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Abstract. Prognosis of cellular energy metabolism shifts in adolescents with community-acquired pneumonia.
Zubarenko O.V., Stoieva T.V., Koval L.1., Kopiyka G.K., Papinko R.M. Preumonia is one of the most severe
respiratory pathology forms in children, which contributes significantly to infant mortality. The high risk of chronic
bronchopulmonary process and child’s disability, in case of severe and complicated disease, requires careful
pathophysiological change's analysis in community-acquired pneumonia (CAP) in children. In particular, for the
prediction of these disorders in children with CAP are important the dysmetabolic phenomena study and the specific
approaches development. The immediate aim of this work is to study the cellular energy metabolism (CEM) features
and to develop approaches for the early bioenergetic disorders diagnostics in conditions of community-acquired
pneumonia in adolescents.The aim of the study is to develop approaches for the early diagnosis of shifts in energy
metabolism in children aged 14-18 years with CAP. An examination of 41 children aged 14-16 years with the definition
of CEM indicators was conducted in order to develop an approach for predicting CEM disorders in community-
acquired pneumonia using the method of logistic regression. A logistic regression method was used to develop a method
for predicting CEM disorders in children with CAP. The characteristics of CEM in children with CAP were determined. A
decrease in the succinate dehydrogenase activity and an increase in the lactate dehydrogenase / succinate dehydrogenase
ratio in children with CAP relative to the reference parameters were observed, which indicated an inhibition of the anaerobic
energy synthesis pathway. Two mathematical models for predicting CEM disorders in CAP based on logistic regression
equations were proposed. The first mathematical model consisted of social and health characteristics and of pneumonia
clinical course characteristics. In ROC analysis the area under the curve (AUC) was 0.82, diagnostic specificity — 71%,
diagnostic sensitivity — 90%. The second model included only hematological parameters, AUC — 0.78, diagnostic specificity —
69%, diagnostic sensitivity — 81%. Thus, changes in CEM in children with CAP aged 14 — 18 years have been established.
Two methods for predicting disorders of CEM in children with CAP have been developed, which can be applied to optimize
the treatment of children with CAP aged 14-18 years.

Pedepar. IlporHo3yBaHHs 3cyBiB y KJIITHHHOMY eHEePreTHYHOMY MeTa00.1i3Mi IpU Mo3aJTikapHsAHiNi THEeBMOHII B
aireil minyitkoBoro Biky. 3y6apenko O.B., CtoeBa T.B., Koaas JLI., Komniiika I'.K., Ilaninko P.M. Oowuicro 3
HAtOLIbW MANCKUX POpM pecnipamophoi namonozii 6 dimell € NHe6MOHISL, WO 6HOCUMb [CMOMHY YACMKY 6 OUMSYY
cmepmuicmy. Bucoxuil pusux xponizayii bponxonezenesozo npoyecy U inganiouzayii Oumunu, y UNAOKy msaicko2o ma
VCKAAOHEH020 nepebizy 3aX80pPIGaHHs, GUMALAIOMb PEMENbHO20 AHALI3Y NAMOQI3i0N02IUHUX 3MIH NPU NO3ANIKAPHSHIU
nueemonii (IIT1) y oimeil. 3okpema, na yaci € gugueHHsr OUMeMAOOIYHUX ABUW MA PO3POOKA chneyupiuHux nioxoois
w000 NpocHO3y po3sUMKy maxux posnadie npu IIII y dimei. Memoiw pobomu € 0ocniodceHHs o0codaugocmert
KAimunHO-eHepeemuunoco memadonizmy (KEM) ma pospobka nioxodie 00 panHwboi OiacHOCMuUKU OioeHepeemuyHux
nopyuiensb 3a ymo8 no3anikapHaHoi nHeeMoHii 8 Oimetl nionimxkoeo2o 6iky. Ilpogedeno obcmedxcenus 41 oumunu 8ikom
14-18 poxie i3 susHauennam noxasnukie KEM, 0na po3pooku cnocoby npozrosysants posnadie KEM npu III1 6yro
3acmoco8ano memoo aocicmuyHoi peepecii. Busnaueno xapaxmepucmuxu KEM y Oimeil, xeopux na III1. Koucma-
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MOBAHO 3HUIICEHHA AKMUBHOCMI CYKYUHAMOe2iOpozeHasu ma 30i1bUleHHs 3HAYeHHs CRIBBIOHOWIeHHs NaKmam-
Oeziopoeenaszu 00 cykyunamoeziopozenasu npu I1I1 8i0HOCHO NOKA3HUKIE KOHMPONbHOI 2pYnu, WO 6KA3Y8alo HA
NpUcHivenHs aHaepoOHO20 WIAXY Memabonizmy. 3anponoHo8ano 068i MamemMamuyti MoOeli NPOSHO3Y8AHHA PO31a0ie
KEM npu I na 6asi pisusnus nocicmuunoi peepecii. Ilepuwa mamemamuyuna mooeinsb CKIadaiacs 3 AHAMHECTUYHUX
OaHUX, CYNYMHIX NAMONO2IYHUX CMAHI8 Ma Xapakmepucmuk Kiiniynozo nepebiey I, npu ROC-ananizi niowa nio
kpusoio (AUC) cmanosuna 0.82, diacnocmuuna cneyugiunicme — 71%, diacnocmuuna uymausicme — 90%. [pyea
Modenw ekmodana 6 cebe eemamonoeiuni nokazuuku, AUC — 0.78, diaenocmuuna cneyuiunicmos — 69%, diaenocmuuna
yymausicmo — 81%. Taxum uunom, ycmanoeneno nasenicme spyuienisi KEM npu I1I1 y Oimeti gikom 14-18 pokis,
Ppo3pobaeHo 08a cnocobu npocrosysanus posnadie KEM npu III1 y Oimeil, wo modce Oymu 3acmoco8ano 0 600-
CKOHAIeHHS MeOUYHOT 00NOMOo2U NIONTMKAM 13 YPAXy8AHHAM THOUBIOYANbHUX 0CODIUBOCHIEN OP2AHIZMY.

Pneumonia is a common and potentially dan-
gerous disease in pediatric patients. The study of
community-acquired pneumonia (CAP) in the last
decade has allowed to improve understanding of this
problem in many respects and to optimize diagnostic
and therapeutic approaches.

In spite of modern achievements in medical
science, the CAP incidence remains high, requiring a
further in-depth study of the body state and the
disease pathogenic mechanisms investigation.
Taking into consideration the complexity of patho-
physiological processes in pneumonia, the unde-
niable fact today is that the classical clinical
examination is insufficient for the accurate disease
severity assessment [9].

Numerous studies indicate that there is an
association between shifts in metabolic profile and
depth of tissue damage due to inflammatory stress.
Thus, identifying cellular energy metabolism (CEM)
shifts can improve understanding of the pneumonia
underlying pathophysiological mechanisms in
children and develop new tactics for the CAP
prevention and treatment. The above noted is
extremely important in conditions of increasing
antibiotic resistance and slow development of
effective and safe antibiotics, that can be used in
pediatrics [8]. A comprehensive study of metabolism
shifts in pneumonia in children identified a number
of biomarkers — L-histidine, hypoxanthine, glutamic
and uric-acids, L-tryptophan, L-carnitine and adeno-
sine diphosphate, changes in the concentration of
these substances in blood plasma and urine gave the
best results in the likelihood of adverse pneumonia.
It is crucial that the above-mentioned metabolites
play an essential role in both the immune response
and CEM, indicating a deep pathogenic link between
the immune system and bioenergy [7, 11, 12, 14].
The study of enzymes intracellular activity of energy
metabolism holds a special place in the cha-
racterization of CEM. Specifically, there is a close
relationship between changes in succinate dehydro-
genase (SDH) activity, lactate dehydrogenase
(LDH), malate dehydrogenase, alpha-glycero-
phosphate dehydrogenase, and the CAP severity [2,
4, 5]. It is important to note that the methods of
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CEM indicators assessment are characterized by
high cost and complexity. In addition to that,
modern bioethical principles require widespread
implementation of noninvasive diagnostic appro-
aches in medicine particularly in pediatrics.

Besides it should be noted that change in meta-
bolism is essential for adolescent due to the
influence of sex hormones, that cause special atten-
tion to these patients in the CEM disorders study [7].

The aim of the work is to study the CEM features
and to develop approaches for the early diagnosis of
bioenergetic disorders in conditions of community-
acquired pneumonia in adolescents.

MATERIALS AND METHODS OF RESEARCH

We conducted a retrospective study, enrolling 41
children aged 14-18 with confirmed CAP, who were
undergoing treatment in the pulmonology depart-
ment of Odesa children's municipal hospital N 2.
The study group had the following gender com-
position: boys — 23 (56.10%), and girls — 18
(43.90%). The enrollment was carried out in accor-
dance to the inclusion/exclusion criteria. Inclusion
criteria — radiologically confirmed pneumonia,
CAP’s nature. Exclusion criteria — concomitant
chronic respiratory and heart diseases, immuno-
deficiency state. The control group, which included
relatively healthy children was identical to the main
group in age-sex structure and the total number of
children namely 41 children, including boys—
21 (51.22%) and girls — 20 (48.78%).

The design of the study involved three steps. The
first step — a detailed study of patient's life history,
medical history, general clinical examination,
measurement of Sa O,, determination of C-reactive
protein (CRP) by a qualitative method, micro-
biological examination of sputum hematological
indices calculation, namely neutrophil/lymphocyte
ratio (NLR), leukocyte intoxication index (LII) of
Kalf-Caliph [10]. Laboratory tests were performed
when the child was admitted to the department (3-7
days from the disease onset).

The second stage of the work involved deter-
mining the CEM indices. We determined the
intracellular LDH and SDH activity in peripheral
blood lymphocytes. Enzyme activity was evaluated
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according to the Lloyd et al. method (1982) [3]. The
LDH/SDH ratio was used for integrated estimation
of shifts in CEM [1].

At the final stage of the work, a mathematical
model for the prediction of CEM was developed on
the base of social and health characteristics of
children with CAP. For that purpose data were pro-
cessed by logistic regression [13]. Diagnostic
accuracy of the mathematical model was assessed by
the ROC analysis, curves (AUCs). Diagnostic
specificity and diagnostic sensitivity of the mathe-
matical model were also calculated.

In order to compare patient characteristics the
type of distribution was determined and appropriate
descriptive statistics methods were applied. We
determined the arithmetic mean (M), the arithmetic
mean error (m), standard deviation (g) and para-
metric Student test. A P value <0.05 was taken as
the threshold for statistical significance. The statis-
tical analyses were performed using GNU Project
(2015) (GNU PSPP (Version 0.8.5) [Computer
Software]. Free Software Foundation. Boston, MA).

The work was performed in accordance with the
principles of the Helsinki Declaration of the World
Medical Association "Ethical principles for medical
research involving human subjects". Parents and
official guardians of all children involved in the

study gave written informed consent after they had
been provided with full information about the
purpose of the study, its methods and procedures.

RESULTS AND DISCUSSION

The study group of children with CAP had the
following characteristics. The relevant etiological
factor of CAP was identified only in 23 patients
56.10+7.75% according to the results of bacterio-
logical examination. Among those cases in which
the etiological factor was established, the gram-po-
sitive flora was definitely dominant — 73.91%9.36%
(p=0.008). Thus, in 60.87+10.41% cases, the
etiological factor of the disease was Streptococcus
pneumoniae, Staphylococcus pneumoniae was
determined in 13.04+7.18% cases. The gram-
negative flora was represented by Haemophilius
influenza, which was diagnosed in 17.39+8.08%
of patients. In addition, in 8.70+6.01%, the
atypical nature of CAP was ascertained, in
particular, the presence of IgM to Chlamydia
pneumoniae in the diagnostic titer (specific
IgM >1:16) was determined.

Table 1 shows features of the medical and social
history in the study group of adolescents with CAP.
Table 2 describes the concomitant pathological
conditions that require regular medical check-ups.

Table 1

Social and health anamnesis of children with CAP (P+m)

Adbverse factor

Percentage of patients (%)

(n=41)
Premature birth 2.44+2.41
Low birth weight 4.88+3.32
Early formula feeding, the first 4 months of life 14.63+5.52
Crowded place (>7 persons per household) 2.44+2.41
Passive smoking 31.71+7.27
Recurrent pneumoniae (at least two episodes of pneumonia
in one year or three episodes ever with intercritical radiographic 4.88+3.32
clearing of densities)
Recurrent respiratory tract infections 9.76+4.63
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As for the history of the present illness, the fever
duration more than three days was in 53.66+7.76%
of the surveyed, and the fever duration for at least
three days at the time of hospitalization was
registered in 21.95+6.46% (p=0.002) cases, along
with that in 24.39+6.71% of patients there was no
fever at the pre-hospital stage (p=0.006). Fever
above 39°C was found only in 12.20£5.11% of
adolescents. The majority of patients were admitted
to the hospital from 4™ to7™ of the disease —
60.98+7.62%, hospitalization on the 3™ day of the
disease was recorded in 12.20+5.11% (p=0.0014) of

patients, and after the 7" day — in 26.83+6.92%
(p<0.0001). Cough was recorded in the dominant
number of the surveyed — 82.93+5.88% and in
17.0745.88% of patients there was no such a
complaint (p<0,0001). Intoxication signs such as
poor appetite and fatigue were observed in
56.10+£7.75% of patients. Diagnostically significant
decrease in the saturation level was documented in
26.83+6.92% of the surveyed children with CAP.
Antibiotic therapy at the outpatient stage (within one
week before CAP verification) was performed in
39.02+7.62% of patients with CAP.

Table 2

Concomitant pathological conditions of children
with community-acquired pneumonia (P+m)

Concomitant pathological condition

Percentage of patients (%)

(n=41)

Chronic gastroduodenitis 7.32+4.07
Functi.onal gastrqin?estinal tract pathology (Func.tional disorder of 26.836.92
the biliary tract, irritable bowel syndrome, functional dyspepsia)

Chronic rhinosinusitis 14.63+4.52
Chronic adenoiditis 2.44+2.41
Chronic tonsillitis 12.20+5.11
Allergic rhinitis 7.32+4.07
Atopic eczema 4.88+3.36
Obesity 7.32+4.07
Thyroid insufficiency 4.88+3.36
Anemia 7.32+4.07

Evaluation of the clinical and laboratory exa-
mination results showed that CAP in adolescents
was with accompanied leukocytosis in 43.90+7.75%
of cases, neutrophilosis in 36,59+7,52%, and an
erythrocyte sedimentation rate (ESR) above
20 mm/h — in 51.22+7.81% of cases. The hemato-
logic indices calculation determined the NLR
increase in a significant number of patients, namely
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— in 70.73£7.11% of cases (p=0.00018), a LII
increase by Kalf-Caliph was established in
26.83+6.92% of cases and an absolute number of
lymphocyte decrease — in 24.39+6.71%. The in-
creased C-reactive protein value was set in
48.78+7.81% of patients.

The morphological structure of CAP was cha-
racterized by the segmental type dominance, which
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was determined in 85.37£5.52% of patients, focal
type was diagnosed in 14.63£5.52 (p<0.0001). Local
pleural complications, in particular encysted pleurisy
were recorded in 14.63+5.52% of the surveyed.

The study of CEM parameters revealed inhibition
of the SDH activity (2.01+£0.085) C.U. in patients
with CAP relative to the parameters of control group
(2.74+0.066) C.U. (p<0.001), which indicated the
presence of disorders in the Krebs cycle functioning.
Along with that a significant increase in the average

LDH activity rate (3.92+0.060) C.U. in children with
CAP was not determined, compared with the ave-
rage LDH activity rate in the control group —
(4.11£0.081) C.U. (p>0.05). It should be noted that
there was an increase of the LDH/SDH index
(2.11£0.082) C.U. in adolescents with CAP, which
indicated the inhibition of aerobic CEM processes
and subsequent activation of anaerobic ones. The
corresponding index in the control group was
(1.42+0.037) C.U. (p<0.001) (Table 3).

Table 3
Enzyme activity of the lymphocytes in children with CAP (M+m)
Measures
Control group Children with CAP 1
n=41 n=41 p-value

Groups

SDH, C.U. 2.74+0.066 2.01+0.085 <0.001
LDH, C.U. 4.11+0.081 3.92+0.060 >0.05
LDH/SDH ratio, C.U. 1.42+0.037 2.11+0.082 <0.001

Rates of enzyme activity and indices calculated
on their basis (Table 3) were subjected to further sta-
tistical processing by logistic regression. Thus,
diagnostic mathematical models were constructed
for detecting children with CAP with impaired
CEM. It was possible to build models with sufficient
accuracy only in those cases when the LDH activity
and the LDH/SDH ratio were taken as a grouping
attribute. The fact of CEM disorder was established in
case of the CEM index excision the M+2¢ interval of
the corresponding indicator in the control group.

At the final stage of the study, coefficients were
set for each of the explanatory signs, using the
logistic regression method. The next step was to
establish the best combination of logistic regression
coefficients to ensure the highest quality of the
mathematical model and to reduce the number of
explanatory signs included in the equation. The total
number of explanatory signs was 37 quantitative and
qualitative characteristics of CAP, which were listed
above and presented in Tables 1 and 2.

For reliable differentiation of children with CAP
with reduced SDH activity, and those with the dec-
rease in SDH activity by more than 2o, relative to
the control group — 2.74+0.84 C.U. (M+20), did not
occur, the following logistic regression equation
which contained 20 explanatory signs was built.

y=0.003+b1-x1+...+b20-x20 ),

21/ Tom XXV1/ 1

where, x; — female gender (yes-1/no-0), b; — (-0.438); x, — passive
smoking (yes-1/no-0), b,— 0.27; x5 — chronic ENT pathology (yes-1/no-
0), b; — 1.024; x4 — atopic dermatitis (yes-1/n0-0), by — (-0.584); x5 —
chronic gastroduodenitis (yes-1/n0-0), bs — 0.462; xs — obesity (yes-1/no-
0), bg — 0.33; x; — prematurity (yes-1/no-0), b; — (-0.129); xs — illness
duration before hospitalization (number of days), bs — 0.665; xo — fever
duration at the pre-hospital stage (number of days), by — 0.684; x;0 —
fever above 39°C (yes-1/no 0), bjp — 0.059; x4, — focal pneumonia (yes-
1/no 0), b;; — 0.8; x;, — complicated pneumonia (yes-1/no 0), by, — 0.15;
X3 — absolute white blood cell count, b;; — 0.4; x4 — relative lymphocyte
count, by; — (-0.301); x5 — relative mature neutrophils count, bys — (-
0.005); x4 — relative band neutrophil count, b — 0.329; x,7 — ESR, by; —
(-0.17); x;3 — LIT by Kalf-Caliph, bjs — (-0.899); x;9 — NLR, bjy — (-
0.094); x50 — absolute lymphocyte count, by —0.164.

The ROC analysis was applied to the obtained
model, which established the following model cha-
racteristics: AUC — 0.82, which indicated the "very
good" work of the mathematical model, diagnostic
specificity — 71%, diagnostic sensitivity — 90%.

The following logistic regression equation sepa-
rates groups of patients with CAP with a normal
LDH/SDH ratio and patients in whom this marker
increased by more than 2o, relative to the control
group, which was 1.42+0.48 C.U. (M#+2c). The
mathematical model consisted of only 4 explanatory
signs and corresponding coefficients:

y=-0.061+b1-x1+...+b4-x4 Q),

where, x; — relative lymphocyte count, b; — (-0.117); x, — relative mature
neutrophils count, b, — 0.048; x; — relative band neutrophils count, b; —
0.114; x4, — NLR, b; — 0.036;

The area under the ROC curve was AUC — 0.78,
which indicated the "good" mathematical model
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quality. The following operating characteristics of
the mathematical model were determined: diagnostic
specificity — 69%, diagnostic sensitivity — 81%.

Analysis of this study results showed that there
are significant changes in CEM in adolescents with
CAP, which manifest themselves in significant SDH
reduction — a key enzyme of the Krebs cycle and in
the LDH/SDH index increase, indicating a CEM
shift toward anaerobic (less efficient) energy synthe-
sis. Similar results were obtained in studies perfor-
med by other researchers but they identified more
profound changes in CEM due to age differences of
the examined children (average age 6 years) [2].
Similar changes in CEM were recorded by a group
of authors in a study that included adult patients with
complicated pneumonia [5].

Modern medical science cannot be limited to
only high-precision clinical-laboratory methods, but
it also requires progressive statistics for processing
of the obtained data. This approach aims to create an
informative and accessible way to detect changes in
various disorders in children. Each of the given
above mathematical models has certain advantages
and disadvantages. The advantage of the first one is
its high sensitivity and specificity in determining
CEM disorders and the disadvantage is the large
number of patient’s characteristics that need to be
evaluated. Regarding the second formula, it exhibits
poorer sensitivity and specificity than the first
formula but is relatively simple to calculate and
includes only clinical blood counts and hematologic
indices. The implementation of this study results
significantly expands the diagnostic possibilities for
the assessment of CEM and will allow separating the
most vulnerable category of patients in order to
prevent further chronization of acute inflammatory

diseases, taking into account the individual cha-
racteristics of the organism.

Consequently, the focus of our study on the
development of approaches for the noninvasive, ac-
cessible and cost-effective detection of changes in
CEM in children with CAP is a feature of our work
distinctive from other studies in this area.

Prospects for future research we see in the
expansion of clinical groups for which this approach
should be applied and in the methods development
for the patients’ differentiation according to the depth
of CEM lesions in children with CAP, in order to
identify the most vulnerable patients who should
undergo a more detailed examination of their CEM,
appropriate correction, and in some cases — counseling
at the medical-genetic center.

CONCLUSIONS

1. In children with CAP aged 14-18 years chan-
ges in CEM, such as decreased SDH activity and
elevation of the LDH /SDH ratio were found.

2. The comprehensive assessment of informati-
veness of clinical and anamnestic indicators and the
cell-energy metabolism analysis results in CAP in
adolescents was proved, this was confirmed by
statistical methods and the effectiveness of the
proposed mathematical models having significant
diagnostic value. The developed models allow
predicting the presence of changes in cellular energy
metabolism, namely a decrease in LDH activity
(AUC=0.82; Sp=71%; Se=90%) and an increase in
the LDH/SDH index (AUC =0.78; Sp=69%;
Se=81%) in the first days after the diagnosis of
community-acquired pneumonia.

Conflict of interests. The authors declare no
conflict of interest.
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