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ABSTRACT:

A timed series of video images { dynamic study } may be taken for
a human organ under examination, after 1.v. injection of contrast
material. The images are digitized and stored as matrices of 512 x 512
pixels. Mumerical data for each pixel within the sequence reflects
then the temporal changes of the dye concentration in the tissue
represented by that pixel according to a well-known x-ray attenuation
Togarithmic retation. A structured algorithm is developed to perform
mathematical analysis and manipulation for those "functional images"
on a pixel-by-pixel basis with the aim of deriving out some useful
time-density variables and curves. The algorithm is applied to 38 nor-
mal individuals to study their renal function and the results proved
to be of a remarkable diagnostic value.

INTRODUCTION:

The digital imaging process [L] offers unigue opportunities in
the application of biomedical engineering techniques to improve health
care delivery. Regional blood Flow and organ perfusion [é]xcan be eva-
luated by different imaging modalities as digital subtraction
angiography (DSA), dynamic CT and MR imaging and radionuclide scin-

tigraphy.

The application of digital computers to the radiographic image
processing has increased steadily during recent years [3]. Efficient
handting of the large amounts of data obtained by digitizing dynamic
_ imaging Sequences [4] has been primarly derived from the rapid deve-

Topment of digital electronic technelogy.

Accurate determination of the individual renal function reguires
uretric catheterisatfon to assess clearance from cach kidneys [5].
This technique is not only invasive but it is also time consﬁming and

nceds surgical expertise to perform.
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Digital substraction anglography [6], a relatively new diagnostic
imaging technique, has the best temporal and spatfal resolution of any
of the above imaging techniques {7). Its potential to give infor-
matfons not only about the kidney structure but also its function, can
be realized by the application of parametric imaging which is able to
assess quantitatively the two variables of jodine contrast: density
and time, after an intravenous injection of the dye [6-8]. However,

those temporal informations have been largely ignored [6].

Utilizing the functional contents of the DSA-timed sequence of
images data, we aim in this work to develop and test an "Image-
Processing” procedure for analyzing the time-density curves and reia-
tions in the case of normal kidney perfusion. The main object of its
application is to tnvestigate the behaviour of three proposed parame-
ters : maximum dehsity. T-maximum and T-half maximum values as well as

ratios between the right and left kidney which may be useful for

detecting abnormalities and For studyina the relative renal function.
In other words, we try to estabiish normal values for the renal blood
flow and introduce a simple way to obtain some important facts about

the time density parameters through non-invasive image processing

fechniques.

MATERIALS AND METHODS:

A DYI ( DMgital vascular imaging } Philtips system was used in the
angiographic examination ol all cases at the Urology and Mephrology

Center, Mansoura lUniversity. The injection of the contrast medium
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urografin 76% was standardized (40 m1) using automatic injector at a
rate of 10 ml/sec. The sequence of exposures is automatically adjusted
according to the heart rate of the case examined (ECG-triggered}. The
DSA images obtained were then transferred to the Analytical Processing
Unit (APU), a stand-alone computer system for image processing, where

our developed program for renal perfusion study could be executed.

The APU enables fast, routine, off-line, gualitative as well as
guantitative analysis of DVI runs by means of program-guided
user/system dialbgue. User-programing is available via the specialily-
developed MEDCOL language (Medical Cowputing Language} combined with
rapld compile and edit functions. A support of RTL procedures (Real
Time Language) together with a FORTRAN extended option and ASSEMPLY
programming for the processor P854 are alsc available for reasons of

flexibility and for applying advanced techniques. The storing capacity

of the APU hard disk 1s 70 Mbytes of unformatted data with 34 Mbytes
for image storage in 512 x 512 format.

PROPOSED ALGORITHM :

The algorithm proposed in this work can be summarized below:

a- Smoothing the reconstructed data.
b- Logarithmic subtraction of the images (DSA).

¢~ Applying the MEDCOL program for processing the subtracted images.
d- Modifying the final set using Hilbert space techniques .

Detalls of the different phases are explained as follows.

a. Smoothing and the sampling problem [9]:

A signal S(t) sampled ideally [10] at a frequency f = 1/T may be

represented as a sequence of Dirac impluses as follows:
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1 for t=0
sq (t) =S(t) Z s(t-nt) = Z S(nT). 8(t-nT); 8(t)

-

0 elsewhere

rewritten;

54 (8) = S(b). T2l (e/m); eal(t) = = 5 (tn)

Considering the Fourier transformation, the spectrum Sg{f} will
be given by :
n

gil S {f- ---}),
- o

gg (F) =S (F) * TaT(Tf) =
;

where * stands for convolution{(g{t) * hit) ﬁjg {4 h (£-7) d’Z)
o

An errorfree reconstruction of such a signal requires an
LP-FiTter of the transfer function H(f) = T. rect (f/2fgli T < 1/2.f,

The errorfree reconstructed signal $(t) according to lake [2] can be

represented as a sequence of nT-shifted si-functions, Fig. (1):
o0 t—nT
S(t) = Z sy si (W —--= ) 5 si (t) = sin (8) /t.
T
The same equation may be applied for space sampiing

replacing T by D, t by d, where D distance between pixels.

In fact, we have a definite short scan time Tgy {2 80ms) and
the sfgnal would be better represented as a series of pulses.
4 1 for| t] g 172
sp (t) = S(t). = rect (£-nT /T )3 vect {t) = 0 elsewhere
The sampling frequency does not fullfil the Nyguist rate and the
recenstructed signal will be noisy because of overlapping, that is
each pixel affecting 1ts surroundings in time and space. Considering
the shape of the si-function, and noting that an exact response func~

tion is not available, approximate smoothing schemes may be adopted

.73
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[11] to improve c¢larity of an image as well as continuify of the time
density curves. The 9 points smoothing was found suitable where the
value of each pixel 1s replaced by the average of the weighted values
of the pixel itself and its 8 adjacent pixels according to the
following weighting matrix, |1 2 1|, which

2 4 2

1 2

1
may be applied several times.

b. Logar{ithmic Subtraction (The main DSA procedure]:

The images of the DSA sequence, made after the arrival of the
contrast medium, have to be logarithmically subtracted from a pre-
contrast Tmage "the mask". This gperation will vastly improve the
conspicliuty of the Dlood vessels, where the background amratomy is

removed.

The attenuation of X-ray 1n a given medium can be described by

the equation:
]:[oexp.(—}JET}

Where I, 15 the initial intensity T the thickness, £ the
radiation energy, P the attenuation coefficient and [ the resulting

Intensity (Note: E o¢ P the lodine concentration).

At a glven location (x, y), the construction of the DSA images

may be illustrated mathematically in the following steps.

1. Determine the "mask" image:
M o(x,y) = Iy (xp)e expe (- ARTY)
2. For each image after arrival of contrast medium :

I (x,y) =M {x,y) exp. (- Af,T7]
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3. Taking the logarithmic difference:
0 {x,y) 3K Un Mix,y) - Tn T {x,y}]

= Kpu £y T2 oy
This 1ndicates that BD(x,y}, referred to as the togarithmic dif-

ference image; 1s directly proportional to the iodine concentration f;
and the thickness TziOf the tissue at location [x,y}. The above proce-
dure is performed utl11zing a bluit-in program [11].

C. The MEDCOL Language and the program “Renal perfusfon”:

The timed series of subtracted images may be then processed by
our program “Renal P]rfusion" on a pixel-by-pixel basis. Taking an
individuat pixel position, a time-concentration curve is constructed
that reflects the temporal passage of contrast material through the

tissue represented by that pixel. A region of interest {ROI) consists

then of a defined number of pixels.

The program "Renal Perfusion” s written in MEDCCL language, a
powerful high Tevel language which is essentially a control language
used for the specification of the so-called clinical procedures. The
language offers a]ﬁo facilities normally found only in algorithmic
languages such as flow control and subroutine statements, variables
and records. FORTRAN subroutines can be used for example to define
regions of interest where the ROI attribute RA{X,Y) will be assigned
the value "1" 1f the pixel belongs to the ROI, otherwise "0". The
program utilizes also the facility of color-coding, that 1s a }ook-up
table mapping the entire grey scale Into a spectrum scale of 16 color
degrees: Other procedures such as smoothing and contrast enhancement

are utilized to reduce the noise, hence offering better fmage quality

for further processing.

. 77
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The steps of the program are illustrated in the flow chart of

figl(2),
1-

2-

The actions of the program are summarized below:

Declare and initiate the variables : (real, integer, time or
keyl.

Choose an image for processing: (Resolution: 256 x 256, color-
coding, smoothing and contrast enhancement).

Draw the ROI'S on the {mage : (Two similar anatomic regions
are defined on both left and right kidneys-also an appropriate
background ROT is chosen inbetween).

Generate the bolus curves : (After subtracting the background,
the time-density curves for both kidneys ar'e constructed and
smoothed)

Calculate the descriptive parameters: (From each curve, 3
narameters are obtained : the peak density and the times
taken to reach the peak value and the 1st half peak value.
Ratios of the values for both Kidneys are done).

Approximate the curves and calculate modifled results :
( A 6th degree polynomiol was used to fit the curves. Tt
can be actually derived out of the known gamma-fit for the

bolus curves : Density = K. (t-to)® exp [B (t-tg) D

D. A note to step 6 : The approximation problem in liflbert space [12] :

Let V be a Hilbert space with the scalar product (f, g) and the

norm p{f) def |l f 1| =JFTF; whose lements f{x), g{x),... are functions,
defined on the common interval 1. Further, let f {x) €V be a fixed

element

and Gy &V be an n-dimensional supspace (same norm).

The general approximation problem AP (f, G, [l {[ )} will be :

Search a function § (x) € Gns such that :

D (fig,p {F)) def ;nefcr[p(f-g)] = plf-g)

E(x) will be called a best approximation and the number D called

defect.

In Bilbert spaces [12]. There exists a unique solution E, for

F h - e
which (g-f, hﬂn )ZF for all =h;€ G where
‘ -
?j(x) Z;E:Ck hk (X)
al
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A special case is when V=L (a,b), the lattice of all possible
combinations of the functions y=f(x), defined in the interval [a,b]

and Gnat = P,, the set of all nth degree polynomials.

In our case, however, using the diskrete Tschebyscheff-norm
“f ":= WSK |f(xi)1a”d choosing N points on the curve such that

N=n+l, the AP %f- G+ 1, || “ﬁ] will turn into an Interpolation problem.
We have adopted the Newtonion interpelation form for all calculations
{121, dccording to the following iteration :

5
I (x) = fg; Cj Nj (x),
{

Cj = [xo x1 -+ %5

RESULTS:

The program was applied for 38 individuals, 28 females and 10
mates. aged from 18 to 50 years with mean age 29 yearﬁ, who underwent
DSA as part of their work up, having normal renal function as assessed
by clinical and biochemical criteria. 5 cases were excluded because of

insufficient no. of images and bad motion artefacts.

The time density curves obtained proved to possess a consistent
pattern and the 6th degree polynomial-fit was justified with a corre-

lation coefficient r > 0.955 for all cases, that is :
£ Kt-tb
Density = o ) 0 '

Although 1n most cases Ki, K, and K4 were the most effective
constants, a 5th degree polynomoil-fit resulted in correlation coef-

ficiants ¥<0.9 for some cases.

. 79
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Figure 3 represents an itlustrative example for the main DSA proce-

dure, i.e. Togarithmic subtraction, together with ROI definition.

Figures 4 and 5 i1lustrate representative cases for the screen
display of the final results before and after approximations. Table
1,2 and 3 show the distribution of the values of maximum density, T-
maximum and T-half-maximum in the different kidneys for the 33 cases
which underwent the study. Table 4 illustrates the distribution

according to the right to Teft kidney ratios of maximum perfusion.

Table (1} : Distribution of the maximum density in 33 individuals

Maximum No. of cases No. of cases
density before fitting after Fittipg
value Rt. Kid Lt.Kid Rt.Kid Lt.Kid

15-25 Z 1 1 1

26-35 ) 4q 5 4

36-45 3 6 q 5

416-55 10 7 g 8

56-65 7 10 8 10

66-75 b 3 3 3

76-85 4 2 3 2

Total 33 33 33 33

Table 2 : Distribution of the T-Maximum values in the 33 cases

T-maximum  No of cases No OFAE&S?S
value before fitting after fitting
[seconds) Rt.kid Lt. kid Rt. kid Lt.kid

3.5-5.5 6 10 5 8

5.6-7.5 16 14 19 17

7.6-9.5 11 9 9 8
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Table {3) : The T-half-maximum vatues in the 33 cases

T-hatf No. of cases  No. of cases
max] mum {before fitting) (after fitting)
{seconds) Rt. kid Lt. kid Rt. kid Lt. kid
2.0-3.0 4 5 3 4
3.0-4,0 18 21 18 20
4.0-5.0 1 7 12 9

Table {4) ! The disribution of the ratio for maximum density (R/L)

TRES Lt kidney  © No of cases ~ No. of cases
_ _ratio (before fitting)  {after fitting)
1.3 1 0
1.2 6 5
1.1 5 6
1.0 13 15
0.9 6 6
0.8 2 1

Statistical analysis

The Kruskal-Wallis test, a non-parameteric test for comparing two
groups, was applied to measure the significance of the difference bet-
ween the values obtained before and after fitting for each measurabie
parameter. No significant difference was detected for all variables
(P> .1) . The }?~test was more appropriate for ratios. Again, there
was no siginificant difference (p>.2). The Microstat program was used
on an IBM 386-AT compatible machine. Fig. 6 represents a Bar diagram

for table 4 using the harvard graphs (HG3) for the same computer.

. 81
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DISCUSSION:

Digital radiography may be regarded as an imaging procedure with
the potential of providing both useful function information and good
anatomical resolution in the same time {13]. To utilize those data

diagnostically, normal ranges may be first established.

Image processing techniques provide us with the ability to select
reglons of interest for the generation of iodine time-density curves,
Fig(3-5). These curves form the basic part of the study,lfrom which
the different variables and parameters could be obtafned to evaluate
the rena]lperfusfon. Pavlick et al. [14] concluded that these tech-
niques are sufficiently accurate for the use of time-density curves as
a relative mearsure for organ function. llunter et al. {6} and Kuni
[15] presented a simple method using modest computer facilities, for

obtaining certaln parameters out of the DSA series of images .

In this work we try to simplify the techniques of functional
angiographic 1maging of the kidneys, construct the time-density cur-
ves, extract relevent parameters from them and display all as a set of

readily interpretable data, Figs (4,5).

Among many variables, we found that the three parameters:
Maximum density, (Table 1) time~to-maximum (Table 2) and the half-
11fe-time (Table 3} are easily and widely clinically applicable. In our
work, the three parameters appear to fall within well deffned and
reproducible 1imits: The maximum density value was found to be 30 to

65 in 76% of normal individuals, while the T-maximum value was from 5
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to 8 secs {n 82% and the T-half maximum values 1ie between 2.5 to 4.5
secs 1n 85% of the cases. These normal values were partly in agreement
with the FiQUres obtained by Hunter [7}, whereas we suggested a new
parameter which 1§ the ratio between both kidneys for each measurable

parameter and 1t was found to be from 0.8 ta 1.2.

Our results can be of good diagnostic value in detecting abnor-

malities of the renovascular structure. The T-half-maximum values and

the T-maximum values are indicatfons for the blood flow in the faster
and slower pathways, respectively. The ratios can help in easy detec-
tion of any abnormal imairment of renal perfusion and at which side,

however the assessment of its value needs further study.

)

The curves seem to follow a certain retation (probably exponen-
tial) hut this has to be examined in view of other variables [16] such
as the cardiac output and the central blood volume, which is beyond
the scope of this study. The effect of parameters Tike weight, age
and heart rate of the pétients can be investigated following
restricted medical protocols, which are now in preparation.

Finally, we ha;e té notice that our results like most of the
medical figures are in fact a trial to describe same vague process,
e.g. the kidney function, whereas a-lot of factors and implications
may affect our aims. A relatively new approach developed by Zedeh [17]
for modeling human-centered system and linguistic descriptions under
the radical name " Fuzzy Set Theoy" may be suitable to deal with medi-
cal data and medical diagnosis (decision making) in general [18]. In
brief, We can describe a kidney according to our results as being
excellent, very good and good. These linguistic descriptions, which
are usually summary descriptions of complex situations, are fuzzy in
essence and can be dealt using a multivalent logic, "the Fuzzy lLogic”

[17, 187.
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CONCLUSIONS

A structured algorithm for analysing and manipulating functional ima-

ges on a pixel-by-pixel basis is developed.

1- This algorithm offers numerous advantages in the area of
studying the urinary tract, where it has the potential to assess the
renal function and anatomy as-we11 as the vascular integrity and fiow
ina single study with minimat invasive nature.

2- The results for the relevant parameters obtained from the pro-
posed algorithm were found to Tie within well-defined ranges, and
hence may be of remarkable diagnostic value in detecting abnormalfties
of the renovascular structure as well as impairements in renal func-
tion.

3- The procedures may be modified through more restricted proto-
cols to investigate the influence of certain variables on the proposed
parameters. !

4- Medical data suffer, in general from vaque inferences and
comlex implications. A fuzzy approach to deal with the data, evaluate
them and even introduce them into medical knowledge, may be more

appropriate and can be a proposal for a future work.
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Fig 1.: The signal s{t) as the sum of nT-shifted si-functions.
a: The si-function and its transform b. the el function
and its transform

Declaration & Iuitializatlion of Variables

7

Choice of an lmqﬂe for Processing

A
| Definition of ROI's on the Image |

|Construct the Bolus Curves \

¥

Curves Computations & Display
Y
'Ftttlng the Curves and Modifying the Results

\Displaying the Final Set |

Fig. 2.: Flow chart for the maip procedures of the "Renal Perfusion”
program.
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.Fig. 3: Logarithmic subtraction { the main procedure of DSA)



Mansoura Engineering Journal (MEJ), Vol. 17, No. 1,

Fig. 4:

March 1992

o 1) EablA €Jp b5
CRENAL FUicT Gy
L i TR ) th

TS whis:'![l:! -5;1 u' il
IKE AY, nax E 500590 0

H HLrngt FROH T '5a

§L0°E pacEunIg ST
< SLOFE DESCENDING a ;

al before,

ittﬂirsitg

thiistE yoa
toENsZ5ECH)

A0 AR -
i
§LOPE DESCRMDENG *

¥ ool f,-, DERR )

b) after modiflying.

The time-density relalions (or

A

32 years old female

. 89



a) 22 years old,

b} 30 years old.

L. . - .
Fig. B: Norma) Kidney perfusion for two Fomales(afler modifying)
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Fig. 6: A Harvard graph-Bar diagram representation for table {4).
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