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METHOD FOR QUANTITATIVE ASSESSMENT OF PROTECTIVE IMMUNITY AGAINST SARS-COV-2,
ITS DURATION AND ANTIBODY DYNAMICS

Karmishin AM'®=, Nosov NYu', Postupaylo VB!, Zhigarlovsky BA', Kruglov AA', Petukhov AN?

' Center for Strategic Planning and Management of Medical and Biological Health Risks of the Federal Medical Biological Agency, Moscow, Russia

2 Military Academy of Radiation, Chemical and Biological Defense, Kostroma, Russa

The level and duration of protective immunity are often analyzed qualitatively or semi-quantitatively. The same strategy is applied to the analysis of antibody
dynamics. At some point in time t after exposure or immunization, the presence of immunity against the infection is inferred from the level of specific antibodies by
comparing it to a reference value. This approach does not account for the stochastic nature of human disease after exposure to a pathogen. At the same time, it
is not fully clear what antibody level should be considered protective. The aim of this study was to develop a mathematical model for quantitative determination of
protective immunity against SARS-CoV-2 and its duration. We demonstrate that the problem of describing protective immunity in quantitative terms can be broken
down into 2 interrelated problems: describing the quantitative characteristics of a pathogen’s virulence (in our case, the pathogen is SARS-CoV-2) and describing
the dynamics of antibody titers in a biological organism. Below, we provide solutions for these problems and identify parameters of the model which describes
such dynamics. Using the proposed model, we offer a theoretical solution to the problem of protective immunity and its duration. We also note that in order to
quantitatively determine the studied parameters in a homogenous population group, it is necessary to know 5 parameters of the bivariate probability density function
for correlated continuous random variables: the infective dose of the pathogen and the antibody titer at which the disease develops and which are still unknown.

Keywords: SARS-CoV-2, COVID-19, infective dose, probability of disease, antibody titer, protective immunity, immunity duration
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METOA KOJIMYECTBEHHOW OLIEHKW HAMPSAXXEHHOCTU U OJINTESIbHOCTU UMMYHUTETA K SARS-
COV-2 " JMHAMUKN USMEHEHUA TUTPOB AHTUTEN

A. M. KapmunwmH'™9, H. tO. Hocos', B. B. MocTynaitno', B. A. XKurapnosckui', A. A. Kpyrnos', A. H. MeTyxos?

" LleHTp cTpatern4eckoro nnaHMpoBaHus 1 yrpasieHyst MeavKo-610MorNHeCKIMIA prUckamin 300poBsLio PeaeparbHOro Meanko-bronoryeckoro areHTcTea, Mockea, Poccust
2 BoeHHast akagemuvst paarauyioHHOM, XMMUYeCKo 1 bronorndeckon 3awmTsl, KocTpoma, Poccurst

Bonpocbl HaNps»KeHHOCTN 1 ANUTENBHOCTM UMMYHUTETA 3a4acTyto pacCMaTPUBAIOT Ha Ka4eCTBEHHOM WK NOSTYKONMYECTBEHHOM YPOBHSIX. [pakTuyeckm
QHaTOMMHHYIO CUTYaLMIO MOXKHO HabnoaaTh 1 Npuv U3yHYeHU AVHAMVKA U3MEHEHVS YPOBHSA aHTUTEN y HaceneHns. O Hamyuim UIMMYHUTETa Ha MOMEHT BPEMEHH ¢
nocne NHPULMPOBaHNS (BaKLHALIAM) CYAAT MO YPOBHIO aHTUTEN B CPaBHEHWN C X pethepeHCHbIMM 3HaYeHNAMN. [JaHHbIN MOAXOA HE YHNTbIBAET CTOXaCTUYECKNI
xapakTep 3abofeBaHus YenoBeka npu AeNCTBUN Ha Hero natoreHa. B To »ke Bpemsi He BMOSIHE MOHSATHO, Kakol YPOBEHb 3alLLMTbl 0BecrnevvBaeT onpeaeneHHbIin
ypoBeHb aHTUTeN. Llenbto nccnenoBanmnst 6bino pazpaboTtaTtb MaTeMaTUHECKYO MOAEb A5 KONMYECTBEHHOrO ONpeaeneHnst HanPsKEHHOCTU 1 ANUTENbHOCTN
UMMyHUTETa K SARS-CoV-2. MNMokasaHo, YTO on1caHme HanpsKeHHOCTU 1 ANMTENbHOCTM UIMMYHUTETa PacnafiaeTcst Ha peLLeHVie IBYX B3avMOCBsSI3aHHbIX 3afaq:
1) onncaHne KOMMYECTBEHHbIX XapakKTePUCTUK BUPYNEHTHOCTX natoreHa v, B YacTHocTW, SARS-CoV-2; 2) onucaHve AvHaMUKUA U3MEHEHUST TUTPOB aHTUTEN
B OpraHnamMe 6roobbekTa. [Jaetcs peleHre aTvx 3adad U No aKCrnepuMeHTanbHbIM AaHHbIM ONpeaenstoTcs napaMeTpbl MOAENN, OMMUChIBALOLLEN ANHAMUKY
N3MeEHEeHNs TUTPOB aHTUTeN. Ha 6a3e pa3paboTaHHO MOAEn NPeacTaBfeHo TEOPETUHECKOE PeLLEHNE 3afia4i O HANPSHYKEHHOCTU W [NIMTENBHOCTU UMMYHUTETa
1 OTMEYEHO, HYTO [1A MONYYEHNS KONMHYECTBEHHBIX OLIEHOK pacCMaTprBaeMbIX NMokasaTenei Ana Kaxxao oOaHOTUNHOM rpynnbl HACEeNeHVs HEOBXOAMMO 3HaTb NATb
napameTpoB ABYMEPHON MNIOTHOCTY pacnpeneneHnst KoppenmpoBaHHbIX HEMPEPbIBHBIX CyHaHbIX BENMHMH: MHMDULMPYIOLLE A03bl NaToreHa 1 TuTpa aHTuTen,
NMpU KOTOPbIX HACTYMNaeT 3aboneBaHne N KOTOpble K HACTOSILLIEMY BPEMEHN HEN3BECTHI.

KntoueBble cnoa: SARS-CoV-2, COVID-19, nHdurumpytowlas fosa natoreHa, BeposTHOCTb 3abonesaHnst, TUTP aHTUTeN, Hanps»KeHHOCTb UMMYHUTETA,
ONMTENbHOCTD UMMYHUTETA

Bknap aBTOpOB: BCE aBTOPbI BHEC/N 3HA4VIMbIA BKI1aA, B Pa3paboTKy METOAMKN NCCNEefoBaHMS, NMOMyYeHMe, aHanm3 U MHTEPNPEeTaLmio AaHHbIX, B HAMMCaHWe 1
pefakTnpoBaHne ctatbh.

D><] Ans koppecnoHaeHuun: AnekcaHap Muxaiinosny KapmuwmH
yn. LLyknHekas, a. 5/6, r. Mocksa, 123182; akarmishin@cspmz.ru

CraTtbsi nonyyeHa: 25.05.2021 CtaTtbsa npuHsATa K nevatu: 07.06.2021 Ony6avMkoBaHa oHnaiiH: 28.06.2021
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In December 2019, an outbreak of the respiratory disease
caused by a novel coronavirus was reported in China. The

structural proteins: a spike protein (S) consisting of 2 subunits
S, and S,; an envelope protein (E); a membrane protein (M),

infection rapidly spread across the globe. On February 11,
the disease received its official name COVID-19 from WHO;
at the same time, the International Committee on Taxonomy
of Viruses named the novel pathogen SARS-CoV-2 [1]. On
March 11, WHO declared a pandemic of the novel coronavirus
disease.

SARS-CoV-2 is a representative of the Betacoronavirus
genus from the Coronaviridae family. The virus has 4 major

EXTREME MEDICINE | 2, 23, 2021 | MES.FMBA.PRESS

and a nucleocapsid protein (). The receptor-binding domain
(RBD) of S, mediates SARS-CoV-2 entry into the host cell. The
nucleocapsid protein plays a significant role in viral transcription
and assembly in the host cell. As a rule, neutralizing antibodies
bind to the RBD of the S protein blocking the entry of the virus
into the cell. At the same time, the mechanisms of interaction
between the antibody and the N protein are yet poorly studied
[2, 3].
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During the first phase of modeling the COVID-19 epidemic,
a method was proposed for determining the quantitative
characteristics of SARS-CoV-2 spread in different countries
[4-71.

According to experimental data, the dynamics of antibody
production against any pathogen, including SARS-CoV-2, after
exposure or immunization are characterized by the following
pattern [2, 3, 8]:

— the antibody titer rises;

—in a general case, the titer reaches a plateau level;

— the titer gradually wanes, falling to 0 in a general case or
to some background value in a special case.

Immunity is a state in which the organism is not susceptible
to infection. Almost every immunity can be overcome with
massive doses of pathogen. Protective immunity can be
measured as “the protective titer of neutralizing antibodies”,
i.e. the level of specific antibodies in the blood serum ensuring
protection against the disease, which may develop following
exposure to the pathogen. The “protective titer” is a relative
concept. Notably, low antibody titers may confer some
protection against the pathogen, whereas high antibody titers
do not guarantee absolute protection against the disease [9].

This definition of protective immunity is very general and
does not account for its quantitative characteristics.

Since the development of an infectious human disease
is a stochastic process, protective immunity can be defined
in stricter terms. It is the level (titer) of antibodies at which the
probability of disease after exposure to the infective dose does
not exceed a specified (forced) probability.

The duration of immunity is the time span during which
protective immunity is sustained.

In order to calculate the protective level of antibodies and
the duration of protective immunity, a mathematical model is
needed that would describe the probability of an infectious
human disease at a given antibody titer and antibody
persistence after exposure to the infective dose. So, the
problem of describing protective immunity in quantitative terms
can be broken down into two interrelated problems:

— to mathematically reason the relationship between
the dynamics of parameters of the hazard factor law, which
describes the probability of infection in the human population,
and the levels (titers) of antibodies against this infection;

—to build a mathematical model of antibody titer dynamics
in a human organism.

So far, the level and duration of immune protection against
SARS-CoV-2 following infection or immunization remain
unknown; this fact is openly admitted by the developers of
Russian and foreign vaccines and specified in the instructions
for their use [10-14].

The aim of this study was to develop a mathematical model
for quantitative determination of protective immunity against
SARS-CoV-2 and its duration.

METHODS

The following theoretically or experimentally established factors
were considered while developing a mathematical model of
antibody titer dynamics:

1) all else being equal, the probability of an infectious human
disease depends on the antibody titer: the higher the titer, the
lower the probability;

2) antibody production is a stochastic process; consequently,
the levels of a given antibody type will differ among individuals
at a specific point in time following exposure to a given infective
dose; in other words, antibody titers are a random variable;

3) in a human organism, antibody titers rise, then reach a
plateau level and then wane to 0 or some background value;

4) protective immunity and its duration are determined by
the level of specific antibodies.

Based on the methodological and scientific consensus, this
study attempted to build a mathematical model describing the
stochastic character of the novel coronavirus disease following
exposure to its causative agent and the dynamics of antibody
titers to SARS-CoV-2. This model could be instrumental
in solving a number of important practical tasks, such as
determining the level of protection against the infection and the
duration of protective immunity.

This study used literature data on the results of testing for
IgM and IgG against the S and N proteins and the RBD-fragment
of the S-protein conducted on 1,850 patients hospitalized for
COVID-19 [2]. Figures were prepared in Microsoft Office Excel
2013 (Microsoft; USA).

RESULTS

Using methods of differential and integral calculus and the
probability theory, we developed a mathematical model
describing the dynamics of antibody titers in human blood in
order to solve the following tasks:

—to predict the dynamics of antibody titers in an infected or
immunized population;

— 1o estimate the duration of an infectious disease that is at
or above a specified severity level;

— to estimate the level of protection and the duration of
protective immunity;

—to provide a rationale for vaccine requirements considering
the purpose of vaccination.

It follows from fact 1 (the probability of an infectious disease
depends on the antibody titer) that at any level of specific
antibodies, e.g. 1gG, the disease is probable; therefore,
a bivariate probability density function for a random antibody
titer and an infective dose causing the disease at this titer can
be added to the analysis. Based on the previous theoretical
and experimental research [4, 6, 7, 15], we conclude that the
probability density function is described by a bivariate log-
normal distribution:

it In2n 2T
_ 1 lDS“—Zrl T Dso Tsu+"; T
-2 2z nDIn’
1 20-Tpr)\ b “InpCnT  Cjnr (1)
——¢ ’
S —_
21 [1=Tinpint OlntOmpD T

where ID,, is a median of the random infective dose that causes
a studied infectious disease at a titer T , with 0.5 probability;
T,, is an antibody titer median observed in biological objects
of the same type (homogenous groups of humans); o/inD,
o, @ are mean squared errors of the natural logarithm of the
random disease-inducing infective dose and the antibody titer,
respectively; r, ., - is a correlation coefficient for the natural
logarithms of the random variables in question.

In the general case, the domain of the correlation coefficient
is [-1; 1], but in our case the correlation coefficient must be
positive and defined in the interval (0; 1] because the disease-
causing infective dose is expected to increase as the antibody
titer rises.

It follows from equation (1) that if titer T of IgM or IgG
antibodies is a fixed value, then the random infective dose that
causes a mild, moderate, severe or very severe infection will
have a log-normal distribution:

i(B, ) =

_(iInD-mID3q )2

Y -+t 26*& 2
f(D/T) e C D @)
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Fig. 1. The dependence of the hazard factor law on IgG antibody titers

where /DS*O is a distribution law parameter: the median value
of the random infective dose that causes a mild, moderate,
severe or very severe infection at a given antibody titer;

o, is @a mean squared error of the natural logarithm of the
random infective dose that causes infection at a given antibody
titer.

Parameters of the conditional probability distribution of a
random variable D from the equation (2) can be expressed
using the parameters of bivariate density distribution (1) and the
fixed value of the antibody titer as follows [16, 17]:

Kinr T
. 4 Lo 2
ll’1D50 - lnDSO + MnpInT Jrln Ea Onp = 1- "nDInT InT- (3)

InD
From the conditional probability distribution of the random
infective dose that causes the infectious disease of or above a
specified severity level at a given antibody titer follows the so-
called hazard factor law [4, 7], which describes the probability
of a studied infectious disease at antibody titer T depending on
the applied infective dose:

P=0,5 [1 + e’rf( ki,pln %)]5 ()

/D;o is a parameter of the law: the infective dose at which the
probability of the onset of an infectious disease of severity at or
above the specified level (mild, moderate, severe, very severe)
at a given antibody titer equals 0.5.

The relationship between the hazard factor law describing
an infectious disease of severity at or above the specified level
and the titer of IgG antibodies is schematically shown in Fig. 1.

It follows from the hazard factor law that the infective dose
at which the infectious disease develops with the probability p
can be defined as shown below [15]:

argerf(2p—1)

D, = IDZ(T)e i (5)

where argerf(u) is a function inverse to the integral of error
function [13].

Thus, in order to determine the probability p of developing
an infectious disease and the probability 1-p of not developing
this infectious disease after exposure to the infective dose D,
we need to know the point in time after exposure when the IgG
antibody titer will equal T.

When talking about the probability of developing or not
developing an infectious disease, a safe infective dose can be
introduced to the analysis. By analogy with the safe dose of
toxic chemicals [16, 17], the safe infective dose of a pathogen
can be defined as follows: it is an infective dose at which, at a
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T=<T,<T;

given antibody titer, the probability of developing the disease
does not exceed a given probability (forced or psychologically
acceptable).

A study [4] demonstrates that IgM and IgG titers measured
in different individuals at the same point in time after exposure
vary.

According to the existing theoretical concepts, the level
of any antibody type at a specific point in time after exposure
is a continuous random variable defined in the interval [0, co])
and characterized by a log-normal unconditional distribution
inferred from equation (1). Then, the probability of a random
variable (antibody titer) at a certain point in time after exposure
being less than T can be described as follows:

F(T) =05 [1 + erf( /kmln%)], ©)

where T_ is a distribution parameter for a random antibody
titer: its median (half of the people at a given point in time
after exposure will have antibody titers below T, the rest will
have antibody titers above T)); jais a distribution parameter
characterizing the range of antibody titers relative to the median
(the lower J; the wider the range relative to the median and,
conversely, the higher JE , the narrower the range).

Distribution parameters for a random titer (6) can be defined
from experimental data using a previously proposed method
In some coordinate system, equation (6) represents a line [7]:

InT = InT, + L argerf[(2F(T) — 1], @)

kln‘P

therefore, the method of least squares can be employed to
estimate the unknown parameters of equation (7).

Table 1 shows grouped data on IgM titers on day 7 after
exposure and IgG titers on day 33 after exposure (raw date
were taken from [2]).

The results of the analysis based on the method of least
squares of data from Table 1 for equation (7) are provided in
Table 2; Fig. 2 shows the linear representation of these data.

Parameters of distribution for random antibody titers at
other points in time after exposure were estimated in a similar
fashion.

Satisfactory estimates obtained during the analysis support
a theoretical conclusion that a random titer at a given point in
time after exposure has a log-normal distribution.

Table 3 shows the results of the statistical analysis of IgM
and IgG titers described by equation (7) which was conducted
based on the method of least squares: distribution parameters
for random T, and Mand statistical estimates of equation



METO/[ | SNMOEMNOSIONINA

Table 1. Grouped data on IgM (n = 11) and IgG (n = 38) titers

;Si:l—} Number of cases with lower titers Proportion of cases, p 2p-1 argerfi2p-1) InT
IgM titers 7 days after exposure
3,5 2 0.182 -0.636 -0.642 1.253
12 5 0.455 -0.091 -0.081 2.485
17 6 0.545 0.091 0.081 2.833
59 9 0.818 0.636 0.642 4.078
110 10 0.909 0.818 0.944 4.7
1gG titers 33 days after exposure
67 3 0.079 -0.842 -0.999 4.205
90 11 0.289 -0.421 -0.392 4.5
114,2 18 0.474 -0.053 -0.047 4.738
213 37 0.974 0.947 1.37 5.361

Note: AU — arbitrary unit: the diagnostic system employed for quantitative analysis returned the results in its own units of measurement different from the international

units of measurement.

parameters and the equation itself: Fisher’s criterion, the
correlation coefficient and mean squared errors for In7, and r

The analysis of the dynamics of median antibody titers
shows that the medians increase at first, reach a plateau level
and then wane, falling almost to zero. Pharmacodynamically,
this pattern can be easily explained within the confines of a
one-compartment model [15]: after exposure, the organism
starts to produce antibodies at a fixed rate; at the same time,
the level of the produced antibodies decreases due to antibody
elimination mechanisms, including metabolism, excretion of
antibodies in the unchanged state, etc. At some point, when the
rate of antibody production reaches the rate of their elimination,
the dynamics of antibody titers will reach a plateau. Once the
secretion of antibodies stops, their concentration in the blood
will fall exponentially. Such qualitative dynamics of antibody
titers allow us to arrive at the following differential equations.

In a time interval from O to the cessation of antibody
production (t), a change in the antibody titer dT during an
infinitely small time interval can be described as:

ar = Lat — Lrat, ®)
Vi %4

The solution to this equation takes the form of:
_ A (] _ M
T(t) 7 (1—e™), )

where q is the rate of antibody production;

V. is the total blood volume in the organism, ml;

A is the immunoglobulin elimination constant expressed as
day.

Since g equals 0 once the secretion of antibodies has
stopped (t > 1), differential equation (8) will take the following
form:

dT = —det, (10)
v

The solution for equation (10) can be written as follows:

T(t) — T(T)e—l(t—'r) _ Vq? (1 _ e—},'r)e—l;(t—'r). (11)

Table 2. Estimates of equation (7) parameters

Parameters of the model (8-11) were determined using the
numeric method of least squares in Excel.

Fig. 3 shows the dynamics of median IgM titers and a
theoretical curve described by equations (9) and (11).

The proposed mathematical model is useful for solving a
range of applied problems, like computing the level and duration
of immune protection following exposure to the infective dose.

Let us formulate the problem. There is a need to determine
the level and duration of protective immunity after exposure to
the infective dose D, given that the probability p of developing
the infectious disease does not exceed a given (forced)
probability.

Based on the hazard factor law (4), by analogy with equation
(5), let us find ID,, at which the probability of the disease after
exposure to the infective dose D equals p:

_argerf(2p-1)
. (12)
. . k
ID:(T) = Dye JKinp

Having found /D;O (T) let us now find, based on the bivariate
log-normal distribution, the IgG titer at which /D;o (T) is:

K
InT = InTsg + Iyypier e In 2 (13)

|| Dsp
klr:LT

Earlier in this paper, we showed that at a given point in
time after exposure the IgG titer is a continuous stochastic
variable which follows a log-normal distribution. So, there is
some probability that this titer will be equal to or be higher
than T (the protective titer). Assuming there is a sufficiently
high probability p (T) that the antibody titer is equal to or
higher than T, let us find a median titer which ensures this
probability:

argerfii-2p)

JEr

(14)

— g 1
Antibody type InTe olnT, ka [ Correlation coefficient Fisher’s criterion Significance of model
N nT
IgM 2.658 0.007 0.459 0.012 1 34,260 <0.01
19G 4.709 0.021 2.051 0.024 0.998 406 <0.01
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Table 3. Distribution parameters for a random antibody titer at a given point in time after exposure and statistical estimates

— Statistical estimates for equation (7)
Time after exposure, days | Sample size, N Median T, |F klnT Fisher’s c . o
y criterion orrelation coefficient
IgM
2 2 5.9 1.213 - -
5 9 6.9 0.27 6900 1
8 13 11.8 0.566 44,500 1
12 17 16.1 0.326 4200 1
23 19 18 0.427 4600 1
31 73 36.6 0.472 705 0.997
42 87 32.7 0.473 4150 1
49 50 27.6 0.621 2100 0.999
58 26 20.2 0.403 9400 1
66 35 14 0.617 560 0.997
73 6 10.1 0.635 8650 1
19G
6 18 19.6 0.308 33 0.897
12 17 42.6 0.275 17 0.968
28 19 72.2 0.621 38 0.951
42 88 118.2 1.77 50 0.936
64 23 92.9 1.283 40 0.953
70 27 74 0.805 4 0.955
79 26 66.2 1.582 51 0.981
Then the probability of an individual not developing the —att>t
disease after exposure to the infective dose D is the product T.(t) = T(T)e_’?{t_@ _ %(1 _ o AT) At (17)

of multiplication of 2 probabilities: the probability p (T) that the
IgG titer will be higher than T and the probability 1-p (D) that
the infected person will not develop the disease after exposure
to the infective dose, i.e.:

argerfi(i1-2p)
T.=Te V¥

It follows from this solution that for humans with a given
antibody titer, the level of protection (protective immunity)
is linked to the probability of developing or not developing a
disease disease following exposure to some infective dose D.

Now, let us find the duration of protective immunity, i.e. the
time interval thoughout which the IgG titer equals to or is above
a given value. This is consistent with the median Te titer being
equal to or above the value determined by equation (14).

By equaling the median titer 7, determined by (14) to its
dynamics over time, we will get:

—att<t

To(t) = 5 (1— ™),

IgM titers 7 days after exposure
T

(15)

(16)

50
..
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30
20
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00
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argerf[2F(T)-1]

Fig. 2. The linear representation of the distribution law for random IgM and IgG titers
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The onset time ¢ and the termination time tt are inferred from
equations (16) and (17). Those are time points after exposure
at the beginning and at the end of the time interval throughout
which the median titer is maintained at the level equaling to or
higher than a given level determined by expressions (16) and
(17):
~ ln[l—%i“e(t)]

£ = — ) (18
Telt)
b= 1 —Te® (19)

The graphic representation of these time values is provided
in Fig. 4.

Considering the abovesaid, the duration of protective immunity
can be calculated using the formula:

Te(t) v
Iz 1n[1 qlTe(r)]

h A

1gG titers 33 days after exposure
Il

(20)

At=t, —t,=T—
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Fig. 3. The dynamics of median IgM (A) and IgG (B) titers over time

These solutions work for different types of antibodies
produced after exposure to a pathogen or after immunization.

In the most general case, parameters of the proposed
models depend on a number of factors like sex, age (children,
adults, individuals of advanced age), general health (seemingly
healthy individuals, patients with chronic conditions, etc.),
medical history (a past history of the disease or immunization,
immunized patient with or without a past history of infection).

In order to quantitatively determine the level and duration
of protective immunity, we need to know 5 quantitative
characteristics of virulence for each of homogenous population
groups in a system of 2 random variables: the infective dose
and the antibody titer at which the disease develops, as well
as to describe the dynamics of antibody titers after infection or
immunization.

DISCUSSION

As a rule, the literature provides only qualitative or semi-
quantitative estimates. Often, there is no characterization of
antibody titers at some point in time after exposure: positivity
coefficients are described instead. Usually, no theoretical
rationale for antibody titer dynamics is provided [2, 3, 8, 18, 19].
The dynamics of antibody titers are different for different
antibody types. For example, the rates of production of
IgM and IgG antibodies to the N-protein and RBD are not
the same. IgM antibodies to the N protein are produced at a

T

e

Te(f)

Te(f) 1I9G
160
V= 5000 ml;
140 : P g = 36,500 AU/days;
A = 0,45 1/days
T =62 days

.
120 . .

.
100 = L *
o

0 20 40 60 80 100 120

t (days)

faster rate and have a high peak, whereas IgG-antibodies for
the same protein are produced at a slower rate and do not
reach high concentrations. By contrast, IgG antibodies to RBD
grow rapidly, whereas IgM antibodies to RBD are produced
at a slower rate [18, 19]. Most of the existing ELISA kits for
measuring antibodies to SARS-CoV-2 target the S-protein, its
RBD fragment and the N protein.

CONCLUSIONS

A few mathematical models were developed in the course of
this study: 1) the hazard factor law, which models the probability
of developing COVID-19 after exposure to the infective dose of
SaRS-CoV-2 by an individual who already has some IgG; 2) the
model of antibody titer dynamics in a human organism based
on the averaged rate of antibody production over time — and
the rate of simultaneous antibody elimination by all bodily
mechanisms; 3) using these 2 models, a method for measuring
protective immunity and its duration was proposed. Similar
solutions can be applied to immunized populations. In order
to obtain hard numbers reflecting the level and duration of
protective immunity, parameters of the proposed models need
to be experimentally identified first. This will help to bridge the
existing gap associated with the absence of one of the basic
vaccine characteristics: developers of SARS-CoV-2 vaccines
do not know what antibody levels and immunity duration are
protective against the disease.

t, t (days)

Fig. 4. The graphic representation of the solution to the problem of protective immunity duration
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Despite the low incidence, low mortality and relatively mild symptoms of COVID-19 in children, there has been a rise in pediatric patients who develop a condition
resembling Kawasaki disease after COVID-19 or contact with individuals infected with SARS-CoV-2. This condition is known as the pediatric inflammatory
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COVID-19-ACCOLUNPOBAHHbIAN NEOUATPUYECKUIA MYJNTBTUCUCTEMHBbIN
BOCNAJIUTENIbHbIA CUHOPOM

0. B. Jlo63umH'24, A. H. Yckos!, H. B. Ckpunderko'?, A. A. BunbHuy 2= M. K. Bextepesa'?, U. B. BabadeHko'?
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HecMOTpst Ha HEBBICOKYIO 3a00/18BaEMOCTb U NETAIbHOCTb, OTHOCUTENBHO lerkoe TedeHne COVID-19 B negunarpn4eckon nonynaumm, B NocieaHee BpeMs y
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KapTUHE CxoXero ¢ 60Me3Hbl0 KaBacaky, KOTopoe Moy4mio Ha3BaHne neamaTpuyecknin MynsTUCUCTEMHbIN BOCNANMUTENbHbIA CUHAPOM, aCCOLMMPOBaHHbI C
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The pandemic of the novel coronavirus infection (COVID-19)
is still raging; so far, over 130 million confirmed cases and 2.8
million deaths from COVID-19 have been reported [1]. According
to different sources, children make up approximately 2-5% of
the affected patients [2-4]. Across Russia, the prevalence of
COVID-19 in children is 1-8.6% [5], and in most cases the
disease is asymptomatic or mild. According to the US Centers
for Disease Control and Prevention (CDC), pediatric mortality
from COVID-19 is less than 0.1%, while the hospitalization rate
is about 2.5%. Of all children and adolescents hospitalized
for COVID-19, only 0.8% required intensive care [6]. Severe
comorbidities were the primary cause of admission to intensive
care units.

However, in April 2020 reports started to emerge in US,
UK [7, 8] and then other countries about the growing number
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of children and adolescents hospitalized to intensive care
units with symptoms resembling Kawasaki disease, signs of
damage to multiple organs, the clinical picture of toxic or septic
shock, and myocarditis with subsequent cardiogenic shock.
In all those cases, the patients had a history of contact with
individuals infected with SARS-CoV-2 2—-6 weeks prior to the
onset of symptoms or had SARS-CoV-2-specific antibodies.
Notably, the symptoms of acute COVID-19 in most of those
children admitted to intensive care units were very mild and
their nasopharyngeal swabs collected at the time of admission
for PCR tests were negative for SARS-CoV-2. In Europe, their
condition was named the pediatric inflammatory multisystem
syndrome temporally associated with SARS-CoV-2 infection
(PIMS-TS). In the USA, the condition is referred to as
multisystem inflammatory syndrome in children (MIS-C).
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Hypothetical mechanisms of PIMS-TS

The pathogenesis of PIMS-TS is a subject of ongoing debate.
There is a hypothesis that the key implicated factor is delayed
interferon production at the onset of SARS-CoV-2 infection,
which results in severe disease and significant damage to the
lungs in older patients at week 2 after infection. In children, PIMS-
TS appears to develop after the virus is no longer detected on
naso- and oropharyngeal mucosa by laboratory tests [9, 10].
According to another hypothesis, the underlying mechanism
of PIMS-TS is similar to that of Dengue fever and relies on
the antibody-dependent enhancement of viral replication via
phagocytosis and death of immune cells, which, in turn, causes
septic shock and multiorgan failure [11]. The literature describes
a clinical case of a child with PIMS-TS who died of heart failure;
the post-mortem pathomorphological examination detected
the presence of the virus in the patient’s cardiac muscle tissue,
suggesting that virus-mediated tissue injury may have been a
potential contributor to PIMS-TS [12]. Macrophage activation
syndrome has a very similar pathogenesis; it is observed in
children with systemic juvenile idiopathic arthritis and COVID-
19-related hemophagocytic lymphohistiocytosis [13-15].
Similar to Kawasaki disease, autoantibodies are suspected to
play a role in the pathogenesis of PIMS-TS. It is reported that
autoantibody levels in infected children with PIMS-TS are higher
than in healthy children, children with acute COVID-19 and
those with Kawasaki disease. Autoantibodies participating in
lymphocyte activation, intracellular signaling and cardiogenesis
are superexpressed in PIMS-TS patients. Some autoantibodies
to various types of casein kinase are only seen it patients with
PIMS-TS. The involvement of multiple organs and tissues in
PIMS-TS might be explained by the ubiquity of potential targets
for such autoantibodies [16]. According to recent reports,
patients with PIMS-TS have elevated levels of IL18 and IL6,
increased lymphocytic and myeloid chemotaxis and mucosal
immune dysregulation [17]. Hyperinflammation in patients with
PIMS-TS differs from that associated with Kawasaki disease,
in which IL17A plays the key role; it is also different from acute
CQVID-19 in children and cytokine storm in adults [16].

Clinical and laboratory criteria for PIMS-TS

According to systematic reviews [18-22], clinical manifestations
of PIMS-TS include a persistent (at least 5-day-long) fever
observed in 97-100% of cases, skin symptoms (rashes in 36—
81% of cases), mucosal involvement (conjunctivitis and cheilitis
in 30-94% of cases), edema in feet and hands (16-68%), and
mild lymphadenopathy (10-60%). Gastrointestinal symptoms
are reported in 84-87% of cases, setting in at the earliest stages
of the disease, and manifest as pain in the stomach, vomiting
and diarrhea. Respiratory systems (cough and rhinorrhea) are
less common (12-34%). Cardiovascular involvement is seen in
25% of patients with PIMS-TS; according to ultrasonography
data, some patients develop coronary artery damage without
myocarditis and acute coronary syndrome, which distinguishes
PIMS-TS from Kawasaki disease: in Kawasaki disease, the
risk of arterial damage is inversely proportional to age and is
observed in infants during the first year of life, whereas PIMS-
TS develops in older children and adolescents: according to
different literature sources, the median age for this disease
is 8-9 years [19, 20, 23, 24]. In some cases, damage to the
cardiovascular system manifests as acute myocardial injury
accompanied by cardiogenic and vasodilatory shock that
requires vasopressor and inotropic therapy, and by elevated
cardiac myocytolysis markers [21, 22, 25]. Importantly, 26-56%

of children with PIMS-TS have neurological symptoms, like
headache, mental confusion or meningeal symptoms [19].

Laboratory tests show that patients with PIMS-TS have
significantly elevated proinflammatory markers (C-reactive
protein, procalcitonin, ferritin, ESR, IL6, fibrinogen). Markers
of myocardial injury (brain natriuretic propeptide, N-terminal
pro-brain natriuretic peptide, troponin) can be elevated in such
patients, too. Most patients with PIMS-TS have heightened
D-dimer, neutrophilia, lymphocytopenia and low albumin.
Thrombocytopenia is another PIMS-TS feature distinguishing
it from classic Kawasaki disease. ECG may be suggestive
of repolarization abnormalities, focal ischemic changes,
conduction anomalies and arrhythmias. In 60% of PIMS-TS cases,
echocardiography reveals signs of myocarditis, including
reduced left ventricular ejection fraction (< 50%) in half of the
cases, pericardial effusion in 34% of cases and coronary artery
dilatation in 23% of cases [19]. Abdominal ultrasound scans
may be suggestive of hepatosplenomegaly, lymphadenopathy,
ascites, colitis or ileitis [6, 26]. Chest X-ray and CT features
may include ground glass opacities in the lungs, changes to
the interstitium, possibly associated with insufficient blood
supply, acute respiratory distress syndrome and coagulation
disorders.

The absence of confirmed involvement of a causative agent
other than SARS-CoV-2 in the symptoms listed above is a
crucial criterion for establishing the diagnosis of PIMS-TS. The
differential diagnosis should include sepsis, toxic shock caused
by streptococci or staphylococci, and enterovirus-associated
myocardial injury, Kawasaki disease, macrophage activation
syndrome, hemophagocytic lymphohistiocytosis, and the
onset of a systemic connective tissue disease [27].

CDC and WHO have proposed diagnostic approaches to
PIMS-TS accounting for the results of clinical and laboratory
tests and the past medical history of the patient. The most
elaborate diagnostic and management guidelines for PIMS-TS
have been put forward by the consensus of UK experts (Table).

The diagnosis of PIMS-TS is hampered at the prehospital
stage. The onset of PIMS-TS shares similarities with early
symptoms of other infectious diseases. As a result, patients
with PIMS-TS are often referred to the departments of infectious
diseases for intestinal, neurological or other respiratory
infections. Considering the high risk of life-threatening
conditions in patients with PIMS-TS, it is crucial to timely
identify children with PIMS-TS in order to initiate immediate
treatment and minimize poor outcomes.

PIMS-TS in Saint Petersburg

At present, the prevalence of PIMS-TS in Russia in general and
Saint Petersburg in particular is unknown because the disease
is often classified to ICD codes used for other conditions.
However, it is still possible to conduct a preliminary analysis
of admissions for COVID-19-associated PIMS-TS to intensive
care units of Saint Petersburg hospitals for infectious diseases
during the epidemic.

The first pediatric admissions with clinical and laboratory
signs of PIMS-TS were reported in April and May, 2020. The
first patients with PIMS-TS admitted to the City Clinical Hospital
for Children Ne 5 (the main inpatient care facility that admits
pediatric patients with COVID-19) were reported in June 2020,
2 months after the Hospital began to admit adult patients with
acute COVID-19. In Saint-Petersburg, the surge in PIMS-TS cases
occurred in the fall of 2020. From November 2020 through
January 2021, the City Clinical Hospital for Children Ne 5
and the Saint Petersburg State Pediatric Medical University
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Table. Diagnostic guidelines for PIMS-TS

Criteria Parameters
Age < 21 years
+ body temperature above 38 °C for > 1 day
+ hospitalization required
Plus > one of the following:
Low blood pressure or signs of cardiogenic/vasodilatory shock
Clinical Signs of serious cardiac injury (signs of myocarditis, pericarditis, valvulitis, elevated troponin/natriuretic peptide,
coronary anomalies, etc.)
Or
Plus > two of the following:
Maculopapular eruption
Bilateral non-purulent conjunctivitis
Signs of oral mucosa or limb skin involvement
+ Two or more of the following laboratory parameters:
Neutrophilia, lymphopenia, thrombocytopenia, hypoalbumenia, elevated CRP, ESR, fibrinogen, ferritin, D-dimer, IL6,
Standard o
> OR elevated procalcitonin
(e}
g One of following SARS-CoV-2 tests:
§ V'mlOg'?/ Positive PCR test at the time of presentation or within 4 weeks prior to presentation
serologic
Presence of IgM or IgG antibodies
+ One or more factors within 6 weeks prior to onset of symptoms:
Close contact with infected person
. . . Close contact with patient with COVID-19 symptoms who had a history of contact with another individual with COVID-19
Epidemiological )
confirmed by laboratory tests
Travelling to or living in areas with COVID-19 spread
Definition Confirmed (from clinical, laboratory and virologic/serologic tests)
of clinical case Possible (from clinical, standard laboratory, and epidemiological data)

admitted 25 and 17 children, respectively, meeting the criteria
for PIMS-TS [28].

During the preCOVID era, the incidence of Kawasaki disease
in Saint Petersburg was less than 1.6 per 100,000 children
under 18 years; in November and December, it increased to 5.2
per 100,000 children, i.e. it could be estimated as 20 cases per
100,000 pediatric population over 12 months. From November
through January, there was a 10-15-fold increase in PIMS-TS
cases; its future dynamics are difficult to predict.

According to the Pediatric Research and Clinical Center
for Infectious Diseases, the number of hospitalizations for
Kawasaki disease disguised as a gastrointestinal infection did
not exceed 3-5 before 2018. But between January 2018 and
December, 2020, as many as 30 children were hospitalized
(10-12 children per year) with Kawasaki symptoms. In most
cases, the patients were boys under 5 years who met the 2006
EULAR/PreS consensus criteria for vasculitides [29, 30].

Saint-Petersburg reported the first patients with PIMS-TS
in April and May 2020. A few unusual Kawasaki cases were
detected retrospectively in December 2019. This does not
rule out the possibility of the virus having sneaked into the
population earlier. By August 2020, the PIMS-TS wave had
almost subsided; new cases began to emerge in October
2020, and keep coming in now.

The Pediatric Research and Clinical Center for Infectious
Diseases admitted the first patient with PIMS-TS in October
2020; over the course of 4 weeks starting from late December
2020, 14 more children with PIMS-TS were hospitalized. In
contrast to Kawasaki disease, all admitted patients were older
than 4 years, of them 53% were girls (1 = 8). The mean age of
the children was 11.25 + 3.28 years for boys and 8.75 + 3.99
years for girls. All the children were hospitalized for persistent
fever lasting for over 3 days (3.77 + 2.08 days). Of them,
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20% were hospitalized on day 1-2 after onset, the rest were
admitted on day 4.46 + 1.66 after onset. The main referral
diagnosis was acute respiratory infection (53%; n = 8) or acute
gastroenteritis (33.3%; n = 5). On admission, 67% of children
had exanthema and 30% had diarrhea. Markers of pronounced
systemic inflammation were detected by laboratory tests in
all patients at the time of admission: C-reactive protein was
elevated (>150 mg/L) in 100% cases; 8 out of 10 children
who took a procalcitonin test had high procalcitonin levels. In
all cases, signs of cardiac injury were detected. In one case,
the patient had a history of the novel coronavirus infection
(2 months before admission to the Center); 3 children (20%)
had a history of contact with a potentially infected person; 14
children (93.3%) had IgG against SARS-CoV-2. PCR tests
showed that all collected naso- and oropharyngeal swabs were
negative for SARS-CoV-2.

In order to understand the etiology of the disease, a
few laboratory tests were conducted. In 66.7% (n = 10) of
cases, the pathogen was identified (mostly enteroviruses and
Yersiniaceae). Two or more pathogens that could cause the
symptoms were implicated in 20% of cases. But the confirmed
presence of the pathogen could not explain the severity of
inflamnmation and the frequency of organ involvement, including
the heart, in initially healthy children.

CONCLUSION

Currently, PIMS-TS is a diagnosis by exclusion. However,
it is not fully clear whether PIMS-TS should be excluded
in the presence of other etiologic factors contributing to the
disease. There is no clear understanding whether PIMS-TS
is an independent disease that develops in children with a
history of COVID-19 or a pathologic immune response to other
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etiologic agents in patients recovering from mild/asymptomatic
COQOVID-19. More data, including laboratory testing results, are
needed about the course of different infections in children and
adolescents with a past history of COVID-19.

We cannot predict whether a child is at risk for PIMS-TS
after contracting a co-infection, considering that COVID-19 is
asymptomatic in most children and teenagers.

A child at risk for PIMS-TS may present at any specialist,
including a pediatrician or a specialist in infectious diseases.
The doctor will be responsible for making a decision on
hospitalization or immediate initiation of therapy. Although
all clinicians are familiar with the clinical guidelines for the
management of patients with COVID-19, many of them do not
have sufficient knowledge about PIMS-TS and are not aware
of the approaches to its treatment. In contrast to Kawasaki
disease, there is no evidence that intravenous immunoglobulins
have any advantages over other therapies or are indicated
for PIMS-TS. There are not clear indications and regimens
for anticytokine therapy in children with PIMS-TS. Treatment
strategies for such patients are borrowed from clinical
rheumatology and hematology, which treat similar conditions,
including Kawasaki disease, macrophage activation syndrome
and hemophagocytic lymphohistiocytosis.

So far, there are no clear, practical recommendations for
identifying patients with suspected or likely PIMS-TS that would
help to determine the treatment strategy at different stages of
the disease.

PIMS-TS is a multidisciplinary problem. Due to multiorgan
involvement, the team of specialists delivering medical care
to such patients should include infectious disease specialists,
critical care physicians, cardiologists, rheumatologists,
radiographers and specialists in functional diagnostics. Patients
with PIMS-TS require ICU and cardiovascular monitoring
equipment and well-equipped laboratories.

There is no consensus protocol for managing children
with PIMS-TS. Russian and foreign guidelines recommend
antibiotics, intravenous immunoglobulins, aspirin,
glucocorticoids, recombinant interleukin-1 receptor antagonist
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EVALUATION OF EFFICACY OF THE AMINO ACID-PEPTIDE COMPLEX ADMINISTERED
INTRAGASTRICALLY TO GOLDEN HAMSTERS EXPERIMENTALLY INFECTED WITH SARS-COV-2

Laptev DS'™ Protasova GA', Petunov SG', Radilov AS', Chepur SV?, Gogolevskiy AS?, Myasnikov VA?, Tyunin MA?, Smirnova AV?
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The development of coronavirus infection outbreak into a pandemic, coupled with the lack of effective COVID-19 therapies, is a challenge for the entire pharmaceutical
industry. This study aimed to assess the treatment and preventive efficacy of the amino acid-peptide complex (APC) in male Syrian hamsters infected with SARS-
CoV-2 (intranasal administration of 26 pl of the virus culture, titer of 4 x 10* TCD, /ml). In a modeled COVID-19 case, APC administered for treatment and preventive
purposes reduced lung damage. Compared to the positive control group, test group had the lung weight factor 15.2% smaller (trend), which indicates a less
pronounced edema. Microscopic examination revealed no alveolar edema, atypical hypertrophied forms of type Il alveolocytes, pulmonary parenchyma fibrinization.
The macrophage reaction intensified, which is probably a result of the APC-induced activation of regenerative processes in the lung tissues. Spleens of the animals
that received APC for therapeutic and preventive purposes were less engorged and had fewer hemorrhages. The decrease of body weight of the test animals
that received APC for treatment and prevention was insignificant (o < 0.05), which indicates a less severe course of COVID-19. Administered following a purely
therapeutic protocol, APC proved ineffective against SARS-CoV-2 post-infection. Thus, APC-based drug used as a therapeutic and preventive agent reduces
pulmonary edema and makes morphological signs of lung tissue damage less pronounced in male Syrian hamsters infected with SARS-CoV-2.
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BBEOEHM 30JIOTUCTbIM XOMAKAM, 3KCNEPUMEHTAJIbHO 3APAXKEHHbIM SARS-COV-2
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obnactb, Poccust
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PacnpocTpaHeHve KopoHaBMPYCHON MH(eKUMM A0 MaclLTaboB MUPOBOI MaHAEMUN U OTCYTCTBME 3PMEKTNBHLIX CPEACTB naToreHeTny4eckon Teparmn COVID-19
SABNAOTCH BbI3OBOM [/ BCE (hapMakonornieckon otpacnu. Liensto aaHHom paboTsl 66110 OLeHUTb 3PdEKTUBHOCTL NEHEOHO-NPOMUNAKTUHECKOrO MPUMEHEHNS
aMUHOKWMCOTHO-NenTaHoro komnnekca (ArNK) Ha camuax CUPUCKNX XOMAKOB, MOABEPTHYTbIX 3apaxkeHnto SARS-CoV-2 nHTpaHasanbHbIM BBeAeHEM 26 MK
KynsTypbl Brpyca Tutpom 4 x 10° TL, /M. JledeGHo-npodunakTdeckoe npumereHne AlK NosBonigeT CHU3NTL MOPaXkeH e Nerknux npu MoaenpoBaHiy
COVID-19. MeHbLUMIM, NO CPaBHEHWIO C rPYMMOV NONOXUTENBHOO KOHTPONS, Ha 15,2% (TeHaeHLMst) BECOBOM KO3MMULIMEHT NErknx CBUAETENbCTBYET O MeHee
BbIPa>KEHHOM X OTeke. Pe3ynsTraTbl MUKPOCKOMMHYECKOro UCCIEA0BaHNA NoKasanu OTCyTCTBUE anbBEONSPHOMO OTeKa, aTUmYHbIX M1nepTPodMUpPOBaHHbIX (hopm
anbBeonoumToB Il Tvna, ropUHM3aLMN NeroYHon napeHxmmel. OTMEYEHO yeueHne MakpodaraibHOM peakum, KOTOPoe, BEPOSTHO, SBASIETCA OTPaKeHNeM
axTmBauun AlNK pereHepaTopHbIX MPOLIECCOB B TKaHSX Nerkux. B ceneseHke >MBOTHbIX, nofyyasLumnx AMK B ne4ebHO-NpohrnakTnHecKmx Lensx, BbiseneHa
MeHbLLas CTerneHb rmnepemMmi ¢ yHacTkamy KpoBom3nmsiHuiA, OTCyTCTBME CTATUCTUHECKN 3Ha1VMON (o < 0,05) oTpuLaTensHON AMHAMVIKV Macchl Tena npv nevebHo-
npogunakTn4eckom nprmeHeHnn ANK oTpakaeT CHIbKeHe OBLLEeN TxecTy TedeHns 3abonesarns COVID-19. icnonssosaHire AlNK no nevebHon cxeme nocne
3apakeHnst SARS-CoV-2 okazanocb HeadeKTVBHbIM. Takim 06pa3oM, NpuMeHeHne npenapata Ha ocHose AlNK B kadecTBe fieHebHO-NPOMUIaKTUHECKOro
CpefcTBa BbI3bIBAET CHUKEHME OTeka Nerknx 1 yMeHblleHne MOPdONOrM4ecKNX NPU3HAKOB NOBPEXAEHUS NIErO4HON TKaHW Y CamLOB CUPUIACKVX XOMSIKOB,
noaBeprHyTbix 3apaxeHunto SARS-CoV-2.

Kntouesble cnosa: COVID-19, oTek ferkux, atmnm4Hble MHEBMOLMTbI, CUPUICKME XOMSIKA
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Despite all the quarantine measures taken, at the turn of 2019-
2020 SARS-CoV-2, a coronavirus causing COVID-19, quickly
spread through the Chinese provinces first and then all around
the world. According to the World Health Organization, by
March 2020 coronavirus infection reached proportions of a
pandemic.

According to the published literature, the "gateway" for
SARS-CoV-2 infection are cells expressing angiotensin-
converting enzyme 2 (ACE2) receptors: respiratory tract
epithelium, alveolocytes, vascular endothelium, epithelium
of the gastrointestinal tract, myocardium and some parts of
the central nervous system [1]. The virus replicates in type |l
alveolocytes, the replication producing a large number of viral
particles. Apoptosis of the affected cells disrupts the pulmonary
ventilation and perfusion processes, promotes accumulation of
fluid in the alveoli and causes diffuse damage thereof [2].

Joint research effort by scientists from many countries
yielded successful development of SARS-CoV-2 vaccines
[8], which, provided the vaccination campaigns are large-
scale, will significantly reduce the number of severe and fatal
cases. However, the question of development of effective and
safe medications preventing COVID-19 progression into life-
threatening forms remains urgent [4]. Current research and
development efforts focus on innovative and cost-effective
therapies relying on monoclonal antibodies that would reduce
the risk of development of COVID-19 complications [5, 6], as
well as on the new approaches to suppress the cytokine storm
with the help of opioid peptides that inhibit expression of pro-
inflammatory cytokines by immune cells through suppression
of translocation of the nuclear factor kappa B (NF-«xB) active
dimer [7].

Syrian hamster is the most suitable and accessible
experimental model that can be used for preclinical assessment
of the efficacy of pharmaceutical drugs against respiratory
dysfunction that develops as part of COVID-19 course [8].
Infected with SARS-CoV-2, these animals exhibit clinical
picture, viral kinetics, histopathological changes and immune
responses very similar to those registered in coronavirus
patients [9]. During the first week after infection, the animals
had pronounced clinical signs of COVID-19. Rapid respiration
and weight loss accompanied histopathological changes, from
the initial exudative phase of diffuse damage to the alveoli and
extensive apoptosis to a later proliferative phase of tissue repair.
There was also registered spleen atrophy, which is probably
associated with pronounced activation of cytokines [10].

Since the main causes of death in COVID-19 cases are
pulmonary edema, pneumonia and respiratory failure resulting
from the virus affecting alveolar cells in the lung's respiratory
parts, it seems appropriate to conduct a preclinical study of
the drug based on the amino acid-peptide complex (APC) that
proved to have an anti-edema effect in an ex vivo pilot study
involving isolated rat lungs. The protective effect manifested in
slower (1.5 times) increase of the isolated lung-heart complex
mass in the test group compared to the control group (o < 0.05),

the rate measured during 90-minute perfusion, which reflects
the rate and degree of development of pulmonary edema [11].

Thus, the purpose of this work was to assess the efficacy
of application of the experimental APC for therapeutic and
therapeutic and preventive purposes in the male Syrian hamster
COVID-19 model.

METHODS

SARS-CoV-2 was isolated from a clinical sample obtained
from a sick patient. The oropharyngeal swab was collected
into a 15 mm tube with DMEM medium (Lonza; Switzerland)
without serum and transported to the laboratory. The sample
was filtered through a 0.2 ym syringe filter on the same day.
The virus was isolated and accumulated on a Vero (B) cell
culture (BiolT; Russia) in EMEM medium with L-glutasin
(BiolT; Russia) with 2% of fetal bovine serum (BiolT; Russia)
and 1% of antibiotic-antimycotics (Gibco; USA). After each
passage employing the real-time polymerase chain reaction
reverse transcription method (RT-PCR-RT), we determined the
presence of the virus and its titer growth against the original
sample with the help of the commercially available Detection
Kit for 2019 Novel Coronavirus (2019-nCoV) RNA (PCR-
Fluorescence Probing) (Sun Yat-sen University; China). Having
analyzed the virus nucleotide sequence, we established it
belonged to GR subclass. The infectious activity of SARS-
CoV-2 was determined on a Vero (B) cell culture in 96-well
plates; the tissue culture infective dose (TCID) was established
with the help of the Reed—Muench method [12]. The animals
were infected with viral culture of the fifth passage, the titer
of which was 4 x 10* TCD,/ml. The virus was introduced
intranasally, with a mechanical Eppendorf dispenser, 13 pL into
each nostril followed by a controlled inhale.

The test animals were outbred male golden Syrian hamsters
Mesocricetus auratus aged 4-6 weeks (body weight of 80-100 g),
obtained from the nursery of ZAO NPO Dom farmacii
(St. Petersburg). The animals were kept in conditions prescribed
by the Directive 2010/63/EU of the European Parliament and
of the Council of the European Union of September 22, 2010
(on protection of animals used for scientific purposes) [13]. The
controlled parameters were room microclimate (temperature,
humidity, air exchange rate), quality of feed and bedding
material. The animals were on a standard diet; the feed was
formed into pellets. As for the lighting, 12 hours were daytime
and 12 hours nighttime.

After randomization by body weight, the animals were
divided into four experimental groups (n = 10).

Group 1, negative control: daily intragastric (i/g) administration
of APC, dose — 75 mg/kg, duration — 7 days.

Group 2, positive control: single administration of SARS-CoV-2.

Group 3, treatment and prevention protocol: daily intragastric
(i/g) administration of APC, dose — 75 mg/kg, duration — 7
days; eighth day of the experiment — infection of the animals
with SARS-CoV-2.

Table 1. Body weight of Syrian hamsters infected with SARS-CoV-2; absolute and relative data presented as M + SE (n = 10)

Group Ne Experiment pattern Background, g On the 7t day after infection, g M?:S(;:;_Zfatgl:?r:?eﬂE)r?‘nozhe
1 APC 105.1 £ 3.5 101.3 £ 3.9 96.3+1.0
2 SARS-CoV-2 105.4 +2.6 95.0 + 2.7* 90.1 +1.1*
3 SAiﬁfgp&i;g’:i’r;ifgl‘em 106.1+2.9 98.6+26 93.0+1.4
4 SARS-CoV-2 + APC, treatment protocol 1076 + 4.6 96.6 + 3.4 90.0 + 1.3*

Note: #* — statistically significant difference from the background; * — statistically significant difference from group 1.
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Table 2. Mass ratios of internal organs of Syrian hamsters infected with SARS-CoV-2 (M + SE; n = 10)

Group Ne Experiment pattern Lung mass ratio Spleen mass ratio
1 APC 6.6 +0.1 1.6 £0.1
2 SARS-CoV-2 10.5 + 0.6* 1.7 £0.1
; o T e
4 SARS-CoV-2 + APC, treatment protocol 9.5 +0.5* 1.5+0.2

Note: * — statistically significant difference from group 1; # — statistically significant difference from group 2.

Group 4, treatment protocol: infection of hamsters with
SARS-CoV-2 followed by APC administration in the course of
7 days.

After the infection with SARS-CoV-2, the animals were
observed twice a day for signs of COVID-19 (ruffled fur,
hunched posture, shortness of breath, anorexia, lethargy) [14].
Body weights were recorded once a day through the study
period.

On the eighth day after infection with SARS-CoV-2, all
animals were euthanized by an overdose of general anesthetic
(Xila, 20.0 mg/ml and Zoletil 100, 50.0 mg/ml, 1 : 1 ratio, 1.0
ml per 1.0 kg of body weight, intramuscularly). Subsequently,
their internal organs (lungs, heart, spleen) were taken out for
the purposes of assessing the mass ratio (the ratio of the mass
of the organ (mg) to the total mass (g)) and pathomorphological
analysis.

The internal organs were fixed in formalin (10%). Tissue-Tek
VIP closed cycle histology processor (Sakura; Japan) enabled
organ dehydration and degreasing, and Tissue-Tek TEC
paraffin station (Sakura; Japan) was used to embedded them
in paraffin. The fixed sections 5 pm thick were made with the
help of Accu-Cut SRM 200 rotary microtome (Sakura; Japan).
Histological sections were stained with hematoxylin and
eosin, picrofuchsin for connective tissue (Van Gieson's stain),
Weigert's elastic stain for fibrin. The nucleic acids were identified
with pyronine and methyl green stains (Brachet method). The
prepared histological sections were analyzed with the help of
Axioskop 40 microscope (Carl Zeiss; Germany) with a ProgRes
CFscan color digital camera (Carl Zeiss; Germany) relying on
special software to video document the results obtained.

GraphPad Prism 5.04 software (GraphPad Software;
USA) enabled statistical processing. With the data distribution
among the paired samples being normal, comparison relied
on the Student's t-test. When the distribution of data was
different from normal, the Wilcoxon test for paired samples
was used. The intergroup differences were assessed with

the Mann-Whitney U test. The differences were considered
significant at p < 0.05.

RESULTS

The experiment established that animals of groups 2 and 4,
which were infected with SARS-CoV-2, statistically significantly
lose body weight compared to the animals of the control group
1 (Table 1). The reduction of weight of the group 3 animals,
which received APC under the treatment and prevention
protocol, was not statistically significant.

All experimental groups had the lung mass ratio increasing
to values significantly greater than those registered in the
negative control group (APC), but in group 3 (treatment and
prevention protocol) this increase was the least pronounced
(Table 2). In addition, group 3 animals had their spleen mass
ratio decreased significantly.

Pathomorphological analysis of the lungs of group 1 animals
revealed a few areas of alveolar hemorrhage and atelectasis in
three samples out of five. In addition, it was established that
perivascular infiltrates were of predominantly lymphocytic
composition. The changes were regarded as spontaneous
pathology caused by euthanasia.

Microscopic examination of lung parenchyma revealed
that all test animals of group 2 had diffuse alveolar lesions
manifested by intra-alveolar edema with an admixture
of erythrocytes, macrophages, desquamated damaged
alveocytes, lymphocytes (Fig. 1A) and alveolar hemorrhages.
Vascular lesions were characterized by thrombosis, perivascular
edema and polymorphic cell infiltrates, plasmatization of
interalveolar septa and walls of small vessels (Fig. 1B). Also
among the findings were hyperplasia and hypertrophy of type
Il alveolocytes, with pneumocytes of atypical irregular shape
and enlarged nuclei and nucleoli (Fig. 2A). Brachet staining
allowed a clearer visualization of atypical forms of alveolocytes
(Fig. 2B).

Fig. 1. Lung. Group 2. A. Alveolar edema (stained with hematoxylin and eosin; magnification x1000). B. Thrombosis (weigert staining for fibrin; magnification x650)
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Fig. 2. Lung. Group 2. A. Diffuse alveolar damage, hypertrophied atypical type Il alveolocytes (hematoxylin and eosin staining; magnification x650). B. RNA of the cytoplasm
of atypical type Il alveolocytes stained pink-red, Brachet staining (pyronine and methyl green; magnification x1000)

In two test animals of group 2 the lungs had fibroblast
proliferation foci with developing tissue granulation. The fibrin in
lung parenchyma (discovered with Weigert stain) was diffused
(Fig. 3A, B).

In group 3 (treatment and prevention protocol), four our of
five animals had their pathomorphological picture characterized
by the absence of alveolar pulmonary edema. Microscopy of
the lungs revealed peribronchial and perivascular infiltrates,
areas of microbleeds in the lung parenchyma (three out of
five animals). In addition, hyperplasia of type Il alveolocytes

and an increase in macrophage reaction were registered
(Fig. 4A, B). Alveolocyte hypertrophy and atypia were observed
in only one of five animals. In this group, Weigert staining of
lung preparations did not reveal fibrinization of the parenchyma
(see Fig. 3D).

Pathomorphological changes in the lungs of group 4
animals were largely the same as the destructive changes in
the lung parenchyma of group 2 animals.

The analysis of histological preparations of the heart did not
reveal any morphological differences between test groups, with

Fig. 3. Lung. Group 2. A. Fibroblast proliferation, focal fibrosis, hemorrhage (staining with hematoxylin and eosin; magnification x400). B. Diffuse deposition of fibrin in the
parenchyma (magnification x200). C. Fibrin deposits in lung parenchyma (magnification x400). D. Group 3, no fibrin (weigert staining for fibrin; magnification x200)
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Fig. 4. Lung. Group 3. A. Polymorphic-cell infiltration, reinforced macrophageal response (magnification x650). B. No diffuse alveolar damage in the lungs

(staining with hematoxylin and eosin; magnification x200)

the exception of two animals, one from group 1 (control), which
had pericarditis, and one from group 4, which had pericarditis,
myocarditis, spot necrosis and hemorrhage.

Microscopic examination of the spleen revealed that the
follicular structures of the white pulp and reactive centers were
not changed, and the level of mitosis was same as with the
control. In the red pulp of the spleen, there was an accumulation
of plasmacytic cells of varying maturity; the degree of severity
differed within groups (in two out of five animals in groups 1, 2
and 3, in three out of five animals in group 4). Plasmacytic cells
were detected by histochemical staining with methyl green
and pyronine (the Brachet method). In addition, hyperemia
with hemorrhage was observed in all groups, with the most
pronounced changes registered in groups 2 and 4.

DISCUSSION

According to our observations, administration of the APC-
based medication to Syrian hamsters under the treatment
and prevention protocol makes the course of the disease
less severe, the alleviation manifesting in smaller weight
loss, which is considered an integral indicator characterizing
general condition of the body infected with SARS-CoV-2. The
body weight loss trend observed in hamsters receiving APC
is probably connected with its stimulating effect on energy
metabolism and activation of catabolic processes [15].

The lung mass ratio decrease shows that the edema grows
less pronounced, which confirms the previous assumption of
the studied drug's decongestant effect revealed on the isolated
lungs model [11]. This effect may be the result of the APC-
based medication's ability to limit permeability of the blood-
air barrier through support of the cells' metabolism by active
components of the drug and regulation of the glucose uptake
by direct translocation of the GLUT family transporters to
plasma membrane, which makes the medication a promising
remedy for mitochondrial dysfunction [15].

Pathomorphological examination of the lungs showed
that a single intranasal administration of 26 pl SARS-CoV-2
solution (virus titer 4 x 10* TCD,/ml) triggered COVID-19 in
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Syrian hamsters, the disease manifesting in diffuse alveolar
lung damage with vascular lesions, which associates with its
early exudative stage [16].

Pathomorphological analysis allowed determining the
main criteria for evaluation of the lung preparations: presence
of alveolar edema, intraalveolar hemorrhages, hyperplasia,
hypertrophy and atypia of type Il alveolocytes, proliferation of
fibroblasts, lung parenchyma vascular lesions (perivascular
edema, infiltrates), thrombi, etc.

The comparative pathomorphological evaluation of the
lungs of SARS-CoV-2-infected animals that received APC-
based drug under the treatment and prevention protocol
(group 3) and group 2 animals (positive control) revealed certain
differences in histopathological changes. Group 3 animals had
no alveolar edema, atypical and hypertrophied forms of type |l
alveolocytes, lung parenchyma fibrinization. All animals of this
group exhibited reinforced macrophage response, which, most
likely, reflects activation of regenerative processes in the lungs.

Pathomorphological analysis of histological preparations
of lungs, heart and spleen of group 4 animals (received APC-
based drug under the treatment protocol) revealed pulmonary
edema, hemorrhages, hypertrophy and atypia of alveolocytes,
vascular damage. The nature of the destructive changes identified
generally corresponded to that found in group 2 animals.

Administration of the APC under the treatment protocol
did not have a significant effect on the course of the infectious
process. The established fact corresponds to the literature
data on the greater effectiveness of certain pharmacological
agents when they are used for COVID-19 prevention rather
than therapy, which may be associated with the virulence of
SARS-CoV-2, its high replication rate and rapid development
of clinical manifestations of the disease [17, 18].

CONCLUSIONS

APC-based drug used as a therapeutic and preventive agent
reduces pulmonary edema and makes morphological signs of
lung tissue damage less pronounced in male Syrian hamsters
infected with SARS-CoV-2.
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Current oncology and oncohematology treatment methods allow more patients to successfully survive the disease. However, afterwards, most survivors have to
deal with a wide range of symptoms and side effects and need rehabilitation. Personalized rehabilitation programs for such patients employ various methods of
physical medicine. Physical activity is an important component of the cancer patients' treatment and rehabilitation. It improves their functional health, specifically —
physical performance, cognitive function, psychological health, and makes the quality of their lives better. Physical activity increases muscle strength, alleviates the
radiation and chemotherapy side effects and relieves fatigue. Personalized exercise programs are employed to monitor patient's condition and exercise tolerance.
Physical and cognitive rehabilitative interventions are performed simultaneously as part of interdisciplinary rehabilitative care, so this approach can have a synergistic
effect. It is necessary to factor in contraindications when prescribing regular physical activity, exercise and other methods of rehabilitation, otherwise they can lead
to clinical complications.
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PEABUTNTALUNA B OHKOJIOINI
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CoBpeMeHHOE Ne4eHNEe OHKONOMUHECKIX 1 OHKOremMaTonorm4ecknx 3abonesanmnii MPMBOANT K MOBbILLEHNIO BbDKMBAEMOCTYN NauneHToB. OfHako OoMbLUMHCTBO
BbDKUBLLIVIX MALMEHTOB CTANKVBAOTCS C LUMPOKMM CMIEKTPOM CUMMITOMOB 1 MOBOUHbIX 3hhEKTOB 1 HyKaaloTes B peabunutaummn. VHovsmayansHble nporpammbl
peabunuTaLmmn Takvx 605bHbIX BKIOHAIOT B Ce65 pasdnnyHble METOAbI (PU3NHECKOM MeAULIMHBL. Pr3nyeckas akTUBHOCTb SBSIETCS BaXKHBIM KOMMOHEHTOM B fIeHeHIIN
N peabuanTaummn 60MbHbIX OHKOMOMMHECKMIN 3aB0NEBAHNAMI 1 YAyYLLIAET 1X (DYHKLMOHANBbHOE 3[0PO0BbE B OTHOLLEHWN (PU3NHECKON paboTOCMOCOOHOCTH,
KOTHUTUBHBIX (DYHKLWA, MCUXONOMMHECKOro 3[0POBbS M KadecTBa U3HU. Puandeckas akTVBHOCTb YBENMHYMBAET MbILLEYHYIO CUJlY, YMEHbLUAET NoBOYHbIE
apheKTbI Nly4EeBO 1 XUMUOTEPANUM U CHXKAET YTOMASEMOCTb. [119 KOHTPONS COCTOSHIUSA NaLMeHTa 1 ToNepaHTHOCTU K (DU3NHECKMM Harpy3kam 1CMoMb3yoT
VNHAMBUOYaNbHO afanTUpOBaHHble MPOrpaMMbl (USNHECKNX YIPaXKHEHUI. PeabuanTaLpmoHHble BMeLLATENBCTBA (OU3NHECKOM 1 KOTHUTVBHOW HanpaBieHHOCTU
BbIMOMHSAKOTCS OAHOBPEMEHHO B paMKax MEXAUCLMNINHAPHOM peabunMTaLyOHHON NOMOLLM, MOSTOMY TakoW NMOAXOL, MOXET UMETb CUHEPreTUHECKA ahdeKT.
PerynsapHble hranyeckime Harpyaku, ynpakHeHs 1 Apyrvie MeToabl peabunmntaumm HeobxoaMMOo NMPYMEHSTL C yHETOM MPOTVBONOKA3aHWIA, B MPOTUBHOM ClyYae
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The term "cancer survivor" dates back to the 1980s, but today
the numbers of cancer survivors are growing aimost exponentially.
Many people who have had cancer experience difficulties in their
daily life, as about 50% of them suffer one or more concomitant
chronic diseases caused by cancer or its treatment. Some late
symptoms may be caused by surgery, radiation therapy, or
chemotherapy. In this connection, the number of studies dedicated
to rehabilitation of cancer patients is growing, with some of them
covering pre-surgery rehabilitation aimed at raising the chances of
survival [1, 2]. Regular physical activity is an important component
of rehabilitation of such patients: it improves their functional
state, physical performance, mental health and quality of life. It is
imperative to minimize the functional impairments and disabilities
that such people have to deal with during and after the treatment,

and to promote their reintegration into society. This goal requires
a coordinated team of physiotherapists, physical therapists and
occupational therapists who are familiar with the unique needs of
this patient group.

Cancer patients should be informed about rehabilitation,
especially about physical therapy (exercise therapy), from the
moment of diagnosis. Understanding the vital importance of
ability to work, cancer survivors are highly motivated to return
to their jobs, since many of them are able and willing to work [3].

Rehabilitation in pain management. Exercise therapy

Debilitating pain is one of the most common and persistent
problems faced by cancer patients and cancer survivors,
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with 55% of them experiencing it during treatment and
40% thereafter. Currently, pharmacotherapy is the standard
approach to cancer pain management. Both patients and
many healthcare providers are unaware of the potential
benefits of rehabilitation in managing pain during and after
cancer treatment. Rehabilitation of cancer patients relies on
interdisciplinary cooperation aimed at functional optimization
and pain relief. Accurate diagnosis of pain is a critical step in
clinical decision making [4]. Sensitization of the central nervous
system is added to the primary causes of pain. In this case,
the pain is associated not with tissue damage but with altered
pain modulation that generates nocyplastic pain (pain arising
from altered nociception), which can alter the response to both
specific and general exercise therapy. Adaptation of rehabilitation
methods to the prevailing mechanism of pain can increase their
effect. The rehabilitation methods, including manual therapy,
specific and general exercise therapy, must be applied as part of
an interdisciplinary approach to pain management, taking into
account the nature of the pain and proper assessment of the
results. Individual exercise therapy programs differ in content
(exercises for mobilization, stretching, muscle strengthening)
and duration (time, frequency and intensity). Manual therapy
research in oncology addresses passive joint mobilization and
massage therapy. Passive manual mobilization is primarily
aimed at restoring the range of motion of the joint. The pain
can be relieved through activation of mechanoreceptors and
stimulation of fast-conducting nerve fibers. One of the studies
has shown the beneficial effect passive mobilization has on the
long-term prevalence of locoregional pain when done during
the first week after surgery [5].

Physical activity diminishes the side effects of treatment,
reduces the risk of recurrence of cancer and concomitant
cardio-metabolic diseases. Based on the results of three
summits that discussed the role of physical therapy, the
involvement of physical therapists in solving the problems
of noncommunicable diseases, including cancer, has been
declared an urgent professional priority [6]. A summary of
53 systematic reviews covering exercise therapy prescribed
to populations of cancer patients showed that exercising is
beneficial before, during and after treatment of all types of
cancer, and it is safe to exercise at any stage of the disease
[7]. Personalized exercise programs are employed to control
patient's condition and capability to exercise [8]. Fatigability is
often associated with pain (and vice versa) and can interfere
with regular general exercising. Some cancer treatments
have toxic effects on the cardiovascular system, resulting in
decreased exercise tolerance. This must be taken into account
when compiling an exercise program; ideally, the patient should
receive treatment from an interdisciplinary team addressing
stress, anxiety and sleep disturbances [9].

A meta-analysis of randomized clinical trials (RCTs)
conducted using the European Organization for Research and
Treatment of Cancer Questionnaire C30 (EORTC-QLQ-C30)
[10] showed that cancer patients and cancer survivors who
performed aerobic and/or resistance exercises had the pain
significantly less intense. A Cochrane Review summarizes
the beneficial effects of general physical activity, including
aerobic exercise therapy, resistance training and occupational
therapy [11]. The mentioned reviews failed to identify the
type of exercise therapy and the specific methods that are
most effective for pain relief. The response to exercise varies
among patients suffering chronic musculoskeletal pain; it may
even lead to hyperalgesia [12]. For arthralgia associated with
hormone therapy, which affects up to 50% of breast cancer
(BC) survivors, a combination of aerobic training and muscle
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strengthening exercises is recommended [13]. A high-quality
RCT has shown that 150 weekly minutes of aerobic exercising
and strength training can lead to clinically significant pain relief
in these patients [14]. Aerobic exercise can neutralize many
of the side effects of anticancer therapy and reduce mortality
from all types of cancer by increasing the maximum oxygen
consumption (VO, max) [8]. Pilates has been included in many
rehabilitation practices: it is statistically more effective than other
interventions for reducing pain in BC patients [15]. Yoga is also
gaining popularity as part of the cancer patients rehabilitation
programs, as reflected in a review of 29 RCTs [16]. The authors
of this review report exercising improves overall quality of life
and reduces fatigue and stress.

The biological mechanism behind the capacity of
exercising to reduce mortality and improve overall health is an
area of research that is still in its infancy. Changing levels of
blood and urine biomarkers associated with cancer can be a
manifestation of the beneficial effects of exercise therapy. Such
biomarkers enable investigations of the specific physiology
and mechanisms through which exercising affects relapse
occurrence and cancer progression. According to the results
of the analysis of 15 studies (including 12 RCTs) dedicated
to blood and urine physical activity biomarkers sampled from
cancer survivors [17], moderate intensity exercise therapy
(70-85% of the maximum heart rate and/or 11-13 points on
the Borg Scale Rating of Perceived Exertion) has a significant
effect on some biomarkers: fasting insulin concentration either
decreased or remained relatively stable, but increased in
untrained patients; insulin resistance decreased post-exercise
with no change in control; the levels of IGFI (insulin like growth
factor 1), IGFIl and IGFBPS (insulin like growth factor binding
protein 3) decreased after 6 months of training and increased in
the control group, which translated into a significant difference
between the groups. Control group showed growing leptin
levels, which went down after exercising. Serum osteocalcin
levels remained stable after post-exercise but increased in the
control group.

Restrictions in daily activities are associated with increased
toxicity of chemotherapy, decreased ability to complete
treatment, and decreased overall survival. An RCT studied
the effect of outpatient occupational/physical therapy (OT/PT)
program developed for elderly functionally impaired cancer
patients (65-92 years old) on their functional state [18]; the
report states that the OT/PT group participants' social acting,
physical functioning and aspiration to activity has increased
significantly. Occupational therapy reduces stress in cancer
patients, which allows better coping with psychosocial problems
and improves functioning.

Thus, exercise therapy is safe and well tolerated by cancer
patients both during and after treatment. However, the available
data indicate that its analgesic effect is weak.

Breast cancer

The five-year survival rate for non-metastatic BC exceeds 84%
[19]. However, most BC survivors suffer the consequences of the
disease or its treatment: pain, decreased arm muscle strength,
lymphedema, chronic fatigue and depression, cachexia,
decreased lung capacity and range of motion, decreased
health-related quality of life (HRQOL), as well as psychosocial
consequences, such as stress and reduced social interactions,
functional activity and life roles [20]. The loss of muscle mass
and decreased performance capability typical of BC patients
translate into passivity and deterioration in health. Therefore,
post-surgery rehabilitation gets more attention nowadays.
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Patients who exercise before, during, and after BC treatment
are more likely to return to work. Low-intensity aerobic training
twice a week is well tolerated even by patients undergoing
concurrent radiation or chemotherapy [21, 22].

Breast cancer survivors usually avoid using the affected
arm, which worsens the physical condition and should be
compensated for by strength exercises, since the loss of
muscle mass increases the risk of metabolic and cardiovascular
diseases [23]. A workout program helped increase muscle
strength by 20% and reduce perceived fatigue, as well as
improve physical, role-related, emotional and social functioning.
At the same time, the program while reducing side effects
experienced during and after cancer treatments. Results
from RCTs support the benefits of starting exercise as early
as possible. Training loads induces beneficial responses in
other tissues, such as bone. This is especially important for
BC patients, who have bone density below normal. Strength
training helps prevent further bone loss. Authors of the study
recommend including high-intensity strength training sessions
in the BC patient rehabilitation programs, such rehabilitation
subject to careful examination and monitoring of patients [19].

Breast cancer survivors suffer from shortness of breath and
low exercise tolerance. The involvement of lymph nodes drastically
reduces the peak expiratory flow rate. Respiratory physical
therapy is the main method for preventing these complications.
Pulmonary rehabilitation, early mobilization and sputum clearance
from the airways have a positive effect on symptoms associated
with respiratory complications and improve lung function in BC
patients. The effectiveness of physical therapy in restoring lung
function after BC treatment is especially apparent in patients with
cancer at advanced stages [24].

Lung cancer

In oncology, pulmonary rehabilitation (PR) is an interdisciplinary
complex treatment aimed at improving postoperative results
and alleviating complications in patients that received radiation
or chemotherapy [25].

Patients with inoperable lung cancer often have low physical
status, low exercise tolerance and are physically passive. A
clinical trial of an eight-week at-home PR program designed for
lung cancer patients treated non-surgically that implies gradual
increase of physical activity has shown that rehabilitation can
mitigate the afore conditions and increase the likelihood of
successful completion of active lung cancer therapy [26]. A
Cochrane review dedicated to rehabilitation/exercise therapy
for patients with advanced, inoperable lung cancer supports
these findings [27].

The European Society of Thoracic Surgeons' Guidelines
for Recovery from Lung Surgery recommend prehabilitation
for patients with borderline lung function or reduced exercise
tolerance [28].

Patients undergoing chemotherapy for lung cancer or
malignant pleural mesothelioma completed an eight-week at-
home PR program that combined exercise with therapeutic
education and psychosocial management. These patients
were educated to recognize the dyspnea threshold and
advised to do the daily 30-45 minute exercise program at
least 5 days a week. The program included endurance training
on a bicycle ergometer, muscle strengthening exercises with
weights (dumbbells) and elastic resistance bands, walking
and stairs climbing. There were no PR side effects observed.
The physical activity and anxiety scores improved significantly.
Post-PR reevaluation showed a correlation of these results with
the somatic status of the patients [29].

A meta-analysis that included 15 RCTs (870 participants in
total) studying the effect of breathing exercises on dyspnea, six-
minute walking distance, anxiety and depression in lung cancer
patients shows a positive effect of such exercises on dyspnea
and the six-minute test results, especially post-surgery. The
authors propose to introduce breathing exercises into routine
clinical practice [30]. The increased long-term survival of
lung cancer patients and other benefits of PR prompted the
Australian Society of Clinical Oncology to issue the official
position that all lung cancer patients should be prescribed
exercise as part of standard therapy [31].

Hematologic malignancies

The conditions peculiar to hematologic malignancy (HM)
patients are cytopenia, nausea, vomiting, anorexia, loss
of energy, anxiety and depression associated with muscle
dysfunction, loss of muscle mass and decreased muscle
strength. These symptoms can lead to decreased physical
activity and development of the disuse syndrome [32]. A cross-
sectional, observational study aimed to identify the factors
influencing muscle function in HM inpatients; the results of
this study show that a rehabilitation intervention designed to
increase physical activity and improve the nutritional status
(diet therapy) should be considered necessary in the context of
improvement of muscle function in HM patients [33].

Lymphoma survivors usually complain of long-term and late
side effects of treatment, such as chronic fatigue, pain, muscle
weakness, neuropathy, anxiety, depression and deteriorating
functionality and quality of life [34-36]. Programs that include
exercise and relaxation have a positive effect on and relieve
these symptoms. In the context of the Relaxation and Exercise
In Lymphoma study, patients practiced a 12-week at-home
rehabilitation program [37]. For the majority of lymphoma
patients (86%), at-home rehabilitation after chemotherapy
was a positive experience that facilitated recovery. Thus, post-
treatment rehabilitation programs designed for HM patients
should include observation, motivation building, exercise
therapy and healthy lifestyle recommendations.

Abdominal cancer

Surgery combined with radiation and/or chemotherapy is
the standard approach to abdominal cancers. Malnutrition,
decreased physical activity and pain increase the risk of sub-
optimal healing after surgery. In addition, 70% of colorectal
cancer patients, 10-79% of prostate cancer patients, 42-70%
of pelvic cancer patients experience symptoms of dysfunctions
of pelvic floor (bladder, intestine and reproductive organs) after
surgery. To learn the feasibility of interdisciplinary approach to
rehabilitation of patients who underwent surgery for abdomino-
pelvic cancer, there was designed a study investigating
functional disorders, symptoms of pelvic floor muscle
dysfunction, changes in muscle strength and physical activity,
anxiety, depression and HRQOL before the rehabilitation and 8
weeks and 6 months thereafter [38].

After surgery for stage I-lll colorectal, gynecological or
prostate cancer, patients underwent an eight-week training
program under the supervision of a physical therapist,
physiologist, psychologist and nutritionist. Post-rehabilitation,
there were clinically and statistically significant changes
identified. The patients' exercise capacity improved, bowel
symptoms and depression faded, HRQOL increased
immediately after the program was completed and remained
at the achieved level after 6 months. Exercise therapy for the
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pelvic diaphragm muscles increases their contractility and
improves sphincter control. Thus, oncologic rehabilitation
should be considered an integral component of standard care
protocols applied in abdominal and pelvic cancer cases [38].

Cancer cachexia and muscle atrophy

Cancer cachexia causes muscle atrophy and loss of body
weight, which accelerates the progression of cancer, worsens
treatment outcomes, and decreases chances of survival.
Complex treatments, including physical therapy, are used to
counteract muscle atrophy. Different types of exercise have
different effects: for example, endurance training stimulates
oxidative metabolism but does not increase the in muscle
mass significantly, whereas resistance exercises lead to muscle
hypertrophy. Moderate load resistance exercises are used to
prevent muscle atrophy. As the muscle mass decreases, there
occurs a structural shift from slow-twitch muscle fibers to
fast-twitch muscle fibers. To induce muscle hypertrophy, the
magnitude of the load is critical: moderate load training will
stimulate only the slow-twitch fibers and not fast-twitch fibers.
The decrease in the mass of fatigue-resistant slow-twitch
fibers is partly responsible for the exercise intolerance and
fatigue often observed in cancer patients. This means that, if
the patient's physical condition allows, it is beneficial to advise
higher load exercise in order to slow down muscle loss [39].

Rehabilitation of cancer patients: organizational aspects

Most cancer survivors prefer exercising at home with
coordination done by the cancer center's exercise therapy
specialists. Regular monitoring of how the patients follow the
exercise program promotes a lasting change in their behavior
(increases adherence to treatment and recommendations).
Thus, rehabilitation in the cancer center followed by the
prescribed at-home exercising monitored regularly may be a
preferable model of exercise therapy rehabilitation of cancer
patients that is further enhanced by a continued information
exchange between oncologists and exercise therapy
specialists and prompt communication of the treatment results
to the medical team. Based on these principles, Canadian
rehabilitation therapists have developed and implemented
a clinically integrated program " Wellness and Exercise for
Cancer Survivors" for patients of a major cancer center. This
program capitalizes on the upsides of the in-hospital and at-
home rehabilitation models, with “home” refers to a variety
of exercise environments, including fitness centers and
outdoor activities. The program, innovative in its structure,
demonstrated the central role of the cancer center in providing
supportive care to patients in need thereof. The participants
could attend weekly group sessions to practice the exercise
technique. For independent exercise, they received a detailed
program guidance, resistance bands and gymnastic balls.
Follow-ups to reevaluate and adapt the exercise program were
scheduled 6, 12, 24, and 48 weeks after the initial examination
and exercising prescription. Despite a significant dropout rate,
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FEATURES OF INTERLABORATORY COMPARISON METHODS WHEN MEASURING
VIBROACOUSTIC PARAMETERS

Sterlikov AV'=, Kurilenko YuV?, Voronkov AA?

" Research and Technical Center of Radiation-Chemical Safety and Hygiene of Federal Medical-Biological Agency, Moscow, Russia
2 Tsifrovye Pribory Ltd, Moscow, Russia

External quality control in the form of interlaboratory comparisons (ILCs) is an important criterion of the testing laboratory competence. The study was aimed
to summarize the approaches to developing objects for proficiency testing (OPT) based on physical simulation of acoustic noise sources, airborne ultrasound,
vibration, and the practice of their use for ILC. Analysis of the OPT effectiveness based on physical simulation of factors, the test benches (TBs), was performed
based on their testing and certification results, as well as on the results of appropriate ILCs. The results of using TB as OPT are considered for the following factors:
acoustic noise, airborne ultrasound, and vibration. When measuring acoustic noise, TB played back the acoustic noise record with high stability. ILC involving
measurement of airborne ultrasound was performed the same way, however, the frequency of the acoustic signal being reproduced was in the range of 11-22 kHz.
TBs, based on a manual mechanized tool and a platform equipped with electromechanical agitator, were developed for ILC involving the measurement of local
and general vibration. Stability of vibration generated was provided by means of the automated system for maintaining the set level with feedback and proportional
integral derivative (PID) controller. When arranging and performing ILCs involving measurement of noise and vibration, a crucial role is played by the methods
developed specifically for ILCs, allowing one to take into account all the conditions that affect the measurement results.
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OCOBEHHOCTW METOLOB MPOBEAEHNSA MEXXJIABOPATOPHbIX C/TMYEHUIA
MPU USMEPEHUN BUBEPOAKYCTUYECKUX NOKASATEJIEN

A. B. Ctepnvkos' =9 HO. B. KypuneHko?, A. A. BopoHKoB?

T Hay4HO-TEXHUYECKWI LEHTP paanaLOHHO-XYMUHYECKOK 6e30macHoCTY 1 rurversl, Mocksa, Poccust
2 000 «[MK® Lindposble npubopsl», Mockea, Poccus

BaXXHbIM KpUTEPUEM KOMMETEHTHOCTM MUCMbITATENBHBLIX TAbopaTOpPUii ABASKOTCS Pe3yNbTaTbl BHELUHEro KOHTPOSS KavecTsa B (hopMe MexiabopaTopHbIX
cnnduTenbHbIX UenbiraHuin (MCI). Lienbto paboTsl 66110 0606LLMTL NOAXOAb! K CO3AaHNI0 06 beKTOB A1 NpoBepkin kanudukaumm (OINK) Ha ocHoBe hran4eckix
Mofene NCTOYHNKOB aKyCTUHECKOrO LLyMa, BO3AYLLHOMO yNsTPassyka, B1uopaLmm 1 nx ncnonb3osaHus ans nposeneHns MCU. Ananns abdextneHocTr OMNK Ha
OCHOBE (PU3MHeCcKNX Mofenein hakTopoB — UcMbITaTeNbHbIX CTeHA0B (VIC) nponsBoauv Mo pesynsratam UxX UCTbITaHU 1 aTTecTaumn, a Takke No pesyssratam
MCW ¢ nx ncnonbsosaHviem. PaccMoTpeHbl peaynsTaTsl cnonb3oBaHus VG B kadecTse ONMK dakTopamim akyCTUHeCKOro Lyma, YasTpassyka v Brbpauum. Mpu
M3MEPEHUAX akyCTnHeckoro Lyma VIC BOCMPOV3BOAM ero 3anmcb C BbICOKOW CTabWUIbHOCTBIO. AHaNorM4HbIM 06pas3om ocyllecTsnsnm MCU ¢ nsmepervem
YPOBHS BO3AYLLUHOIO YbTPa3Byka, HO YacToTa BOCMPOM3BOAMMOrO akyCTUYECKOro curHana Haxogmnacb B avanagdoHe 11-22 k. Ona nposepeHus MCU ¢
M3MEpEHVEM NoKasbHO 1 obLLer BrbpaLwiv Gbinmn padpaboTaHsl VIC Ha 0CHOBE PyHHOMO MEXaHM3MPOBaHHOMO UHCTPYMEHTA U MAaTdopMbl C SMEKTPOMEXAHUHECKVM
nobyantenem. CTabunbHOCTb YPOBHS reHepUpyeMOoit BUOPaLm 06ecnevmBano NprYMeHeH1e CUCTEMbl aBTOMATU3NPOBAHHOIO MOAAEPKaHMS 3aAaHHOMO YPOBHS C
0b6paTHOIN CBA3BIO 1 MCMONb30BaHNEM NPOMOPLIMOHATBHO-MHTErpasibHO-anddepeHLmansHoro perynstopa. Mpu opraHmaaummn 1 nposeaeHn MCUY ¢ namepeHviem
LyMa 1 BUOpaLWI 3HAYMTENBHYIO POSIb UMPAKOT METOAVKM, pa3paboTaHHble creLwmansHo Ans nposeaeHyst MCU n no3BonsioLLme y4ecTb BCe YCNOBUS, BUSIOLLIE
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The results of external quality control in the form of interlaboratory
comparisons (ILCs) are an important criterion of the testing
laboratory competence. The need for participation in ILCs is
one of the requirements for testing laboratories codified in the
law [1, 2]. Control over compliance with these requirements is
exercised by both Rosaccreditation, and executive authorities
in charge of accredited organizations [3, 4].

Among tests, studies, and measurements performed in
order to evaluate compliance to hygiene standards, there
are many direct measurements of physical factors, such as
acoustic noise and vibration. Over recent years there has been
an upward trend in the number of those [5].
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Conducting ILCs when measuring physical factors, affecting
humans in their living environment, such as acoustic noise and
vibration, has a number of features. The main feature is that
the object, the properties of which are being measured in the
laboratory, cannot be sent to participants for measurement.
Working place and residential development area can be
considered the examples of such objects. Thus, the model
objects are used for proficiency testing (OPT). It therefore
seems necessary to perform ILC at the premises of provider
ensuring availability of OPT and stability of OPT parameters.
The other feature of noise and vibration measurement is
impossibility of simultaneous measurement of one object by
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several laboratories, i.e. impossibility of conducting ILCs with
the use of parallel programs. That is why the ILC providers use
sequential programs with sequential access to OPT being the
source of the measured factor. Meanwhile, the measured OPT
parameters stability is controlled by reference laboratory [6]
authorized by ILC provider.

Such practice of ILCs has been carried out since 2016
within the framework of the PHYSFACTOR-TEST voluntary
certification system, as well as by other ILC providers [7, 8]. The
method for carrying out and arranging ILCs when performing
direct measurements has been reported [9].

The presence of OPT with appropriate characteristics
is a key requirement to performing ILC using the approach
described above.

Both natural and model objects may be used as OPTs. The
model objects’ assessed parameters stability is ensured by
specialized test benches (TBs).

When performing ILCs involving measurement of acoustic
noise and vibration, it is difficult to use natural objects due
to low stability, unpredictability of parameter changes during
measurement, and impossibility of setting specific parameters.

The study was aimed to summarize the approaches to
creation and the practice of using OPT based on physical
simulation of acoustic noise sources, airborne ultrasound, and
vibration for ILC, as well as to assess the effectiveness of using
the TB developed as an OPT for ILC with measurement of
acoustic noise and vibration.

METHODS

Analysis of the effectiveness of OPTs based on physical
simulation of factors, the test benches (TB), was carried out
based on the results of TB testing and standardization, as well
as the results of ILCs performed with the use of those.

The basic requirements for TB are as follows:

— the level of the factor generated should be in the range
from the value three times (or by 10 dB) exceeding the detection
threshold of the measurement systems, most commonly used
by laboratories, to the level around the threshold limit value;

— parameters of the studied feature (hereinafter the factor)
should remain stable for at least 20-60 min;

— susceptibility of TB performance to environmental factors
should be kept to a minimum; there should also be a possibility
of considering the impact of these factors;

— it is necessary to ensure carrying out ILCs by all
participants by way of a sequential access to TB;

— it is necessary to take into account the measurement
technique (direct measurement method) and the features of
using the measurement system;

— TB should adequately simulate the impact of the measured
factor on the environment (working place, working area);

— when constructing TB, it is necessary to strike a
balance between thorough simulation of the factor impact
on environmental objects and ensuring the stability and
reproducibility of measurements;

— TB should enable setting various modes and factor
intensities;

—TB should ensure reproducibility of levels being monitored
when performing repeated measurements during the TB
operation in the course of ILC;

— when using TB, it is necessary to ensure resistance to
externally acting interfering influences (interference immunity).

The results of using TB as an OPT were treated based on
the following factors:

— acoustic noise;

— airborne ultrasound;

— local vibration;

— general machinery and household appliances vibration.

ILCs and measurements in the course of TB testing were
carried out in accordance with the previously developed programs
using the methods that had successfully passed metrological
standardization. The ILC participants knew in advance the
documents and were provided additional training prior to ILC.

All measurements were performed using the following
measurement devices:

— Ecophysika-110A system (OCTAVA-ElectronDesign; Russia);

— AK-1000 acoustic calibrator (OCTAVA-ElectronDesign;
Russia);

—KB-160 portable vibration reproducing device (vibrocalibrator)
(OCTAVA-ElectronDesign. Russia).

RESULTS

Acoustical noise was the first type of ILC of physical factors.
Currently, distribution of acoustic signal record as a reference
for proficiency testing is being widely practiced. However,
first, under this approach it could not be said that OPT is the
same object the laboratory investigates. According to their
areas of accreditation, laboratories perform measurements
on various environmental objects (working areas, human
living environment) or equipment testing. Under the approach
discussed above, OPT is a speaker or digital recording; second,
such approach in its current form has outlived its purpose and
does not enable us to judge the ILC participant proficiency
due to impossibility to perform quantitative comparison of the
measurement results with the reproduced value. Furthermore,
the content of measurement tasks does not comply with the
changed regulatory framework.

In order to ensure interlaboratory comparison, we
constructed TBs, playing back the noise with high stability. TBs
consisted of waveform generator, power amplifier, and high-
quality full-range speaker. In order to assess the short-term
stability, we used the reproduced by TB noise parameters of
the model OPT, averaged during direct measurement. During
the short periods, corresponding to typical ILC duration (up to
120 min), this parameter varied within the limit of + 0.5 dB,
which provided the short-term TB stability appropriate for ILC.
Within the interval of several months with the same settings,
the noise level reproduced by TB varied within the limit of +
2 dB, which provided the long-term stability appropriate for
continuous operation of TB.

The area of the facility, in which the measurement is
performed, should be at least 40 m?, and the minimum linear
size of the facility should be at least 2.5 m2. Standard room
environment conditions for temperature, humidity, pressure,
and air velocity should be maintained.

Test points should be selected 1 m away from the sound
source at a height of 1.5 m from the surface of the floor. The
reference point should be no closer than 1 m from the walls,
window and door openings. Depending on the number of
measured noise parameters and measurement program, the
number of reference points may vary between 1 and 4.

Sensitivity of sound level meter (measurement system) was
tested prior to measurement. The testing was performed in
accordance with the sound level meter user guide. Sensitivity
test was carried out using class 1 acoustic calibrator by GOST
IEC 60942 having the verification certificate and approved by
the sound level meter manufacturer.

During the measurements, the acoustic level (acoustic
pressure) of background noise should be different from
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the acoustic level (acoustic pressure), provided by operating
source, by not less than 10 dB. There should be no random
noise in the facility.

The test duration was at least 1 min, and the number of
measurements for each reference point was at least 3.

Measurement accuracy in accordance with the method
used [10, 11] is characterized by expanded uncertainty of
measurements with a coverage factor of 2, corresponding to
95% confidence interval. Expanded uncertainty of measured
acoustic level with the method applied does not exceed 1.2 dB,
and the expanded uncertainty of measured acoustic pressure
does not exceed 2.2 dB.

More than 150 interlaboratory comparisons have been
carried out.

Performing ILC with the acoustic level (acoustic pressure)
measurement using the discussed TB met the need for correct
comparison of the results obtained by the ILC participants and
the reference laboratory, as well as for adequate simulation of
the real world conditions of acoustic noise measurement at the
working place or other object. The proposed ILC method made
it possible to set different levels for the factor to be measured.
When conducting measurement, it is necessary to maintain the
conditions required for prevention of erroneous results.

ILC with the airborne ultrasound level measurement was
performed the same way. Design of TB, being the object
for proficiency testing, was almost the same, however, the
frequency of the acoustic signal played back was within the
range of 11-22 kHz. High-frequency transducer with high pass
filter having a cut-off frequency of 7-9 kHz was used to play
back ultrasound signals.

TB simulated the source of airborne ultrasound at the
working place. The 1/3-octave-band acoustic pressure level
was measured. TB made it possible to achieve the acoustic
pressure levels of up to 85-87 dB.

The requirements for conducting measurements are generally
the same as for acoustic noise parameters measurement.
However, the important factor affecting the measurement results
is pointing the sound level meter microphone at the source of
ultrasound signal. In some microphones, it is necessary to consider
the parameter adjustment for ultrasonic frequency range.

All acoustic measurements during ILC were performed with
the microphone fixed in the reference point with a rack.

Interlaboratory comparisons, when vibration is measured by
testing laboratories, are no less urgent and much more complex
in terms of arranging and conducting. The measurement
results are influenced by numerous factors: vibration source
stability resulting from its design and operating mode, type
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Fig. 1. Flow chart for the physical model of TB for local vibration OPT with automated
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and quality of the measurement system transducer fastening,
mechanical interaction of the “worker—instrument—processed
object” system, etc. That is why vibration measurement
during simple simulation of the working process with the use
of manual mechanized tool by the user would result in sharp
discontinuities in the results, i.e. actually, there no short-term and
long-term stability of measurements would be observed. This
would make it difficult to compare these during interlaboratory
comparisons. In addition, the user would be adversely affected
by vibration. Even greater difficulties can be expected while
ensuring measurement of general vibration, provided mostly by
massive equipment and transport.

The circumstances described above have made it
necessary to develop TBs that could be used as a part of OPT
to measure the general vibration levels during ILCs.

Initially, the possibility of measuring local vibration with
an instrument in idle or eccentric loading mode was studied.
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However, in this case, stability proved insufficient. Thus, TB
with automated specified mechanized tool vibration level
maintenance using the proportional integral derivative (PID)
controller was designed (Fig. 1). Multifunction tool or drilling
machine supported by hanger (bracing) was used as a manual
mechanized tool.

The results of comparative vibration level measurements in
the presence and absence of feedback are presented in Fig. 2.

The data presented demonstrate that the system with
feedback shows much more stable levels of local vibration
generated for vibration acceleration. This justifies the increased
complexity of TB for ILCs with measurement of local vibration.

To date, over 100 interlaboratory comparisons with the use
of discussed TB have been performed.

When performing ILC with measurement of local vibration, a
three-component vibration sensor was fixed on the instrument
handle with a cubicle adapter in accordance with GOST 31192.2
[12]. Sensitivity axes of the vibration sensors were oriented in
the Z, X and Y directions in accordance with the basicentric
coordinate system of the human hand doing the work [13]. The
absence of interference caused by electromagnetic fields and
sensor cable movement were checked prior to measurement.
Microclimatic conditions were consistent with the measurement
system operation conditions.

The measurement was performed during a number of
observation periods. At least four measurements of adjusted
acceleration for each direction in each reference point were
performed during each observation period. The duration of
each test was at least 15 s.

Measurement accuracy in accordance with the method used
[14] is characterized by expanded uncertainty of measurements
with a coverage factor of 2, corresponding to 95% confidence
interval. Expanded uncertainty of measurements performed
using the method does not exceed 3.8 dB.

TB made it possible to achieve the level of vibration
acceleration up to 135 dB.

The reported approach to performing ILC with the use
of TB to generate stable vibration met the need for correct
comparison of the results obtained by the ILC participants and
the reference laboratory, as well as for adequate simulation
of the real world conditions of local vibration measurement at
the working place. The designed TB made it possible to set
various levels of the factor to be measured, and ensured stable
vibration generation.

A number of testing laboratories need to perform
interlaboratory comparisons when measuring general machinery
or household appliances vibration. Hygienic characteristics
and standards of general machinery vibration, as well as the
procedure of general machinery vibration measurement, differ
from those of local vibration. General machinery vibration and
household appliances vibration are the low-frequency vibration
types, and are measured with the use of adapter, for example
the floor standing platform mounted on the surface, on which
the measurement is performed.

It is extremely difficult to perform ILCs with the measurement of
general vibration on the basis of the physical object, therefore,
it was necessary to develop the TB simulating the general
vibration source. Such TB was developed. It was a platform
sized 300 x 300 mm with a 3000 rpm electric motor fastened
from below. The electric motor was operated in the eccentric
loading mode, which resulted in vibration of the bench. In order
to ensure stability and set the level of vibration acceleration,
electric motor was included in the automatic control loop
with vibration acceleration feedback, as described above.
When performing measurement, the measurement system

accelerometer was mounted on the platform surface. The
platform itself was placed on a shock absorbing material.

TB made it possible to achieve vibration acceleration levels
of up to 180 dB. During TB standardization, it was found that
the average level of general vibration generated (Z-axis — Lz)
depending on the frequency (F) was as follows:

F Hz Lz, dB
4 60,1
8 81,6
16 103,1

31,5 109,4
64 94,5

Thus, maximum energy of vibration acceleration was
observed in octave bands of 16 and 31.5 Hz, which was typical
of general or household appliances vibration. For instance,
such range corresponds to vibration induced by subway trains,
and the 20-50 Hz frequency vibration is common to numerous
industrial sources of general vibration.

Vibration acceleration was measured for 6 days, 4-6
measurements with test duration of 5 min. It was found, that
during the entire observation period the measured equivalent
vibration acceleration levels fluctuated in the following way: for
X-axis within the limit of 0.7 dB; for Y-axis within the limit of
2.3 dB, and for Z-axis within the limit of 1.0 dB. During one
measurement session, the measured vibration acceleration
fluctuations did not exceed 0.2 dB for X-axis, 0.6 for Y-axis,
and 0.5 dB for Z-axis, which indicated the short-term stability
of measurements appropriate for ILC.

Thus, TB designed for ILCs with measurement of general
vibration factor ensures adequate simulation of the real
world conditions of the general vibration measurement and
makes it possible to perform measurements with sequential
ILC participants’ access to TB. The use of discussed TB
would enable correct comparison of the general vibration
measurement results obtained by the ILC participants, and the
reference laboratory. TB has been already introduced into the
work of the ILC coordinator acting under the authority of the
PHYSFACTOR-TEST voluntary certification system.

In case of small discontinuity of measured vibration
acceleration values the expanded uncertainty can be calculated
by classifying general vibration measurements as single
measurements [15].

DISCUSSION

Currently, simulation of technological processes and situation
at environmental objects is quite common for measurement of
standardized physical factors. Therefore, the development and
application of noise source physical models for the purposes of
ILC are consistent with the established practice of such factors’
measurement. The need for such simulation for the purposes
of ILC results from the requirements for OPT.

TBs described in this report ensure adequate simulation
of acoustic noise sources at the working place and other
environmental objects, and make it possible to ensure
interlaboratory comparisons for all the methods applied for
acoustic noise and vibration parameter measurement.

TBs contained microcontroller vibration agitator controls
with feedback, which provided appropriate stability of the
generated local and general vibration.

The methods developed specifically for ILCs play a crucial
role in arranging and conducting ILCs. The use of standardized
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measurement methods makes it possible to take into account all
the conditions affecting the measurement results, and provide
metrologically traceable measurements during ILC [10, 11,
14]. The measurement of acoustic pressure in the ultrasonic
range and general vibration acceleration is performed as direct
measurement in accordance with the ILC programs, however,
the methods for measuring these factors are planned to be
developed and standardized.

The ILC results are evaluated based in the |En| criterion [,
16], which ensures objectiveness of the judgment about the
participating laboratory proficiency.

When performing ILC, it is possible to evaluate both the
measurement results and the compliance with measurement
procedure, which can be also used to assess the participants’
proficiency.
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THE LIMITATIONS AND CAPABILITIES OF WIPE SAMPLES ANALYSIS IN CONTROL OF CONTAMINATION
OF FACILITIES WITH HIGHLY TOXIC ORGANIC COMPOUNDS

Shachneva MD &, Leninskii MA, Savelieva El
Research Institute of Hygiene, Occupational Pathology and Human Ecology Leningrad Region, Russia

Wipe sampling is widely used for microbiological control purposes. Sanitary and chemical studies also include analysis of samples wiped from the work surfaces
during routine and periodic working conditions safety inspections at chemical facilities. The analysis also allows assessing the toxicity and hazard of items/structures that
could be in contact with highly toxic substances. This study aimed to investigate the capabilities and limitations of the surface wipe sample analysis method in control
of residual contamination of equipment and building structures of a former chemical weapons destruction facilities (CWDF) with sulfur mustard and O-isobutyl-S-
(2-diethylaminoethyl) methylphosphonothioate (VR), as well as their degradation products. Gas chromatography with tandem mass spectrometry (GC-MS/MS)
enabled identification of the sulfur mustard markers, high-performance liquid chromatography with tandem mass spectrometry (HPLC-MS/MS) allowed identifying
VR markers. An assessment of the matrix influence on the results of GC-MS/MS and HPLC-MS/MS analysis was carried out. The matrix effect was established
to affect the results the most in case of HPLC-MS/MS analysis: for GC-MS/MS analysis of target substances, the matrix factor averaged at 60-80%, for HPLC-MS/MS it
was less than 40%. The average percent sulfur mustard recoveries from three types of surfaces (PVC tiles, laminate and metal plates) was 9 + 2%, 0.13 + 0.02%
and 0.10 + 0.03%; in case of VR, the recoveries was 2.7 + 0.5%, 11.8 + 0.3% and 0.8 + 0.1%, respectively. The limits of detection for sulfur mustard by GC-MS/MS
and VR by HPLC-MS/MS were established at 0.001 MPL and 0.02 MPL, respectively. The developed approaches were applied to the analysis of wipe samples
from the surfaces of the equipment and engineering structures of the former CWDF.

Keywords: bis(2-chloroethyl)sulfide, O-isobutyl-S-(2-diethylaminoethyl) methylphosphonothioate, wipe samples, construction materials, gas chromatography,
high-performance liquid chromatography, tandem mass spectrometry
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BO3MO>XHOCTU N OFPAHUYEHUSA AHAJIU3A CMbIBOB C MOBEPXHOCTEN AJ151 KOHTPOJIA
KOHTAMUHALIMN OB bEKTOB BbICOKOTOKCU4YHbIMU OPTAHNYECKMW COEANHEHUAMU

M. O. Ladxesa =, M. A. NenvHckun, E. V. Casenbesa

Hay4Ho-rccnenoBaTensCKuii IHCTUTYT rUrvieHbl, NpodnaTonorm 1 akonorum Yenoseka deaepanbHOrO MeguKo-O1onorM4ecKoro areHTCTBea,
JNeHnHrpanckast obnacts, Poccust

OT60p NPO6 CMBIBOB C MOBEPXHOCTEN LUMPOKO MPUMEHSHOT B LIENSX MUKPOOUONOMMHYECKOro KOHTPONS. B caHMTapHO-XMMMYECKMX NCCNEA0BaHUSX TakKe
NpPeayCMOTPEH aHaIn3 CMbIBOB C Pabo4vx MOBEPXHOCTEN MNP NPOBEAEHNN MIAHOBbIX 1 NEPUOAMHECKIX MPOBEPOK 6E30MacHOCTU YCNIOoBUIA TPpyAa PabOTHNKOB
XUMUHECKIX MPEATNOUSITUI, a TakKe A1t OLEHKM TOKCUHYHOCTI 1 OMacHOCTV OOGBEKTOB, KOTOPbIE MOMIN HAXOAMTLECS B KOHTAKTE C BbICOKOTOKCUYHBIMI BELLLECTBAMM.
Llenbto paboTbl 66110 MCCnefoBaTb BO3MOXHOCTU M OFPaHNYeHNsi METOAA aHanmn3a CMbIBOB C MOBEPXHOCTEN AN KOHTPONS OCTaTOYHOrO 3arpsi3HeHUs
0b0pyAOBaHNS 11 CTPOUTENBHBIX KOHCTPYKLMIA ObIBLLErO MPEANPUATAS MO YHUHTOXKEHNIO XUMNHYECKOTro opyus (YXO) CepHUCTbIM UnputoM 1 O-13obytun-S-
(2-gratnnammHoaTn)-MeTundocgoHoTroatom (VR), a Takke npogykramm nx TpaHchopmMaLyn. Mapkepbl npuTa onpenensnm MeToaoM ra3oBon xpomMarorpachum
C TaHOEeMHbIM Macc-crekTpomMeTpuyieckum aetektupoaHem (MX-MC/MC), mapkepbl VR — METOAOM >KUOKOCTHOM Xpomatorpacduin ¢ TaHAemMHbIM Macc-
CMNeKTpoMeTpnyeckuM aetektnpoBaHemM (BOXKX-MC/MC). MNMpoBeaeHa oLeHka MaTpu4HOro BavsiHUS Ha pedynstatel [X-MC/MC n BOXXX-MC/MC aHanmnza.
[NokasaHo, 4To MaTpU4HOE BAVSIHME Hanbonee CyLLEeCTBEHHO Npu aHanmade metogom BOXKX-MC/MC: MaTpu4HbIn (hakTop Npv ONpeaeneHnn aHaImToB METOAOM
’X-MC/MC coctaBun B cpegHem 60-80%, metonom BOXKX-MC/MC — meHee 40%. CTeneHb V3BMEYEHNS aHaIMTOB C TPex TUMOB NOBEPXHOCTEN (MANTKA 13
NOMVBUHWAXIOPUAA, NammHaTa 1 MeTaIMYeCKNX NiacTuH) coctaBuna ansa unputa 9 + 2%, 0,13 + 0,02% 1 0,10 + 0,03%; ans VR — 2,7 + 0,5%, 11,8 + 0,3% 1
0,8 + 0,1%. MNpepensi 0bHapy»xerns nnputa metogom X-MC/MC n VR metogom BEXKX-MC/MC yctanosneHbl Ha yposHe 0,001 T14Y v 0,02 MY cooTBeTCTBEHHO.
PaspaboTaHHble noaxodb! MPUMEHEHb! MPY aHa3e CMbIBOB C MOBEPXHOCTEN 060PYA0BaHUS 1 NHXKEHEPHbIX KOHCTPYKLMIA BbiBLUero npeanpustis YXO.

KntoueBble cnosa: 6uc(2-xnopatun)cynbdug, O-n3obyTun-S-(2-anstmnaMmmHosTN)-MeTUAMOCEOHOTMOAT, CMbIBbI C MOBEPXHOCTW, CTPOUTENbHbIE MaTepuasibl,
rasoBas xpomarorpacuisi, BbICOKOI(PMEKTUBHAA »KNMAKOCTHAsA XpoMaTorpadusi, TaHAEMHOE MacC-CneKTPOMETPUHECKOE AETEKTPOBaHNE
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The detection of toxic substances and their degradation
products on the surfaces and in the deep layers of building
materials is relevant for assessment of safety of infrastructure
elements of former chemical weapons destruction facilities
(CWDF) planned for conversion, as well as for investigations
of incidents in the context of terrorist attacks or events of
unintentional contact with buried chemical weapons.

There are regulations that govern activities of the federal
state sanitary and epidemiological authorities supervising
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decommissioning and relief of consequences of operation of
the chemical weapons storage and destruction facilities. A
final conclusion on the safety of infrastructure of the facilities
to be converted and used for civilian purposes requires
comprehensive studies that include analysis of wipe samples
from various surfaces within the facility. In a specific case of
one of the CWDFs, sanitary and chemical studies enabling
assessment of the process equipment and engineering
infrastructure's safety were aimed at identifying the elements,
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units etc that had no traces of contamination with sulfur mustard
and organophosphorus toxic substances. Bis (2-chloroethyl)
sulfide (sulfur mustard) and O-isobutyl-S-(2-diethylaminoethyl)
methylphosphonothioate (VR) were chosen as persistent
markers of contamination.

Sulfur mustard is a blistering agent, a persistent organochlorine
compound; it is easily sorbed on absorbent porous surfaces and
can retain its ecotoxic properties for decades. The action of sulfur
mustard is distinctly local: it affects the eyes and the respiratory
organs, the gastrointestinal tract and the skin. Absorbed into
the blood, it also acts as a systemic poison. 1,4-dithiane, one
of the stable products of sulfur mustard degradation under
chemical detoxification, was chosen as an analyte for control
of contamination of the surfaces with the reaction masses from
sulfur mustard destruction [1]. The detection of sulfur mustard in
combination with 1,4-dithiane, a stable product of its degradation,
increases the reliability of retrospective analysis.

As cholinesterase inhibitors, nerve agents (NA), including
VR, act when inhaled, ingested or applied to skin. In the body,
NA triggers excessive accumulation of acetylcholine and
overexcitation of cholinergic receptors. The typical signs and
symptoms of their effect are miosis, nausea, chest tightness,
increased salivation and sweating, and lacrimation [2].

Compared to G-agents (sarin, soman) under similar
conditions, V-agents, VR in particular, are less volatile and more
persistent [3]. Consequently, a retrospective analysis of samples
taken from the infrastructure of former CWDFs may reveal
both the products of their detoxification and the VR itself. The
most toxic product of VR hydrolysis is S-2-(diethylaminoethyl)
methylphosphonothioate (DEAEMPT). By analogy with S-2-
(diisopropylaminoethyl)-methylphosphonothioate, which is
the most toxic product of hydrolysis of VX, DEAEMPT is only
3-10 times less toxic than VR [2], yet there were no hygienic
standards developed for this extremely dangerous substance.

Wipe sampling is one of the most common sampling
patterns in the context of examination of surfaces for
contamination with toxic substances (pesticides, toxic metals,
toxic substances, etc). However, the toxicants can penetrate
deep into porous materials and become hard to extract, which
is why wipe sampling is considered a method suitable only for
non-porous materials. The gauze swabs used for wipe sampling
should also be considered as a matrix capable of absorbing
the analyte. Surface wiping brings target substances into the
swab, from they are recovered with the help of the extracting
solvent. A significant amount of analytes may be lost at both of
these stages. The efficiency of extraction of analytes from the
swabs can be established in model experiments and factored
into the quantitative assessment of surface contamination of
the controlled items. The possibility of recovery of analytes from
the surfaces of specific materials and the efficiency of such
recovery should be established through preliminary experiments
with application of the target substances to the materials with
the same surface texture as those of the controlled item.

This study aimed to investigate the capabilities and
limitations of wipe sampling as applied to process equipment
in the context of assessment of safety of infrastructure of the
former CWDFs planned for conversion and subsequent use for
civilian purposes.

METHODS
Reagents and materials

Sulfur mustard (GSO 8248-2003; Russia); O-isobutyl-
S-(2-diethylaminoethyl) methylthiophosphonate, or VR

(GSO 8249-2004; Russia); 1,4-dithiane (Sigma-Aldrich;
USA); S-[(2-diethylamino)ethyl] methylphosphonothioate, or
DEAEMPT (enterprise standard 4/2019, Russia); methylene
chloride (Supelco; USA); acetonitrile (Panreac; Spain); HPLC
methanol (J.T. Baker; USA); formic acid (Sigma-Aldrich; USA).

Study items

Three types of materials were selected to investigate the
efficiency of wipe sampling: PVC tiles, laminate and metal
plates. The swabs were made of 10 x 10 cm sections of
medical gauze, treated with acetonitrile in a Soxhlet for 6-8 h,
dried and folded in 16 layers.

Model samples

A solution of sulfur mustard and 1,4-dithiane in methylene
chloride was applied to a 1 dm? area of the studied surfaces
free from the target compounds, with the target concentration
of each substance being 100 ng/dm?. The VR and DEAEMPT
application conditions were the same, but their target
concentrations were 50 ng/dm?. The samples were kept in a
fume hood for 30 minutes.

Wipe sampling

A part of the controlled surface was sequentially wiped with
two swabs moistened with methylene chloride (for sulfur
mustard and 1,4-dithiane detection) or acetonitrile (for VR and
DEAEMPT detection), and one dry swab. All three swabs were
placed in a 7 mlvial, capped and stored at —20 °C until analysis.

Sample preparation for sulfur mustard and
1,4-dithiane determination

Four ml of methylene chloride were added to the test sample
(8 gauze swabs wiped against the surface). Target analytes
were ultrasonically extracted for 5 minutes. The extract was
transferred to a 7 ml vial and the extraction procedure was
repeated. The extracts were then combined and concentrated
under a stream of nitrogen to a final volume of 0.2 ml at room
temperature. Two pl of the extract aliquot were analyzed by
gas chromatography with tandem mass spectrometry in the
electron ionization mode (GC-MS/MS-EI).

Sample preparation for VR and DEAEMPT determination

Four ml of methanol were added to a vial with swabs wiped
against the surface. Target analytes were ultrasonically
extracted for 5 minutes. The extract was transferred to a 7 ml
vial and the extraction procedure was repeated. The extracts
were combined, concentrated under a stream of nitrogen to a
final volume of 0.1 ml, then 0.2 pl of 0.1% aqueous formic acid
solution were added thereto and the resulting solution analyzed
by high performance liquid chromatography with tandem mass
spectrometry (HPLC-MS/MS).

Equipment and conditions for instrumental analysis

For sulfur mustard and 1,4-dithiane detection, we used a 7890 A
gas chromatograph with a 7000 mass-selective detector with
triple quadrupole (Agilent Technologies; USA) equipped with an
HP-5MS capillary quartz column: 30 m x 0.25 mm x 0.25 upm
(Agilent Technologies; USA). Analysis conditions: injector
temperature — 270 °C; sample injection without flow splitting —
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Table 1. Detection parameters, sulfur mustard and 1,4-dithiane detected by GC-MS/MS-EI, VR and DEAEMPT by HPLC-MS/MS

Compound detected MRM transition (collision energy) Retention time, min
Sulfur mustard 11 239__:16 gg(f(ssec\e/\)/) °
1,4-dithiane 11228:1635(?36:\)/) o
VR “266,00.472.05 ( 34 V) e
DEAEMPT h 2110 ;j?gﬁg ((—_gg \\//)) e

1.0 minute; temperature program: 40 °C (0 min) — 10 °C/min —
230 °C (5 minutes) — 15 °C/min — 280 °C (5 minutes); carrier
gas — helium; carrier gas flow rate — 1 ml/min; ion source
temperature — 230 °C; interface temperature — 280 °C; energy
of ionizing electrons — 70 eV, detection mode — multiple
reaction monitoring (MBM) in the electron ionization (El) mode.

For VR and DEAEMPT detection, we used an LC-20AD liquid
chromatograph equipped with an autosampler and an LCMS-8050
mass-selective  detector with electrospray ionization at
atmospheric pressure (Shimadzu; Japan). Gemini-NX 3u C18
110A chromatographic column (Phenomenex; USA): 150 mm
x 0.2 mm x 3.0 ym. Mass spectrometry parameters: drying
gas flow rate — 10 ml/min; auxiliary gas flow rate — 10 ml/min;
flow rate at the electrospray — 3 ml/min; interface temperature —
200 °C; desolvation line temperature — 250 °C; heater
temperature — 350 °C; capillary voltage — 3500 V,; detection
mode — MRM with registration of positively charged ions.

Table 1 shows the parameters for detection of sulfur
mustard and 1,4-dithiane by GC-MS/MS-EI, VR and DEAEMPT
by HPLC-MS/MS. Microsoft Excel (Microsoft; USA) enabled
statistical processing of the data.

RESULTS

The methods developed to control contamination of work
surfaces with sulfur mustard and VR rely on wipe sampling
with cotton-gauze swabs. One of the studies [4] explores
various swab material options (cotton wool, fabric, filter paper,
fiberglass, etc). Fabric swabs delivered the best results. We
compared the effectiveness of cotton-gauze and gauze swabs
in extraction of a wide range of contaminants experimentally and
found that swabs made of folded (several layers) gauze recovered
more analytes from any surface, regardless of their nature.
Therefore, we used swabs of 10 x 10 cm pieces of medical gauze
folded in several layers, washed with solvents and dried.

In case of wipe samples taken from the process equipment,
the maximum permissible level (MPL) of sulfur mustard is
2 x 10 mg/dm?, that of for VR — 2 x 10 mg/dm? [5]. The
established hygienic standards set the requirements for
sensitivity of analysis methods. For wipe samples from surfaces, the
limit of detection (LOD) for sulfur mustard was set at 2 x 10~ mg/dm?
(0.001 MPL), that for 1,4-dithiane — 5 x 10® mg/dm?.
The LODs for DEAEMPT and VR were 6.5 x 10® and
4.1 x 10®% mg/dm? (0.02 MPL), respectively [6]. The
tandem mass spectrometry detectors used ensured reliable
identification of the analytes even at the lower detection limit.

Assessment of the matrix effect

The matrix factor was calculated with the help of the post-
extraction addition method: extracts from swabs (single,
double, triple extraction) that did not contain analytes were
analyzed after sulfur mustard and 1,4-dithiane or VR and
DEAEMPT were added to them. The results obtained were
compared with the results of analysis of the target compounds
in a pure solvent, using formula 1. To assess the matrix factor
for two- and three-fold extraction, the analytes were added to
the combined extract:

MF = 222 % 100%, (1)
Sy
where MF is the matrix factor; Spr is the peak area of the
analyte in the extract from swabs containing no sulfur
mustard, 1,4-dithiane, VR, or DEAEMPT, after adding the
target compounds to them; Sr is the peak area of the analyte
in a pure solvent.

Table 2 shows the results of matrix factor (MF) calculation.

Extraction efficiency of the analytes
from gauze swabs

In order to determine the extraction efficiency of sulfur mustard,
1,4-dithiane, VR, and DEAEMPT from gauze swabs, we
placed three swabs in 7 ml vials and added each analyte in
concentration of 50 ng/ml. After that, we carried out single,
double, triple extraction of the target compounds with an
appropriate solvent: methylene chloride for sulfur mustard and
1,4-dithiane, methanol for VR and DEAEMPT (see Figure).
The extraction efficiency was estimated using formula 2:

S
EE = £ X 100%, @
Sr
where EE is the extraction efficiency, %; Spr is the analyte peak
area in the extract from swabs with the target compounds
added; S, is the analyte peak area in a pure solvent.

Determination of the percent recovery of sulfur
mustard and 1,4-dithiane, VR and DEAEMPT
from various surfaces

Table 3 shows the results of determining the percent recovery
of sulfur mustard and 1,4-dithiane, VR and DEAEMPT from
three types of surfaces the substances were applied to.

Table 2. Matrix factor (%) in detection of sulfur mustard and 1,4-dithiane by GC-MS/MS, VR and DEAEMPT by HPLC-MS/MS, after adding the analytes to the extracts

from blank swabs

Parameter Sulfur mustard 1,4-dithiane VR DEAEMPT
MF, single extraction, % (+ SD) 67 £ 4 64 £6 21+6 17 +4
MF, double extraction, % (+ SD) 61+3 715 39+4 24 +6
MF, triple extraction, % (+ SD) 58 + 6 76 +8 27+ 11 18+7
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Fig. Extraction efficiency of the target compounds from gauze swabs

Analysis of wipe samples taken from surfaces of equipment
and infrastructure of a former CWDF

The developed procedures for determination of sulfur mustard
and 1,4-dithiane (by GC-MS/MS), VR and DEAEMPT (by
HPLC-MS/MS) were applied in the context of analysis of
the wipe samples taken from the elements of engineering
infrastructure and building structures of a former CWDF. To
test the developed approach, we analyzed wipe samples taken
in the contaminated area, is not included in the conversion
program.

Sulfur mustard was detected in 5 samples (out of 15), its
level ranging from 2 x 107 to 2 x 10® mg/dm?; 1,4-dithiane was
identified in 12 samples (out of 15) its level ranging from 3 x 10-°
to 1.5 x 10™* mg/dm?.

Sixty-two samples were taken in the buildings where
organophosphorus agents were destroyed. VR and DEAEMPT
were identified in 22 and 20 samples, respectively. The
concentrations of VR and DEAEMPT on surfaces were
estimated to range from 3.3 x 10 to 5.2 x 10* mg/dm? and
from 3.3 x 107 to 1.0 x 10° mg/dm?, respectively.

DISCUSSION

According to the results of the experiments, in detection of
sulfur mustard and 1,4-dithiane by GC-MS/MS the matrix
factor averaged at 60-80%, with the number of extractions not
affecting the figure significantly.

For VR and DEAEMPT the matrix factor is more pronounced.
This is an expected result; it is caused by a well-known effect
that hinders quantitative determinations by HPLC-MS/MS with
electrospray ionization, the effect of signal suppression by the
matrix [7]. The effect is mainly associated with the microdroplets
charge [8] weakening during electrospraying or with saturation
of the droplet surface with analyte molecules, which hinders

M Single extraction
H Double extraction

l Triple extraction

DEAEMPT

ejection of ions from inside the droplet [9]. For ionization
methods compatible with gas chromatography, and for
electron ionization, in particular, the matrix effect is insignificant.
In the detection of sulfur mustard and 1,4-dithiane, the matrix
factor is still below 100%, which is due to the increased level of
noise recorded in the extract in comparison with the calibration
solution. Under the given analyte extraction conditions
(extraction from swabs), the matrix factor for all analytes was at
least 20%, which allows characterizing the analysis procedures
as selective.

The results of the double extraction of sulfur mustard and
1,4-dithiane from gauze swabs are more reproducible due to
elimination of such subjective factor as fullness of the solvent
removal from the swab during squeezing. Third extraction in the
row affected the result negatively. The volume of the extraction
solvent was larger, therefore, extract concentration in the
nitrogen stream took longer, which resulted in loss of analytes.

Only VR recovery changed significantly with the growing
number of extractions. With single extraction, the percent
recovery was 20%, with double extraction it increased to 73%.
A third extraction did not boost the recovery efficiency of VR
and DEAEMPT significantly but increased the measurement error.

The experiments allowed selecting double extraction
as the optimal approach, which enables extraction of 86%,
65%, 73%, and 100% of sulfur mustard, 1,4-dithiane, VR,
and DEAEMPT respectively.

The values of sulfur mustard recovery from the surfaces
learned in this study are low (0.1-9%), which is consistent with
the literature data. This substance was extracted best from
wipe samples taken from the surface of glazed tiles, varnished
wooden surfaces and stainless steel (50%, 30% and 20%
respectively). In the cases of other types of surfaces (painted
plasterboard, ceiling tiles, smooth cement, upholstery fabric,
wooden surface untreated with varnish, escalator railings), the
recovery of sulfur mustard was in the range of 0.3-7.6% [10].

Table 3. The percent recovery of sulfur mustard and 1,4-dithiane, VR and DEAEMPT from various surfaces

Recovery, % (+ SD)
Material
Sulfur mustard 1,4-dithiane VR DEAEMPT
PVC tile 9+2 5+1 27+05 4.8 +0.1
Laminate 0.13 £ 0.02 11.8 +0.3 5.7+0.2
Metal 0.10 + 0.03 0.8 + 0.1 7.0+1.1

Note: “ — below LOD of 1,4-dithiane (5 x 10° mg/dm?).
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It is expedient to consider the results of VR and DEAEMPT
detection in wipe samples taken from three types of surfaces
in comparison with work [11], which explored the possibility of
extracting degradation products of organophosphorus agents
from wipe samples taken from painted plasterboard and
laminate surfaces. Immediately after application, it is possible
to extract 56-74% of monoalkyl esters of methylphosphonic
acid (MPA) from the surface of painted plasterboard, and even
after 42 days, 14-26% of the initially introduced amount can be
detected. For MPA, the extraction percentage does not change
from day 0 to day 42; within this period, it can be 7-16%. All of
the listed compounds are stable, polar, non-volatile. The only
non-polar volatile substance in the group of analytes studied
was diisopropyl ester of MPA. It could not be detected even
directly after application to a painted plasterboard. A similar
picture was registered in the experiment with laminate. The
author of the study cited above believes it is volatility that
prevents detection of the diisopropyl ester of MPA on the
surface even immediately after its application.

[t may take minutes or years for a toxicant to disappear
from the surface by evaporation, degradation or penetration
deep into the matrix with irreversible retention therein. The
factors determining this duration are the chemical nature of the
toxicant, which determines its stability, volatility, sorption activity,
viscosity, ability to self-encapsulate, and the type of material:
porosity of the structure, hydrophilic-hydrophobic properties,
sorption capacity, presence of catalytically active centers, etc.
The variety of the above factors and the complex nature of
their interplay disallow accurate prediction of the usefulness of
wipe samples in establishing the fact of contamination of an
item/element etc with target compounds. Moreover, it is not
possible to predict if wipe sampling, in any given case, will be
possible, feasible and deliver the information expected.

The search for residual toxic substances at the former
CWDF returned positive results in wipe samples taken from
the surfaces of cable conduits (polymer with a dense non-
absorbent texture), lighting shades (plexiglass), painted
coatings of fire points and containers made of polycarbonate.
At first glance, it is incredible that toxic substances and their
degradation products were detected on the surfaces long after
all work related to the destruction of chemical weapons was
over. We attribute this result to repeated cleaning of surfaces,
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first with degassing solutions, and then with large amounts of
water. Apparently, degassing affected only the surface layers
of materials, and water penetrated deep into the materials with
a porous structure. Subsequently, pushed by leaching and
capillary forces, the toxic substances and their degradation
products could have migrated into the surface layers of the
materials. In the process, they were partially hydrolyzed. This
assumption is confirmed by the fact that surface contamination
was established mainly for those materials that also proved to
have their deep layers contaminated, although there was
no unconditional correlation between deep and surface
contamination established. Researching the literature available,
we failed to find studies investigating migration of the target
toxic substances from deep layers of the materials to their
surface layers. Taking into account the ecological significance
of this process, it is advisable to study it comprehensively.

All elements of the CWDF infrastructure that had signs of
residual contamination with toxic substances were sent for
destruction.

CONCLUSIONS

Wipe sampling from equipment or building structures in the
context of assessment of their contamination with chemical
agents allows keeping the said equipment and structures
intact, while the levels of contamination thus established
reflect the danger of contact with them and the related
possibility of emission of volatile compounds into the air.
Despite the established effect of matrix suppression, which
is significant, HPLC-MS/MS is capable of detecting VR and
toxic products of its hydrolysis in wipe samples, the detection
being highly sensitive and direct. In case of sulfur mustard and
1,4-dithiane, GC-MS/MS proves to be highly sensitive and
selective while being much less influenced by the matrix factor.
After wiping, wet swabs can be sealed in an inert container,
frozen and stored for a short time or transported. There is
no unconditional correlation between toxicant content on the
surface and in the deep layers of the materials, therefore, along
with the analysis of wipe samples, it is necessary to analyze
the samples of deep layers of building and other materials if
there is a suspicion they may have been contaminated with
toxic substances.
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IN VIVO TOXICITY STUDY OF DIALKYL DISULPHIDES
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As a result of the industrial purification of hydrocarbons from mercaptans, tens of thousands of tons of dialkyl disulphides and their mixtures, the toxicity and
hazard of which has not been fully understood, are accumulated annually. The exposure standards have been developed only for dimethyl disulphide. The study
was aimed to define toxicometry parameters for diethyl disulphide, disulphide oil, and the mixture of dialkyl disulphides. Toxicology studies involving male outbred
rats made it possible to define the median lethal doses and concentrations: diethy! disulphide — after intragastric injection DL, = 1575 mg/kg, after the 4-hour
inhalation exposure CL,, = 18,700 mg/m?, after intraperitoneal injection DL, = 1134 mg/kg, and after skin application DL, > 2500 mg/kg; mixture of dialkyl
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and after skin application DL, > 2500 mg/kg; disulphide oil — after intragastric injection DL, = 448 mg/kg, after the 4-hour inhalation exposure CL,, = 4534 mg/m?,
after intraperitoneal injection DL, = 156 mg/kg, and after skin application DL, > 2500 mg/kg. The hazard assessment for dialkyl disulphides and their mixtures
was performed.
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TOKCUNYHOCTb ANANKNONCYNIb®NAOB B 9KCMNEPUMEHTAX IN VIVO
C. A. Kyuepckoin'? =, J1. A. Anukbaesa?
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2 CeBepo-3anaaHblii rocyapCTBEHHbIV MEAULIMHCKIMIA YHMBEpcUTeT umerun . V1. MedHrkoBa, CaHkT-MNeTepbypr, Poccus

B pesynsrate MpOMBbILLIEHHON OYUCTKM YINEBOAOPOAHOMO ChipbA OT MEPKaMTaHOB EXXErOAHO HAKOMMBAIOTCA OECATKM ThICAY TOHH AMAanKunancyns@uaos
1N X CMecCel, TOKCUYHOCTb M ONacHOCTb KOTOPbIX B MOSHOM Mepe He 13ydeHa. TMrmeHnYeckie HopMaTyvBbl pa3paboTaHbl TONbKO ANs AvMeTunavcynsduia.
Llenbto nccnepoBaHns 6bI10 YCTaHOBUTL MapamMeTpbl TOKCUKOMETPUN AN8 AMSTUNANCYNbMMAR, «ANCYNbMUAHOrO Macna» 1 cMecy auankungmcynshuaos. B
TOKCUKOMOMMHECKNX UCCNEA0BaHUAX Ha camuax 6eCrnopoaHbIX KPbIC YCTAHOBSEHb! CPEOHECMEPTENbHbIE A03bl Y KOHLIEHTPaLWK: ANaTMAaucyethuaa — npu
BHYTPWKENYA04HOM BBeAeH DL, = 1575 MI/KT, npu nHranauvorHom 4-vacosom sosaencteun Cl,y = 18 700 Mr/M®, npu BHYTPUOPIOLLMHHOM BBEAEHUM
DL,, = 1134 Mr/Kr, Npu HakoXXHOM HaHeceHn DL, > 2500 Mr/Kr; cMecy avankunancynsuaos — npu BHyTPWKeNyno4HOM BBeaeHumn DL, = 428 Mr/kr, npu
VHransUyoHHOM 4-4acoBom BoaaecTeny CL,, = 4510 MI/M®, Mpu BHYTPUOPIOLLMHHOM BBEAEHM DL, = 212 MI7/K, Mpu HakoxHOM Harecerun DL, > 2500 mr/kr;
AVCYNbMUAHONO Macna — Mpy BHYTPWKENYAoYHOM BBeadeH DL, = 448 MI/Kr, npy nHranaumoHHom 4-4acosom BospencTeun CL, = 4534 mr/m®, mpu
BHYTPMOPIOLWHHOM BBefeHV DL, = 156 MI7/Kr, Mpu HakoXKHOM HaHeceHmn DL > 2500 Mr7kr. [MNposeaeHa oLieHKa OnacHOCTU AUaNKUNAVCYbMUOOB 1 X CMECei.

KniouyeBble cnosa: aviankunavcynsua, AMMeTMancybua, AnaTynancynbhua, MeTUASTUNAMCYIbMUA, AMCYNbMUAHOE Maco, ocTpas TOKCUYHOCTb, LD, ,
LC,,, Knacc onacHocTu

BnarogapHoctu: . E. Lllkaeson — BefyLeMy Hay4HOMy cOTpyAaHuky H T34 ®PMBA Poccum 3a pyKOBOACTBO MPW BbIMOSHEHWN MCCNEOO0BaHNN.
A. V. Hukonaesy — BepnyLLeMy Hay4HOMy cOTpyAHWKy H T34 ®PMBA Poccumn 3a MOMOLLL B MaTeMaTn4eckon 06paboTke pesdynsTaTtoB NCCIEA0BAHMS.

Bknap aBTopoB: C. A. Kydepckon — npoBeagHe TOKCUKONOrM4eCKyx nccnenosaqni; J1. A. Anmkbaesa — obLLee pyKOBOACTBO.

CobniogeHne 3aTu4ecKux CTaH[apToB: VccneaoBaHne ogobpeHo atndeckm komutetom C3IrMY um. W, 1. Meyrurkosa (npotokon Ne 8 oT 11 Hosibpst 2020 T);
YCNOBWSI COAEPKaHWSA 1N YXOL, 3a XKMBOTHbIMM COOTBETCTBOBaNN HopMmaTueam Cl1 2.2.1.3218-14 «CaHnTapHO-anvaemmonornyeckmne TpeboBaHms K yCTPOWCTBY,
060pYAOBaHNIO 1 COAEPXKaHNIO 3KCMepUMEHTaNbHO-O1ONOMMYECKX KIIMHNK (BMBapueEB)», a Takke TpeboBaHusM pykosogcTtea «Guide for Care and Use of
Laboratory Animals» (USA).

Ons koppecnoHpeHumn: CemeH AnekcaHapoBuy Kydepckoi
cT. Kanntonoso, kopn. Ne 93, . n. KyabmonoBckui, BceBonoxckuin paitoH, JleHnHrpaackas obnacts, 188663; kucherskoi@gpech.ru

Cratbsi nonyyeHa: 29.05.2021 Ctatbsi NpuHaTa K nevatu: 15.06.2021 Ony6nukoBaHa oHnaiH: 25.06.2021

DOI: 10.47183/mes.2021.015

As a result of the industrial purification of hydrocarbons from
mercaptans, tens of thousands of tons of dialkyl disulphides
and their mixtures are being accumulated annually [1]. Dialkyl
disulphides are used in oil industry as coke formation inhibitors
in pyrolysis furnaces, and sulfiding agents, the hydrotreating
and hydrocracking catalysts. In agriculture, dialkyl disulphides
are used as insecticides, and in food industry, these are used
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as flavoring agents [2-7]. Despite the widespread industrial
application of dialkyl disulphides, the exposure standards for
diethyl disulphide, methylethyl disulphide, and disulphide oil
have not been established. In order to establish the exposure
standards and to evaluate the hazards of the substances, we
conducted toxicology studies of the dialkyl disulphide effects in
the acute experiment.



OPUTMHAJIbHOE UCCJIEQOBAHNE | TOKCUKOJIOINA

METHODS

Toxicity of dialkyl disulphides was assessed amidst single and
repeated exposure, the study involved male outbred rats with
initial weight of 220-250 g, and male mice with the weight of
20-25 g (nursery of laboratory animals “Rappolovo”; Leningrad
Region). The delivered batches of animals had veterinary
certificates specifying the animals’ age and average weight,
and indicating the absence of systemic diseases and parasitic
infestation. The animals were taken to quarantine unit of the
vivarium, where adaptation took place for 14 days. The animals
were kept under standard housing conditions; they were given
a standard diet, and had free access to water. During the
quarantine period, each animal underwent daily examinations
(behavior, overall condition, morbidity and mortality were
evaluated). At the beginning of the experiments the animals,
meeting the inclusion criteria, were randomized to groups.
Animals, not meeting the inclusion criteria, were excluded from
the study. Air change rate, room temperature and humidity
were monitored daily. The temperature was maintained within
the range of 20-24 °C, the relative humidity was within the
range of 50-70%, the air change rate was 10 air changes per
hour, and the lighting conditions were 12 h of light per day. The
animals were euthanized in CO, chambers.

For the experiment the animals were divided into
homogeneous groups based on the body weight (8—10 animals
per group); laboratory animals were labeled on an individual
basis.

Acute toxicity of dialkyl disulfides was assessed by intragastric
injection, intraperitoneal injection, skin application, and
inhalation [8].

The studied substances were as follows:

— diethyl disulphide (DEDS) with mass fraction of parent
substance at least 99%, and mass fraction of dimethyl disulfide
impurities at least 1%;

— disulphide oil (DSO) with mass fraction of dimethyl
disulfide of 75.14%; mass fraction of diethyl disulphide of 2.08%;
mass fraction of methylethyl disulphide of 21.69%; mass
fraction of higher dialkyl disulphides C,-C,S,H, -H,, =1%.

— mixture of dialkyl disulphides with mass fraction of DMDS
of 26.4%; mass fraction of MEDS of 53.0%; mass fraction of
DEDS of 20.7%;

Physical and chemical properties of dialkyl disulphides are
presented in Table 1 [9].

Table 1. Physical and chemical properties of dialkyl disulphide samples

Intragastric injections of the substances (at a dose of
75-2000 mg/kg) were performed using the atraumatic probe;
vegetable oil was used as a solvent.

The inhalation exposure modeling was performed in
the chambers with a volume of 600 dm?3. The experimental
animals were exposed to the following concentrations of dialkyl
disulphide vapors: diethyl disulphide 10,000-22,000 mg/m?;
disulphide oil 4000-5000 mg/m?; mixture of DADS 3800-6000
mg/m?. The exposure time for a single inhalation exposure was
2 hin mice, and 4 h in rats.

The vapor concentrations in the air within the exposure
chambers were controlled by gas chromatography with flame
ionization detection.

During the acute experiments, the duration of observation
after the exposure to the substance was 14 days. The
overall condition, behavior, appearance, and response to
external stimuli were evaluated in experimental animals.
Clinical manifestations of poisoning were registered. In end of
observation period necropsy was performed, the macroscopic
examination of internal organs.

RESULTS

Intragastric injection of the mixture containing DADS and DSO
resulted in the animals’ death of pulmonary edema, mainly
during the first day. Intragastric injection of DEDS resulted in
the animals’ death delayed until day 7. Clinical manifestations
of acute dialkyl disulphide intoxication were similar: hypo- or
adynamia of experimental animals, and decreased respiration
rate. Macroscopic examination of the dead animals’ internal
organs revealed the following: brown lung induration and
pulmonary hemorrhage, tracheal froth, dark brown spleen and
kidneys, fine liver surface nodularity.

The overall appearance of animals, which survived acute
intoxication, was the same as of controls throughout the
observation period.

Based on the acute toxicity parameters defined for
intragastric injection, the studied dialkyl disulphides are
moderately hazardous substances (hazard class 3 [10]). DEDS
is assigned hazard class 4, and the mixture of DADS and
disulphide oil is assigned hazard class 3 [11] (Table 2).

The studied substances are supported as mildly hazardous
by the species ratio values:

DEDS species ratio: 1575/1565 = 1.006.

Dialkyl disulphides

Indicator

DMDS MEDS DEDS
Chemical formula CH,SSCH, CH,SSC,H, C,H,SSC,H;
Ne CAS 624-92-0 20333-39-5 110-81-6
Physical appearance pale yellow transparent liquid oleaginous fluid oleaginous fluid
Molecular mass, g/mol 94.2 108.23 122.25
Density, g/cm? 1.057 1.022 0.993
Boiling point, °C 109.7 131.6 1541
Refractive index 1.5259 1.5146 1.506
Sulphur content, wt% 68.09 59.26 52.46

Solubility

Water insoluble insoluble sparingly soluble
Diethyl ether soluble soluble mixing
Ethanol soluble soluble mixing

Note: DMDS — dimethy! disulphide; MEDS — methylethy! disulphide; DEDS — diethy! disulphide.
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Table 2. Dialkyl disulphide acute toxicity parameters with intragastric injection
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Lethal doses, mg/kg
Animal species LD,, LD,, LD,,
Diethyl disulphide
Male mice 942 1565 + 370 2601
Male rats 1384 1575 + 91 1793
Mixture of DADS
Male mice 244 435 + 118 775
Male rats 307 428 + 83 597
Disulphide oil
Male mice 276 381 + 56 527
Male rats 265 448 + 142 759

Mixture of DADS species ratio: 428/435 = 0.98.

DSO species ratio: 448/381 = 1.17.

Upon intraperitoneal injection in rats the acute toxicity
parameters has been defined (Table 3), supporting these
compounds as being moderately hazardous.

After intraperitoneal injection of the mixture containing DADS
and DSO, adynamia occurred within 5 minutes, and the respiration
rate decreased in experimental animals. The animals died of
respiratory arrest 30-60 min after administration of the substance.

After intraperitoneal injection of DEDS, the experimental
animals exhibited psychomotor retardation during one hour,
they did not respond to external stimuli. After 4-5 h the overall
appearance of experimental animals was the same as of
controls. The animals died of pulmonary edema during the first
day after administration of DEDS.

Masroscopic features of internal organs were the same as
in case of intragastric injection.

Based on the acute toxicity parameters defined for
inhalation exposure, the mixture of DADS and disulphide oil
are assigned hazard class 2 [10] and 3 [11]. Based on the
CL,, value, DEDS is assigned hazard class 3 [10] and 4 [11]
(Table 4).

No significant species differences were defined for dialkyl
disulphide inhalation poisoning.

The index of potential inhalation toxicity (IPITac) indicated
low hazard upon single inhalation exposure to DEDS (IPITac =
24999.3/18,700 = 1.33), and moderate hazard upon exposure
to the mixture of DADS (IPITac = 74004.5/4534 = 16.3), and
disulphide oil (IPITac = 105336.5/4510 = 23.3).

Clinical manidestations of acute inhalation poisoning with
dialkyl disulphide vapors were as follows: hypo- or adynamia
of experimental animals, signs of hypoxia (moderate cyanosis
of faces and paws), and breathing problems. The periods of
decreased motor activity were followed by periods of increased
motor activity. The animals died of pulmonary edema due
to exposure to the mixture of DADS and DSO within 24 h of
inhalation exposure; when exposed to DEDS, the animals
died mostly on day 3-5 of observation. Masroscopic features
of internal organs were the same as in case of intragastric
injection.

The overall appearance and behavior of animal survivors
being monitored for 14 days after exposure were the same as
those of controls.

It was found that the mixture of DADS and DSO was fatal
for a part of mice during the 2-hour exposure with the 2/3 of
the tail length placed into test tubes filled with substances;
however, DEDS was not fatal for experimental mice.

Upon dermal exposure, the following median lethal doses
(DL,,) were defined for experimental rats: mixture of DADS —
7400 (5690; 9620) mg/kg, DSO — 3400 (2345; 4930) mg/kg.
Based on the median lethal doses upon skin application, the
studied substances were assigned hazard class 4 [10]. Skin
application of DEDS for 4 h was never fatal for experimental
rats. No signs of skin irritation were observed. Clinical
manifestations of acute poisoning upon dermal exposure of
experimental animals to dialkyl disulfides were the same as in
case of intragastric injection.

The study results were indicative of the substances being
hazardous in contact with skin.

After application of one drop of the studied substance on
the mucous membrane of the rat's eye, the irritant effect in
the form of hyperemia was observed. Hyperemia vanished
1-2 days later, and further observation demonstrated that
the experimental rats had the same overall appearance and
showed the same dynamic changes of body weight as the
controls.

DISCUSSION

The results obtained for acute oral toxicity of disulfide oil
are within a factor of three of the literature data (1590 mg/kg
reported by Morgott et al., and 428 mg/kg in our studies) [5],
which could indicate different composition of disulphide oll,
the use of different experimental animal species, or the use
of different solvent for intragastric injection. The article by
Morgott et al. [5] refers to the unpublished results obtained at
the IIT Research Institute. There is no information about this
source in the Scopus, and PubMed databases. The inhalation
toxicity data also differ: Morgott et al. [5] report it to be greater
than 4840 mg/m? in our studies CL,, of 45634 mg/m® was

Table 3. Dialkyl disulphide acute toxicity parameters with single intraperitoneal injection in male rats (n = 10)

Lethal doses, mg/kg
Substances
LD16 LDSO LDBA
Diethyl disulphide 1384 1575 + 91 1793
Mixture of DADS 187 212+ 11 240
Disulphide oil 98 156 + 33 248
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Table 4. Dialkyl disulphide acute toxicity parameters with single inhalation exposure

Animal species Lethal concentrations, mg/m?®
CL,q CL,, CL,,
Diethyl disulphide
Male mice 17 630 18125 £ 515 19930
Male rats 17 800 18700 + 556 19730
Mixture of DADS
Male mice 3900 4200 + 190 4750
Male rats 3300 4534 + 519 5120
Disulphide oil
Male mice 3900 4200 + 180 4700
Male rats 4400 4510 + 60 4600

established. However, the acute toxicity data for disulfide oil are
close to data obtained by Morgott et al. for dimethyl disulfide.

CONCLUSION

As a result of the experimental studies, the acute toxicity
parameters were defined for intragastric injection and inhalation
exposure: for DEDS, DL,, was 1575 mg/kg, and CL,, was
18,700 mg/m?®; for the mixture of DADS, DL, was 448 mg/kg,
and CL,, = 4510 mg/m3; for DSO, DL, was 428 mg/kg, and
CL,, = 4534 mg/m®. The median lethal dose (DL, for dermal
exposure to the mixture of DADS was 7400 mg/kg, and for
DSO it was 3400 mg/kg; DEDS was not fatal in contact with
skin. The data obtained show that dialkyl disulfides are the
moderately hazardous substances upon single intragastric

References

1. Rahimov TH. Sovershenstvovanie processa pervichnoj pererabotki
nefti i gazovogo kondensata s polucheniem serosoderzhashhih
soedinenij i uglevodorodov [dissertacija). Ufa, 2020. Russian.

2. Meshhakova NM, Benemanskij VV. Ocenka biologicheskogo
dejstvija dimetildisul'fida s uchetom specificheskih otdalennyh
jeffektov. Bjulleten' VSNC SO RAMN. 2005; 2: 209-12. Russian.

3. Jurkevich ES, Prismotrov YUA. Nauchnoe obosnovanie orientirovochno
bezopasnogo urovnja vozdejstvija dimetildisul'fida v vozduhe
rabochej zony. Zdorov'e i okruzhajushhaja sreda. 2009; 13: 515—
21. Russian.

4. Obzor rynka disul'fidnogo masla v Rossii. M.: Infomajn, 2012; 107
s. Russian.

5. Morgott D, Lewis C, Bootman J, Banton M. Disulfide oil hazard
assessment using categorical analysis and a mode of action
determination. Int J Toxicol. 2014; 33 (1): 181-98.

6.  Munday R. Harmful and beneficial effects of organic monosulfides,

JINutepatypa

1. Paxumos T. X. CoBepLUueHCTBOBaHME mnpoLecca MepBUHHON
nepepaboTkn HedTN 1 ra3oBOro KOHAEeHcaTa C MoyyYeHem
CepoCoAepKaLLVX COeaVHEHUIA N YINEBOAOPOAOB [AnccepTaLys).
Yda, 2020.

2. Meuakosa H. M., BeHemaHckuin B. B. OLeHka 61onornieckoro
OeNCTBUSA auMetTunaucynbduaa ¢ y4eTom creumduyeckmx
oTaaneHHbIx adhexToB. bronneteHs BCHL, CO PAMH. 2005; 2:

209-12.
3. HOpkesuy E. C., lMpucmotpos 0. A. HayuHoe obocHoBaHve
OPVEHTUPOBOYHO  6E30MacHOro  YpOBHS  BO34ENCTBUSA

anMeTunancyneua B Bo3gyxe padoyei 30Hbl. 300pOBbe U
oKpy>xatoLasa cpega. 2009; 13: 515-21.

injection, inhalation exposure, and skin application. Comparison
of the studied substances with dimethyl disulfide (DMDS) by
toxicity has shown that based on the toxicometry parameters,
DEDS is about 9 times less toxic upon intragastric injection,
and 3 times less toxic upon single inhalation exposure,
compared to DMDS. Comparison of the mixture of DADS
and DSO with DMDS has revealed similar inhalation toxicity.
The mixture of DADS and disulphide oil is 2 times less toxic
upon intragastric injection compared to DMDS. Comparison
of DSO and DADS mixture toxicity has shown that impurities
do not affect the toxicometry parameters. These toxicometry
parameters would be used to define the hazard class and
to establish the dialkyl disulfide exposure standards. To
date, the exposure standards have been developed only for
dimethyl disulphide.

disulfides, and polysulfides in animals and humans. Chem Res
Toxicol. 2012; 25 (1): 47-60.

7. Valavanidis A, Vlahogianni T, Dassenakis M, Scoullos M. Molecular
biomarkers of oxidative stress in aquatic organisms in relation to
toxic environmental pollutants. Ecotoxicol Environ Saf. 2006; 64
(2): 178-89.

8. Djusengaliev KI. Fiziko-himicheskie harakteristiki substitutov
disul'fidnogo masla uglevodorodnogo syr'ja. Neftjanoe delo. 2016;
5: 125-39. Russian.

9. Metodicheskie ukazanija dlja opredelenija orientirovochnyh

bezopasnyh urovnej vozdejstvija (OBUV) v atmosfernom vozduhe

naselennyh mest. M., 1982; 17 s. Russian.

Vrednye veshhestva: klassifikacija i obshhie trebovanija bezopasnosti.

GOST 12.1.007.-76. M., 1976; 6 s. Russian.

Klassifikacija opasnosti himicheskoj produkcii. Obshhie trebovanija.

GOST 32419-2013. M.: Standartinform, 2014; 25 s. Russian.

10.

11.

4. 0630p pbiHKa ancynbguaHoro macna B Poccun. M.: VIHdomarH,
2012; 107 c.

5. Morgott D, Lewis C, Bootman J, Banton M. Disulfide oil hazard
assessment using categorical analysis and a mode of action
determination. Int J Toxicol. 2014; 33 (1): 181-98.

6.  Munday R. Harmful and beneficial effects of organic monosulfides,
disulfides, and polysulfides in animals and humans. Chem Res
Toxicol. 2012; 25 (1): 47-60.

7. Valavanidis A, Vlahogianni T, Dassenakis M, Scoullos M. Molecular
biomarkers of oxidative stress in aquatic organisms in relation to
toxic environmental pollutants. Ecotoxicol Environ Saf. 2006; 64
(2): 178-89.

MEOVILIMHA SKCTPEMATbHBIX CUTYALIUW | 2, 23, 2021 | MES.FMBA.PRESS



ORIGINAL RESEARCH | TOXICOLOGY

8. [iocerranves K. V. ®PUINKO-XUMUNHECKNE XapaKTEPUCTUKM
CyBCTUTYTOB AMCYNbMUAHOrO Macna yrneBOAOPOAHOMO Chipbsi.
Hedranoe geno. 2016; 5: 125-39.

9. MeTognHeckmne ykasaHa ANns OonpeneneHns OpUeHTUPOBOHHBIX
6esonacHbix yposHen Bosgencteuga (OBYB) B atmocdhepHom

EXTREME MEDICINE | 2, 23, 2021 | MES.FMBA.PRESS

10.

11.

BO3/yxe HaceneHHbIx MecT. M., 1982; 17 c.

BpenHble BellecTBa: knaccudurkauma n obume TpeboBaHUs
6esonacHoctn. FOCT 12.1.007.-76. M., 1976; 6 c.
Knaccudmkaumss onacHoCTU xuMmdeckon npoaykuum. ObLymne
Tpebosanud. FOCT 32419-2013. M.: CraHgaptuHdopm, 2014; 25 c.




METHOD | HYGIENE

EXPERIMENTAL JUSTIFICATION OF THE MAXIMUM POSSIBLE CONCENTRATION
OF DICHLOROHEXAFLUOROBUTENE IN A WORKING AREA

Shkaeva |E, Dulov SA, Nikulina OS, Solnceva SAE, Zemlyanoi AV
Research Institute of Hygiene, Occupational Pathology and Human Ecology of the Federal Medical Biological Agency, St. Petersburg, Russia

To date, there have been no exposure standards for air concentrations of 1,4-dichlorohexafluorobutene (DCHF) in the work areas. The study was aimed to assess
the toxicity of DCHF and to evaluate health hazard in acute, subacute, and chronic experiments. It was found that the substance was highly hazardous, DL in mice
after intragastric injection was 79.0 mg/kg, CL,, was 229.0 mg/m®, and in rats these values were 86,0 mg/kg and 670,0 mg/m?®. In animals, DCHF had a moderate
local irritative effect on animal skin and ocular mucous membranes, as well as the skin resorptive effect. The 18.2 mg/m? threshold limit concentration for a single
inhalation exposure to DCHF was defined based on the changes in behavior responses and blood parameters. The 30-day subacute inhalation experiment revealed
the pronounced cumulative effect of the substance. The 4-months chronic inhalation study showed that the exposure of experimental rats to 16.8 mg/m?® concentration
of DCHF resulted in impaired function of central nervous system and cardiac activity, altered hematologic, biochemical, acid-base, and blood gas values, as well as in
morphological alterations in lungs, which persisted after the 30-day recovery period. The chronic exposure threshold defined for DCHF was 2.2 mg/m?, and the defined
no observable effect level was 0.24 mg/m?®. Based on the study results, the maximum permissible concentration of DCHF in the air of the working area of 0.2 mg/m?
was confirmed and approved, the substance was assigned hazard class 2, vapor + aerosol + (specific protection of skin and eyes required). Gas chromatographic
method using electron-capture detection for determination of DCHF mass air concentration in the work areas has been developed and approved.

Keywords: freon RL316, toxicity, hazard, exposure standard, air quality in the work areas
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3KCMEPUMEHTAJIbBHOE OBEOCHOBAHWE NPEAENIBHO AOMYCTUMOW KOHLIEHTPALIUN
AVNXNTOPITEKCA®TOPBYTEHA B BO3YXE PABOYEW 30HbI

M. E. LLkaesa, C. A. Aynos, O. C. HukynmHa, C. A. ConHuesa =, A. B. 3emnaron
Hay4Ho-uccnenoBaTensCKuii IHCTUTYT MreHbl, MpodnaTonorim 1 akonorum Yenosexka PeaepaibHoro Meamko-61onornyeckoro areHTeTea, CarkT-MNetepbypr, Poccus

[lo HacTosILLEero BpemMeHu OTCYTCTBOBASl MMIMEHUYECKMIA HOPMATVB copepxxanuns 1,4-auxnoprekcadropbyTteHa (OXI®) B Bo3ayxe paboqen 3oHbl. Llensio
paboTbl BbINO NPOBECTY OLEHKY TOKCUYHOCTU 1 onacHocTy OXI® B OCTPbIX, MOAOCTPLIX U XPOHUHECKOM 3KCMEPVMEHTaX. YCTaHOBNEHO, YTO BELLEeCTBO
BbICOKOOMACHO, DL, At MblLLeN Mpy BHYTPVKENYAOHHOM BBeAeHM — 79,0 Mk, CL,, — 229,0 Mr/M®, Ana Kpbic — 86,0 M/kr 1 670,0 mr/v®. IXI® obnanaet
YMEPEHHbBIM MECTHbBIM Pa3apaXKatoLLM AENCTBUEM HA KOXKY XXUBOTHbBIX 1 CIIMBUCTbIE 060N0HKM a3 1 KOXKHO-Pe30pOTUBHBIM 3(heKToM. Nopor ooHOKpaTHOro
VHransumoHHoro fenctaus OXI® obocHoBaH Ha ypoBHe 18,2 MI/M® NO M3MEHEHWIO MapamMeTPOB MNOBEAEHYECKNX PeaKLMIA 1 nokasaTenein CoCTosHMS Kposu. B
noAocTPOM 30-CyTO4HOM UHraNALWOHHOM SKCMEPUMEHTE OOHaPY KEHbI BbIPaXKEeHHbIE KYMYNSTUBHbIE CBOMCTBA BeLLEeCTBa. B XPOHNHECKOM HYeTbIDEXMECAYHOM
VHrasIsILMOHHOM 3KCnepyMeHTe Bo3aericTeue [OXI® B koHUeHTpaumm 16,8 MI/M® BbI3bIBaNO Y MOAOMbITHBIX KPbIC HApYLLEHNE (PYHKLVOHAIBHOrO COCTOSHYS
LIeHTPaIbHON HEPBHOW CUCTEMbI, CEPAEHHON AEATENbHOCTY, USMEHEHWS reMaToNorMHeckmX, BUOXMMUYECKIX NoKasaTenen, KNCIOTHO-OCHOBHOMO COCTOSHUS
1 ra3000MeHa KpPoBW, a TakkKe MOPMONOrNMHYECKNe N3MEHEHNS B IEMKMX, KOTOPbIE COXPaHAnMCchb 4Yepe3 30 CyTOK BOCCTaHOBUTENLHOrO nepuoga. lNopor
XPOHMYECKOro aencTBust OXI® ycTaHOBNEH Ha ypOBHE 2,2 MI/M®, HefecTBytoLlas KoHUeHTpaums — 0,24 mr/me. Ha oCHOBaHWM NOMyYeHHbIX Pe3ysTaToB B
KayecTBe npeaenbHo A0NYCTUMON KoHLEeHTpauum XD B Bo3ayxe pabo4del 30HbI 060CcHOBaHa 1 yTBepaeHa BenmymHa 0,2 Mr/m®, 2-i1 Knacc ornacHoCTu, napbl
+ a’3po30sb + (TpebyeTcsa crneumnansHasa 3awmTa KoxXn 1 maa). [Ans namepeHnst MaccoBoin KoHueHTpauumn OXI® B Bo3ayxe pabodelt 30Hbl padpaboTaH m
YTBEPXK/AEH rasoxpomMatorpauHeckuii METOZ, C SNEeKTPOHHO-3aXBaTHbIM AETEKTVPOBAHNEM.

KntoyeBble cnoBa: xnafoH RL316, TOKCMYHOCTb, ONacHOCTb, MMIMEHUYECKNIA HOPMATVB, BO3AYX pabo4yelt 30Hb!
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The compound, referred to as 1,4-dichlorohexafluorobutene
(DCHF), is intended to be used as solvent, refrigerant or reagent
for synthesis of perfluorobutadiene. Among the fluorine-
containing hydrocarbon compounds, which include DCHF,
toxicity increases with introduction of the chlorine atom into the
parent molecule, and due to presence of double bonds [1, 2].

Currently, the best-known structural isomer of DCHF
is 2,3-dichloro-1,1,1,4,4,4-hexafluorobutene [3-7], which
is classified as highly toxic hazardous substance [8-12]:
it causes pulmonary edema, nervous system damage,
produces hepatotoxic and nephrotoxic effects, and also
penetrates intact skin, exerting a pronounced skin resorptive
effect. The researchers attribute the toxic effects of DCHF to
dehalogenation processes, and to formation of metabolites
that disrupt metabolic pathways.

So far, there was extremely limited information about the
DCHF toxicity, and the DCHF exposure standards for the air in
the work areas and environmental objects (ambient air, water,
soil) have not yet been developed [14, 15].

The study was aimed at experimental confirmation of
maximum permissible air concentrations of DCHF in the work
areas.

METHODS
According to its physical and chemical properties,
1,4-dichlorohexafluorobutene-2  (synonims: DCHF, freon

RL316; chemical formula: C,CLF,; Ne CAS 360-88-3) is a
clear colorless liquid with weak characteristic odor, having
the relative molecular mass of 232.94, boiling point of 63 + 5
°C, and melting point of —75 °C [1-2].

The studies were performed in accordance with guidelines
[3-5] in outbred animals (white rats and mice with initial body
weight of 220-250 g and 20-25 g respectively), obtained from
the nursery of laboratory animals “Rappolovo” (Leningrad
Region). The delivered batches of animals had veterinary
certificates specifying the animals’ age and average weight,
and indicating the absence of systemic diseases and parasitic
infestation.

The animals were taken to quarantine unit of the vivarium,
where they had been monitored for two weeks. The animals
were kept under standard housing conditions; they were
given a standard diet, and had free access to water. During
the quarantine, each animal underwent daily examinations
(behavior, overall condition, morbidity and mortality were
evaluated). Cages with animals were in separate rooms.
Lighting conditions: 12 h — light, 12 h — dark; the ambient
temperature was maintained within the range of 19-25 °C, the
relative humidity was within the range of 50-70%. Temperature
and humidity were recorded daily. For the study the animals
were divided into homogeneous groups, 8-10 animals per
group.

Toxicity of DCHF was assessed amidst single and repeated
exposure. The risk of acute poisoning with DCHF was defined
for ingestion and inhalation, as well as for skin contact. In order
to assess the irritant and skin resorptive effects, DCHF was
applied to the clipped backs of rats, and the tails of the mice
were placed into test tubes with the substance at 2/3 of the
height (the exposure time in mice was 2 h, and in rats it was 4 h).

The inhalation exposure of experimental animals to DCHF
was provided both under static conditions with free evaporation
of the substance at room temperature, and in the specialized
dynamic sealed stainless steel chambers with a volume of
600 dm?. The specified concentrations of the substance were
obtained with the calculated doses introduced into the steam
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generator. The exposure time in a single exposure was 2 h in
mice, and 4 h in rats.

Cumulative properties of the substance were assessed
in a subchronic experiment: the experimental rats had been
exposed to DCHF by inhalation for 30 days, 4 h per day (except
weekends).

Furthermore, chronic intoxication with DCHF was
maintained during 4 months (4 h per day, except weekends)
followed by monitoring of experimental rats during the 30-day
recovery period.

DCHF concentrations in the air within the exposure
chambers were controlled by the specially developed gas
chromatography method.

The overall condition of experimental animals was evaluated
using a set of methods that made it possible to detect changes
at multiple structural and functional levels. Integral, physiological,
hematological, biochemical, and morphological indicators were
used. Plasma levels of DCHF and metabolites in experimental
rats were defined by gas chromatography-mass spectrometry,
and high performance liquid chromatography coupled with
high resolution mass-selective detection.

Statistical analysis was performed based on comparison
of mean values of the experimental and control groups. Chi-
squared (x?) and Fisher's exact tests were used for assessment
of differences between discrete data. The differences were
considered significant when p < 0.05. Statistical data
processing was performed using the Prizm 5 software.

RESULTS

The study found that based on acute toxicity DCHF was a highly
toxic substance: CL in mice was 229.0 + 10.4 mg/m?®, and in rats
it was 670 + 32.0 mg/m?3 DL, was 79.0 + 11.1 mg/kg and
86.0 = 16.0 mg/kg respectively. Clinical manifestations of acute
DCHF poisoning were as follows: short-term hyperkinesia,
reduced respiratory rate, coordination impairment, adynamia,
tonic-clonic seizures. The experimental animals died mainly
on day 1-3 of exposure to the substance. Animal autopsies
showed the following: lungs — atelectases, foci of hemorrhage,
alveolar edema, patchy emphysema and bronchopneumonia,
hemorrhagic infarction; kidney and liver — fatty degeneration of
parenchyma; after acute freon intoxication by inhalation, DCHF
and metabolites (acetylcysteine adduct and methyl sulfide)
were detected in animal blood plasma and urine.

It was found, that DCHF had a moderate local irritative
effect on animal skin and ocular mucous membranes, together
with the skin resorptive effect. The threshold limit concentration
for a single inhalation exposure (Limac) to DCHF of 18.2 mg/m?
was calculated based on changes in behavioral responses and
acid-base balance of blood. The 30-day subacute inhalation
experiment revealed the pronounced cumulative effect of DCHF.

For the purpose of studying the chronic intoxication
manifestation and assessing the risk of long-term intake, the
experimental animals had been exposed to DCHF by inhalation
for 4 months, 4 h per day (except weekends). The following
concentrations of DCHF were used: 16.8 + 3.8; 2.2 + 0.9, and
0.24 + 0.09 mg/m?.

Dynamic testing of the animals was performed throughout
the chronic experiment and 30 days after the inhalation
exposure to DCHF (recovery period).

Prolonged exposure of experimental rats to DCHF
concentration of 16.8 mg/m?® resulted in impaired CNS
function, mainly in altered exploratory behaviors.

The significant increase in the vertical activity was observed
in experimental rats after 14 days of the experiment (4.2 + 1.3
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in the experimental group, 1.5 + 0.8 in the control group).
The maximum changes (6.2 + 1.2 in the experimental group,
1.8 + 0.8 in the control group) were detected after 30 days
of exposure to DCHF. The significantly increased value of the
parameter persisted throughout the 2-months exposure to
the substance concentration of 16.8 mg/m3. After 90 days
of the experiment the vertical activity of the treated animals
became close to values of the controls. However, by the end
of 4-months exposure to DCHF, this indicator significantly
increased by 253%.

Similar direction of changes was observed when studying
the emotional behavior of experimental animals. The dynamic
changes in grooming behavior were characterized by
maximum increase of the indicator after 30 and 60 days of the
experiment, 2.5 and 3 times compared to controls respectively,
and the decrease to control level by day 90 of exposure to
DCHF concentration of 16.8 mg/m?®. By the end of chronic
experiment, the direction of changes in grooming behavior of
experimental animals remained the same, however, it was less
evident (increase by 80% compared to controls).

The 4-months inhalation exposure of experimental animals
to the substance resulted in cardiac abnormalities. Based on
electrocardiographic findings, the significant decrease in the
P wave height (o < 0.05) indicative of atrial dysfunction was
detected after 30 days of experiment. The decrease in the R
wave height by 43.2% compared to controls after 30 days,
and by 25.7% by the end of the experiment was indicative
of suppressed ventricular bioelectric activity. However, after
90 days of experiment the R wave height was the same as in
control animals.

The S wave height on ECG of experimental rats decreased
by 41.9% compared to controls after 30 days, and by 24.5%
by day 120 of exposure to DCHF concentration of 16.8 mg/m?.
Depression of P, R, S, and T waves, as well as the prolonged
QT and ST intervals in experimental rats are indicative of the
cardiac conduction disorder, which may result from myocardial
hypoxia associated with chronic inhalation exposure to the
substance. At the same time, it should be noted that there
has been an improvement in ECG readings on days 60-90 of
the experiment, which demonstrates the implementation of
compensatory and adaptive processes, as well as the animal
adaptation to substance exposure. However, by day 120 of
exposure to DCHF concentration of 16.8 mg/m?, cardiac
depression was observed, which was indicative of possible
compensatory processes disruption associated with prolonged
exposure to this concentration of the substance.

There were no significant differences in heart rate and
respiratory rate between the experimental rats and the controls.

After 30 and 60 days of exposure to the substance, the
significant (o < 0.05) decrease in total hemoglobin and mean
corpuscular hemoglobin was observed.

The changes in the leukocyte formula of experimental rats
included the increase in the number of lymphocytes by 31.5%
compared to controls after 30 days, and by 91.8% after 60
days of the experiment.

Analysis of the acid-base status in experimental animals
showed that inhalation exposure to DCHF concentration of
16.8 mg/m? resulted in changes in bicarbonate buffer system in
the form of the decrease in base excess of the extracellular fluid
(BEecf) by 46.6% compared to control rats after 30 days of the
experiment. The base excess of blood (Beb) in experimental
rats of this group significantly decreased by 36.4% compared to
controls on day 7, and by 40% after 30 days of the experiment.

At the same time, there was a significant decrease in
standard bicarbonate value. With an increase in the DCHF

exposure time up to 60 days, the trend towards an increase
in base excess of the extracellular fluid (BEecf) by 23.5%
compared to controls, and base excess of blood (Beb) by 28%
was observed.

By the end of 4-months inhalation exposure to DCHF the
acid-base status of experimental rats was the same as of
controls. Since there were no significant changes in blood pH,
the experimental data obtained were indicative of compensatory
and adaptive processes activation associated with exposure to
DCHF during the first 30 days of the chronic experiment.

When studying blood gas exchange in experimental
animals during the 60-day exposure to DCHF, the decrease in
oxygen saturation (SO,) and partial pressure of oxygen (pO,)
was observed. After 60 days of the experiment, in experimental
rats of the same group, there was a decrease in alveolar
oxygen tension with simultaneous increase in partial pressure
of carbon dioxide. The longer lasting inhalation exposure to
DCHF concentration of 16.8 mg/m? resulted in no significant
changes of blood gas exchange in experimental rats.

Biochemical analysis showed that prolonged exposure of
experimental rats to DCHF concentration of 16.8 mg/m?® resulted
in serum lactate level decrease by 38.9% compared to controls
after 60 days, and by 36.4% by the end of the experiment.
Along with a decline in serum lactate level during the chronic
experiment, the inhibition of serum lactate dehydrogenase
activity was detected in experimental animals. Moreover, there
was a significant (by 83%) increase in triglyceride levels upon
initial exposure to DCHF.

The data obtained are indicative of potential disorders of
carbohydrate and lipid metabolism in experimental rats due
to prolonged inhalation exposure to DCHF concentration of
16.8 mg/méa.

The significant increase in alanine aminotransferase activity
by 119.3% after 60 days of experiment was observed during the
same period of observation, which was indicative of impaired liver
function, which was back to normal by the end of the experiment.

The decrease in serum albumin levels by 79.1% in
experimental rats after 60 days of exposure to DCHF
concentration of 16.8 mg/m?® was observed.

According to literature [1, 2], the toxic effects of chlorobutenes
are associated with dehalogenation processes, as well as with
free radical formation and peroxidation. That is why the oxidant
and antioxidant system status was assessed in experimental
rats after 60 and 120 days of exposure to DCHF.

When performing the assessment of total antioxidant
capacity (TAC), it was found, that there were no significant
differences in serum hydrogen peroxide levels between the
experimental animals and the controls. Blood concentration of
reduced glutathione (one of the antioxidant system components)
was defined in experimental rats in order to assess the total
antioxidant capacity (TAC) and the total antioxidant activity.

The interest in studying the concentration of reduced
glutathione is also related to bodily processes of conversion of
fluorochloroalkenes by hydrolysis, and formation of glutathione
conjugates. It was found that blood concentration of reduced
glutathione in experimental rats upon the prolonged exposure
to DCHF showed no significant changes during all periods
of the study. No significant changes in TAC were revealed in
experimental animals compared to controls.

Pathomorphological studies showed that by the end of
chronic experiment the lung weight coefficients increased by
134.2%, and liver weight coefficients increased by 113.6% in
experimental animals compared to controls.

Histological examination showed that the 4-months
exposure to DCHF concentration of 16.8 mg/m3 damaged lung
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parenchyma in experimental rats. Thickening of the interalveolar
septa, plasma impregnation of the interalveolar septa, and
hyperemia of alveolar walls were detected; accumulation of red
blood cells in the alveolar lumens was observed.

Pathomorphological studies of heart, liver, kidney, spleen,
and brain of experimental animals of all groups revealed no
differences with the controls.

When assessing genotoxic effects of DCHF, the significant
increase in the degree of damage to DNA in the bone marrow
cells of experimental rats was observed.

The percentage of DNA in the tail of experimental animals
was 4 times higher compared to controls (12.5 = 3.03 in the
group exposed to DCHF concentration of 16.8 mg/m?® vs.
3.1 = 0.6 in the control group).

The data obtained confirm genotoxic effects of DCHF
concentration of 16.8 mg/m?.

DISCUSSION

Thus, comprehensive studies showed that prolonged
inhalation exposure of experimental rats to maximum DCHF
concentrations of the tested ones (16.8 mg/m?) affected the
function of nervous system (increased exploratory activity
and anxiety), cardiac function (decreased bioelectric activity
of the myocardium, depression of the P, R, S, and T waves,
and prolonged QT and ST intervals), and resulted in altered
hematologic, biochemical, acid-base, and blood gas values,
as well as in morphological alterations in lungs. Analysis of
dynamic changes in the bodily processes of experimental
animals when exposed to DCHF concentration of 16.8 mg/m?
showed significant changes in most indicators during days 30—
60 of the chronic experiment. Such direction of impairments
could be due to temporal activation of adaptive responses,
including the DCHF detoxification systems. This assumption is
supported by the results of metabolite profiling in blood plasma
of experimental animals. When assessing metabolites of the
substance in blood plasma of experimental animals after the
4-months exposure to DCHF concentration of 16.8 mg/m®,
the following metabolites were detected: cysteine adduct,
acetylcysteine adduct, methyl sulfide, thioketone and volatile
metabolite of 1-chloro-1,1,2,3,3,4,4,4-octafluorobutane, as
well as the unmetabolized form of DCHF. The data obtained
are consistent with literary data [8, 9], according to which the
compound fluorinated derivatives of hydrocarbons undergo
metabolic transformation resulting in formation of a number of
metabolites. The main DCHF transformation pathway is the
formation of glutathione adducts with the further degradation
of adducts to cysteine and acetylcysteine adducts. According
to some sources [12], glutathione S-transferase activity
resulting from action of xenobiotics can be increased by 2-6
times.
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It is also assumed that DCHF could be a chemical activator
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the chronic experiment, activation of protective and adaptive
responses of the body occurs by day 90 of exposure to freon.
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HYGIENIC ASSESSMENT OF THE CHEMICAL WEAPONS DESTRUCTION FACILITIES IN THE CONTEXT OF
RELIEVING THE CONSEQUENCES OF THEIR OPERATION AND SUBSEQUENT CONVERSION THEREOF

Gulyaev DV =2
Research Institute of Hygiene, Occupational Pathology and Human Ecology FMBA, Leningrad region, Russia

After elimination of the chemical weapons, it is necessary to relieve the consequences of operation of the chemical weapons destruction facilities (CWDF).
This study aimed to assess the results of such relieve activities from the hygienic point of view. The assessment allows considering partial conversion of the
CWDFs' infrastructure for civil purposes. At four CWDFs, the sites of contamination of equipment and infrastructural components with degradition products of
organophosphorous agents (OPA) and blister agents (BA) were identified. The technologies that enabled analysis of the samples taken were high performance
liquid chromatography with tandem mass spectrometry, gas chromatography—mass spectrometry, gas chromatography-tandem mass spectrometry, and atomic
absorption spectroscopy with electrothermal atomization. The analysis revealed contamination of building structures, equipment, utility lines, waterproofing, heat-
insulating, and other materials inside the CWDF process buildings, regardless of their purpose, with OPA and BA degradation products. In the absence of hygienic
standards and information on their toxicity, it was impossible to assess the hazard thereof. In all the samples taken, the residual content of toxic substances was
below the limit of detection of the measurement methods applied, i.e., none was found. The article presents a methodology for a stepwise hygienic assessment of
the CWDF infrastructure to be converted and develops recommendations for its subsequent safe use. The conclusions state expediency of development of hygienic
standards for the OPA and BA degradation products and development and certification of the relevant measurement procedures.
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MTMIrMEHNYECKASA OLIEHKA OBBEKTOB MO YHUHTOXXEHUIO XUMUYECKOIO OPY>XXUA
MPU NNKBUOALUN NOCNEQCTBUN AEATENBHOCTU U NEPEMPO®UIIMPOBAHUN

0. B. ynses =

Hay4Ho-1ccnenoBaTensCkmin MHCTUTYT MrvieHbl, MPOoMnaTonorn 1 akonormn Yenoseka defepansHoro Meayko-6ronorM4eckoro areHTcTea,
JNeHnHrpanckas obnactb, Poccust

ocne YHUHTOXEHNS XVMUHYECKOro OpY>XUS HEOBXOAMMO MPOBOANTL PaboTbl MO NMKBMUAALMW NOCNEACTBUA AEATENbHOCTN OOBEKTOB MO YHUYTOXKEHUIO
xummdeckoro opyxus (OYXO). Liensto paboTbl 6110 NPOBECTU MMIMMEHNYECKYIO OLIEHKY Pe3ybTaToB IMKBUAALMOHHBIX MEPONPUSATUA NS BO3MOXHOCTM
BOBJIEYEHNS HaCTV MPON3BOACTBEHHOM MHPPACTPYKTypbl OYXO B X0O3ANCTBEHHbIN 060POT. Ha HeTbipex OYXO BbISBASIM MeCTa 3arpa3HeHnst 060pyA0BaHNSA
1 9NEMEHTOB MPON3BOACTBEHHOWM MH(PACTPYKTYPbI MPpoayKTaMin AeCTPYKLMM hocthopopraHnyeckinx oTpasnstolmx Bellects (POB) 1 0TpaBnstoLLIMX BELLECTB
KOXHO-HapbiBHOro Aenicteuna (OB KHL). Mpobbl aHannsnpoBan METOAaMM BbICOKOIMMEKTUBHOM XMAKOCTHON XpomaTorpadun ¢ TaHAEMHbIM Macc-
CeNeKTUBHbIM AETEKTUPOBAHNEM, ra30BOM XPOMATOMAaCC-CNEKTPOMETPUEN, Fa30BOV XpOMaTorpadun ¢ TaHAEMHbIM MacC-CeNeKTVBHbIM AETEKTUPOBAHNEM
1 aTOMHO-a6COPOLIMOHHON CMEKTPOCKOMNNUM C 3NEKTPOTEPMUYECKON aToMm3aument. BeisBNeHo 3arpsasHeHne CTPoUTeNbHbIX KOHCTRYKLMIA, 060pyaoBaHus,
KOMMYHVIKaLWIA, MMAPONSONALIMOHHBIX, TEMAOU30NALMOHHBIX U APYTX MaTepUanioB, HAXOAALLMXCS BHYTPY NPOV3BOACTBEHHbIX 3aaHMn OYXO, BHe 3aBMCMMOCTY OT
1X MpeaHasHa4eHns, npoayktammn aectpykumm OB n OB KHL, oueHUTb CTeneHb 0nacHOCTU KOTOPbIX B OTCYTCTBUE MMVEHNHECKIX HOPMATVBOB 1 MH(OpMaLmn
O TOKCWYHOCTY HE MPEACTaBANOCh BO3MOXHbIM. Bo BCex 0TOBpaHHbIX Mpobax 0CTaTo4HOE COAepKaHve OTPaBSIOLLX BELLIECTB HAXOAMIOCE HIbke npeaena
OBHapy>KeHNS METOAMK BbINOMHEHUS M3MEPeHUA (He obHapy>xeHo). NpeAcTaBneHa MeToavka MoaTanHOro MUrMeHNYecKoro obcnefoBaHns HeoOXOaANMMON K
nepepade MHMpacTpykTypbl OYXO ¢ pa3paboTkon pekoMeHaaLuin Ana nocnegytowero 6e3onacHoro uenons3osaHns. CaenaH BbiBOA O LENecoobpasHoCcTL
060CHOBaHNS MMMMEHNYECKIMX HOPMATMBOB NPoAyKToB AecTpykumm OB 1 OB KH/, paspaboTki 1 aTTecTaummi METOAVK BbINOMHEHWSI U3MEPEHNIA.

KnioyeBble CoBa: XMMUYECKOE OPYXXIie, NIMKBILALWS, OTPABNSIOLLME BELLECTBA, NPOAYKTbI ASCTPYKLMM, MMMMEHUYECKI HOPMATVIB, NepenpouiposaHie
Bknap aBtopos: /. B. [ynges — ausai nccnenosaqmns, c6op nHhopmaLn, 06paboTka 1 aHanma pesyssTaTos; peaakTpoBaHie.
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In 1992, the Russian Federation (RF) signed the Chemical
Weapons Convention (CWA) and undertook obligations to
destroy chemical weapons stockpiles [1]. The country passed
legislation to ensure implementation of the obligations under
this international treaty [2, 3].

The RF had storage facilities for chemical ammunition
filled with organophosphorous agents (OPA), such as VX,
sarin, soman, and blister agents (BA), such as sulfur mustard,
lewisite, and their mixtures. The chemical weapons stockpiles
were destroyed at seven new chemical weapons destruction
facilities (CWDF) built and commissioned at various times.
The job of designing and constructing these facilities entailed
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development of solutions ensuring safety of operation of the
CWDFs and deployment of the monitoring system that meets
high requirements. There were developed regulatory and
methodological documents governing organization of sanitary
and epidemiological supervision and control, protection
of industrial space and the environment, and health of the
personnel and population.

The last piece of chemical munitions was destroyed
in September 2017. Thus, the process of destroying RF's
chemical weapons stockpiles was completed.

One of the problems to be solved under the Federal Target
Program for the Destruction of Chemical Weapons Stockpiles
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Table 1. Number of samples taken at a CWDF

CWDF Total samples taken Wipe samples Solid samples of fragments of building structures and engineering infrastructure
1 218 62 156
2 238 62 176
3 219 98 121
4 321 161 160
Total 996 383 613

in the Russian Federation [2] is relieving the consequences of
operation of the chemical weapons storage and destruction
facilities.

As CWDFs see the chemical weapons destruction process
to completion, measures are taken to neutralize the facilities
and make them safe and ready for subsequent conversion,
including degassing of internal and external surfaces,
dismantling equipment and building structures and cutting
them into measured pieces, degassing of fragments, thermal
neutralization, and waste landfilling.

Potentially, not just the destroyed chemical agents (CA) but
also their toxic degradation products may contaminate building
structures, equipment, utility infrastructure, waterproofing,
heat-insulating, and other materials inside the buildings of
facilities, which is a hazard.

The monitoring system designed to enable protection of
people and the environment from the CA stays online and works
during the CWDF operation consequences relieve process.

Conversion of a CWDF generates the risk of contamination
of the process space and the environment with toxic substances
adsorbed by the building structures and equipment.

Currently, there are active hygienic safety regulations for CAs that
specify the maximum permissible concentration, MPC; maximum
permissible level, MPL; tentatively safe exposure level, TSEL;
approximate permissible concentration, TPC. There were also
developed the methods ofmeasurement of the CA concentrations
in the process space and the environment, at the site, on the skin
and personal protective equipment, and in the wastes.

There were developed design documents describing the
process of relieving the consequences of operation of CWDFs.
These documents were reviewed and approved by the sanitary
and epidemiological examination board. However, in order
to preserve public funds and in the interests of industries
supporting the state's defense capabilities and security
(including production of gunpowders and explosives, active

pharmaceutical ingredients and medicines, and waste disposal
facilities treating hazard class | and Il wastes), it was decided to
partially preserve the process equipment and the engineering
infrastructure elements signed for elimination, with the aim to
convert them.

This study aimed to assess the results of such relieve
activities from the hygienic point of view. The assessment allows
considering partial conversion of the CWDFs' infrastructure for
civil purposes, development and testing of the methodology
of a phased hygienic examination necessary for the CWDF
infrastructure conversion. It also enables recommendations for
subsequent safe use.

METHODS

The first stage implied wipe sampling the surfaces of process
equipment and elements of industrial infrastructure, collection of
solid samples of fragments of building structures and elements
of industrial infrastructure (floors, walls, inlet ventilation systems,
power supply, lighting, heating, fire extinguishing systems) in
order to identify the areas contaminated the most with the OPA
and BA degradation products (Table 1; Figure).

The technologies that enabled analysis of the residual
content of the OPA and BA degradation products were high
performance liquid chromatography with tandem mass
spectrometry (HPLC-MS/MS), gas chromatography-mass
spectrometry (GC-MS), gas chromatography— tandem
mass spectrometry (GC-MS/MS), and atomic absorption
spectroscopy with electrothermal atomization (AAS-ETA) [4, 5].

Second stage implied wipe sampling surfaces of process
equipment and elements of engineering infrastructure in order
to measure the residual concentrations of OPAs and BAs by
enzymatic methods and gas chromatography.

The data obtained were processed with STATISTICA 13.3
(StatSoft Inc.; USA).

Fig. Sampling at the chemical weapons destruction facilities
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Table 2. Number of control samples taken at a CWDF
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CA identified
CWDF
Vx type substance sarin soman sulfur mustard lewisite
1 118 107 118 39 39
2 113 95 139 - -
3 265 161 265 - -
4 427 316 454 - -
RESULTS reaction masses generated by their processing. Most likely, the

The study vyielded identification of the places (parts of
equipment, engineering infrastructure) most contaminated with
the OPA and BA degradation products at four CWDFs.

All the premises examined were contaminated with
organic compounds typical for OPA destruction facilities: S-2-
(diethylaminoethyl) methylphosphonothioate, methylphosphonic
acid (MPA), isopropyl-, isobutyl-, and pinacolylmethylphosphonic
acid (MPA), diisobutyl, dipinacolyl, and isobutyl pinacolyl esters
of MPA, and 2,2'-bis(diethylaminoethyl) disulfide.

In addition, most samples taken at facility #1, rooms where
BAs were destroyed, contained degradation products thereof:
thiodiglycol, thiodiglycol oxide, and chlorovinylarsonic acid.
A number of samples contained sulfur mustard. Arsenic was
found in all the samples studied, with some showing values
exceeding MPC and MPL.

It was not possible to assess the degree of hazard the
detected chemical compounds present, since there are no
relevant hygienic standards and information on toxicity.

Table 2 shows the results of analysis of control wipes
taken from the surfaces (process equipment, engineering
infrastructure) identified as the most contaminated with OPA
and BA degradation products. The analysis aimed to determine
the residual content thereof.

In all the samples taken, the residual content of OPA
(Vx type substance, sarin, soman) and BA (sulfur mustard,
lewisite, mixtures thereof) was below the limit of detection of
the measurement methods applied, i.e., none was found.

DISCUSSION

At four CWDFs, process equipment and engineering
infrastructure were found to be contaminated with the OPA
and BA degradation products, which indicates that the
facilities were previously contaminated with the CA or with the
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compounds found in surface wipes and solid samples taken
from the building structures and engineering infrastructure
(wiring, cable conduits, lamps) originated from the source CA
that degraded under degassing and the influence of various
environmental factors (humidity, temperature etc) [4].

The study allowed compiling degassing recommendations
that incorporate measures to assess the quality thereof (the
degree of removal of OPA, BA, and their degradation products)
after the relief operations. If it is impossible to meet the
requirements of hygienic standards, it is necessary to carry out
work in full in accordance with the project documentation.

To enable subsequent safe use of a CWDF, it is recommended
to monitor the dynamics of the levels of OPA and BA degradation
products for three years.

Development of the hygienic standards and methods to
measure the CA degradation product levels (in facilities and
the environment, the surface of personal protective equipment
and wastes) is an important step supporting implementation
of the recommendations after completion of the relief efforts at
CWDFs enabling their subsequent use.

CONCLUSIONS

The analysis revealed contamination of building structures,
equipment, utility lines, waterproofing, heat-insulating
and other materials inside the CWDF buildings, regardless of
their purpose, with products of degradation of OPA and BA.
No OPA and BA were found in the wipes taken from the
surfaces of process equipment and elements of the engineering
infrastructure of the CWDFs. It is advisable to develop hygienic
standards for OPA and BA degradation products (TSEL/
MPC in the process area air, APL/MPC on the surfaces of
process equipment and PPE, APC/MPC in building structure
rejects) and develop and certify the applicable measurement
procedures.
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ORGAN-SPARING EXCISION OF PEDIATRIC TESTICULAR TERATOMA
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Pediatric testicular masses are rare pathologies. Many physicians, facing such masses for the first time, have trouble choosing the algorithm of assessment and
surgical treatment tactics. Extent of surgery and surgical approach depend directly on preoperative assessment results. The clinical case of the incident testicular
mass surgical treatment in a 15-year-old boy is reported. The patient underwent laboratory and instrumental examination, the results of which confirmed a
benign lesion. Based on the data obtained, the organ-sparing surgical approach was selected. An assessment algorithm, treatment tactics for testicular mass
based on the data obtained, advisability and safety of the organ-sparing treatment approach are reported.
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OPIrAHCBEPETAIOLLIEE YOAJIEHUE TEPATOMbI ANYKA Y PEBEHKA

V. B. Mopay6Hein®!, K. H. ToncTtos'?, E. B. ®epoposa®’, B. O. TpyHos', M. M. XaHoB' =, A. C. ManaweHko', B. B. Cbitbkos?>!, A. O. Marep?,
A. C. PaHLwakos?
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BbIbOpE anropntMa 06CNefoBaHNs U TaKTVIKW OMepPaTUBHOIO NIeHYeHNs, OOBbEM 1 METOAb!I KOTOPOrO HaMPSIMyO 3aBUCAT OT Pe3yNsTaTtoB MPefonepaLyoHHOro
obcnepoBaHns. MNpefactaBneH KIMHUHECKUA CRyYai XUPYPrn4eckoro NeYeHns BnepBble BbIABEHHOrO 00pas3oBanus andka y peberka 15 net. MaumeHty
npoBefeHo NabopaTopHO-NHCTPYMEHTaIbHOe 06CefoBaH1e, Mo peaysstataMm KOTOPOro AoKasaH 4o0B6POoKaYeCTBEHHbIN XapakTep obpasosaHus. Ha ocHoBaHmn
MOMYYEHHbIX AaHHbIX BbIGPaH OPraHCOXPaHSAOLLMIA METOL, ONepaTBHOIO fliedeHns. MNpeacTasneH anroputM 06CNeA0BaHNS, TaKTVIKa e4eHNst 06pa3oBaHns andka
o peayrsTatam MosnyHeHHbIX AaHHbIX, LIeNecoobpasHOCTb 1 6e30MacHOCTb opraHcOeperatoLLero MeTofa eHeHus.
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Pediatric testicular masses are rare: their incidence is 0.5-2.0
cases per 100,000 people [1, 2]. Benign tumors predominate
in prepubertal children, who account for about 75% of
cases [2, 3]. Testicular tumors constitute 1% of all malignant
tumors. In 85% of cases, testicular masses are represented
by germ cell tumors [4]. Factors associated with germ cell
tumors are as follows: cryptorchidism (risk increased by 5-10
times), infertility (risk increased by 10-20 times), testicular
dysgenesis syndrome, germ cell tumor in a first degree relative
(risk increased by 5-10 times) [5]. According to international
histological classification of testicular germ cell tumors, there
are following teratoma types: postpubertal teratoma; teratoma
with somatic-type malignancy; prepubertal teratoma; mixed
teratoma, prepubertal type [6]. Testicular epidermoid cyst
is a form of prepubertal teratoma or mature teratoma, it is a
benign germ cell tumor originating from one or more primary
germ layers (endoderm, ectoderm and mesoderm). Testicular
epidermoid cysts account for 13% of all pediatric testicular
masses. Ultrasonography of the scrotum is considered the
imaging modality of choice used for detection of such masses
in children. In such cases ultrasonography shows 100%
sensitivity for the detection of the mass, but low specificity for
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the differentiation of benign and malignant tumors. During the
second phase of the assessment, tumor markers and blood
biochemistry are analyzed: alpha-fetoprotein (AFP), human
chorionic gonadotropin (hCG), lactate dehydrogenase (LDH),
and testosterone. In case of equivocal assessment results or
signs of malignancy, chest computed tomography (CT) and
pelvic magnetic resonance imaging (MRI) are indicated. In the
absence of data on malignancy, surgical treatment is indicated.
The organ-sparing approach is more and more often described
as a priority in literature [3, 7-9].

The paper presents a clinical case of organ-sparing
surgery in adolescent boy with benign tumor of the testicle;
the algorithm of physician’s actions in case of testicular tumor
detection is reported.

Clinical case

Adolescent boy M. aged 15. Physical examination found a hard
consistency, elastic, painless mass detected by palpation in the
lower pole of the left testicle. The scrotum appeared normal
in size; testicle was mobile, of elastic consistency; the mass
did not adhere to the surrounding tissue; left testicular veins
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Fig. 1. Ultrasonogram 1. Ultrasound features of avascular lesion of the lower
pole of the testis

were not dilated. The patient had no clinical manifestations of
the mass, and no history of trauma. The boy was hospitalized
in the hospital of the Federal Scientific and Clinical Center for
Children and Adolescents of the FMBA of Russia for further
assessment and treatment.

Laboratory and instrumental examinations

The boy underwent scrotal ultrasonography, which revealed
a 10.6 x 9.4 x 9.2 mm encapsulated mass of the lower
pole of the left testicle with clear, well-defined edges with
no signs of spreading into surrounding tissues. Doppler
ultrasonography of the mass revealed no detectable blood
flow (Fig. 1 and 2).

Blood levels of AFP, b-HCG, LDH, and testosterone were
normal.

MRI of pelvic organs and external genitalia was performed
due to suspected malignancy (Fig. 3 and 4); no invasion of
surrounding tissue or spread to regional lymph nodes and
pelvic organs was detected. The 8 mm mass of the lower pole
of the left testicle was revealed, no other pathological features
were seen.

The boy got the consultation of oncologist at the N.N.
Blokhin National Medical Research Center of Oncology; the
testis-sparing excision of the mass was indicated.
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Fig. 2. Ultrasonogram 2. Ultrasound features of avascular lesion of the lower
pole of the testis

Surgical treatment

Dissection of the testicular membranes through trans-scrotal
incision was performed with the patient supine under general
anesthesia, the small amount of clear exudate was produced.
Surgical exploration revealed no changes in testicular tissue.
Testicular tissue was dissected in the lower pole, in the projection
of the suspected mass. At depth of 5-7 mm the rounded mass
with well differentiated capsule slightly adhered to surrounding
tissues was seen. Mobilization and excision of the mass were
performed step-by-step with blunt/sharp instruments with the
use of monopolar coagulation (Fig. 5). The mass was sent for
histological examination, testicular membranes and scrotal skin
were closed with sutures. Histological examination revealed the
epidermoid cyst (prepubertal teratoma).

Post-operative period

The boy was transferred from the operative room to surgery
department for follow-up and planned analgesic therapy. The
postoperative period was uneventful, no surgical complications
were observed. The follow-up ultrasonography revealed a
contents-free residual cavity about 4 mm in diameter in the
projection of the excised mass. The patient was discharged
two days after surgery. The follow-up ultrasound examination

Fig. 3. MRI scan 1. MRl features of left testicular lesion with no signs of tumor
spreading to pelvic organs and regional lymph nodes

Fig. 4. MRI scan 2. MRI features of left testicular lesion with no signs of tumor
spreading to pelvic organs and regional lymph nodes
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of the scrotum every two months was recommended. The
scrotal ultrasonography results, obtained 2, 4 and 6 months
after surgery, showed no evidence of the tumor recurrence.
Ultrasound examination of the scrotum every six months was
recommended.

Discussion

Surgery is a modality of choice for pediatric benign tumors.
Concerning the data obtained during the previous years,
as well as the experience of “adult” urologists, high inguinal
orchifuniculectomy had been performed for a long time due
to suspected malignancy, or removal of testicle after testicular
biopsy in case of histologically proven benign lesion [10, 11].
Taking into account the fact that recent findings demonstrate
the predominance of benign neoplasms among testicular
tumors, as well as based on the results of 5-year follow-up study
in children after enucleation of testicular masses, the organ-
sparing surgery may be considered as a modality of choice for
benign testicular tumors [3, 7-9]. The organ-sparing approach
is applied when there is no data confirming malignancy, and for
small-sized tumors.

Radical inguinal orchofuniculectomy is advisable in cases of
proven malignant nature of the mass [10].

Conclusion

Epidermoid cyst is a benign testicular tumor, usually having
no clinical manifestations. Upon detection of testicular mass
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Fig. 5. Intraoperative image. Excision of encapsulated testicular teratoma

and performing a number of diagnostic procedures to confirm
a benign lesion, surgical treatment is indicated. Trans-scrotal
testis-sparing enucleation of the mass is a modality of choice
for benign lesions less than 3 cm in size.
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