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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.l. 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.
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PUCK-OPUEHTUPOBAHHAS MOZAEJb MPUYUHHO-CNEOCTBEHHbBIX CBAI3EM DAKTOPOB
PUCKA 3APAXEHUSA MEOULIMHCKOTO MEPCOHAJA, YYACTBYIOLLIEFTO B OKA3AHUM
MEOULUMHCKOM MOMOLLUMU MALMEHTAM C HOBOM KOPOHABUPYCHOW UHDEKLIMEN
COVID-19

E.A.Annenkosa', O.A Tuxonoea', A.M.Buptokos', J1.1.Bapanos!, W.I.Ou6uprasxmes’, M.B.LLesHos',
O.A Kacsimosa', O.B.MapuHos!
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Pesiome. Llenb nccnenosarms — paspaboTka M NpMMEHEeHUEe MATEMATUYECKOH MOLENM OLEHKM PUCKOB 30PAXEHMS MEAULMHCKO-
ro NepcoHarnd, y4acTByIOLEro B OKA3aHUU MeamnupHckoi nomoupt naupertam ¢ COVID-19 B ycnoeusix «kpacHOM 30HbI».
Marepuansl n meTonsl uccnepoBarms. Ha 0CHOBAHMM aHANM3A MHGOPMATUBHBIX MPU3HAKOB M MHPOPMALMM 06 YCNOBUSX TPyAd
B MHekumoHHoM oTaeneHmnn PepepansHoro meanumHckoro buodusmnueckoro ueHtpa um. A.M.Byprasana @PMBA Poccum pas-
paboTaHa CUCTEMA NOAAEPXKKM MPUHSTUS PELLEHMIA, MO3BONAIOLAS AATb OBBEKTUBHYIO OLEHKY PUCKOB 3QPAXKEHMS MEAULIMHCKO-
ro NepcoHana Npu OKA3aHMU MEAMULMHCKON MOMOLLM B YCIIOBUSIX KKPACHOM 30HbI».

Pesynbrarel nccnepoBanms 1 mx aHanma. MpoaHanM3aMpoBaHO BAMSIHUE PA3AMYHBIX PAKTOPOB PUCKA 3APAKEHUS MEAULMHCKOTO
NEPCOHANA, YYACTBYIOLWEro B OKA3AHUM MEOMLMHCKOM MOMOLLM NMALMEHTAM C HOBOM KopoHaeupycHoi MHdpekumeir COVID-19;
ornpegaeneHbl Camble 3HAUYMMbIE GAKTOPbI PUCKA.

KnioueBble cnosa: no3a-spdekT, «kpacHas 30HA», MATEMATMYECKAS! MOAEMb OLEHKM PUCKOB 30PAXEHMS, MEAMULIMHCKMIA nepco-
Han, Hoeas kopoHasupycHas nHepekums COVID-19, nauneHTsl
KoHnukr nHtepecoB. ABTopbl CTATbM NOATBEPXKACIOT OTCYTCTBME KOHPAMKTA MHTEPECOB
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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.l. Bur-
nazyan Federal Medical Biophysical Center of the Federal
Biomedical Agency of Russia (A.l. 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 fime
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 info 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:

nd? '
Vi=—tx107%, (1)
where V. is the volume of droplets that are ejected into the
room during each coughing event; d. — droplet diameter —
assuming its spherical shape [2].

The rate of ventilation flow g, 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:

ooy = V X 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:

1
D= CCGV X Csaliva X Ncough X—X
Qvent (3)
X Vinhalecl X Nroom X Npar X tspent X twork

where C__, - is the concentration of infection in saliva, the
average value and distribution of which was calculated based
on studies in work [3]; C_,. - the concentration of parti-
cles in the air after one cough, which was calculated based
on the particle fransport model [2]; N, — number of coughs
per hour, whose value range was calculated based on the
particle expulsion model from the airways [4]; V, , . - the
air intake rate of the exposed person, equal to the human res-
piratory rate of 0,5 m3/h [5]; N__— number of visits to
a room by a health care worker per hour; Npi = number of
patients with whom the health care worker came into con-
tact per room visit; Fpent fime spent on each visit; t _ — knum-
ber of working hours perday - N__ Npar tspents fuork YOI
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
Pmask = %
saliva
where P — 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.l. Burnazyan Federal Biomedical Cen-
ter, respirators with FFP3 protection were used, with a filtrafion
efficiency of 99%, i.e. P__ =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:

P =1-¢e" (4)

where P, - probcgility (risk) of infection; k — optimized pa-
rameter of the dose-effect function, PFU-!.

The cumulative risk of morbidity over several days of ex-

posure was modeled as follows:
n
Py =1 (1= Pur)

where P,,— probability of incidence; n — number of days
of exposure with the probability of infection P,  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.l. Burnazyan Federal Medical and Biological Center
during one working day with the above clinical data is P, ..~
0,0111876. The objective conditions of personnel work in
the "red zone" in which such probability of disease became
a redlity are reflected in the value of parameter D calculat-
ed according to formula (3). On the basis of the calculated
values of P, .. and D we obtain an empirical estimate of the
k parameter value by the formula:

In(1-P;f)
: . 3

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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Tabnmua 1/Table No. 1
Mapametpel Mogenu
Model parameters

CyTounas posa sospeicteus 8 PFU (6nawkoobpasyio-
LMe eanHNLbI) ANS MEACECTEP M APYTUX MEAULIMHCKMX
pa6othukos /Daily exposure dose in PFU (plaque
units) for nurses and health care workers
KoHuenTpaums uudekumm s cnione, PFU/mn

Infection concentration in saliva, PFU/ml
KoHueHTpaums YacTuL B BO3ayxe Nocne oaHoro
kawns, 1/m* / Concentration of particles in the air
after one cough, 1/m?

Konuuecteo kawneii 8 1 4/ Number of coughsin 1 h

2 CCoV

3 | Caive

4 N:ouqh

5 |q Pacxop BEHTUNALMOHHOO BO3AYXA B MOMELLEHMH,
vent Mm%/4 / Ventilation air flow rate in the room, m*/h

CkopocTb 3a60pa BO3AyXA YENOBEKOM,

NOABEpPriUMMCS BOSAEICTBMIO, M°/4

Rate of air intake by an exposed person, m*/h

Konuuectso noceweHnit nanatsl MeacectTpomn mnm

APYTMM MeAMLMHCKUM paboThikom e 1 4

Number of visits to the room by a nurse or a health

care worker in 1 hour

Yucno naupeHTos, ¢ KOTOPLIMKM KOHTaKTUpoBana(n)

MEeACeCTPa UK APYrol MeaULMHCKMIA paBOTHUK 3a

OfHO NocelUeHe NanaTsl

Number of patients visited by a nurse or a health care

worker per room visit

Bpems, 3aTpaueHHoe Ha KaXAoe nocelueHue, 4

Time spent on each visit, h

Konuuectso pabounx 4acos B cyTku

Number of working hours per day

BepostHocTs (prck) sapaxenns nepcoHana B TedeHmne

oaHoro pabouero ans /Probability (risk) of infection of

personnel within one working day

OnTMMU3MPOBAHHBIM NApAMeTp yHKLMM JO3a-

sdboexr, PFU!

Optimized dose-effect function parameter, PFU"!

KyMyﬂﬂTMBHGﬂ BepOﬂTHOCTh 3OPO)KeHMﬂ B Te4yeHne n

pabounx pHeit /Cumulative probability of infection

within n working days

Konuuectso aHen BosaencTemit ¢ P, BeposTHOCTbIO

30PAXEHNS OT eXeHEBHOrO BO3AENCTBUS

Number of days of exposure with P, probability of

infection from daily exposure

6 | Vinhaled

7 | Nroom

8 | Npr

9 tspenl‘

10 twork

11 | Pt

Tabnuua 2 / Table No. 2

I'IporHosupythle 3HaueHus sabonesaemocTn mepnepcoHana

B «<KPOCHOW 30HE» UH(EKLMOHHOTO OTAENEHMS
®MBL, um. A.U. ByprassHa ®MBA Poccun
Predicted values for staff morbidity in the "red zone"
of the infectious diseases department of the A.l. Burnazyan
Federal Medical and Biological Center of the Federal Medical
and Biological Agency of Russia

3HaueHne pucka — MporHos gonu
KYMYTSITUBHBIN pUCK Obwee wcno 306601'IeBLIJI4X ot
3apaxXeHns B p———— obuwero qwcnac/
Lens cyrcv) TeuEHME HECKONbKMX ven. coTpyaHukos, %
nHei, Pm Forecast of the
Day (24 hours) Risk val Total number h fsick
isk value — £ | share of sic
lative risk of of employees, people in the
. fcurr)u people
infection over several total number of
days, Pm employees, %
1-i / 1st 0,0111876000 166 1,9
2-i / 2nd 0,0222500376 166 3,7
3-i / 3rd 0,0331887131 166 5,5
4-i1 / 4th 0,0440050111 166 7,3
5-i1 / 5th 0,0547003006 166 9,1
6-it / 6th 0,0652759355 166 10,8
7-n/ 7th 0,0757332545 166 12,6
8-i1/ 8th 0,0860735811 166 14,3
9-i1 / 9th 0,0962982243 166 16,0
10-i1 /10th 0,1064084783 166 17,7
11-in /11th 0,1164056228 166 19,3
12-in /12th 0,1262909233 166 21,0
13-t /13th 0,1360656310 166 22,6
14-in /14th 0,1457309831 166 24,2




The developed recommendations on the use of the algo-
rithm of risk assessment for medical staff in the presence of
infectious agents with airborne transmission mechanism in the
working environment are aimed at reducing the health risk
in this professional group. They can be used in the practical
work of hygienists, hospital epidemiologists, health care or-
ganizers, and occupational safety engineers of medical treat-
ment organizations.

Conclusion

This work was carried out under conditions of constantly
changing baseline data. This is due both to the novelty of the
problem under study and, accordingly, to the ever-increas-
ing number of observations and the large number of studies
on the subject, which, in turn, leads to constantly refined con-
clusions. In such a situation, a risk-oriented model was cho-
sen, which corresponds to the global trends [8-11].

Ovur study confirmed that in order to reduce the risks of in-
fection of medical personnel with the new COVID-19 coro-
navirus infection, it is necessary to educate the staff of med-
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