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Abstract  
Lyme borreliosis (LB) is the most common vector-mediated disease caused by spirochetes of 

the Borrelia burgdorfery sensu lato(s.l) complex, which are vectored by Ixodes ticks. The 

disease tends to be prolonged and chronic. The aim of this study was to develop a multifactorial 

model for predicting the severe course of Lyme borreliosis in children and to evaluate its 

effectiveness using Claster analysis and PCA methods. Silhoutte scor method and the Calinski-

Horabasz score methods were used for developing mathematical prognosis of severe forms 

LB. To build a prognostic model of Claster analysis, 143 patients with Lyme disease were 

examined using multivariate regression analysis who were admitted to the Ternopil Regional 

Children's Hospital. The model was clustered based on the coefficients. The sum of points from 

1 to 10 indicates a mild form of the disease, from 10 to 20 - a severe form of the disease. 

Therefore, the result is that the Localised form is mild and severe and the Disseminated form 

is divided into mild and severe. 
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1. Introduction 

Lyme borreliosis (LB) is the most common vector-mediated disease caused by spirochetes of the 

Borrelia burgdorfery sensu lato(s.l) complex, which are vectored by Ixodes ticks. The pathogen affects 

the skin, nervous system, musculoskeletal system, heart, and eyes. The disease tends to be prolonged 

and chronic. 

The clinical picture of Lyme disease [1] includes early localized, early disseminated, and late 

disseminated stages. In the early period, stage I of localized infection is distinguished when the 

pathogen enters the skin after a tick bite. The early localized stage of the disease begins 3-30 days after 

a tick bite. Diseases caused by B. burgdorferii sensu stricto are usually inflammatory in nature and more 

often cause single or multiple EM, arthritis and carditis. In areas with endemic infection, previous 

subclinical infection with seroconversion is common, and symptoms of seropositive patients may be 

incidental [2, 3, 4]. Patients with active Lyme disease almost always have objective signs of infection 

(erythema migrans (ME), facial nerve palsy, arthritis). Nonspecific symptoms usually accompany these 

specific signs but are almost never the only evidence of Lyme disease [1]. 

The division into stages is quite arbitrary and largely based on clinical manifestations and time since 

infection. It should be noted that the disease can gradually move from one stage to another or bypass 

any of them, as well as appear for the first time at any stage without the presence of the previous one. 
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Only children with localized form (erythema migrans) and disseminated form were admitted to the 

Ternopil children's regional hospital. 

According to European authors, LB manifests itself as a skin disease in 80-90 % of patients, while 

lesions of other organs and systems are reported in about 10-20 % of patients [5-7]. Insufficient 

consideration of the epidemiological history, hereditary and allergic history leads to misdiagnosis and 

possible errors in the treatment of the disease. Hematogenous spread of the bacteria occurs within days 

or weeks after a tick bite; the host's immune response often leads to specific symptoms [1]. 

The Aim of the study was to analyse clinical and immunological cases of the disease, to identify the 

main markers leading to chronicity of the disease, to optimise the diagnostic search using mathematical 

analysis, to develop a multifactorial model for predicting the severe course and damage to organs and 

systems in Lyme borreliosis in children and to evaluate its effectiveness using Claster analysis and PCA 

methods. 

2. Materials and methods 

In the research difeerent materials and methods were used, such as general clinical (questionnaire), 

objective examination, immunological-ELISA (total antibodies of classes M and G to antigens of the 

Borrelia burgdorfery complex sensu lato(s.l), immunoblot specific antibodies of classes M and G to B. 

burgdorfery sensu lato (s. l), epidemiological (unified questionnaire), molecular biological, statistical 

(methods of parametric and non-parametric statistics with the calculation of Student's criteria using the 

computer programs "Microsoft Office Excel" and "Statistica"). 

To build a prognostic model of Claster analysis, 143 patients with Lyme disease were examined 

using multivariate regression analysis who were admitted to the Ternopil Regional Children's Hospital. 

The study was conducted in the laboratory of the Center for the Study of LB and Other Tick-Borne 

Infections. 143 children with Lyme disease were examined (aged 13±3 years) from 1 year to 18 years, 

including 74 boys and 70 girls. Groups of  patients: 80 children with erythema migrans, 16 with Lyme 

arthritis, and 27 with nervous system damage due to Lyme disease and non erythema forms 20 children. 

The study participants answered the questions of a single international questionnaire. The detection 

of Borrelia in ticks was performed by the polymerase chain reaction PCR method [4]. 

 



 
 
Figure 1: The design of the study 

 

1. Inclusion criteria: 

- epidemiological (residence in an endemic area); 

- Clinical complaints of patients (erythematous skin lesions, cardiovascular system lesions, Lyme 

arthritis, clinical signs of nervous system lesions); 
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- infectious confirmation of the diagnosis: a two-stage study. 

The following notation describes the linkages used by the various methods: 

• Cluster 𝑟 is formed from clusters 𝑝 and 𝑞. 

• 𝑛𝑟 is the number of objects in cluster 𝑟. 

• 𝑥𝑟𝑖 is the ith object in cluster 𝑟. 

• Single linkage, also called nearest neighbor, uses the smallest distance between objects in the 

two clusters. 

 

𝑑(r, s) = min(dist(xri, xsj)), i ∈ (i, . . . , n𝑟), j ∈ (1, . . . , n𝑠)   

 

• Complete linkage, also called farthest neighbor, uses the largest distance between objects in the 

two clusters. 

 

𝑑(r, s) = max (dist(xri, xsj)) , i ∈ (i, . . . , n𝑟), j ∈ (1, . . . , n𝑠)   

 

• Average linkage uses the average distance between all pairs of objects in any two clusters. 

 

𝑑(r, s) =
1

n𝑟n𝑠
∑ ∑ dist(xri, xsj)

n𝑠

𝑗=1

n𝑟

𝑖=1

 

 

• Centroid linkage uses the Euclidean distance between the centroids of the two clusters. 

 

𝑑(r, s) = ‖xr̅ − xs̅‖2, 

 

where 

xr̅ =
1

n𝑟
∑ xri

n𝑟

𝑖=1

 

 

• Median linkage uses the Euclidean distance between weighted centroids of the two clusters. 

 

𝑑(r, s) = ‖xr̃ − xs̃‖2, 

 

d(r,s)=‖‖˜xr−˜xs‖‖2, 

 

where �̃�𝑟 and �̃�𝑠 are weighted centroids for the clusters r and s. If cluster r  was created by combining 

clusters 𝑝 and 𝑞, �̃�𝑟 is defined recursively as 

 

xr̃ =
1

2
(�̃�𝑝 + �̃�𝑞) 

 

• Ward's linkage uses the incremental sum of squares, that is, the increase in the total within-

cluster sum of squares as a result of joining two clusters. The within-cluster sum of squares is defined 

as the sum of the squares of the distances between all objects in the cluster and the centroid of the 

cluster. The sum of squares metric is equivalent to the following distance metric 𝑑(𝑟, 𝑠), which is the 

formula linkage uses. 

 

𝑑(𝑟, 𝑠) = √
2𝑛𝑟𝑛𝑠

(𝑛𝑟+𝑛𝑠)
‖�̅�𝑟 − �̅�𝑠‖2, 

where 

o ‖ ‖2is the Euclidean distance. 

o �̅�𝑟 and �̅�𝑠 are the centroids of clusters 𝑟 and 𝑠. 

o 𝑛𝑟 and 𝑛𝑠 are the number of elements in clusters 𝑟 and 𝑠. 



In some references, Ward's linkage does not use the factor of 2 multiplying nrns. The linkage 

function uses this factor so that the distance between two singleton clusters is the same as the Euclidean 

distance. 

• Weighted average linkage uses a recursive definition for the distance between two clusters. If 

cluster r was created by combining clusters p and q, the distance between r and another cluster s is 

defined as the average of the distance between p and s and the distance between q and s. 

 

𝑑(𝑟, 𝑠) =
(𝑑(𝑝, 𝑞) + 𝑑(𝑞, 𝑠))

2
 

A linkage is the distance between two clusters. 

3. Cluster analysis 

Table 1 
Identification of potential risk factors for localized and disseminated forms of LB 

Variable of the model Name of factor 

х1 Age 

х2 Sex 

х3 Causative agent of infection 

х4 Number of ticks 

х5 Affected system 

х6 IgМ (RU/ml) 

х7 IgG (RU/ml) 

х8 Ig G (in dynamics) 

х9 VLsE IgM 

х10 P41 IgM 

х11 P39 IgM 

х12 OspC Ba (Borrelia afzelii) 

х13 OspC Bb (Borrelia burgdorferri) 

х14 OspC Bg (Borrelia garinii) 

х15 IgM 

х16 VLsE (Borrelia afzelii) IgG 

х17 VLsE (Borrelia burgdorferri) IgG 

х18 VLsE (Borrelia garinii) IgG 

х19 Lipid Ba (Borrelia afzelii) IgG 

х20 Lipid Bb (Borrelia burgdorferri) IgG 

х21 P83 IgG 

х22 P41 

х23 P39 IgG 

х24 OspC (B. afzelii) IgG 

х25 P58IgG 

х26 P21IgG 

х27 P20IgG 

х28 P19IgG 

х29 P18IgG 

х30 IgG 
 

Using multivariate regression analysis, we analysed 28 probable factors for the onset and 

progression of Lyme borreliosis. 

 



After conducting the classical method of determining the number of clusters in our general sample, 

the classical approach was to use 2 methods: Silhoutte score and Calinski-Horabasz score. 

We can see that the result of the first method (Silhoutte score) tends to be closer to 3 clusters, while 

the second method (Calinski-Horabasz) fluctuates between three and four clusters, although it is more 

inclined to four clusters in our overall sample (larger break at four clusters). 

 
а) 

 
b) 

Figure 2: Results of cluster analysis using the Silhoutte score method (a) and the Calinski-Horabasz 
score method (b) 

 

Further cluster analysis is carried out by analysing two principal components. Figure 3 shows a tree 

dendrogram. 



 
Figure 3: Tree dendrogram 

 

According to the first message (Figure 3), the distance between the centres of the clusters is shown 

on the -Y axis, and the number of clusters or iteration numbers is shown on the X axis. We find the 

centre of mass (0 on the Y-axis) of the cluster. We start from this point 0, and start counting the number 

of clusters from this point. 

We find the only centre of mass whose standard deviation to each of the points is maximum.We set 

up two classes. 

Our tree has branched into two branches, in particular, in the second iteration (2 on the x-axis), our 

data is branched into two branches: one thinner and longer branch branches upwards, and a shorter and 

thicker branch is placed at the bottom of the figure. The thickness of the branches is proportional to the 

number of patients in the respective cluster. In particular, we observe that the thickness of the bottom 

cluster is twice the thickness of the top cluster. In this analysis, we study the number of similar groups.  

The next step is to iterate with three clusters. We observe further potential branching of the branches 

and the tree clusterogram. 

Analysing Figure 3 along the vertical positional line numbered 3 on the x-axis, which is parallel to 

the y-axis. 

• Computing linkage (Y) can be slow when y is a vector representation of the distance matrix. 

For the 'centroid', 'median', and 'ward' methods, linkage checks whether y is a Euclidean distance. Avoid 

this time-consuming check by passing in X instead of Y. 

• The 'centroid' and 'median' methods can produce a cluster tree that is not monotonic. This result 

occurs when the distance from the union of two clusters, r and s, to a third cluster is less than the distance 

between r and s. In this case, in a dendrogram drawn with the default orientation, the path from a leaf 

to the root node takes some downward steps. To avoid this result, use another method. This figure shows 

a nonmonotonic cluster tree. 

To evaluate the significance of the influence of the factor attributes, a stepwise multivariate 

regression analysis was performed using Statistica 10.0. Initially, a correlation matrix was obtained, in 

which the absence of pairwise correlation coefficients greater than 0.7 was established. Thus, the 

absence of multicollinear factors for predicting the severity of LD gives grounds to use all 28 of the 



above factors to build a regression model. The next step was to calculate the regression coefficients "b" 

(Beta), which reflect for each selected factor the relationship of influence on the severity of Lyme 

borreliosis in the examined patients. The result of obtaining significant factors for this coefficient in 

multivariate regression analysis in Statistica 10.0 is shown in Figure 4. 

 

 
Figure 4: The result of obtaining significant factors for predicting  CRDDFLB- in multivariate regression 
analysis in Statistica 10.0 

 



 
Figure 5: The result of obtaining significant factors for predicting  CRDDFLB-  in multivariate regression 
analysis in Statistica 10.0 without factors IgG 

 

 
Figure 6: The result of obtaining significant factors for the prediction of CRRFLB in multivariate 
regression analysis in Statistica 10.0 without IgG factor 



 
Based on the results of the multivariate regression analysis of predicting the development of severe 

Lyme borreliosis, which are shown in Figure 6 and Table 1, we build a mathematical model to determine 

the coefficient of risk factors of developing LB (CRFDLB): 

 

CRFDLB =X1*0,21131+X2*0,85457+X3*1,01908+X4*0,67524+ 

+X5*1,01044+X6*0,08889+X7*0,12108+X10*0,89705+X11*1,03417+ 

+X12*1,46414+X13*0,98986+X14*1,02911+X15*0,78761+X16*1,34266+ 

+X17*1,09512+X18*1,18172+X21*1,14414+X22*1,41743+X23*1,53108+ 

+X24*0,78098+X26*1,69079+X28*2,38568-1,07264 

 

To evaluate the quality of the regression model, it was necessary to analyse the residual deviations, 

in particular, to obtain their histogram (Figure 7). As can be seen from the histogram, the residual 

deviations are distributed symmetrically, approaching the curve of the normal distribution of the 

residuals, so the statistical hypothesis about their distribution in accordance with the normal distribution 

law is not rejected. 

 

 
Figure 7: Histogram of residual deviations of the multivariate regression model for predicting the 
CRFDLB 

 

In order to further confirm the residual deviations from the normal distribution law, a normal-

probability graph was constructed (Figure 8). Analysing its data, we note the absence of systematic 

deviations from the normal probability line. This allows us to conclude that the residual deviations are 

distributed according to the normal distribution law. 



 
Figure 8: Normal probability plot of residual deviations of the multivariate regression model for 
predicting the  CRFDLB 

 

To check the dependence of the residual deviations on the predicted values, we construct a scatter 

plot (Figure 9). 

Based on the results obtained, we note that the residuals relative to the predicted values are scattered 

randomly, which indicates that there is no dependence on the predicted values of the CRRFLB. The 

histogram and the normal probability plot confirm that the residual deviations follow the normal 

distribution law. Thus, the obtained model for predicting the risk of thrombosis is qualitative and 

adequate. 

 
Figure 9: Scatterplot of residual deviations of the multivariate regression model for predicting CRFDLB 



The next step was to evaluate the overall goodness of fit of the model, for which we performed an 

ANOVA analysis (Figure 10). Analysing the data obtained, we can conclude that the model for 

predicting the CRRFLB is highly satisfactory in general using ANOVA analysis, since the significance 

level is p<0.001, and the model itself will work better than a simple forecast using average values. 

 

 
Figure 10: Analysis of the coefficient of determination of the multivariate regression model for 
predicting the CRRFLB 
 

To further evaluate the quality of the mathematical model of the CRRFLВ, we analysed the 

coefficient of determination of the Neijelkerk (R2), which shows what part of the factors is taken into 

account in the forecast. It is considered a universal measure of the relationship between one random 

variable and others. The coefficient of determination varies from 0 to 1. The more its value approaches 

"1", the better the multivariate regression model is. In the proposed mathematical model of the 

CRRFLB, the coefficient of determination is R2=0.9858 (in Statistica 10.0 R?= ,98584446 (Fig. 10)). 

Thus, in our case, 98.58% of the factors are taken into account in the CRRFLB prediction model. The 

coefficient of determination indicates the extent to which the observations confirm the mathematical 

model. 

4. Discussion 

Nonspecific symptoms, such as arthralgias, myalgias, fatigue, headaches, irritability, stiff neck 

muscles, and paresthesias, often last for a long time. Systemic symptoms, including myalgia and 

arthralgia, can accompany EM, especially in Bb and Bg infections [2]. 

LA is manifested by fever, persistent monoarthritis, and synovitis. Children with joint involvement 

caused by Lyme disease have more frequent knee involvement, pain, myalgia, and lower peripheral 

leukocyte counts; they are less likely to have fever compared to children with septic arthritis [7]. 

Serologic tests (ELISA and immunoblot) are the gold standard for verifying the diagnosis even in the 

absence of an epidemiologic history. The main immunodominant proteins are OspC, VlSE, OspA, 

BmpA, p66, P83/100. Thus, innate and adaptive forms of immunity are mobilized to fight the infection.  

Most often, specific IgM antibodies in the immunoblot are detected against antigens P18, OspC, P39, 

P41 from B. afzelii strains; P39, p 41, P 66, P83 from B. garinii strains; OspC, OspA from B. burgdorferi 

sensu stricto strains. Small amounts of Ig M to flagellin P41 and the membrane protein OspC are 

detected in the first days of the disease. Their titers increase over 4-6 weeks, and in untreated patients 

longer.  

During the period of generalization of the infectious process, IgG against a number of proteins, such 

as P39, P58, appear. At the late stage of the disease, a wide range of antibodies to borrelia proteins 

P83/100, P58, P43, P39, P30, P21 Osp17, P14 appear [8, 9,10]. 

Genetic testing for HLA antigen B27 is essential in the differential diagnosis of arthritis [11]. The 

presence of HLA-B27 is associated with certain autoimmune and immune-mediated diseases, including 

ankylosing spondylitis, which causes inflammation of the spinal bones, and reactive arthritis. In three 

patients with arthritis, we discovered a gene HLA-B27. 

Additional B. burgdorferi epitopes may be involved in the development of antibiotic-resistant Lyme 

arthritis. OspA163-175 remains the only known recognized epitope of BB and related diseases [12]. 

Patients with antibiotic-resistant arthritis usually have certain HLA-DRB1 molecules that bind the 

B. burgdorferi epitope to the outer surface (OspA163-175), and the cellular and humoral immune 

response to OspA is greater than in patients with antibiotic-responsive arthritis [13].  



A number of scientific works have used the method of mathematical forecasting to assess the course 

of diseases [14,15,16]. To develop the model, we conducted a retrospective analysis of clinical and 

laboratory data from a cohort of pediatric patients diagnosed with Lyme borreliosis. We then developed 

a scoring system based on these factors and evaluated its performance using ROC analysis [17]. The 

addition of the group of patients with erythema-free form in the cluster analysis resulted in a division 

into four clusters. 

Initial factors are after constructing the correlation matrix without taking into account the number 

of bites (X3), Lipid Bb (Borrelia burgdorferri) (X18), P39(IgG) (X21), and P20(IgG) (X25), there were 

no multicollinear factors, as there were no pairwise correlation coefficients greater than 0.7.  All of the 

above 24 factors were used to build a multivariate regression model. 

The works [18, 19, 20, 21] consider approaches to the development of medical sensor monitoring 

tools, the main component of which is data transmission through electronic communication channels 

and networks [22-24]. Thanks to such approaches, appropriate sensors were used to register the 

indicators, which are listed in Table 1. 

5. Conclusions 

1. PCA and Claster metods  should be used in diagnostic of Lyme disease 

2. The model was clustered based on the coefficients. The sum of points from 1 to 10 indicates a 

mild form of the disease, from 10 to 20 - a severe form of the disease. Therefore, the result is that the 

Localised form is mild and severe and the Disseminated form is divided into mild and severe. 
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