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МЕДИЦИНСКОЙ ПОМОЩИ ПАЦИЕНТАМ С НОВОЙ КОРОНАВИРУСНОЙ ИНФЕКЦИЕЙ
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Резюме. Цель исследования – разработка и применение математической модели оценки рисков заражения медицинско-
го персонала, участвующего в оказании медицинской помощи пациентам с COVID-19 в условиях «красной зоны».
Материалы и методы исследования. На основании анализа информативных признаков и информации об условиях труда
в инфекционном отделении Федерального медицинского биофизического центра им. А.И.Бурназяна ФМБА России раз-
работана система поддержки принятия решений, позволяющая дать объективную оценку рисков заражения медицинско-
го персонала при оказании медицинской помощи в условиях «красной зоны». 
Результаты исследования и их анализ. Проанализировано влияние различных факторов риска заражения медицинского
персонала, участвующего в оказании медицинской помощи пациентам с новой коронавирусной инфекцией COVID-19;
определены самые значимые факторы риска.
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A RISK-BASED CAUSAL MODEL OF RISK FACTORS FOR INFECTION AMONG MEDICAL
PERSONNEL INVOLVED IN THE CARE OF PATIENTS WITH THE NEW COVID-19 CORONAVIRUS
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Abstract. TThe aim of the study is to develop and apply a mathematical model for assessing the risks of contamination of medical
personnel involved in providing medical care to patients with COVID-19 in a "red zone" environment.
Materials and methods. Based on the analysis of informative signs and information on working conditions in the infectious disease
department of the A.I. Burnazyan Federal Medical Biophysical Center of the Federal Medical and Biological Agency of Russia,
a decision-making support system was developed to provide an objective assessment of the risks of infection for medical person-
nel when providing medical care in the "red zone".
Results of the study and their analysis. The influence of various risk factors for infection of medical personnel involved in the provi-
sion of medical care to patients with new coronavirus infection COVID-19 was analyzed; the most significant risk factors were
identified.
Key words: dose-effect, mathematical model of infection risk assessment, medical personnel, new coronavirus infection COVID-19,
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Introduction
Emergencies, including epidemics, have a major impact

on health care systems. They reveal profound structural and
functional problems in the organization of care for the sick
and affected. The COVID-19 pandemic illustrates this at the
global level. Particular attention in this situation should be paid
to the socio-professional group of medical professionals. Be-
cause their qualified and coordinated actions primarily af-
fect public health and the health of an individual [1]. The risk
of occupational infection leads to disruption of the continu-
ity of medical services. This occurs because it is necessary to
establish mandatory quarantine for infected professionals and
to suspend them from work. In addition, there is the problem
of replacing those who are sick in the workplace. Current-
ly, the COVID-19 pandemic makes it relevant to predict the
incidence of disease in health care workers on the basis of
data on other viruses from the coronavirus group.

The aim of the study is to develop and apply a mathe-
matical model for assessing the risks of infection for the staff
involved in providing medical care to patients with COVID-
19 in "red zone" conditions.

Materials and methods of research. In order to math-
ematically model the risk of infection of medical personnel
in the "red zone" we analyzed the factors influencing the work
with COVID-19 patients. The basis for the formation of the
space of informative attributes for the mathematical model
was the data on the working conditions in the infectious dis-
ease department of the State Research Center — A.I. Bur-
nazyan Federal Medical Biophysical Center of the Federal
Biomedical Agency of Russia (A.I. Burnazyan Federal Bio-
physical Center). There, 223 people were involved to pro-
vide care for patients infected with SARS-CoV-2. (medical
workers, drivers, disinfectors, cooks, workers, etc.), of which
166 people (medical personnel) worked in conditions of high
risk of occupational contamination. The medical personnel
group included 48 male and 118 female patients aged 18-
69 years, mean age (48.7±1.8), of whom 57 were doctors
of various specializations and 109 were nurses and auxil-
iary nurses. None of the study participants had previously
worked in an infectious disease department setting and had
no special knowledge of virology. Prior to working in the "red
zone," all employees were trained in the use of personal pro-
tective equipment within a short time frame within a single-
type program. They were also informed about the routes of
transmission and clinical manifestations of the virus. All in-
dividuals in this group had a negative polymerase chain re-
action result for SARS-CoV-2 oropharyngeal smear at the time
of starting work in the infection department.

The development of a risk-based causal model of risk fac-
tors for infection among the staff involved in the care of pa-
tients with the new coronavirus infection COVID-19 was car-
ried out in order to develop a response plan for the risk of
infection among the staff. A quantitative infection risk assessment
method was used. The sensitivity of model parameters was
assessed to determine what additional data or knowledge
could potentially reduce uncertainty and improve our un-
derstanding of the risks under investigation.

After identifying the possible risks of infection by COVID-
19 virus among healthcare workers, the following were found
to have the greatest impact on the probability of risks: the con-
centration of the virus in saliva; the concentration of viral par-
ticles released into the air by one patient cough and the num-
ber of coughs per hour; the frequency of air exchange; the
number of room visits by a healthcare worker per hour; the

number of patients a healthcare worker came in contact with
per room visit; the time taken for each room visit and num-
ber of working hours per day (Table 1).

When building a mathematical model, we used the stan-
dards of GOST R ISO 7708-2006 ("Air Quality").

The working space of the hospital rooms was also taken
into account. Most of the rooms were designed for 4 patients;
the volume of the room for 4 patients was 70 m3. Sympto-
matic patients were considered the only source of infection
in the room, with the assumption that COVID-19 is transmit-
ted mainly through aerosols.

Viral release into the room was calculated using the formula:
:

(1)

where Vi is the volume of droplets that are ejected into the
room during each coughing event; di –  droplet diameter —
assuming its spherical shape [2].

The rate of ventilation flow qvent was determined by the num-
ber of air changes per hour per room volume, i.e., by the mul-
tiplicity of air changes performed in the rooms of the "red zone"
according to the norms for the rooms of infectious patients:

qvent = V × ACH (2)

The daily exposure dose in PFU (plaque-forming units) for
medical personnel during a room visit with patients with new
COVID-19 coronavirus infection was calculated according
to the formula:

(3)

where CCoV – is the concentration of infection in saliva, the
average value and distribution of which was calculated based
on studies in work [3]; Csaliva –  the concentration of parti-
cles in the air after one cough, which was calculated based
on the particle transport model [2]; Ncough – number of coughs
per hour, whose value range was calculated based on the
particle expulsion model from the airways [4]; Vinhaled –  the
air intake rate of the exposed person, equal to the human res-
piratory rate of 0,5 m3/h [5]; Nroom –  number of visits to
a room by a health care worker per hour; Npat –  number of
patients with whom the health care worker came into con-
tact per room visit; tspent –  time spent on each visit; twork –  кnum-
ber of working hours per day – Nroom , Npat, tspent , twork var-
ied depending on the job functions of health care workers.
For example, nurses, on average, went around 6 wards in
1 hour, staying in each ward for 10 minutes. Their working
day was 8 hours.

The formula for determining daily exposure dose (3) while
wearing a mask is supplemented with the multiplier

where Pmask – penetration of particles through the mask,   
– concentration of particles that have passed

through the mask. In the "red zone" of the infection
department at the A.I. Burnazyan Federal Biomedical Cen-
ter, respirators with FFP3 protection were used, with a filtration
efficiency of 99%, i.e. Pmask≈1 [6]. However, if the mask was
not replaced before its efficiency was lost (up to 4 h), one must
consider that the particle penetration rate through the mask
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becomes 100% for the entire time the mask has been worn
since the loss of efficiency.

The recommended dose-effect model follows an exponential
dose-effect relationship:

Pinf = 1–  e–kD (4)
where Pinf – probability (risk) of infection; k – optimized pa-

rameter of the dose-effect function, PFU-1.
The cumulative risk of morbidity over several days of ex-

posure was modeled as follows:
(5)

where PM– probability of incidence; n – number of days
of exposure with the probability of infection Pinf from daily ex-
posure [7].

Results of the study and their analysis. A total of 26 cas-
es (15.6%) of acute occupational COVID-19 disease con-
firmed by PCR or serological test were recorded during the
period of the infectious disease department work. The group
of those who fell ill while on duty included 10 nurses, including
those working in the anesthesiology department, 9 nurse at-
tendants, and 3 housekeepers (all female). Doctors were less
exposed to occupational contamination – 4 cases (two men,
two women). The average age of all the patients was
(39.63±1.2) years.

All cases were locally acquired in the period from day 8
to day 21 from the opening of the infection department — dur-
ing the period of learning new skills and gaining experience
with this type of infection, because the experience of the staff
in the new environment was insufficient.

The empirical value of the probability of infection of the per-
sonnel in the "red zone" of the infectious department of the
A.I. Burnazyan Federal Medical and Biological Center
during one working day with the above clinical data is Pinf*≈
0,0111876. The objective conditions of personnel work in
the "red zone" in which such probability of disease became
a reality are reflected in the value of parameter D calculat-
ed according to formula (3). On the basis of the calculated
values of Pinf* and D we obtain an empirical estimate of the
k parameter value by the formula:

(6)

The value obtained is k = 13,8238987774. Thus, know-
ing the optimized parameter of the dose-effect function k and
applying formula (5), we can estimate the risks of infection
for medical personnel involved in providing medical care to
patients with new coronavirus infection COVID-19, taking
into account their working conditions — size and ventilation
of rooms, number of patients per ward, ward visit regime,
working day duration, and provision of personal protective
equipment (Table 2). A comparative analysis of infection risks
under different conditions revealed that the absence of per-
sonal protective equipment or its untimely replacement had
the greatest influence on the risk increase — under these cir-
cumstances, the risk increased 17-fold.

The practical significance of the study is determined by its
focus on improving the organizational foundations of hygienic
assessment of working conditions, which will help to iden-
tify the harmful industrial effects of the new coronavirus in-
fection COVID-19 and to develop measures to eliminate them.
Of practical interest are the proposals made to preserve and
improve the health of medical workers, increase their
awareness of health risk factors in the conditions of "covid
hospital".
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ical treatment organizations on the strict observance of all safe-
ty measures when working with infectious patients. To raise
the awareness of medical workers, it is necessary to include
reports on the main health risk factors in the programs of in-
dustry and city medical conferences, taking into account re-
gional peculiarities of the incidence of the new COVID-19
coronavirus infection.

The theoretical significance of the work performed consists
in the fact that a mathematical model to estimate the risks of
infection of medical personnel in specific conditions of work
with infectious patients based on the quantification of key fac-
tors on which the "efficiency" of person-to-person transmis-
sion of an infectious agent depends was obtained and test-
ed. The established correlations between the possibility of in-
fecting medical workers and occupational factors are a sub-
ject for further research. They can be used in the development
of comprehensive health care programs for medical personnel
involved in the provision of medical care to patients with the
new coronavirus infection COVID-19.
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