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nodules clearly shows the difference in the results. Classification
accuracy for Maive Bayes is 99.5%, for Discriminant analysis - 87 7%,
foor Classifcatson tree < 100%, for Nearest Neighbor - 10,

Conclusion. The stdy considers the possibility of using fractal
analvsis for differential disgnostics of small pulmonary nodules on
computer tomograms of patients with lung cancer. The methods of
nonlinear mathematics showed  significant  differences in  fractal
dimension berween pulmoary nodules of benign and malignant origin.
Bamary  elassifiers demonstreated the quabitative performance of the
propesed research algorithm: decision trees (Classification tree) and k-
of the nearest neighbors (Mearest Meighbor) distinguish between benign
changes and malignant pathology by 10085,

Keywords: compuied tomography, fracial analysiz, lung nodules, lung
cancer,

Introduction

Modern methods of X-ray computer tomography (CTh make it possible to
detect small nodules (<10 mm) in the lung fields, which can be interpreted as
metastatic in paticnts with malignant tumaors. Pulmonary acdules <8 mim in
size are considered small, nodules 3-5 mm in diameter are classified as very
amall, and the term “micronodules” is wsed for nodules <3 mm. In patients
without malignant tumors, these “micronadules™ should be considered bemgn
vl proven atherwize 1],

The radwgraphic features of benign and  malignant  nodules  are
remarkably similar, but several prognostic charaetenstics have been identified
to aid 1n misk strutification. According to the Fleischrer Society guidelines [2],
these include nodule size, volume doubling time (VDT), margin
characteristics, caleification, density, and location [3]. A significant increase
in volume {=25%) with a volume doubling time (VDT) of less than 600 days
between baseline and the last CT scan suggests nodule malignancy, with VDT
ranging from 93 to 447 days [1].

Usually, in clinical practice, small, indeterminate nodules oflen require
monitoring with seral CT scans of the chest for vwo vears [2]. For these
nodules, FET-CT with 18-FDG (Positron emission computer wmography with
I8-fluorodeoxyglucose) is an imprecise method for distinguishing between
benign and malignant lesions. Such patients lose a lot of time to confirm or
deny metastatic spread. There is also a high risk of human error when
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Chapter 10

The Method of Using Fractal Analvysis
for Metastatic Nodules Diagnostics
on Computer Tomographic Images of Lungs

5. V. Romaniv'

Yu. B. Palaniza'?
D. V. Vakulenko'

and 1. Y. Galaychuk'

L, Horbachevsky Temopil Mational Medical University, Temapil, Llkraine
*Ternopil Ivan Puluj National Technical University, Temopil, Ukraine

Abstract

FPrprose. To substantiate the use of method based on fractal analysis for
differential  dingnosis of small pulmenary nodules on  computer
tomograms {CT) of patients with lung cancer.

Materialy and merthods, The computer tomograms of 55 patients
with lung concer were analyvzed retrospectively in dymamics. 195 lung
nodules were selected on CT images, from which two cohoris of objecis
for fractal research were formed: “benign™ (n = [20) and “malignant’
in = 73) nodules, Fractal analysis for each nodule was implemented in
the Matlab environment by the method of counting boxes. 4 tvpes of
classifiers were used, thewr accuracy and error-rate were caleulated.

Reswlis, Froctal  dimenswon along  the  x-axis  (mothemotical
crpectation from the dimension curve) amounts from L9263 to 2.0, and
aloig the v-axis (dispersion from the dimension curve) = from 0w 0,025
tor the group of “bemgn™ nodules; froctal dimension along the x-axis was
from 1.1 to 2.0, and along the y-axis - from 0 to 0.9 for the group of
“malignant™ nodules, The combined scattergram Tor both groups of
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interpreting these images. Therefore, the search for non-invasive computer
methods for the differential diagnosis of benign and malignant pulmonary
nodules is becoming relevant,

In the last decade, CT techniques for detecting pulmonary nodules using
artificial mtelbgence and machine learning have been developed [4].
Radiomics transfers imaging data into a high-dimensional feature space, using
a large number of algonthms, and computational methodologices to transtorm
medical images of tumors into quantitative descriptors that a computer extracts
from the image and analyses them with the help of artificial intelligence.

Radiomic signs of malignant lung tumors differ depending on the
morphological structure of the cancer, that is, CT images can differentiate the
phenotypic difference of various histological vanants of Jung cancer [5].
Fractal analysis of medical images reveals physical characteristics and
provides additional information about the complex structure of the image,
where the features of the image are quantitatively obtained with the help of
software, and the unevenness, heterogeneity of their surface texture are
assessed. Some publications indicate that the fractal analysis of CT images of
the lungs can be used to detect nodules for the differential diagnosis of lung
tumors, as well as to distinguish their histological subtypes [6-9].

Considering the fact that malignant tumors are heterogeneous and
inhomogeneous on CT images, and fractal analysis reflects the structural
heterogeneity of the studied object, it would be appropriate to use it as an
additional charactenstic in the assessment of pulmonary nodules on CT.

The aim of the research. To substantiate the application of the techmique
based on fractal analysis for the differential diagnosis of small pulmonary
nodules on computer tomography (CT) scans of lung cancer patients.

Research Materials and Methods

The retrospective research, which was conducted on the basis of Temopil
Regional Clinical Oncology Dispensary in the period from 2019 o 2020,
included 55 patients with stage [I-IT-1V lung cancer (46 men, 9 women) aged
45635 years (average 56,7 £ 4.7 years).

Cniteria for the inclusion of patients in the research: morphologically
confirmed lung cancer., the presence of additional pulmonary nodules from 2-
3 to 10 mm in size on CT, in addition to the mamn tumor, at least two CT
examinations in dynamics {after 6 and 12 months). A total of 195 small lung
lesions were retrospectively selected. including non-solid nodules of the

Complimentary Copy



1id S %, Romaniy, Yo, B, Palaniea, 13V, Vakubenkio et al,

“frosted glass™ type, solid (dense, completely composed of solid components),
and mixed-type nodules. According 1o the recomimendations of the Fleischner
society [2] (2007}, the dyvnamics of the size, volume and doubling time of the
selected nodules were traced, on the basis of which two cohonts of objects for
the fractal research were formed. Pulmonary nodules with stable CT
charactenstics formed the “benign™ cohort (n = 120 nodules). The “malignant™
cohort (n = 75 nodules) was formed from other nodules that underaent
changes i CT dynamics, 1.¢., metastatic transformation.

CT examimation of the chest cavity was performed on a Phalips Brilhance
G4 CT Scanner, standard protocols were wsed, and measurement was
performed in phase with contrast and under the condition of the same slice
thickmess of 3 mm.

Figure | schematically shows the stages of the conducted research step by
step. The lung tomogram scan with the nodule under study m DICOM Format
was opened m the Image=] software package [10] For mmage processing and
cahbrated using the CT Window Level plugin in the Lung Window (LUNG)
in the same program. Next, the studied area (nodule) was selected using the
“oval™ tool. The nodule was completely absorbed into the area of the owval,
avolding lung tissue that could distort the measurements. A scparate clean
window (frame) with the size of 10 = 10 pixels 8 bits on a black background
was created in advance, into which the selecied nodule was copied and zaved

in jpeg format,

Description of the Methodology

Fractal analysis was implemented for each imndividual generated image in the
Matlab environment [11]. The fractal dimension was caleulated by the method

of box counting [12] sccording to formula (1);

log Nig)

= Wi 170 - *”

where df - fractal size of the nodule; £ - lateral length of the box; N(£) - the
smallest number of contiguous and non-intersecting boxes of side length £,
required to completely cover an object (i.e., a nodule).
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Statistical processing of the research results was carmied out in Matlab,
such indicators as mathematical expectation meanfdf} (2) and standard
deviation Sudrdf) (3) were calculated for each nodule;

mean (df)[x] = [} xf(x) dx 2)

where mearidf}|x] - continuous random variable with probability distribution
density fix) and focused on the interval (ab).

sedidf) = |x =20 (3

1|

where Sid (df) - standard deviation indicator, x - average value of the sample
(average fractal dimension), # - sample size (number of nodules),

In the Matlab software, 4 types of classifiers were used: Naive Bayes
classifier, Dbscriminant analysis, Classification tree, Nearest Meighbor - o
determine the probabality of the fractal dimenswon of a nedule belonging 1o
one of the classes of difTerent classifiers, A matrix of mconsistencres was buill
a5 well as the eror rate and clossification accurscy were calculated.

Research Results

Ciraphs of the fractal analysis caleulated by the box counting methoed for the
“benign” and “malignant™ nodule cohorts are shown in Figure 2.

For greater clarity, the graphs were transformed using the logarithmic
formula (4):

df = —diff{log (n))./diff{log{r)) (4)

where df - fractal dimension, & - number of boxes, F - size of the boxes.

After the wransformation, the graph of the “benign™ cohort looks less
“complicated” than the graph of the “malignant™ nodule cohort, The graph in
Figure 3 {on the nghi) characterizes a more “complicated” structural
heterogeneity typical for nodules of a malignant character,
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Figure 2. Graphs of the fractal dimension of pulmoenary nodules, calculated by the box counting method: on the left - the “benign ™

growp, on the right - the “malignant ™ group.
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After calculating the indicators of mathematical expectation mean(df)
formula (2) and standard deviation Sed(df) formula (3), scattergrams were
constructed for the “benign” and “malignant”™ nodule cohorts (Figures 4-3).
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Figure 4. Fractal dimension scattergram of the “benign” nodules cohort,
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Figure 5. Fractal dimension scattergrum of the “malignant™ nodules cohort,
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When combined into one coordinate system, the difference in the fractal
dimension of the two cohorts of nodules is clearly visualized (Figure 6).
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Figure 6. Pooled scatterplots of “benign™ and “malignant™ nodules cohorts:
asterisk markers represent placement of “malignant " nodules and ring markers -
“henrign " ones,

In the feature space introduced by us for the “benign™ cohort, the fractal
dimension on the “x7 axis (mathematical expectation from the dimension
curve} is from 1,965 to 2.0; and on the "™ axis (dispersion from the dimension
curve) - from 0 to 0,025; for the “malignant” cohort, the fractal dimension on
the “x™ axis is from 1.1 to 2.0; and on the *y" axis - from 0 10 0.9,

In order to check the fractal dimension of each individual nodule taken
and its belonging to the corresponding cohort of “benign” or “malignant”™ ones,
4 types of feature classifiers were applied: Nawve Bayes, Discriminant
analysis, Classification tree, Nearest Neighbor.

The work of binary classifiers of 4 types is illustrated in Figures 7 and 8.
In the lower corner of the coordinate space of all types of classifiers in Figure
7 data for the “benign™ cohort are marked in light gray.
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Figure 7. The work of binary classifiers. The dark gray colour characterizes the
relation to the “malignant” cohort, and the light gray - to the “benign™ cohort.

To check the work of the classifiers. a confusion matrix was built
(Figure 8).

Class 0 includes nodules from the “benign™ cohort (n = 120), and class |
includes nodules from the “malignant”™ cohort (n = 75). The discrepancy
matrix showed that Naive Bayes classifies one case (from the “malignant™
cohort) to class 0 (“benign™), and Discriminant analysis classifies 24 cases of
the “malignant™ cohort to class 0 of the “benign”™ group, which 1s imprecise.
And accordingly, the Classification tree and Nearest Neighbor correctly
distributed the “benign” and “malignant™ cohorts.

The error rate for Naive Bayes is 0.5%, for Discriminant analysis - 12.3%,
for Classification tree - (%4, for Nearest Neighbor - 0%.

Classification accuracy for Naive Bayes is 99.5%. for Discriminant
analysis - 87.7%, for Classification tree - 100%, and for Nearest Neighbor -
1007%.
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Figure 8 Application of classifiers (Naive Bayes, Discriminant analysis,
Classification tree, Nearest Neighbor) to distinguish between “benign™
and “malignant™ cohorts.

After the obtained results, it was concluded that the classifier of the
Classification tree and k-Nearest Neighbor distinguish nodules of “benign™
and “malignant™ cohorts by 100%, Naive Bayes distinguishes them by 99.5%,
and Discriminant analysis - by 87.7%. This shows that conducted algonthm
of fractal analysis distinguishes images in cohorts of benign and malignant
nodules with a high degree of reliability.

Discussion

CT diagnosis of small lung formations up w 10 mm in size 1s complex; it
always requires more effort and tme 10 interpret the results, The goal of
radiological assessment of small pulmonary nodules is to differentiate benign
from malignant formations as accurately and non-invasively as possible.
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Follow-up CT scans every three months, PET/CT with FDG, or nodule biopsy
are the next diagnostic steps [2], In most cases in the presence of nodules =8
mm on LDOCT (low-dose CT), PETACT with FIXG s helpful in making a
further decision regarding bopsy of the nodule, but in 28% of cases additional
stuches were regquired. However, for nodules <8 mm, PET/CT 15 a less
sensitive method [13).

For these tvpes of nodules, there 15 a textural analysis of medwcal images
that allows to quantitatively evaluate the charactenstics of the examined
object, regardless of size, to provide a radiologist with an additional
assessament and to help in making the right decision. Texture analysis also
includes fractal analysis.

Fractal analysis has already been previously applied for the diagnosis of
malignant and benign lung pathologies, while the parameters of fractal
analysis on CT (m-FD), on PETACT (d-FD) and SUYmax on PET/CT were
compared, The optimal limit valwes for differentiating malignant from benign
pulmonary nodules were 1,183, 4.24, and 0.0267 for m-FD, SUVmax, and d-
FD. respectively. The diagnostic accuracy of SUVmax (68.5%) and d-FD
(77.8%) on PET was better than that of m-FD on CT {64.8%). Combining m-
FD with SUVmax or 4-FD increased accuracy to 92.6% and 94.4%. The
results of this research indicate that SUYmax and d-FD on PET/CT imsages
provide different information about nodules and are equally useful for
differential diagnosis [ 14],

Ancther research proved the possibility of a radiomic model
distimguishing  histological  types  of tumors based on  quantitative
charactenstics. The machine leaming model showed the highest spaces under
the curves AUC 092, 084 and 038 for distant metastases, regional
metastases, and primary lung cancer (adenocarcimoma, squamous cell
carcinoma), respectively. One of the quantitative features in this study was the
fractal dimension [15-17].

The method of fractal analysis, presented in our research, can help
radiologists in making the right decizion regarding the assessment of the
nature of a pulmonary nodule, and provide new information characteristics
about the object under study, Thus, the visual assessment of the pathological
formation 15 complemented by its mathemancal processing using the methods
of nonlinear mathematics, followed by the analysis of the converted digital
image mto a graphic format and the corresponding interpretation.
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Conclusion

I, The research considered the possibility of using fractal analysis for
the differential diagnosis of small pulmonary nodules on computer
mograms of patients with leng cancer,

2. Sigmificant differences in the fractal dimension between benign and
malignant pulmonary nodules are shown using the methods of non-
linear mathematics,

3. Binary classifiers demonstrated the qualitative work of the proposed
rescarch  algonthm: Classification tree and k-Nearest MNeighlbor
distinguish between benign changes and malignant pathology by
[ (0%,

Prospects for Future Research

The following studies will be ammed al improving the existing algonthm in
order 1o merense the sensitvity and cover a larger cohort of studied objects.
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