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Abstract: In this study a new algorithm was presented as an objective approach to quantify
the relative visibility of diagnostic catheters. This method is suitable for the classification
and comparison of diagnostic catheters with different levels of visibility, so as to attain an
objective overall picture by measuring a product’s properties, instead of relying on
subjective values specified by the manufacturer. Our algorithm can be used when
examining the distal section of a diagnostic catheter. Two sampling methods were tested on
four diagnostic catheters with same diameter and material, but different shape of the distal
end. The first sampling method can only be used in case of shapes that have straight
sections at the distal end, but the second sampling method can be used for all types of
shape. The first sampling method used a longer rectangular (4 mm x 8.6 mm) sample site
and the second sampling method used two shorter rectangular (4 mm x 2.2 mm) sample
sites. The two testing methods were used so as to check repeatability and reproducibility
(R&R) so as to establish how far measurement repeatability with different measuring
equipment, when carried out by different people, tracked differences between the different
items being measured. This R&R testing helped us isolate where errors in our testing
method might originate. It was established that the first (longer rectangle) sample-testing
method had a nearly acceptable degree of variation (R&R% = 11.2), but the second
method’s degree (shorter rectangle) of variation was much worse (R&R% = 41). The value
for average X-ray visibility obtained with the first method (18.24% + 1.08%) when
compared to the value for the second method (/7.60% + 1.66%), showed a significance
level of 5.47%, and this approaches the borderline for significance. Precision and
development of the measurement methods presented here will be treated as an integral part
of further research so that they can be used equally with diagnostic catheters of all forms
and shapes.
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1 Introduction

The cardiovascular disease is the leading cause of death in the European Union. It
is caused by atherosclerosis and obturation of the arteries, and it can be corrected
using percutaneous coronary intervention [1-3].

Catheters are used in the every day treatment of interventional cardiology. The
intravascular catheter is a tubular device with single lumen or multilumen, which
is inserted or implanted into the cardiovascular system for diagnostic and/or
therapeutic purposes. The catheters are classified into three categories (diagnostic,
guide and micro) by Bavry etal, and into five categories (diagnostic, micro,
drainage, balloon, and central venous) by Brant et al. [4-6].

The diagnostic catheter is an intravascular catheter, which may be used to inject
contrast fluids, record intracardiac pressure, sample blood, or to insert medical
devices (e.g. occlusion coils, coaxial inner catheter). The main part of the
diagnostic catheter is the distal end (which is inserted into the body first), and the
proximal end connects (Figure 1) with a variety of external devices. Different
shapes are possible for the distal end in order to make it easier to enter the target
area and pass through blood vessels, and also to some extent to ease positioning
and recording once in the desired position [4, 7]. The diagnostic catheter is a
plastic tube, which is usually made from Teflon®, nylon or polyethylene. In some
cases, the diagnostic catheter is made of a metal-reinforced plastic or a wire braid
(e.g., including Nitinol, stainless steel) [4, 6, 8-13].
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Figure 1
The two ends of the diagnostic catheter [4]

Positioning of the catheter in the body happens during X-ray fluoroscopy, and,
because of this, parts of the catheter must have X-ray visibility [4, 14-21]. On the
basis of the literature the tip of the distal end or a region nearby can be made of X-
ray-opaque material, or a marker of such material can be attached [17-20]. On
products from some manufacturers only the tips are made of material with good
X-ray visibility [22, 23]; on others the tip and the shaft are either in part or in
whole made of highly radiopaque material [24-29]. In some cases the
manufacturer does not ensure X-ray visibility [30-32].

According to the ISO 10555-1:2013 section governing the X-ray visibility of
diagnostic catheters in the current sense, a measuring method has to be proved
suitable, such as ASTM F640-12 or DIN 13273-7 [4, 33-34] According to the
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ASTM F640-12 standard, X-ray visibility is qualitatively as well as quantitatively
definable. For qualitative definition there should be visual comparison between
the sample in the background and a user-defined standard image. In the case of
quantitative evaluation, the difference is defined as the optical or pixel density
variation between the tested sample and the user-defined standard image. The
standard does not define whether measurements take place inside or outside the
body: both are possible. In the case of optical density, film is used, and in the case
of pixel intensity, digital images are used in the decision [33].

The ASTM F640-12 standard gives guidelines for measuring X-ray visibility, but
don’t define specifically which parts of the examined medical device (in this case
the diagnostic catheter) should be imaged [33]. The Budapest Technical
University Department of Materials Science & Engineering research group
numerically defined X-ray visibility in an earlier study on stents, and established
the parameters of an image prepared of the examined sample, for an image-
analysis method [35-37].

2 Determination of Relative Visibility

Section 1 showed how to carry out qualitative and quantitative measurements of
X-ray visibility according to the ASTM F640-12 standard [33]. The qualitative
assessment is subjective, while the quantitative measuring process is objective. In
this study, an objective numerical measuring method that did not involve
simulating in-body use was preferred. Therefore this group’s algorithms needed to
based on quantitative measurement, and this is what was attempted. In the
research study digital images and measurement by difference in pixel intensity
were used, not film and optical intensity. In the standard a measurement method is
described which was refined and developed as can be seen in Figure 2.

2.1 X-ray Image from the Diagnostic Catheter

Dage XiDAT XD6600 X-Ray Inspection System was used to provide X-ray
images of the catheters used in the research. The images were taken using an
accelerating voltage of 90-110 kV; cathode power set at 1.19-1.20 W, and an
average frame rate of 32 frames/sec. These parameters match those used in
clinical practice.

The length of the diagnostic catheter is usually 100-125 cm. It was decided that
the X-ray image should focus on the distal end.
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Figure 2
The baseline algorithm of the ASTM F640-12 standard to quantify the visibility

2.2 Selection of Distal End for the Diagnostic Catheter Study

The distal end may have different shapes. Consequently, it was important to find a
section of the distal end that was straight. During the study four catheters were
examined, on which the manufacturers did not mark parts as having increased X-
ray visibility. These were identical in type, material, and outer diameter
(d =2 mm) but had different structures at the distal end.

Although a significant proportion of manufacturers make the tip out of X-ray-
absorbent material, in a study like this it was important to examine this zone in
case of diagnostic catheters not containing (or not marked by manufacturers as
containing) radiopaque material. Up to the height of the tip the first 10 mm
(counting from the top of the distal end) was examined. The stereomicroscopic
photo of the section of the distal end that was investigated is shown on Figure 4.
The photo was made with an Olympus SZX16" Research stereomicroscope.
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Figure 3
The distal end shape of the catheters investigated, X-ray microscope image
a) Amplatz Left Curve, b) Femoral Left Curve, c)-d) Left Coronary Bypass Curve

Figure 4
The investigated part of the diagnostic catheter’s distal end, stereomicroscopic photo

In order to have the distal part examined by Ring’s well-understood measurement
methods, it was necessary to cut out and edit a grey-scale image with graphics
software [35-37]. The examined section has to be placed horizontally so that the
length would fill the picture (Figure 5). The height of the picture has to be twice
that of the part being inspected with the section under examination being
positioned in the middle (Figure 5). A grey-scale and bit-map version has to be
made of the image.
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a) b)

Figure 5
a) An X-ray image made of a general sample, indicating the part under examination (dotted line) and
with the parameters of the image to be cut out for closer inspection (solid line) (L: the length of the
area under examination; D: the diameter of the area under examination)
b) image edited from the examined area, which is appropriate for determination of X-ray visibility

In our case the length was 8.6 mm, and the height was 4 mm, which was twice the
catheter diameter (Figure 6a).

2nd 1th
sampling sampling
site site

b)

Figure 6
a) The first sampling method with a long sampling site, and b) the second sampling method with two
shorter sampling sites
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However, not all catheters will contain straight sections at the distal end
(Figure 7), which meant that we had to find an alternative sampling method to
investigate this distal-method variation. Another method this group decided to use
was to examine two sampling sites each within a shorter rectangle (Figure 6b). In
our case this length was 2.2 mm. The height remained at 4 mm. The first sampling
site was 2.2 mm distance from the distal tip, and the second sampling site was
3.2 mm distance from the distal tip.

A statistical test was used to establish the accuracy of the second sampling method
(see below). The first sampling method is the base. If the difference between the
two methods were not significant (if the significance level were lower than 5%),
then first and second sampling methods could be used interchangeably.

Figure 7
X-ray microscope image of pigtail catheter without a straight section on the distal end

2.3 Selection of the Reference Background

The ASTM F640-12 standard separately describes user-defined standards and the
background; on the basis of earlier examinations the background was taken as the
user-defined standard, comparing it to the image containing the examined part of
the sample [33, 35-37]. The factors influencing the imaging were the basic
material of the sample and its geometry, and further the X-ray tube voltage and
heating element, the size of the focus point, the resolution of the detector, the
distance of the ray source and detector, and to some extent the distance between
the examined object and the detector. At the time of evaluating these samples the
visibility window in itself contained the object being examined, its shadow and
other image artefacts. The background to be compared was always taken out of
the middle of the examined sample, in the same position, so that any surfacing
detector errors should be similar, and influence as little as possible the results
produced.
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The size of the area of the constructed image containing the sample under study is
equal to the size of the image, and must be converted into grey-scale and bitmap
format. The dimensions in the first measurement method were 8.6 mm by 4 mm
(Figure 8c) and in the second measurement method 2.2 mm by 4 mm (Figure 9d).

Figure 8
One example of the first sampling method’s sample sites
a) The distal end, b) the first 8.6 mm of the distal end, c) the background sample site

Figure 9
One example of the second sampling method’s sample sites
a) The distal end, b) the second sample site 3.2 mm from the distal tip, c) the first 2.2 mm of the distal
end, d) the background sample site

2.4 Determination of Visibility Function and Relative
Visibility

A computer program written in C was used to determine a visibility function for

the pixel intensity of images edited into bitmap format. The software did not give

these values per image, but produced these values on the basis of comparison

between two images, the main image area under examination and a background
reference image. Establishing a visibility function for both images, then
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integrating these further with ratios between the two, it determined a relative value
for X-ray visibility. These values were placed on a scale of 0 to 100% and showed
the visibility of a sample against a background. If the value was zero, then the
sample cannot be distinguished from the background reference image.

For the first sampling method, the relative visibility of the catheter was calculated
by our software. In case of the second sampling method, the software provides
two measured values (i.e. one from the first sampling site, and one from the
second sampling site). Therefore, the average of these two greyness values was
used to calculate the relative visibility of the diagnostic catheter. Values obtained
for visibility are in section 3.

2.5 Algorithm to Determine the Relative Visibility

The baseline algorithm for the determination of the relative visibility of the
diagnostic catheter was achieved as described above, using a modified algorithm.
This modified algorithm is shown in Figure 10.

X-ray image from the
diagnostic catheter’sdistal tip

Choice of the sampling
method

1th sampling method [ 2nd sampling method ]

Selection of the 1th Selection of the 2nd
sampling site sampling site

Selection of the sampling site

Selection of the reference
background

Selection of the reference
background

[ Comparison of their ][ Comparison of their ]
visibility functions visibility functions

Comparison of their visibility
functions [ Average relative visibility ]

[ Result: the relative visibility ]

Figure 10
The modified supplemented algorithm for finding relative visibility
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2.6 Testing the Algorithm

Mainstream statistics, such as mean and standard deviation, were used in
conjunction with non-parametrical probe (Mann-Whitney U test, Kruskal-Wallis
test) and repeatability and reproducibility (R&R) studies [38-41].

The goal of the R&R test was to determine the repeatability and reproducibility of
the measurement. To determine these properties the two operators on all four
samples three times determine X-ray visibility using each of the two methods. One
operator uses one sample as a reference background, which does not change in the
course of the three measurements. The tilt angle of the tested sample section, and
the positioning of the sample piece change. With this the test established what the
cause was of larger mistakes in the measurement: the evaluation software, the
operator, or the differences between the samples which were assumed to be
identical. The final stage was the R&R testing of the whole system. With this
method variations over the whole set of measurements were estimated. The two
sample-measuring methods were compared by the Mann-Whitney U test. This is
the nonparametric equivalent of Student’s test, and can be used for cases where
the sample size is between 3 and 20 samples.

3 Inspection of the Algorithm

3.1 Results of the First Sample Method
The results of measurements taken by the two operators can be seen in Table 1.

Table 1
The relative visibility measured by the first sampling method

Relative visibility (%)

1% operator 2" operator
Sample - - - - - - Average
Trial 1 | Trial 2 | Trial 3 | Trial 1 | Trial 2 | Trial 3

18.85 | 18.85 | 18.83 | 18.72 | 18.71 | 18.72 | 18.78+0.07

18.66 | 18.70 | 18.60 | 18.44 | 18.54 | 18.51 | 18.58+0.10

16.67 | 16.63 | 16.73 | 16.50 | 16.61 | 16.65 | 16.63+0.08

rlw|N| -

18.98 | 1894 | 19.16 | 18.77 | 18.94 | 18.96 | 18.96+0.12

Average | 18.29 | 18.28 | 18.33 | 18.11 | 18.20 | 18.21

18.24+1.08
Standard | 9 | 999 | 109 | 108 | 107 | 1.06
deviation
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Table 2 contains the sources and the sizes of the variation caused. It can be seen
that if we view the samples as homogeneous, then the operators are the cause of
73% of the deviation. If we do not view the samples as homogeneous, then almost
all the deviation (98.7%) is caused by the heterogeneity of the samples, and
operator-caused deviation is only 0.9%. Heterogeneity appears because of
sample 3, the average X-ray visibility of which (16.63% + 0.08%) deviates by
1.61% from the mean (18.24% = 1.08%). Measurement uncertainty is 11.2% in
the total variation (Table 2), and because of this the measurement method is
acceptable with consideration (below 10% would be acceptable).

Table 2
Operator, analysis software, and samples, as contributors to deviation in the 1% method
o % Complete
P 0 . g
Source of variation of complete variation
R&R L -
variation in %
Repeatibility
(evaluation) 262 0.3 58
Reproducibility 73.8 0.9 9.6
(operator)
R&R 100 1.3 11.2
Sample 98.7 99.4
Total
(sample+operator+evaluation) 100 100

3.2 Results of the Second Sample Method

The visibility values obtained with the second measurement method can be seen in
Figure 11. The sample frequency for this method cannot be viewed as
homogeneous, since in contrast to the first method here sample 4 deviates
significantly. Results also vary among operators. The visibility of the two samples
measured is different, which is to say that the diagnostic catheter is not
homogeneous. The R&R examination also supports these observations. If the
sample frequency is viewed as homogeneous, then deviation among operators,
which is to say reproducibility, causes 90% of the deviations (Table 3).
Heterogeneity of the samples causes 83% of the deviations; operators caused
deviations in this case of 15%. Measurement uncertainty was 41% of the total
variation (Table 3) — in other words this measurement method was not of
sufficient quality. With this method the average X-ray visibility was decided at a
value of 17.60% = 1.66%.
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Figure 11
Measured X-ray visibility broken down by sample and by sample reading
Black column: 1st operator, 1st measured values in sample reading,
Dark grey column: 1% operator, 2" measured values in sample reading,
Mid grey column: 2™ operator, 1% measured values in sample reading,
Pale grey column: 2" operator, 2™ measured values in sample reading

Table 3
Operator, analysis software, and samples, as contributors to deviation in the 2" method
o % Complete
. . 0 ..
Source of variation of complete variation
R&R - .
variation in %
Repeatlb_lllty 10 2 13
(evaluation)
Reproducibility 90 15 39
(operator)
R&R 100 17 41
Sample 83 91
Total
(sample+operator+evaluation) 100 100
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3.3 Comparison of the Sampling Methods

The measured values underlying the relative visibilities for the first sampling
method were compared to the average of each pair of values of relative visibility
measured by the second sampling method. This was done using the Mann-
Whitney U test (Figure 12). The significance level was 5.47%. This approaches
the 5% significance level from above, which cannot be viewed as a significant
deviation, but also cannot be overlooked.

20

18 :[ I

16

(=1
H

12 18.24 17.60

=
o

Relative visibility (%)

o N B O ®©

1th sample method 2nd sample method

Figure 12
Comparison of values by the two sampling method

3.4 Limitations of the Sampling Methods

The limitation of the first sampling method was the need for a relatively long
(about 10 mm) straight section from the distal tip. Not all diagnostic catheters will
have section with these parameters; therefore this sampling method was not used
for all diagnostic catheters.

The limitation of the second sampling method is if the density changes along the
length of the diagnostic catheter, the average visibility of the two sample sites can
be different from a result generated by data from the larger sample site. Insofar as
it is possible to use this method with every diagnostic catheter, then in the near
future repeatability and reproducibility will allow better thought-through, more
refined devices with reduced sizes of operator or device error.

Taking these conclusions into consideration, the first sampling method should be
preferred wherever possible.

-91-



L. Pelyhe et al. Relative Visibility of the Diagnostic Catheter

Conclusions

In this article a new algorithm for quantification of diagnostic catheter visibility
has been presented. This algorithm is also suitable for classification and
comparison of X-ray visibility. The first and most important step in the use of this
algorithm was the selection of the sample site in each case. Two sampling
methods were presented: one with one large (8.6 mm x 4 mm) sampling site and
the other with two smaller (2.2 mm x 4 mm) sampling sites. The second sampling
method was necessary in order to measure those diagnostic catheters that lack a
straight section at the distal end, as in this case the first sampling method is
unsuitable. Both sampling methods were tested on four diagnostic catheters with
same material and diameter, but different shapes of distal end. The first sampling
method is nearly acceptable in terms of statistical significance but the second
sample method falls further short and a diagnostic catheter test that was
independent of the shape would be desirable. The two methods currently are not
interchangeable; the significance level is near the boundary though, at 5.47%.

A further research goal is to develop and make more precise the first, but even
more the second, sample examination method, so as to be able to appropriately
compare them; with that the X-ray visibility of diagnostic catheters available on
the current market would become comparable.

In the near future two sampling from the background will be use in case of the
second sampling method, or three-three in case of both sampling method. The
average of the three measures in case of first sampling method and the average of
the six (three-three for the two shorter sampling) in case of the second sampling
method can characterise the relative visibility of the diagnostic catheter.

The aim of this study was the clarification and the completion of the
ASTM F640-12’s baseline algorithm used in this group’s earlier research to
provide an objective means to quantify the relative visibility of the diagnostic
catheters. To achieve this, our algorithm should be repeatable, reproducible, and
follow a series of simple steps so that anyone can perform the quantification
process for all shapes of diagnostic catheter.
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