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llpumeHeHune anroputMa pepeBa pelueHUI
ANA paHHeu auddepeHUMaNbHOU AUArHOCTUKU

MEXAY Pa3/IM4yHbIMU KNUHMYEeCKUMU hopMaMK

OCTPOro MKCOAOBOr0 Knewiesoro 6oppenunosa

U KneuwieBoro 3Huedanura

E.H. UnbuHckux, E.H. ®unatosa, K.B. CaMoinos, A.B. CeméHoBa, C.B. AkcéHoB

CvbMpCKUiA rocyf,apCTBEHHbIA MeAULMHCKUIA yHUBEpcuTeT, ToMck, Poccuiickas Peaepauns

AHHOTALIMA

060cHoBaHuMe. KnewweBoii 3HLehanUT 1 UKCOL0BLIN KeLLeBo 6oppennos ABNsoTCS Haubosiee pacnpocTpaHéHHbIMU B Poc-
CUM MPUPOJHO-04aroBbIMUA MHODEKLMAMY, HEPEKO NMPOTEKALWMMA B BUAE CMeLlaHHOW (OpMbI, KOTOPYH0 3ayacTylo K-
HWYECKW CNOXHO OT/INYMTL OT MOHOMH(EKLMM B Hayane 6one3Hu, 4To MOXeT ObiTb 006yCoBNEHO NO3AHel nabopaTopHoii
BepudmMKaumeil amarHosa u TpebyeT noucka NpUHLMNUANbHO HOBOrO NMOAX0Aa K npobneMe paHHero AnddepeHUManbHOro
AVMarHo3a KineLlesblX MHbEeKLM.

Lienb uccnepoBaHus — co3aaHue anropuTMOB [EpPeBbEB PELLEHW Ans paHHel AnddepeHUManbHol OUArHOCTUKM Mexay
M30/IMPOBaHHBIMU M CMELLIaHHBIMK (hOpMaMu 0CTPOro UKCOAO0BOr0 KieLLeBoro boppennosa 1 KieLLeBoro sHuedanuTa ¢ npe-
obnaziaH1eM NIMXopafo4HOro CMHAPOMA Ha OCHOBE aHanW3a KIIMHWUKO-N1abopaTopHbIX AaHHbIX.

Matepuanbl U MeToapl. PeTpoCneKTMBHO NpoaHanM3upoBaHbl 55 KIMHUKO-NabopaTopHbIX NapaMeTpoB, NOTYYEHHBIX B Nep-
BYl0 Hegento 6onesHn ot 291 rocnutannanpoBaHHOrO BOBHOTO KieLLeBbIMUA MH(EKLMAMM, UMEBLLETO UM HE UMEBLLEr0
MUrPUPYIOLLYI0 3pUTEMY Ha MecTe MPUCachbiBaHUS MKCOAOBOrO KieLla, KOTOpble Dbl BKIKOYEHbI B OJHOLEHTPOBOE MC-
cneposanue B nepuoa ¢ 2010 no 2023 roa. Y 211 6onbHbix 6e3 3pUTeMbl aHanM3 MPOBOAWSICA MEXAY TpeMs Kiaccamu
B 3aBMCMMOCTM OT MarHo3a: UMeBLUMMM CMeLLaHHY0 UHGEKLMI0 Be33puTeMHON (OPMbI MKCOLL0BOTO KileLLeBoro boppenuo-
3a C KNeLLeBbIM 3HLEedanuToM, MOHOMHGEKLMIO De33puTEMHOr0 Boppennosa UM MOHOMHGBEKLMIO KNELLEBOro 3HUedanuTa.
[lBa opyrux Knacca, BKItoyasLumx 80 naumeHTOB C 3pUTEMON, UMENM MUKCT-3abosieBaHMe 0CTporo aputeMHoro 6oppennosa
C KJleLLeBbIM 3HUedanuToM uv 6oppennosHyto MoHoMHdeKLMIo. S3bIK nporpamMmmpoBanms Python 6bin npuMeHéH ans pas-
paboTkv ABYX Mofenen AepeBbeB pelleHuid. Onpefensnmcb NoKasaTenn BaXHOCTW Bcex NpeaukTopoB. Kaxabin 3 Knaccos
naumMeHToB bObiN clydailHbIM 06pa3oM paspenéH Ha obydatoyio (70%) u TectoByto (30%) Bbibopku. OueHKa TOUHOCTU Moge-
neii bbina ocHoBaHa Ha ROC-aHanuse.

Pe3ynbTathl. Anroput™ fiepeBa pelueHni Ans paHHei auddepeHunansHon SMarHoCTUKM Y B0bHbIX KieLleBbIMU MHbeKLMA-
Mu 6e3 3puTeMbl BKIOYaN crefylolne Hambonee BaxHble NPeAMKTOPbI: MaKCUManbHY0 BbICOTY SIMXOPaAKY, 03HOD, MHAEKC
COOTHOLUEHUS HEUTPO(UIIOB U MOHOLMTOB, CKOPOCTb 0CEAHUS IPUTPOLIMTOB, abCoMIOTHOE YMCNO PeaKTUBHBIX IMM(OLMTOB
W He3perbX rpaHymoLMTOoB, a TakXKe MPOLEHTHOe COAepXaHue 303uHodmnoB. Mogenb ana auddepeHuManbHOro AuarHosa
MeXAy NaluMeHTaMm C 3pUTEMOI BKIOYana: BbICOTY JIMXOpaLKK, abCONMKTHOE YMCIO PeaKTUBHBIX MMGMOLMTOB U HE3PesbiX
rpaHynounTOoB, a TaKKe MPOLEHTHOE COAepxaHue basodunos. 06e MoJenu AepeBbEB PELLEHUIA MOMYYMUAM BbICOKYH Npor-
HOCTMYECKYH) OLIEHKY Ha OCHOBAHWM OMpefeneHns YyBCTBUTENIBHOCTH, CNEeLMBUIHOCTM, NMPELM3NOHHOCTW, TOUHOCTU U NOKa-
3atens F1, a Takoke nnowaan nog ROC-kpusoi, npesbiwatowen 0,90.

3aksioyenmne. C mcnonb3oBaHWEM KIMHUKO-NabopaTopHbIX MapaMeTpoB paspaboTaHbl ABa anroputMa [epeBa peLleHui,
MMEIOLLME BbICOKYH YyBCTBUTENTBHOCTb, KOTOPbIE JIErKO MPUMEHUMBI B KITMHUYECKOM NpaKTUKe Ans paHHen auddepeHumans-
HOM IMarHOCTUKM KIeLLeBbIX MHDEKLMIA C NpeobnafaHneM CUHAPOMA JINXOpaLKM.

KnioueBble cnoBa: [epeBo peLUeHuit; MaluMHHOe 00y4YeHWe; UKCOLOBbLIA KIeLeBoi boppennos; KneweBoi 3HuedanuT,
anddepeHUManbHbIi LMarHos.
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Applying decision tree algorithms to early differential
diagnosis between different clinical forms of acute
Lyme borreliosis and tick-borne encephalitis

Ekaterina N. Ilyinskikh, Evgenia N. Filatova, Kirill V. Samoylov, Alina V. Semenova,
Sergey V. Axyonov

Siberian State Medical University, Tomsk, Russian Federation

ABSTRACT

BACKGROUND: Tick-borne encephalitis and Lyme borreliosis are the most common natural focal infections in Russia, often
arising as a mixed infection. Distinguishing these infections from monoinfections at the onset of the disease is often clinically
challenging due to delayed laboratory verification of the diagnosis. It requires further searching for fundamentally new
approaches for early differential diagnosis of tick-borne infections.

AIM: This study aimed to develop decision tree algorithms for early differential diagnosis between the mono- and mixed forms
of acute Lyme borreliosis and tick-borne encephalitis with prevailing febrile syndrome in clinical picture based on clinical and
laboratory data.

MATERIALS AND METHODS: We retrospectively analyzed 55 clinical and laboratory parameters obtained from 291 hospitalized
patients with tick-borne infections, both with or without erythema migrans at the site of ixodid tick bites, during the first week of
the disease. These patients were included in a single-center study conducted from 2010 to 2023. Among the 211 patients without
erythema, the analysis was carried out between three classes depending on the diagnosis: mixed infection of nonerythematous
Lyme borreliosis and tick-borne encephalitis, monoinfection of nonerythematous Lyme borreliosis, or monoinfection of
tick-borne encephalitis. The other two classes that included 80 patients with erythema, had the mixed infection of acute
erythematous Lyme borreliosis and tick-borne encephalitis or erythematous Lyme borreliosis monoinfection. Python
programming language was used to develop two decision tree models. Feature importance was assessed for all predictors.
Each patient class was randomly divided into training (70%) and testing (30%) datasets. Accuracy evaluation of the models was
based on ROC analysis.

RESULTS: The decision tree algorithm for early differential diagnosis among patients with tick-borne infection without erythema
migrans included mostimportant predictors: maximal fever rise, chills, neutrophil-to-monocyte ratio, erythrocyte sedimentation
rate, absolute number of reactive lymphocytes and immature granulocytes, and percentage of eosinophils. The model for
differential diagnosis between the patients with erythema migrans included the following predictors: maximal fever rise, the
absolute number of reactive lymphocytes and immature granulocytes, and the percentage of basophils. Both decision tree
models demonstrated excellent predictive values based on sensitivity, specificity, precision, accuracy, and F1 scores, as well
as areas under the ROC curve exceeding 0.90.

CONCLUSIONS: Based on clinical and laboratory parameters, two decision tree models with high sensitivity have been
developed. These models can be easily applied in clinical practice for early differential diagnosis of the tick-borne infections
with prevailing fever syndrome.

Keywords: decision tree; machine learning; Lyme borreliosis; tick-borne encephalitis; differential diagnosis.
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BACKGROUND

Among infections transmitted by ixodous ticks, tick-borne
encephalitis and ixodous tick-borreliosis are the most
common natural focal diseases in Russia, which often occur
in a mixed form [1-3]. These diseases have significant
similarities in the clinical picture, especially in the initial stage
of the disease, which is predominantly febrile and intoxication
syndrome [4-6]. Therefore, often delayed laboratory
verification of the diagnosis of tick-borne infections due to
the late appearance of specific antibodies against borreliosis
can lead to the prescription of inadequate etiotropic therapy,
which potentially contributes to the progression of the
infectious process with the development of clinically more
severe and/or chronic forms of the disease [7].

To date, there is no simple tool available to differentiate
between isolated and mixed forms of ixoid tick-borreliosis
and tick-borne encephalitis in the first days of illness based
on clinical data prior to the results of specific laboratory
tests. Machine learning methods are currently used for
outcome prediction and early differential diagnosis of
infectious diseases such as dengue fever [8, 9] and COVID-19
coronavirus infection [10, 11], in particular decision tree
models, which are efficient classification algorithms that
identify non-linear relationships between predictors, whose
main advantages include visibility and ease of interpretation
in practical applications [12].

The aim of the study is to develop decision tree
algorithms for early differential diagnosis between isolated
and mixed forms of acute ixodal tick-borreliosis and
tick-borne encephalitis with predominant febrile-intoxication
syndrome in the clinical picture based on the analysis of
clinical and laboratory data at the beginning of the disease.

MATERIALS AND METHODS
Study design

The single-centre retrospective randomised observational
study included 291 patients with mixed infection of acute
ixodal tick-borreliosis and febrile tick-borne encephalitis
or with mono-infections of these diseases who met the
inclusion criteria.

Eligibility criteria

Inclusion criteria: patients with tick-borne infections
aged 20 to 75 years, hospitalised not later than 7 days
from the onset of the disease with clinical manifestations
of predominantly febrile intoxication syndrome, who had
clinical-epidemiological and laboratory confirmation of
diagnoses of mixed infection or monoinfection of acute
ixodous tick-borreliosis and/or febrile form of tick-borne
encephalitis.

Exclusion criteria were pregnancy, lactation, meningeal
syndrome confirmed by characteristic laboratory changes
and cerebrospinal fluid, encephalitis, other acute and chronic
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infectious diseases (tuberculosis, chronic viral hepatitis B
and C, HIV infection, etc.), as well as oncological or severe
somatic pathology.

Terms and conditions of the event

The study was conducted at the Infectious Diseases Clinic
of the Siberian State Medical University (FGBOU VO SibGMU
of the Ministry of Health of Russia), Tomsk.

Duration of the study

Patients with tick-borne infections hospitalised during
the spring and summer epidemic seasons from 2010 to 2023
were included in the study.

Study outcomes

Clinical and laboratory data obtained once during
hospitalisation from the case histories of patients admitted to
the hospital in the first 7 days from the onset of the disease
with diagnoses of mixed infection or monoinfection of acute
ixoid tick-borreliosis and/or febrile form of tick-borne
encephalitis were analysed. In addition, to verify the final
diagnosis, specific laboratory tests were performed in paired
serum samples on the day of the patient’s hospitalisation,
as well as in dynamics after 14, 21 days, 3 and 6 months.
Five variants of final diagnoses were verified in the
examined patients, which were divided into two categories
depending on the presence or absence of erythema migrans,
a pathognomonic sign of ixoid tick borreliosis, at the site of
ixoid tick borreliosis, in order to build differential diagnostic
decision tree models using various parameters of clinical
and laboratory data.

Using machine learning, two decision tree models were
built to allow differential diagnosis in the first week of illness
before the results of specific laboratory tests among patients
without erythema at the tick-borne site who had three variants
of final diagnoses: mixed infection of the erythematous form
of acute ixoid tick-borreliosis with febrile form of tick-borne
encephalitis, monoinfection of the erythematous form of
ixoid tick-borreliosis, or monoinfection of the febrile form of
tick-borne encephalitis, and among patients with erythema
who had two variants of diagnoses: mixed infection of the
erythematous form of ixoid tick-borreliosis with the febrile
form of tick-borne encephalitis or monoinfection with the
erythematous form of ixoid tick-borreliosis.

Subgroup analyses

To build decision tree models, each of the initial
5 classes of patients with different final diagnoses were
randomly divided into two additional samples — training
and test samples, keeping the ratio of 70 and 30% [12].
In the future, only training samples were used to build
decision tree algorithms, while test samples were used to
validate the obtained algorithms and to exclude overtraining,
i.e. a situation when the model describes the data from the
training sample well but is poorly applicable to the test data.
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Methods of recording outcomes

The final diagnosis in all patients was made on the basis
of clinical and epidemiological data and the results of specific
laboratory tests, which were evaluated by experienced
clinicians in dynamics during hospitalisation and after
discharge from the hospital. Diagnoses of isolated and mixed
infection with ixoid tick-borreliosis and/or febrile form of
tick-borne encephalitis were formulated in accordance with
their clinical classifications [1-3].

For laboratory confirmation of diagnoses of ixodine tick-
borreliosis and/or tick-borne encephalitis, enzyme-linked
immunosorbent assay (ELISA) was used to determine
specific immunoglobulins (Ig) of classes M and G to Borrelia
burgdorferi s. |. in diagnostic titres, as well as IgM and IgG to
tick-borne encephalitis virus antigen using test systems of
Vector-Best JSC (Russia). L., as well as ET virus antigen, IgM
and IgG to tick-borne encephalitis virus, using test systems
of Vector-Best JSC (Russia). In addition, human granulocytic
anaplasmosis and ehrlichioses (Anaplasma phagocytophilum,
Ehrlichia muris, Ehrlichia chaffeensis), as well as tick-borne
fever caused by Borrelia miyamotoi were excluded in patients
using RealBest kits (Vector-Best JSC, Russia) for polymerase
chain reaction (PCR).

The study analysed 29 clinical parameters, including
the maximum elevation of body temperature and other
manifestations of febrile intoxication syndrome in the first
week of illness. In addition, the analysis included 20 indices
of general and biochemical blood tests on admission of
patients to the hospital, including standard and advanced
haemogram indices such as IG (immature granulocytes) —
absolute number of immature granulocytes and RE-LYMP
(reactive lymphocytes) — absolute number of reactive
lymphocytes, determined using an automatic haematological
analyser “Sysmex XN-1000" (“Sysmex Corp.” Japan), as
well as 6 leukocytic intoxication indices (LII), including
neutrophil-monocyte ratio index (NIRI), lymphocyte-monocyte
ratio index (LMRI), neutrophil-lymphocyte index (NLI),
leukocyte-erythrocyte sedimentation rate index (ESRSI),
lymphocyte-granulocyte index (LGI) and LIl according to
VK. Ostrovsky (LIIO) [13, 14].

Ethical expertise

Informed consent was obtained from all patients in
writing. The conduct of the study was approved by the Local
Ethical Committee of FGBOU VO SibGMU of the Ministry of
Health of Russia (protocols No. 7939 dated 21.10.2019 and
No. 9119/1 dated 30.05.2022).

Statistical analysis

Principles of sample size calculation: sample size was not
pre-calculated.

Methods of statistical data analysis: statistical analyses
were performed using STATISTICA 12.0 (StatSoft, USA) and
Epi Info version 7.2.1.0 (CDC, USA). Comparisons between
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categorical variables expressed as percentages (%) were
performed using Pearson’s chi-square test of agreement (x2)
or Fisher's exact test, as appropriate [15]. Determination of
odds ratio (OR) and 95% confidence interval (95% CI) were
used to assess the effect of the trait at the nodes of the
models. Statistical significance was set at the p <0.05 level.

The work was performed in Python programming
language version 3.7.13 using built-in libraries (modules) for
working with data arrays, machine learning and visualisation
[12, 16]. To tune the decision tree model algorithm, the
optimal hyperparameters were selected: Info(D) entropy was
chosen as the partitioning criterion and uncertainty measure
for the data set D in a decision tree node, the maximum
tree depth, i.e., the number of nodes in the tree, was 15,
and the threshold value of the partitioning criterion for data
separation in a node was equal to 0.1.

The entropy Info(D) is calculated using the formula:

Info(D) = -£.17 p(i|t) x log,p(ilD),

where D is a dataset that contains the number of n different
classes Ci (i=1, 2, 3, ..., n); p(i) is the probability or fraction
of samples belonging to class Ci for node t [16, 17].
In the model for patients with erythema, n=2 (classes:
patients with mixed infection of the erythematous form of
borreliosis with tick-borne encephalitis and patients with
mono-infection with the eithematous form of borreliosis),
and in the decision tree for patients without erythema, n=3
(classes: patients with mixed infection without erythematous
form of tick-borreliosis with tick-borne encephalitis,
patients with monoinfection without eithematous form of
tick-borreliosis and patients with monoinfection with febrile
form of tick-borne encephalitis).

In the ID3 algorithm we used, the decision tree is built
recursively by selecting predictors according to a rule based
on the criterion of data acquisition and splitting at each node,
which is determined by the measure of information gain.
The information gain depends on the degree of uncertainty
or impurity of the classes in the node and represents the
expected decrease in the InfoA entropy (D) at each feature
splitting. The lower the entropy, the less heterogeneity or
randomness in the system. At each node, the tree algorithm
selects the split point (split value) with the highest information
gain that minimises the uncertainty of the outcome at each
node and splits the predictor variable data to where it is
less than or greater than a certain threshold value. When
no further partitioning can be done, the tree is considered
fully grown and each terminal node or leaf has records with
a single class, that is, the variant diagnosis in this study.
The input variables (input), i.e. the raw data included in the
models, were categorical, with a binary response like “Yes"=1
or “No"=0, or quantitative (numerical) [16, 17].

Tree models allow the importance of predictors to be
assessed. Feature importance (FI) can give an indication of
which variables have the strongest effect in classification
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models. To determine feature importance, the Sklearn
module of the Python library package was used, which has
a “Feature_importances” attribute in the “Forests of trees”
model that shows which partitioning of variables is most
effective in distinguishing between the classes studied [18].

The assessment of accuracy and efficiency of the models
was based on the determination of the area under receiver
operating characteristic curve (AUC) and on the indices
defining sensitivity or completeness (sensitivity or recall),
specificity (specificity), accuracy (accuracy), precision or
positive predictive value (precision or positive predictive
value), as well as on the F1 score (F1 score), which were
calculated from the confusion matrix, i.e. the table of
predicted and actual values of the classifier [18, 19]. AUC
scores were presented as M+SD, where M is the mean and
SD is the standard deviation.

RESULTS

Objects (participants) of the study

Among 211 patients with tick-borne infections without
erythema, we searched for clinical and laboratory predictors
to distinguish between three classes of patients depending on
the final diagnosis: mixed infection of the erythematous-free
form of tick-borreliosis with the febrile form of tick-borne
encephalitis (class 1, n=38, mean age: 48.53+3.41 years),
monoinfection with the erythematous form of tick-borreliosis
(class 2, n=93, mean age: 47.10+3.12 years) or monoinfection
with the febrile form of tick-borne encephalitis (class 3,
n=80, mean age: 45.33+3.42 years). Among the 80 patients
with erythema, analysis of predictor variables allowed
a differential diagnosis between two classes of patients:
mixed infection of the erythematous form of infectious
tick-borreliosis with the febrile form of tick-borne encephalitis
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(class &, n=37, mean age: 47.36+4.1 years) and monoinfection
with the erythematous form of ixoid tick-borreliosis (class 5,
n=43, mean age: 49.21+3.20 years).

Each of the patient classes was divided into training
and test samples at a ratio of 70 and 30% (Table 1). In each
class, the composition of the training and test samples was
comparable depending on the sex and age of the patients.

The main results of the study

When building decision tree models for early differential
diagnosis in patients with suspected isolated and mixed forms
of tick-borne infections who did or did not have erythema
migrans at the site of ixodal tick bite, 55 input predictor
variables obtained during clinical and laboratory examination
of patients in the first week of the disease before verification
of the final diagnosis were included in the analysis. As
a result, non-linear relationships were established between
the values of certain predictors and the classes as which the
variants of the patients’ final diagnoses served. The study
used the predictor variables that had the highest importance
values for the differential diagnosis of mixed pathology
and monoinfections in groups of patients with tick-borne
infections to construct decision trees.

By determining the relative importance scores of each
feature, the following predictors were found to have the
strongest discriminatory power for early differential diagnosis
between three classes of patients without erythema migrans
with diagnoses of mixed infection of the erythematous form
of tick-borreliosis with tick-borne encephalitis, monoinfection
of the erythematous form of tick-borreliosis, or monoinfection
of the febrile form of tick-borne encephalitis: maximum
fever height (FI=0.26), COE (FI=0.16), ISNM (FI=0.15), chills
(FI=0.14), absolute IG count (FI=0.14), absolute RE-LYMP
count (FI=0.11) and relative eosinophil (EO) count (FI=0.05)
in the haemogram.

Table 1. Number and sex-depending distribution in the training and test datasets of patients diagnosed with different clinical forms
of tick-borne infections with or without erythema migrans at the site of ixodid tick bite

Number of groups, abs. (%)

Tick-borne infections Tick-borne infections
Sampling Paul without erythema with erythema
Class 1 Class 2 Class 3 Class 4 Class 5
Sl MI ICBM MI KE Sl MI ICBM
n=38 n=93 n=80 n=37 n=43
Total 27 (71.0) 65 (70.0) 6 (70.0) 26 (70.3) 30 (69.8)
Teaching men 15 (55.6) 31 (47.7) 0 (53.6) 16 (61.5) 15 (50.0)
women 12 (44.4) 34 (52.3) 26 (L6.4) 10 (38.5) 15 (50.0)
Total 11 (29.0) 28 (30.0) 4 (30.0) 11(29.7) 13 (30.2)
Test men 6 (54.5) 13 (46.4) 13 (54.2) 6 (54.5) 7 (53.8)
women 5 (45.5) 15 (53.6) 11 (45.8) 5 (45.5) 6 (46.2)

Note: S| — mixed infection; Ml — monoinfection; ICBM — ixode tick-borreliosis; KE — tick-borne encephalitis.
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The most important variables for differential diagnosis
between patients with erythematous forms of isolated
borreliosis and mixed infection of tick-borreliosis with
tick-borne encephalitis were the following four attributes
in descending order of importance: maximum fever height
(FI=0.34), absolute G count (FI=0.28), relative basophil count
(BASO) (FI=0.21) and absolute RE-LYMP count (FI=0.19) in
haemogram.

A decision tree model for early differential diagnosis in
patients with suspected tick-borne infections who do not
have erythema migrans at the site of ixodal tick bite is shown
in Figure 1.

The root node of the training sample of this model
included three classes of patients with mixed infection
of the erythematous form of borreliosis and tick-borne
encephalitis, with monoinfection of the erythematous form
of tick-borreliosis and monoinfection of the febrile form of
tick-borne encephalitis, so the entropy in the first node was
equal to 1.50. The maximum fever height with a threshold
value less than / equal to or greater than 38.0° C was chosen
as the initial predictor variable at the root node. Thus, this
decision tree model had two main branches to classify
patients without erythema migrans. In the tree branch with
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maximum body temperature in patients less than or equal
to the threshold value of 38.0° C at the cleavage point,
the next four nodes of the model included the predictors:
an ISNM with a threshold value less than / equal to or greater
than 9.50 units, a COE less than / equal to or greater than
9.50 mm/h, a RE-LYMP less than / equal to or greater than
0.075x107 /L, and a relative EO count less than / equal to or
greater than 1.60%.

In each of the nodes, the statistical significance of the
differences was determined and LS scores were calculated
for the predominant class compared to the remaining patients
with the other two variants of tick-borne infection diagnoses.

Of the 95 patients presenting with subfebrile fever or
normal body temperature, all three classes were represented,
but patients with a diagnosis of erythematous borreliosis
monoinfection predominated, 61 patients or 64.2% (OR=21.98
(7.30-66.17), p <0.001). Provided the two following rules were
fulfilled: an ISNM <9.50 units and a COE <9.50 mm/h, 43 patients,
or 86.0% (LS=7.29 (2.58-20.62), x?=15.74, p <0.001), had this
diagnosis at the final node, and entropy decreased to 0.58.
If the following rule was observed in patients with subfebrile
body temperature: ISNM <950 units, COE >9.50 mm/h and
EO <1.60%, then in the final node 100% of patients had

Fever, °C }
[CW 27; VKB 65; K3 56]

<38.0

>38.0

WCHM, units
[CK 14; UKB 61; K3 20]

A
Chills }
[CV1 13; VKB 4; K3 36]

<9.50 >9.50 Yes No
Y \/ y
€03, mm/h } RE-LYMP, x10%/1 } [CU 1; VKB 0; K3 25]
(CV1 6; VKB 59; K3 20] [CV1 8; KB 2; K3 0] K3
<9.50 >9.50 <0075 > 0.075
Y A \ \L
[CV1 & VIKB 43; K3 3] [CV1 8; VIKB 0; K3 0] [V 0; VKB 2; K3 0] 16, x10°/1
VKB m VKB [CV 12; KB 4; K3 11]
v
EQ, % <0.025 >0.025
[CV 2; VKB 16; K3 17 v v
| [CV1 12; KB 3; K3 0] [CV 0; VKB 1; K3 11]
c K3
<1.60 > 1.60

\4
[CN 2; KB 16; K3 0]
VKB

Y
[CK 0; MKB 0; K3 17]
K3

Fig. 1. Decision tree model for early clinical differential diagnosis between the following three classes of patients without erythema
migrans at the site of ixodid tick bite: the mixed infection of Lyme borreliosis non-erythematous form and tick-borne encephalitis, the
monoinfection of Lyme borreliosis non-erythematous form or the monoinfection of tick-borne encephalitis: UKb — monoinfection of
Lyme borreliosis; K3 — monoinfection of tick-borne encephalitis; CV — mixed infection of Lyme borreliosis and tick-borne encephalitis;
MCHM — neutrophil-monocyte ratio, units; C03 — erythrocyte sedimentation rate, mm/h; EO — number of eosinophils, %; RE-LYMP —
absolute number of reactive lymphocytes, x10%/L; IG — absolute number of immature granulocytes, x107/1.
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a diagnosis of febrile form of tick-borne encephalitis, and
entropy decreased to 0. If patients had relative EO count
in peripheral blood greater than 1.60%, the most likely
diagnosis was monoinfection with erythematous form of
tick-borreliosis, which 16 (88.89%) patients had, and entropy
was 0.50. Among the patients with maximum body temperature
not exceeding 38.0° C, who had an ISNM score >9.50 units,
patients with a mixed infection of the erythematous-less form
of tick-borreliosis and tick-borne encephalitis predominated,
accounting for 8 (80.0%) patients in the node (OR=52.0
(8.94-301.64), p <0.001). The combination of subfebrile
fever, ISNM >9.50 units and RE-LYMP <0.075x10? /L was
exclusively characteristic of patients diagnosed with mixed
infection of the erythematous form of tick-borreliosis and
tick-borne encephalitis, i.e. 8 (100%) patients in the final
node. If patients had a RE-LYMP score >0.075x107 /L, this
corresponded to a class of patients with monoinfection with the
erythematous-less form of tick-borreliosis in 100%. Therefore,
the entropy scores at these two end nodes were 0.

The tree branch with maximum fever elevation in patients
above the threshold value of 38.0° C at the cleavage point
included two other subsequent predictor variables: presence
or absence of chills symptom in the patient, and absolute
number of IG in haemogram with a threshold value less
than/equal to or greater than 0.025x107 /L. Overall, of the
53 patients with febrile fever, 36 (67.92%) patients were
diagnosed with febrile febrile encephalitis monoinfection
(OR=7.94 (3.71-16.96), x>=31.78, p <0.001). If patients had
febrile fever accompanied by chills, this diagnosis was
already present in 25, or 96.15%, that is, in the vast majority of
patients (LS=36.36 (4.27-309.43), p <0.001), and the entropy
at the final node decreased to 0.24. When patients with
febrile temperature had no chills and the IG parameter was
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<0.025x107 /L, the dominant class was patients with mixed
infection of the erythematous-free form of tick-borreliosis
and tick-borne encephalitis, accounting for 12, or 80.0%, of
the patients. The entropy at this node was 0.72. If patients
had an IG score >0.025x107 /L, this end node was dominated
by patients with monoinfection of febrile tick-borne
encephalitis, i.e. 11, or 91.67%, of patients. The entropy at
the final node was 0.40. Thus, this decision tree model had
eight end nodes, three of which had a predominant class of
patients with erythematous tick-borreliosis monoinfection,
three others had a predominant diagnosis of febrile
tick-borne encephalitis monoinfection, and the remaining
two nodes had an increased probability of mixed infection
of erythematous tick-borreliosis monoinfection with febrile
tick-borne encephalitis.

Figure 2 shows a decision tree model for early clinical
differential diagnosis between patients with monoinfection
of erythematous form of ixodes tick-borreliosis and mixed
infection of erythematous form of tick-borreliosis with
tick-borne encephalitis, obtained on a training sample.

As in the case of tick-borne infection patients without
erythema, maximum fever height was selected as a predictor
variable at the root node of this model. The entropy at the first
node was equal to 1.0. If the values of this predictor were less
than or equal to the threshold value of 37.40° C at the cleavage
point, patients with erythema had 15.13 (3.97-57.64) times
greater odds of being diagnosed with erythema monoinfection
of tick-borreliosis (22 patients, or 84.61%, at the node) over
the combined course of erythema erythema and tick-borne
encephalitis (p <0.001). In the branch of the tree with
maximum body temperature in patients with erythema less
than or equal to the threshold value of 37.40° C at the cleavage
point, the subsequent predictor was IG score with a threshold

Fever, °C }
[CK 26; VKB 30]

<374

IG, x10%/1 }
(CV1 4; VIKB 22]

<0.005 > 0.005

Y Y

[CW 0; MKB 21] [CW 4; VKB 1]
VKB (o7

> 37.4
A
BASO, % }
(CV1 22; VKB 8]
|
<025 >0.25
Y Y
[CU 14; VKB 0] RE-LYMP, x10%/1 }
M [CV1 8; VIKE 8]
|
<021 >021
Y
[CV1 8; VIKB 2] (CV 0; VIKB 6]
M WKB

Fig. 2. Decision tree model for early clinical differential diagnosis between the following two classes of patients with erythema migrans
at the site of ixodid tick bite: the mixed infection of Lyme borreliosis erythematous form and tick-borne encephalitis or the monoinfection
of Lyme borreliosis erythematous form: BASO — number of basophils, %; 16 — absolute number of immature granulocytes, x10%/|;
RE-LYMP — absolute number of reactive lymphocytes, x10°/l, C — mixed infection of Lyme borreliosis and tick-borne encephalitis;

MKB — monoinfection of Lyme borreliosis;
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value less than / equal to or greater than 0.005x107 /L.
Provided the rule was met: body temperature less than or
equal to 3740° C and IG parameter <0.005x107 /L, 100% of
patients were diagnosed with erythematous monoinfection of
ixoid tick-borreliosis, and entropy was 0. When patients had
an |G value above 0.005x107 /L, the most likely diagnosis in
80.0% of patients was mixed infection with the erythematous
form of tick-borreliosis and the febrile form of tick-borne
encephalitis, and entropy was 0.72.

Among patients with fever above 37.40° C, the diagnosis
of mixed infection of the erythematous form of tick-
borreliosis with tick-borne encephalitis was dominant, i.e.
22 patients, or 73.33%, in the node, indicating a relatively
more severe febrile syndrome in this group. In this branch
of the algorithm, the discriminatory variables in the second
and third nodes were the relative number of BASO and the
absolute number of RE-LYMP in peripheral blood. In the case
of the rule of thumb: BASO <0.25% the only class in the
final node was 14 patients diagnosed with mixed infection
of erythema form of tick-borreliosis with febrile form of
tick-borne encephalitis, and the entropy was 0. If patients
with erythema had a value of this indicator at the split point
greater than 0.25%, then patients with an equal probability of
50% could have had diagnoses of mixt- or mono-infection,
which additionally required the inclusion of another variable
in the model at the third node of the decision tree —
the absolute number of RE-LYMP. In the case of the rule of
thumb: BASO >0.25% and RE-LYMP <0.21x10° /L in blood,
the class of patients diagnosed with a mixed infection of the
erythematous form of tick-borreliosis and the febrile form
of tick-borne encephalitis, i.e. 8, or 80.0%, had the highest
probability. If RE-LYMP levels exceeded 0.21x10 /L, the only
class in the final node were patients with monoinfection with
the erythematous form of tick-borreliosis. The entropy in
the first case did not exceed 0.72, and in the second case
it was equal to 0. As a result, the decision tree algorithm
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ended up with five nodes, in three of which the prevailing
class was patients with mixed infection with erythematous
tick-borreliosis and febrile form of tick-borne encephalitis,
in the other two the probability of monoinfection with
erythematous tick-borreliosis was increased.

Additional findings from the study

The predictive value of predictors and rules of both
decision tree algorithms for differential diagnosis of tick-
borne infections was validated on a test group. Table 2
shows the test sample confusion matrix used to evaluate
the accuracy of the decision tree models for early differential
diagnosis of tick-borne infection patients with the presence
or absence of erythema migrans at the site of ixodal tick bite.
The results of evaluating the performance of the constructed
decision tree models after validation using test sample are
presented in Table 3. Both decision tree models obtained
high predictive performance based on the determination
of various metrics such as sensitivity, specificity, accuracy,
precision and F1 score. In particular, using a test group,
the sensitivity and specificity of decision tree model 1 for
prognosis were validated for three classes of erythema-free
patients: mixed infection with erythema-free borreliosis with
tick-borne encephalitis (72.72 and 92.31%), monoinfection
with erythema-free borreliosis (89.29 and 91.43%) and
monoinfection with febrile tick-borne encephalitis (83.33 and
92.31%), and model 2 for differential diagnosis between the
two classes of patients with erythema: erythema borreliosis
mixed infection with tick-borne encephalitis (81.81 and 84.61%)
and erythema borreliosis monoinfection (84.62 and 81.81%),
which indicated that there was no overtraining and that the
resulting decision tree algorithms were applicable to other
comparable samples.

To evaluate the quality of the trained models, the diagnosis
of each patient was predicted using predictors from the test
samples. Based on the real and predicted values, ROC curves

Table 2. Confusion matrix depicting the accuracy of the decision tree models for early differential diagnosis of patients with different
clinical forms of tick-borne infections with or without erythema migrans at the site of ixodid tick bite

Actual results

Model 1

Model 2

for tick-borne infections

for tick-borne infections

Expected results

without erythema

with erythema

Class 1 Class 2 Class 3 Class 4 Class 5
Sl MI ICBM MI KE Sl Ml ICBM
Class 1
gl 8 2 2 9 2
Class 2
MI ICBM 1 25 2 2 1
Class 3
MI KE 2 1 20 - -
Total 1 28 24 1 13

Note: S| — mixed infection; Ml — monoinfection; ICBM — ixode tick-borreliosis; KE — tick-borne encephalitis.
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Table 3. Accuracy evaluation of decision tree models for early differential diagnosis of patients with different clinical forms
of tick-borne infections with or without erythema migrans at the site of ixodid tick bite

Model 1

for tick-borne infections
without erythema

Model 2
for tick-borne infections
with erythema

Evaluation criterion

Class 1 Class 2 Class 3 Class 4 Class 5

S| MI ICBM MI KE S| MI ICBM
n=11 n=28 n=24 n=11 n=13
Sensitivity, % 72.72 89.29 83.33 81.81 84.62
Specificity, % 92.31 91.43 92.31 84.61 81.81
Accuracy, % 88.89 90.48 88.89 83.33 83.33
Precision, % 66.67 89.29 86.96 81.81 84.62
F1 indicator, % 69.56 89.29 85.11 81.81 84.62

AUC, M+SD 0.9120.15 0.93+0.12 0.95+0.13 0.94+0.06 0.94+0.06

Note: SI — mixed infection; Ml — monoinfection; ICBM — ixode tick-borreliosis; KE — tick-borne encephalitis.

with AUC calculation were plotted to show the quality of the
models. As a result, both decision tree algorithms showed
excellent results of discriminative ability to correctly assign
patients to their respective classes with different diagnoses,
as the AUC was greater than 0.90 in all cases (see Table 3).

DISCUSSION

Summary of the main result of the study

Using clinical and laboratory parameters, two decision tree
algorithms with high sensitivity, specificity and accuracy were
developed for early clinical differential diagnosis between
isolated and mixed forms of acute ixoid tick-borreliosis and
tick-borne encephalitis with febrile-intoxication syndrome
predominating in the clinical picture. The decision tree
algorithm for differential diagnosis at onset between
patients with tick-borne infections without erythema who
had diagnoses of mixed infection of the erythema-free form
of borreliosis with tick-borne encephalitis, monoinfection of
the erythema-free form of tick-borreliosis, or monoinfection
of the febrile form of tick-borne encephalitis included the
following most important predictors: maximum fever height,
chills, ISNM, COE, absolute RE-LYMP and IG counts, and
eosinophil percentage. The model for differential diagnosis
between patients with erythema who had diagnoses of mixed
infection of erythema borreliosis with tick-borne encephalitis
or monoinfection with erythema borreliosis included:
maximum fever height, absolute RE-LYMP and IG counts, and
percentage of basophils.

Discussion of the main result of the study

The clinical picture of mixed infection of tick-borreliosis
with tick-borne encephalitis is extremely diverse, which
largely depends on the application of different classifications,
as well as on the form and stage of the course of these
diseases, so the differential diagnosis of tick-borne infections,
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especially in the first week of illness, can be difficult and
requires fundamentally new, previously unused approaches
[3-5]. There are sporadic studies in the literature devoted
to the construction of multiple linear or logistic regression
models for predicting the outcome of ixodes tick-borne
borreliosis (Lyme borreliosis) based on the analysis of clinical
or immunological data [20, 21].

Decision tree algorithms are currently used for clinical
differential diagnosis and medical triage strategies for
patients with various infectious diseases accompanied by
fever syndrome. In particular, clinical and laboratory data,
including haemogram parameters, are used in decision tree
models for early differential diagnosis of dengue fever and
COVID-19 coronavirus infection from other diseases [8, 10]. In
addition, decision tree models have been developed to predict
the severe course and/or fatal outcome of dengue fever and
COVID-19, which is of particular importance in epidemics not
only for clinical decision support but also for planning the
allocation of health care resources [9, 11].

It has been shown that although mixt-infection of ixoid
tick-borreliosis with tick-borne encephalitis in the initial period
of the disease does not have specific symptoms characteristic
of the combined disease, however, as a rule, it proceeds
clinically more severely due to pronounced manifestations of
fever and intoxication syndromes compared to mono-infection
of acute ixoid tick-borreliosis, but more easily compared
to the isolated form of tick-borne encephalitis, which was
confirmed in the decision tree algorithms we constructed,
since such parameters as the maximum fever and/or chills
were the most important predictors [4—6]. In addition, it is
known that most researchers believe that the erythematous
form of acute ixoid tick-borreliosis has a more severe course
than the erythematous form [22, 23].

Among the laboratory parameters reflecting the intensity
of the general inflammatory syndrome, having differential
significance in the decision tree models developed by us,

283



284

ORIGINAL STUDY ARTICLES

were the indices of ISNM, SOE, absolute number of IG
and/or RE-LYMP. It is known that the majority of patients
with both mixed infection of tick-borreliosis with tick-borne
encephalitis and monoinfection of febrile form of tick-
borne encephalitis at the beginning of the disease tended
to a moderate increase in the level of COE and the number
of neutrophils, including the number of paloconuclear and
immature forms of granulocytes in the leukocytic formula
of peripheral blood [2, 4, 23], which is consistent with the
data obtained by us. In addition, the decrease in RE-LYMP
in patients with mixed infection of ixoid tick-borreliosis with
tick-borne encephalitis compared to ixoid tick-borreliosis
monoinfection probably reflects a decrease in the number
of activated T-lymphocytes in the immune status during
the first days of the disease [3, 24]. Increased IG immature
granulocyte count and leukocyte ISNM index, as well as
decreased RE-LYMP parameter are considered as important
markers of severity and/or increased risk of mortality in
patients with COVID-19 [25-27] or dengue fever [28].

Changes in the other two haemogram parameters in the
models we have constructed — the number of eosinophils
or basophils — appear to be related to differences in the
immune response to the virus and borrelia. Although it is
known that these parameters in tick-borne infections remain
within normal limits in most cases, but in monoinfection of
tick-borreliosis, especially in the case of the erythematous
form, these parameters have a significant tendency to
increase in the first days of the disease compared to
healthy people and patients with mixt- and monoinfection
of tick-borne encephalitis [22, 23], which was confirmed in
the present study.

Limitations of the study

Limitations of this study are that the decision tree models
were derived from relatively small samples and trained on
data from only one cohort. In addition, these models can only
be applied to adult patients and to patients with isolated or
mixed forms of acute ixodes tick-borne borreliosis and/or
febrile tick-borne encephalitis who were hospitalised in the
first week of illness and had no signs of nervous system
involvement.

CONCLUSION

The most widespread natural focal infections in Russia
with a vector-borne mechanism of transmission — tick-
borne encephalitis and ixode tick-borreliosis — often occur
in the form of a mixed form, which is often clinically difficult
to distinguish from a monoinfection at the beginning of the
disease, which may also be due to late laboratory verification
of the diagnosis and requires the search for a fundamentally
new approach to the problem of early differential diagnosis
of tick-borne infections. One of such approaches is decision
tree models, the main advantages of which compared to
regression analysis methods include clarity and ease of
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interpretation in practical application. Decision tree algorithms
built using data from clinical and laboratory examination of
patients are currently used for early differential diagnosis,
prediction of severe course and/or lethal outcome of various
infectious diseases, including dengue fever and COVID-19.

As a result of this study, two decision tree models for
early differential diagnosis of patients with isolated or
mixed form of acute ixoid tick-borne borreliosis and tick-
borne encephalitis with predominant fever syndrome in the
clinical picture, based on the data of analysis of the most
important clinical and laboratory predictors in the first week
of the disease, were built for the first time using the machine
learning method with the Python programming language. One
decision tree algorithm is designed for clinical differential
diagnosis between patients without erythema migrans at
the site of sucking of the ixodal tick — mixed infection
of the erythematous form of borreliosis with tick-borne
encephalitis, monoinfection with an erythematous form of
tick-borreliosis with tick-borne encephalitis or monoinfection
with a febrile form of tick-borne encephalitis, and another
for differential diagnosis between patients with erythema
who have a mixed infection of an erythematous form of tick-
borreliosis with tick-borne encephalitis or a monoinfection
of an erythematous form of tick-borreliosis. Both decision
tree models demonstrated high accuracy scores that included
sensitivity, specificity, accuracy, precision and F1 score, as
well as an AUC area under the ROC curve that exceeded 0.90.

This study suggests that classification algorithms using
simple clinical and haematological parameters may be of
practical use in determining the tactics of patient management
and justifying the indications for choosing adequate etiotropic
therapy for tick-borne infections in the first days of illness
before the results of laboratory verification of the diagnosis
are available.
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