. Even after superimposition of additional noise 

onto the images, the resulting errors were significantly 

smaller than those achieved by a human expert by 

means of interactive registration, which means a sub

stantial improvement as compared to former methoos of 

automatic image registration in medicine. At the same 

time, a drastical reduction was achieved for the compu

tational amount required. 

Invariant image description has been proven as an 

extremely successful image processing technique in a 

number of clinical applications in nuclear medicine, 

ophthalmology, neurology, and cardiology . Several spe

cific applications, representative for the broad range of 

diagnostic procedures where invariant image description 

is an important tool, will be discussed in the following : 
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renal studies, diagnosis of retinitis pigmentosa, diagno

sis of Alzheimer's disease, quantification of aortic sten

osis, and the determination of stroke volume. 

Dynamic Renal Studies 

For functional control of the kidneys a series of 

images is taken with a gamma camera. In these images 

the concentration of a 'radio tracer is determjned over a 

longer period of time, and by analysing the concentra

tion curve, the renogram, the kidney function can be 

judged. Since it is often impa;sible to avoid movements 

of the patients during image acquisition, especially in 

the case of children, the kidneys move within the im

ages accordingly, thus impeding the consistent counting 

of radio impulses within the chosen region of interest 

(ROI) , supposedly the boundaries of the kidneys. In 

many cases the movements even mandate a repetition of 

the procedure. Through invariant image description and 

registration, which compensate for the motion artifacts, 

a repetition of the procedure can be avoided, thus reduc

ing the stress for the patients and considerably lowering 

the costs of the renal studies [4] . 

Fig. 4. Renal scintigraphic images with superimposed 
ROls, showing the effect of patient motion . The 
ROIs have been selected in the first image of 
the shown sequence (3 min), and are applied to 
the following images without change of their 
position. 
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RIGHT KIDNEY 3.018 ES 8985. 41 54. 7.0 >10.7 

24.11 
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60.5 
46.2 

Fig. 5. Erratic renogram, showing a su bstantial drop in 
counts as the effect of patient motion after the 
) 5th minute, indicated by the aITOW . 

The prob lem is demons trated in fig ures 4 and 5. 

After a patient movement slightly more than 15 minutes 

into the study, the outlined areas of interest do no longer 

completely cover the kidneys. Automated counting 

wi thin the ROls leads to a sudden, erroneous drop of the 

l"enogrul11. Redefining the ROIs after the motion occurs 

docs not provide the necessary accuracy to eliminate the 

motion ar tifac ts . Sequential registration of the whole 

series of images , on the other ha nd, completely compen

sates all translations and rotations and eliminates the 

influence of patient movements on the test as can be 

seen in figure 6. In the example shown here, the mo.tion 

art ifacts arc obvious . In the case of small and slow 

movements, however, the motion artifacts can influence 

the measurement unnoticed if not prevented by proper 

image registration . 

Investigation of Retinitis Pigmentosa 

Another interesting application of invariant image 

description is found in ophthalmology for the diagnosis 

and long telm surveillance of fundus diseases. A special 

projec t, conducted in cooperation with the Bascom 

Palmer Eye Institutc in Miami, is the investigation of the 

origins of ret initis pigmentosa. Retinitis pigmentosa is a 

hercdil,u'y disease of the fundus and causes blindness in 

i Is progress. Thcre is no cure yet. 
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RIGHT KIDNEY 4.088 Eb I030Q 9075 7.0 ,1 5.0 88 0 

Fig. 6. Corrected renogram, obtai ned from the same 
image study as in figure 5, but after compensa
tion of patient motion. The renogram shows no 
more unphysiological decline at the time of the 
patient motion which is indicated by the arrow. 

Fig. 7. Digitized fundus photograph of the right eye of 
an X-linked RP carrier with tapetal-like reflex; 
the darker region at the right is the Fovea (F), 
dark lines are retinal blood vessels, and the 
tapetal-like reflex shows as bright tiny 
reflections distributed throughout the fundus , 
especially left of (temporal to) the fovea . the 
calibration bar is approximately 1 mm, 
measured on the retinal surface. 

- 80-



BIOMEDICAL ENGINEERING
APPLICATIONS, BASIS & COMMUNICA T/ONS 

Photographs of the fundus are taken for the diag

nosis . A charac teristic symptom of retinitis pigmentosa 

are golden-yellowish reflexes that seem to be radially 

oriented towards the fovea. In the enlal'gement the re

flexes appear as blulTed golden spots. The blurring is to 

a large extent caused by distortions during image acq ui

sition. For the ana lysis of the reflexes an exact model of 

the imaging system- has been determined, on the hasis of 

which image recons truction filtering cancels most of the 

noise and improves the sharpness of the reflexes. The 

reflexes are then isolated and analysed. Compa ri son of 

pic tures taken over the course of time for the purpose of 

judging the development of the disease requires very 

accu rate image regis tmtion which is performed based on 

the triple invariant image description. Even fundus 

images taken 23 years apart, exhibiting major differ

ences in image qual ity, could he successfully registered 

as can be seen in figures 8 and 9. Surpris ingl y, there are 

only minor changes of the fundus over this long pcriod 

of time. 

It was the goal of the anal ysi: of the reflexes to 

determi ne by structural analysis which of the cel ls are 

the cause for or the origin of the forma tion of the re-

Fig. 8. Two fundus images of the same patient, taken 
23 years apart. The images, showing a small 
area of the actJal photographs, have been 
registered hy in variant image description and 
then truncated to show the same rcgion of the 
fundus. Except for the dil'ferences in image 
qua li ty, mainly caused hy the films used, li ttle 
difference can be secn. The areas in side the 
marked squares are show n in figu re 9 in a 
larger magnification to allow a more detailed 
comparison of the rellexes. 
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Fig. 9. Development of the tapeta l-like reflexes in the 
right eye of an X-linked RP carrier. The 
pictures have been taken 23 years apart. No 
significant changes can be observed. The 
images show the fundus regions marked in 
figu re 8. The size of the areas is 240><240 11m. 

flexes. For this purpose, a segmentation was performed 

on the reconstructed images , isolating the reflexes, and 

allowing their morphological analysis . The distributions 

of retlex size, shape, orientation, intensity and density 

were determin ed for both qualitative and quantitative 

ana lysis. Altogether, the results have lead to the hy

pothesis that the reflexes originate in the cones. Further 

studies have indeed confirmed that the first recognizable 

abnormalities appear in the photoreceptor system [2]. 

Diagnosis of Alzheimer's Disease 

Reliable diagnosis of Alzheimer's disease, a major 

medical problem, can be achieved through the analysis 

of regional brain ac tivity usi ng neural networks. The 

values for regional brain activity are obtained from PET 

Scans which are segmented with the help of matching 

magnetic resonance images. Again, invariant image 

descriptio n is an extremely helpful tool for the neces~ry 

registration of PET and MRI scans. 

A system for image based diagnosis of mental 
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diseases has to perfonn four different tasks: 

- image registration and combination of the anatomic 

and metabolic information obtained by PET a,nd MRI, 

- a segmentation for the detemtination of activity in the 

di fferent brain regions based on the higher resolution 

MRI, 

- regional feature extraction within the PET image, and, 

- data interpretation, i.e. diagnosis . 

Data analysis is done by a back-propagation neural 

network. The output of the network shows either a yes/ 

no deci sion or, if implemented using fuzzy logic, it 

indicates continuous probabilities for the decisions 

whether the p atient suffers from Alzheimer's disease or 

not. The network has been 'trained by known cases. 

Different steps of anatomic "resolution" were tested, 

starting with the division of the brain into 67 small 

structures, then limiting the resolution to the activity 

patterns of the 25 lobules, and finaJly attempting a diag

nos is on the ·basis of the eight lobi cerebri, four per 

hemisphere as shown in figure 11. 

A comparison of results for the diagnosis of 

Al zheimer' s disease as obtained by a human expert, 

Fig. 10. Diagnosis of mental disorders based on PET 
imaging. MRI scans support the segmentation 
o f the brain. Different methods for classifica

tion are tested . 

INPUTS 
REPRESENT 
REGIONAL 
FUNCTION 
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BACK-PROPAGATION 
NEURAL NETWORK 

Fig. 11 . Classification of mental disorders by a back

propagation neural network. The inputs are the 
regional rates of metabolic activity, the output 

is the probability for the presence of the 

disorder to be classified. 

discriminante analysis and neural network is shown in 

figure 12. The ROC curve or Relative Operating Char-

1.0 

0 
t- 0.8 

~ 
W 
> 0.6 
t-

I en I 0 0.4 I 0-
W 

/ 

::> -- NEURAL NET 
a: 0.2 .... EXPERT t-

- - - DISCR. ANALYSIS 

0.0 

0 .0 0.2 0.4 0 .6 0.8 1.0 

FALSE POSITIVE RATIO 

Fig. 12. ROC curves for the diagnosis of Alzheimer'S 
d isease based on PETTY images of the brain 
activity in the 25 lobules. 

-82 -



BIOMEDICAL ENGINEERING-
APPLICA TlONS, BASIS & COMMUNICA TlONS 

acteristics serve as a measure of efficiency . The area 

under the ROC, which indicates the probability of a 

right decision when a single case has to be decided by 

a clear yes or no, is the strongest indicator for the qual

ity of the individual diagnostic technique. The human 

expert shows the best results, the worst were obtained 

by statistical analysis. It should be mentioned, however, 

that when comparing the perfonnance of human expert 

and neural network, the human expert has a huge advan

tage because the validity of the neural network 's deci

sions is judged by this expert, as a reliable verification 

of the diagnosis is only possible post mortem. By fol 

lowing up on the patient population used for this study, 

the ROC might over time actually shift in favor of the 

neural network. The profiles established by the neural 

network show the characteristic distributions of brain 

activity in the presence of the disease. 

An interest ing question is, whether the quality of 

the diagnosis is a function of image resol ution, i.e. 

whether the huge costs of the latest PET systems with 

increased resolution can actually be justified from a 

diagnostic point of view. To investigate this issue, the 

ROCs of the two available systems, PETTY with a slice 

thickness of ISmm and Scanditronix with a slice thick

ness of 6mm, each for eight lobes and 25 regions, have 

r
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~ 0.0 

-l 
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Fig. 13. Two characteristic patterns are obtained for 
the diagnosis of Alzheimer'S disease by the 
back-propagation neural network with one 
hidden layer when fed with the functional 
activity in 25 brain lobules. 
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been determined. An additional parameter for the per

formance was the kind of data standardization - absolute 

standardjz~ion versus standardization with regard to the 

activity value within the occipital brain lobe. As can be 

seen from the results shown in figure 14, the higher 

resolution system in fact improves the reliability of the 

diagnosis. 

Quantification of Aortic Stenosis 

Noninvasive assessment of valvular stenosis, valvu

lar insufficiency. prosthetic valve function, congenital 

abnonnalities. and to some extent, left ventricular func

tion, can be achieved with the aid of Doppler echocar

diography. The audio signal contains qualitative infor

mation about the characteristics of flow -laminar or 

turbulent- as well as quantitative information regarding 

the velocity distribution of blood flow. Using the Ber

noulli equation, the information contained in the US 

signal permits to assess the severity of valvular stenosis. 

Some severe limitations of this technique lead to a fur

ther interesting application of invariant image descrip

tion : the quantification of aortic stenosis. 

The velocity of the blood flow entering the aorta is 

1.0 

0 
f= 0.8 
< a:: 
w 
> 0.6 
~ 
CJ) 

0 
0... 

0.4 

W 
::::> 
a:: 0.2 
f-

0.0 
0.0 0.2 0.4 0.6 0.8 1.0 

FALSE POSITIVE RATIO 

Fig. 14. Comparison of ROC curves for the PETrY 
and Scanditronix PET scanners. The higher 
resolution clearly allows superior reliability of 
diagnosis. 
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measured by Doppler US. According to the contraction 

of the heart and the opening characteristics of the aQr

tic valve, the flow complexes exhibit a typical shape 

with a fast increase in flow velocity. In the healthy 

human the complexes have a rather constant shape. With 

an aortic valve stenosis the increase in blood flow veloc

ity is distinctly reduced because of the incomplete open

ing of the aortic valve. The maximum of the blood flow 

velocity appears delayed as compared to a valve that 

opens completely .. 

Quantification of the stenosis is done mostly by 

determination of the gradient specifying the increase of 

blood flow velocity [7,8J . Figure 15 shows characteris

tic flow complexes for cases of mild, severe and critical 

stenosis. Precision and reliability of this procedure to 

quantify val vular stenosis remain uncertain, especially in 

elderly patients, particularly because of the frequent 

occurrence of arrhythmias, which cause significant vari

ations in stroke volume and thus in signal amplitude and 

complex duration. 

Accurate determination of the gradient is not easy 

because of the poorly defined, blurred outlines of the US 

signal. In principal, the gradient should be independent 

of strokc vo lume, i.e. the shape of the individual com

plexes should remain constant even in the presence of 

major variatiOn<> of stroke volume. If this hypothesis can 

be proven, then it would be possible to develop a tech

nique for the quantification of aortic stenosis that would 

lead to the same value, no maller which individual heart 

beat has been picked for the calculation. Invariant image 

description actually permits easy verification of this 

Fig. 15. Characteristic US Doppler signals for cases of 
mild (A), severe (B), and critical (C) aortic 
stenosis. 
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Fig. 16. Arrhythmia and the resulting variations in 
stroke volume as seen in the CW Doppler 
echocardiogram. 

theory if the individual complexes are considered as a 

series of digital images and their correlation is examined 

after registration. 

Rotation is not to be expected as a registration 

parameter in this application, instead the previously 

assumed uniform scaling factor has to be replaced by 

two independent factors for the horizontal and vertical 

image scale . Changes in stroke volume result from 

decreased flow velocity, diminishing the height of the 

ejection complex, and shortened ejection period, reduc

inging the width of the complex. In spite of ECG trig

gered image acquisition the start of the ejection complex 

is subject to time shifts because of the physiological 

variation of the pre-ejection period. This translation 

disappears in the magnitude spectrum of the image. 

Since there is no rotation, a transformation into polar 

coordinates is not helpful for the invariant image de

scription, a double logarithmic transform is performed 

instead. 

The double logarithmic transform converts both 

scaling factors a and b into an image translation. By 

calculating the power or magnitude spectrum a descrip

tion of the US images is obtained that is invariant with 

regard to the scaling factors', i.e. amplitude and duration 

of the signal. Calculating the correlation between con

secutive complexes exhibits their similarity and thus 
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answers the ques tion whether the pattern remains con

swnt in spite of variations of stroke volume. 

Scaling: [(ax, by) -~ _ 1_ FC!!.., ~) 
. lab I a b 

Log/LogTrans[orm : 

F 'eu I, v) = l a~ I F(u I- In(a) , v I- In(b ) 

with: u '=ln(u), v '=ln(v) (6) 

Results of the correla ti on analysis impressively 

confirm thc intra-patient constancy of the pattern [8]. 

The correlati on coeffic iellls are well ahove 0.9 with only 

min imal standard deviation. As· expected , the highest 

beat- to-beat fluctuations are recogni zable for the signal 

ampl itude, i.e. the maximum flow velocity during sys

tolc, with a standard deviat ion of up to 30%, whereas 

the ejection time changes considerably less, up to 10%. 

These results indi cate that diagnosis as well as 

quan tification of the aortic stenosis should indeed be 

independen t of the choice of the single complex analy

scd if the appropriate criteria are applied. Furthermore it 

means that for the actual quantification the appropriate 

parameter can be derived from the scale invariant repre

senta tion of the images. In a fi rst clinical study several 

standard patterns, representative for various degrees of 

aortic stenosis have been developed . Correlating the 

actual Doppler signal and the standa,d patterns - both 

independent of signal duration or ampli tude respectively 

- appears to enable safe classification and thus quantifi

cation of aortic stenosi s. 

Determination of Stroke Volume 

With the development of ultrafast X-ray CT scan

ners (llllatron ), it has become possi ble to perfOlTIl high

resolution dynamic cardiac stud ies. In additi on to the 

assessment of many other medically interesting parame

ters, the nonin vasive determination of stroke volume 

wi th unprecedented rcliability and precision is an appli

cati on of special interest - not only for clin ica l diagnos

tics but also as a va luable tool for the validation of 

other, less expensive teChniques for stroke vol ume deter

mination , such as impedance cardiography. 
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Fig. 17. A cross sectional view through the heart, as it 
is obtained with the Imatron ultrafast CT 
scanner, is shown in the left panel. The right 
panel shows the image after co ntrast 
enhancement and co ntour detection for the left 
ventricle. 

In order to determine the stroke volume, ten to 

twelve sections of the heart are obtained in a short axis 

view at the end of the diastole and the end of the sys

tole. A 3-d reconstruction renders the left ventricul ar 

volume. The difference in end diastolic and end systolic 

volumes of the left ventricle yields the stroke volume. 

Since the images are not all obtained at the same time, 

but rather di stribUled over several heart beats, they have 

to be registered wi th regard to the heart befor~ the 3-d 

image can be reconstructed. After registrntion, the endo

cardium is detected and the stroke volume is deter

mined . Again, invariant image description is the tool of 

choice for the image registration. 

In a val idation study, stroke volumes obtained with 

the ultrafast CT scanner and with impedance cardiogra

phy have been compared. Impedance cardiography 

(rCG) measures the thoracic impedance as well as its 

changes related to the pulsating blood flow in order to 

determine card iac time intervals and stroke volume [9]. 

The stroke volumes obtained by ICG and cr show 

excellent correlation of r=0.935 fo r resting condition of 

healthy subjects, as shown in figure 18. In an experi

ment where a change of stroke volume has been induced 

by the infusi on of dobutamine, a very strong correlation 

of stroke volume changes (r=0 .95) was seen as well. 

These results prove exce llent reliabi lity and precision for 

both the leG system and the image registration based on 

invariant image description. 
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Fig. ] 8. Comparison of stroke volumes calculated from 
cr scans and through impedance cardiography 
(inspiratory breath-hold). 

In s ummary, invar iant image description has 

proven to be an extremely successful tool for medical 

image processing and has already contributed signifi

cantly to the improvement of clinical diagnostics. The 

technjque has been widely acknowl edged as being supe

rior to other methods of image registrat ion . Further 

app lications, not lirruted to medical diagnostics, are to 

be expected. 
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