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Abstract

Introduction. To improve the diagnostics of knee joint diseases, it is necessary to enhance the quality of processing
radiographic images, i.e., to provide experts with more accurate information for pathology analysis. The objective of the
study is to demonstrate the capabilities of fuzzy logic in improving the algorithm for determining reference lines and knee
flexion angles. This requires a program that analyzes X-ray images. The methods known today, described in scientific
and applied literature, are not sufficiently automated. In some cases, orthopedists and surgeons have to manually refine
images and adjust lines. This gap is filled by the presented work. The algorithm developed by the author is described. It
does not involve human participation and automatically identifies the lines and angles of knee flexion. Based on the result
issued by the system, the doctor can, firstly, judge the presence of pathology. Secondly, the information provided by the
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program allows for more accurate planning, performing operations, and prescribing therapy.

Materials and Methods. Images from two X-ray machines operating in Al-Basel Hospital (Latakia, Syria) were used.
The Python language was used for the software implementation of the algorithm. The solution was tested on 500 patients
at Al-Basel Hospital. The results generated by the new system and previous versions of X-ray image processing programs
were compared.

Results. An algorithm for constructing reference lines and angles for processing knee joint X-ray images is created,
described, and implemented in practice. The capabilities of fuzzy logic in automating double threshold detection when
identifying bone boundaries in images are shown. The operation of an improved Gaussian filter designed for processing
X-ray images is described. The modified method of knee bone X-ray analysis includes the development of an algorithm
for automatic detection of structures and anomalies in knee joints, determination and measurement of anatomical
parameters, assessment of the degree of damage, etc. The method for determining the contour boundaries on radiographs
combined the Canny detector, the watershed algorithm, and fuzzy logic. The program has been implemented in medical
practice and shows 98% accuracy, spending less than 20 seconds to process the image.

Discussion and Conclusion. The new system provides high accuracy, acceptable efficiency, and does not require manual
correction of images. Experts are now able to identify subtle indicators of disorders. In addition, the new method makes
it possible to understand complex cases when several factors are combined, indicating potential pathology. Widespread
implementation of the method will improve the quality of medical services in orthopedics. Scientific research in this
direction should be continued to expand the set of strategies for the treatment of diseases of the musculoskeletal system.
It is necessary to create solutions with absolute accuracy, higher processing efficiency, as well as methods suitable for
analyzing other joints.

Keywords: reference lines in radiography, knee joint angles in radiography, Canny algorithm, improved Gaussian filter,
watershed algorithm
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AHHOTAUMSA

Beeoenue. 15151 ynydnieHus JUarHOCTHUKY 3a00JI€BaHUH KOJICHHOTO CyCTaBa HEOOXOIMMO ITOBBICHTh Ka4eCTBO 00paboTKH
peHTreHorpaguIecKux M300paXeHUH, T.e. 1aTh CIEHUaINCTaM Oosee TOYHYI0 WH(OpPMaNHUIO Ul aHalli3a NaToJIOTHH.
Iens nccnenoBaHus — IOKa3aTh BO3MOXKHOCTH HEYETKOW JIOTMKHM B COBEPIICHCTBOBAHMH JITOPUTMA OIPEIEICHUS
OIIOPHBIX JIMHWUH | yIJIOB cruOaHus KoseHa. J{jst 5Toro HeoOxouMa nporpaMma, KoTopast aHaJIM3upyeT PEeHTICHOBCKHE
CHUMKH. VI3BeCTHBIE Ha CErOfHS METO/bl, ONMCAHHBbIE B HAyYHOH M TNPHUKIAJHOW JHTEpaTrype, HEIOCTaTOYHO
aBTOMATH3MPOBaHbL. B pszme ciydaeB opromeaaM M XUpPypram NPHXOAWTCS BPYYHYIO JOpadaThIBaTh W300pakKeHHS,
KOPPEKTUPOBATh JTUHUH. DTOT MpoOes BOCIOIHIET MpeacTaBieHHas padora. OnucaH CO3/aHHBIA aBTOPOM aJITOPHUTM,
KOTOPBIH HE TpEeIoaraeT yq9acTusl 4eIoBeKa, aBTOMaTHUECKH HACHTH(OUIMPYET JIMHUY U YIJIbl crubanus kosena. [1o
pe3yibTaTy, BEIITAHHOMY CHCTEMOH, Bpad MOXKET, BO-TIEPBBIX, CyJUTh O HAIWYWH IAaTOJIOTHH. BO-BTOPHIX, CBEICHUS,
NpeaoCTaBIAEMbIC HpOFpaMMOﬁ, TMO3BOJIAIOT TOYHEC IJIAaHUPOBATH, MTPOBOAUTL OIIC€pAIllMU U Ha3HAYaThb TEPAIIUIO.
Mamepuanst u memoodsl. Vcrions30BaIMCh CHUIMKH JABYX PEHTI'€HOBCKHX alllapaToB, KOTOpPBIE padOTaloT B OOJIBLHHUIIE
Anp-bazens (Jlarakus, Cupus). s mporpaMMHON peanm3anny anroputMa 3aneiictBoBanu s3blK «[Iutom» (Python).
Pemenne mpotectupoBanim Ha 500 mnammeHTax OonpHMIBI Anb-basens. CpaBHHBaINCh Ppe3yNbTaThl, KOTOPHIC
CreHepHpoBaJla HOBasi CHCTEMA U MPE/ILIECTBYIONINE BEPCUH ITPOrpaMM 00pabOoTKH PEHTI€HOBCKUX CHUMKOB.
Pezynomamut uccnedoganusn. Co3naH, ONNCaH U PEaSM30BaH Ha MPAKTHKE AITOPUTM HNOCTPOCHHS ONOPHBIX JTHHUH U
YIIOB 111 00pabOTKH PEHTI€HOBCKMX CHUMKOB KOJEHHOTO cycTaBa. [loka3zaHbl BO3MOXKHOCTH HEUYETKOU JIOTMKH B
aBTOMAaTH3alWK 0OHApYXEHUs TBOWHOTO MOpOra MpH BBISBICHUN TPaHUIl KOCTH Ha M300pakeHusx. Onucana pabdora
YCOBEPIIEHCTBOBAHHOTO I'ayCCOBCKOTO (IILTPA, IPETHA3HAUEHHOTO JJIsl 00paOOTKH PEHTIC€HOTPaAMM.
MoauunrpoBaHHBIN METO]] aHANIN3a PEHTTEHOBCKUX CHUMKOB KOJICHHBIX KOCTEH BKIIFOUAaeT pa3pabOTKy alropuTMa JUis
ABTOMATHYECKOTO OOHApY)XEHHsl CTPYKTyp W aHOMAJIMA B KOJICHHBIX CYCTaBaX, OIpPEIENCHUS W H3MEpEHUs
AHATOMHYECKHX [TapaMeTPOB, OLIEHKY CTETICHH TIOBPEXICHUS 1 T.1.

Merton ompeneneHus TpaHuLl KOHTYPOB Ha PEHTTEHOTpaMMax o0bequHMI AeTekTop KoHHHM, anroputM Bojxopasnena u
HEeueTKylo Joruky. [Iporpamma peanu3oBaHa B MEJUIMHCKON MPAKTUKE W MOKa3bIBaeT TOYHOCTH 98 %, 3aTpaunBas Ha
00paboTKy cHuMKa MeHee 20 CeKyH]I.

Oébcymncoenue u 3akniouenue. Hoas cucremMa aeT BBICOKYIO TOYHOCTh, IPHEMIIEMYIO OIIEPaTUBHOCTh M HE TpeOyeT
PYYHOH KOPPEKTUPOBKH CHUMKOB. CIENHAUCTBI MOJYYHIH BO3MOXHOCTh BBISSBUTH Majl03aMETHbIE HMHANKATODHI
HapyuieHui. Kpome Toro, HOBBIN METOZ IO3BOJIIET Pa300paThCs B CIOXKHBIX CIydasX, KOTJIa COYETAIOTCS HECKOJBKO
(haKTOpPOB, YKa3bIBAIOLINX HA BO3MOXKHYIO narojoruio. [llnpokoe BHEApEHNE METOJa TOBBICUT KaY€CTBO MEANIIMHCKIX
ycrayr B oproneanu. CrnemayeT NMpOAODKUTh Hay4YHBIC M3BICKAaHWSA B JaHHOM HalpaBJICHHM JJIS pacIIMpeHus Habopa
cTpareruii jedeHusl 3a00JIeBaHUI OIOPHO-JBUraTeNbHOrO ammapara. IIpencTout co3paTh perieHus ¢ aOCOJIOTHOU
TOYHOCTEIO, 00JIEE BHICOKOH ONEPAaTHBHOCTHIO 00PAOOTKH, a TAK)KE METOIBI, TIOAXOAAIINE AT aHAJIN3a APYTUX CyCTaBOB.

KioueBble cjioBa: ONMOpHbIC JIMHUKM B PEHTreHOrpadH, Yriibl KOJCHHBIX CYCTaBOB B PEHTreHOrpaduu, alropuT™m
KsHHH, ycoBepiieHcTBOBaHHBIH GuibTp ["aycca, anroputm Bogopaszaeia

Jist nutupoBanusi. ManHaa A.C. AnroputM 00pabOTKH PEHTTEHOBCKUX M300paXkKeHNH C MCTIONB30BAaHIEM HEUETKOMN JIOTHKH.
Advanced Engineering Research (Rostov-on-Don). 2024;24(3):293-300. https://doi.org/10.23947/2687-1653-2024-24-3-293-300

Introduction. Improving the quality of X-ray images is a critical task with direct implications for the quality of
medical diagnosis and subsequent treatment, especially in cases like joint replacement surgeries. Advancements in
medical imaging technologies, including X-ray imaging, are vital for providing more accurate and detailed information
to healthcare professionals. There are some strategies and advancements that can help improve X-ray image quality and
subsequently benefit joint replacement surgeries and other medical procedures.

Analysis of X-ray images allows identifying and evaluate various pathological conditions [1]. Algorithms for image
segmentation and bone delimitation have made a significant contribution to improving the clarity and accuracy of X-ray
image interpretation. However, such visualization still needs improvement, as it is not always completely defined, leaving
room for different interpretations [2].

Advances in intelligent computing make it possible to use fuzzy logic to remove imprecision and ambiguity in the
medical image analysis. Fuzzy logic mimics human thinking, and it is a reliable basis for creating algorithms that can
efficiently process and analyze X-ray images [3].
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In [4], reference lines and their relationships were studied for the purpose of correcting the shape of the legs.
In [5], clinical results of treating multiaxial deformities of the lower extremities were compared to how this was reflected
in X-ray images. The literature describes software products that can analyze X-ray images of bones. However, all these
systems have a common drawback: sometimes they incorrectly recognize contours. If this happens, the specialist manually
refines the image. This problem is solved in the presented scientific work. A new algorithm for analyzing X-ray images
is proposed using fuzzy logic and improved traditional approaches. The solution eliminates the need for manual image
processing. The program operates with high accuracy and ample efficiency. It allows for more accurate detection and
characterization of anomalies in X-ray images, i.e., improves diagnostics.

Materials and Methods. In carrying out this scientific work, the author proceeded from the fact that the assessment
of limb deformations requires an analysis of the anatomical and mechanical axes of long bones, as well as the angles
between them. Figure 1 shows the initial limits of angles for healthy people of different ages. If the indicator is outside
these limits, then the patient has a deformed limb and needs surgical intervention.

79-832 \
/ 85-90°
85-90° /:85*900
a) b)

Fig. 1. Support angles between mechanical axes for healthy people:
a — for young people; b — for elderly people [4]

In orthopaedics, the concepts of mechanical and anatomical axis are crucial to understanding the arrangement and
function of bones, especially in the lower extremities. The anatomical axis runs through the center of the bone shaft,
through the middle of the diaphysis. The mechanical axis reflects the direction of the forces acting on it. In the lower
extremities, it runs from the center of the hip joint to the center of the ankle joint.

By examining the mechanical axis, it is possible to understand the load-bearing capacity and load distribution in the
bone. This is particularly important for the diagnosis and treatment of osteoarthritis, fractures, and for determining the
position of implants or prostheses.

It is necessary to know the features of the anatomical axis to distinguish natural curvature from pathological
curvature. This is also important under surgical interventions, since it helps surgeons understand whether the bone
is positioned correctly.

Two parameters are particularly important for assessing the anatomy of the femur and tibia:

- ALDFA (axial length of the distal femoral axis);

- MPTA (medial proximal tibial angle).

They are extremely informative when it comes to identifying knee deformities. ALDFA determines the orientation of
the distal femur relative to its longitudinal axis, MPTA shows the inclination of the medial surface of the tibia relative to
its mechanical axis (Fig. 2).

Fig. 2. Angles between femur and tibia used to assess anatomy and detect pathology:
1 — medial genu-diaphyseal angle (MGDA) = 130° (124°-136°); 2 — medial proximal femoral angle (MPFA) = 84° (80°—89°);
3 — ALDFA = 81° (79°-83°); 4 — MPTA = 87° (85°-90°); 5 — lateral distal tibial angle (LDTA) = 89° (85°-92°) [5]
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The angles shown in Figure 2, in combination, demonstrate the possibilities of knee joint alignment or deformation.
Orthopedists use the norm (numbers in brackets) to draw conclusions about the type, severity of deformations, and
develop a treatment plan [6].

The Canny edge detection algorithm is a robust method widely used to identify boundaries in images. It builds
reference lines and angles from X-ray images as follows. The first step uses an improved Gaussian filter, which smoothes
the image, reduces noise [7]. Next, gradients are calculated using the Sobel or Prewitt operators. The method is often used
to detect the image edges. This allows both weak and strong edges to be taken into account. This way, the algorithm
determines the edges more accurately and reduces the noise level more effectively.

Despite its computational complexity, the Canny algorithm remains a fundamental part of computer vision due to its
ability to cope with noise and clearly detect edges.

To correctly select the standard deviation value, the absolute values of the point x(Z, /) in the gray pixel are compared [8].
If (@, )| < (i, j)| * |x(i, ) — w, then the standard deviation ¢ = 1. In this case, the point is less affected by noise. Standard
deviation ¢ = 1.6 indicates significant noise.

To automatically detect the edges (71, 72), Canny uses double thresholding, classifying pixels in the image by gray
intensity. We calculate the average value of all pixels (71), after which 71 is used to divide the image into two
areas — object and background. Pixel values that exceed the initial threshold 71 are taken as objects, and the rest are
taken as background. Now there are two sets of values: one for the object (0b) and one for the background (bg). For each
of the two regions (object, background), a threshold value is calculated. Let us calculate 72. We start with the fact that:

T0=(Tob+Tbg)/2. )

New value 70 is taken as 71, and the process is repeated until 70 ~= T'1. Final value 70 is taken as 72.

The final step involves boundary binding to identify related boundary components in the VNSA (valgus knee shaft
angle) image. This helps to combine disparate boundaries into larger structures, which improves image perception and
analysis. It is advisable to integrate fuzzy logic principles and traditional software approaches to edge detection. In this
case, membership functions are used that assign membership degrees to pixels based on gray intensity values, allowing
for a detailed representation of edges.

Unlike the binary approach, the fuzzy method facilitates a gradual transition in the range of membership values from
0 (no membership at all) to 1 (full membership), capturing the inaccuracies of the boundaries. Fuzzification transforms
crisp image data into fuzzy sets, taking into account the uncertainty. Defuzzification transforms fuzzy results into crisp
ones for further analysis.

A notable advantage of the method is its adaptability to real-world scripts, specifically to those with varying degrees
of noise and ambiguity. However, careful parameter tuning may be required to achieve optimal performance; therefore,
finding a balance between sensitivity and specificity in edge detection applications is critical [9].

A more detailed representation of edges can be achieved by disambiguating image boundaries. This requires assigning
membership degrees to pixels.

Each pixel is processed using fuzzy rules. If any of the fuzzy rules shown in Figure 3 are met, the pixel is processed
as an edge, otherwise it is not taken into account. This provides highlighting the boundaries of objects that are different
from noise and other image elements. The importance of this solution has been proven in relation to the analysis of the
humerus from X-ray images [10].

4=1 [] B=114=1,15=1,
[ &&NR&KBEEKI5&&I6&&TTEEIS = 0 u [ &&N&&KT6&&TTE&IS = 0
I5=1 [ In=1,2=1,13=1,
[ &&NR&KBEKIA&&I6&&IT&&IS = 0 ::H M&&I5&&I6&&IT&&I8 = 0
I6=1 [] I5=1,I6=1,17=1,
N&&DR&KBEKIA&&KI5&&IT&&IS = 0 N &&DR&KB&&KIA&&I8 =0
I8=1 1 I1=117=1,18=1,
[ &&DR&&KB&KIA&&I5&&16&&1T = 0 ] N&&DR&KB&&KIA&&I8 =0

Fig. 3. Fuzzy logic rules

The watershed segmentation algorithm is used in computer vision to recognize objects. It was originally developed
for cartography. And now it perceives images as a topographic landscape, where the grayscale intensity corresponds to
the terrain elevation. Watershed lines outline individual objects as boundaries between drainage basins. By filling the
landscape from local minima, the algorithm separates objects by the intensity of gray color.
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The watershed detection algorithm is effective for some applications, but it can be sensitive to noise and may cause
over-segmentation. In practice, careful preprocessing and marker-driven watershed options are used to improve

performance [11].
The watershed algorithm output is shown in Figure 4.

§ Reference lines on X-ray images %
Upload image Uplﬂsl“nug!l Kerel [~ lerations ]~
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Select angles 2 1 v T 100
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- = T S
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400
500
600
0 200 400
a) b)

Fig. 4. Watershed algorithm output:
a — original image; b — result of watersheds

Research Results. After using the watershed algorithm, boundaries were drawn for the points under study [12]. To
construct reference lines, the extreme points were calculated along the boundary of the mark (selected region) of the bone.
Then, the center of mass was calculated, the image was converted to binary format, and its center was found. Having
determined the extreme points on four sides, we took the middle of the top of the upper bone, the middle of the base of

the lower bone and drew a line.

We used the formula for calculating the angle between two lines and three coordinate points: aa, bb and cc. Two are

the extreme points of both lines, and one is the common point of their intersection [13].
b=-axx+yi,

xi=y—-b+a,x, =y, —b+a,
a= 1.0><(y2 -n )+1.0><(xz — X )
Figure 5 shows the result of constructing reference lines and angles on X-ray images.

= K F Reference lines on X-ray images
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Fig. 5. Results of using the improved watershed algorithm on X-ray images:
a — construction of reference lines; b — calculation of angles

The performance of the Canny edge detector [14] was compared to the results of the new algorithm proposed by the
author. The higher performance of the latter solution is obvious. This is explained, firstly, by the improvement of the
Canny operator. Secondly, the new method is integrated with an improved Gaussian filter. Therefore, there is no need for
an additional filter, and the execution time of the algorithm is reduced. Its implementation has significantly increased the
accuracy and yielded better results, specifically for images of radial lines with high noise levels.

Information Technology, Computer Science and Management

297



https://vestnik-donstu.ru

298

Mannaa AS. Algorithm for Processing X-ray Images Using Fuzzy Logic

The new solution was implemented at Al-Basel Hospital in Latakia, Syria. Images from two X-ray machines were
used. The program was applied to X-ray images of 500 patients. In 490 cases, no manual processing was required, i.e.,
the accuracy of the results was 98%. Image processing took about 20 seconds.

The proposed algorithm is implemented in Python with a graphic interface. The scheme for creating reference lines and
angles for processing X-ray images of the knee joint is designed to improve the interpretation of X-ray images (Fig. 6).

( Start )

/ Input image /

Canny algorithm
(automatic calculation
of T1, T2)

Morphological
operations

Calculation of the centers
of mass of the knee joint

Watershed
algorithm

Calculating points of each
knee contour

Caclculation and
determination of reference
lines and angles

End

Fig. 6. Improved algorithm for creating reference lines and angles for processing knee joint X-ray images

Discussion and Conclusion. A new approach to knee X-ray imaging is being used at Al-Basel Hospital (Latakia, Syria).
The practice has shown the value of advanced automated image analysis in improving diagnostic accuracy. It should be noted
that even an earlier version of the program effectively identified bone abnormalities that were missed by visual analysis [15].
With the help of the proposed solution, orthopedists can qualitatively work through subtle factors indicating violations, as well
as combinations of indicators that can cause confusion and hinder the detection of pathology. It follows that the use of the
approach described in this article allows us to reasonably expect an increase in the quality of medical services in the field of
orthopedics and surgery. Specialists receive tools for more precise planning and execution of operations. In addition, the new
solution opens up opportunities for better organization of conservative treatment taking into account the individual
characteristics of the pathology.
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Scientific research in this line should be continued to expand diagnostic capabilities and a range of treatment strategies
for musculoskeletal diseases. Of particular interest is achieving absolute, i.e., 100% accuracy in algorithmic determination
of the lines. The time for image processing should also be reduced. Optimization of computational processes will provide
obtaining results faster, which is particularly important in emergency diagnostics. In addition, it is advisable to refine the
method for analyzing more complex clinical cases. Another promising direction is adapting the algorithm for analyzing
other joints, such as hip or shoulder joints.
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006 asmope:

Amu Caxxm ManHaa, aciupaT kadenpbl HHPOPMAaTUKH W BEYUCIHTEHHOTO SKCIIEPUMEHTa HHCTUTYTa MaTeMaTHKH,
MEXaHHKH M KOMITbIOTepHBIX Hayk uM. V.M. BopoBuua FOsxHoro denepanpioro ynusepcurera (344015, r. PocroB-nHa-/{oHy,
yi. 3opre 21e, 1. 1001), SPIN-kox, ORCID, ScopusID, ResearcherID, mannaa@sfedu.ru

Konghnuxm unmepecos: aBTop 3asiBjisieT 00 0OTCYTCTBHH KOH()IMKTA HHTEPECOB.
Aemop npouuman u 0006pun OKOHYAMENLHLIL 6APUAHIN PYKONUCHU.
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