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Abstract. Background. The purpose was to demonstrate the potential of statistical assessment for determining
shrapnel fragment temperature and velocity based on biomedical indicators of injury severity. Materials and
methods. Chinchilla breed rabbits were selected as experimental material and subjects for modeling ballistic
and shrapnel wound injuries. The scientific experiment was conducted as an active study having the controlled
temperature and velocity of impacting shrapnel and bullets as the main influencing factors. Primary measure-
ment data was collected using biophysical and biochemical examinations of the wounded animals. This data
was then processed using methods of multivariate parametric statistics, validating the scientific findings with a
specified level of confidence. Results. A statistically significant influence of the levels for the factors “Fragment
temperature” and “Fragment linear velocity” on the selection of optimal subsets of biomedical indicators maxi-
mally correlated with observation time has been proven. The fundamental possibility of independent evaluation
of the temperature values (according to the indicators “Alanine transaminase”, “Alkaline phosphatase”) and
speed (according to the indicators “Total protein”, “Segmented neutrophils”) of damaging fragments during
the initial examination of the wounded has been proven. Mathematical models (1) and (2) are presented for
evaluating, respectively, the temperature and linear velocity of the fragment. It has been shown that the given
errors in distinguishing between temperature and velocity levels are within the range of 25—30 % for a confi-
dence probability of P = 0.8, and the error for the speed evaluation of a fragment is less than its temperature
evaluation. The increased accuracy of fragment velocity evaluation provides additional information about
the depth of the wound, which is another positive result of the study. Conclusions. A statistically significant
influence of the levels for the factors “Fragment temperature” and “Fragment linear velocity” on the selec-
tion of optimal subsets of biomedical indicators maximally correlated with observation time has been proven.
The fundamental possibility of independent evaluation of the temperature values (according to the indicators
“Alanine transaminase”, “Alkaline phosphatase”) and speed (according to the indicators “Total protein”,
“Segmented neutrophils”) of damaging fragments during the initial examination of the wounded has been
proven. Mathematical models are presented for evaluating, respectively, the temperature and linear velocity
of the fragment. It has been shown that the given errors in distinguishing between temperature and velocity
levels are within the range of 25—30 % for a confidence probability of P = 0.8, and the error for the speed
evaluation of a fragment is less than its temperature evaluation. The increased accuracy of fragment velocity
evaluation provides additional information about the depth of the wound, which is another positive result of
the study. The statistical reliability of regression models for estimating shrapnel temperature and velocity has
been confirmed through biophysical experimental results. This approach expands the informational foundation
for developing treatment technologies in shrapnel wounds.
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Introduction

A search for scientific publications focused on assessing
the effects of thermal and kinetic parameters of impacting
shrapnel on biochemical indicators revealed a lack of such
studies. However, evidence strongly supports a direct rela-
tionship between the severity of thermal burns and changes
in certain biochemical markers [1—4].

The kinetic energy of a fragment can be evaluated, for
example, by the appearance of the primary wound channel
and secondary necrosis of its walls [5—8]. When it comes to
the complication of mathematical models for the formation
of new informative indicators characterizing the current state
of the patient, then such models are typical for informatio-
nally redundant biomedical signals [9, 10]. However, such
methods are possible for active monitoring procedures, and
not for initial rapid examination.

If the biomedical indicators are considered only for the
initial examination of the wounded, then most often it is
about evaluating their information content or forming an
optimally informative subset [11]. There are no real examples
of indirect evaluation by biochemical indicators of the levels
of influencing factors (temperature and fragment velocity).

The problem is that the number of biomedical indicators
that carry additional information about the severity of the
shrapnel wound expands during the initial examination of the
wounded. The number of such indicators is limited: the area
and extent of the wound (they, unfortunately, are much cor-
related), the temperature of the wound surface, also weakly
informative ones — age, body mass index. And, in fact, that is
all. Unfortunately, it is technically impossible to estimate the
temperature and speed of the fragment (in flight) by direct
measurements. The problem of such evaluation, at least indi-
rectly, can be solved only in physical experiments on animals.

In this case, it is possible to use correlation models of
multiple regression analysis linking temperatures and frag-
ment velocities with biophysical and biochemical parameters
available in medical practice.

The purpose is to show the influence of the temperature
of damaging fragments on the selection of the most informa-
tive subsets of biomedical indicators.

Materials and methods

Male chinchilla rabbits, aged 7 months, weighing 2600—
3600 (on average 3100 £ 126) grams, six of which were not
injured (control group), were used as experimental mate-
rial and objects for the study of gunshot wounds. Two weeks
before the beginning and three months after the study, the
rabbits lived in a vivarium. In the period before the start
of the study, the rabbits were in vivarium enclosures, in a
quarantine room with a standard temperature of 19 + 1 °C.
They received the same moderate caloric diet. Animals were
provided with access to food and water. A week before the
study began, the animals were fixed twice in the machine
for adaptation.

The content, care and methods of experimental work
with animals corresponded to generally accepted norms
and the rules stipulated by the European Convention for
the Protection of Vertebrate Animals Used for Experimental
and Other Scientific Purposes (Strasbourg, 1986), Council
Directive 86/609/EEC of November 24, 1986, the Declara-

tion of Helsinki, the International Guiding Principles for
Biomedical Research Involving Animals (1990), the Order of
the Ministry of Health of Ukraine No. 32 dated February 22,
1988 and the Law of Ukraine on the Protection of Animals
from Cruelty Treatment No. 1759 dated December 15, 2009.

Animals were wounded by pneumatic and firearms at
a specialized shooting range (Safari, Latek LLC) and at a
training ground (the training ground of the Ministry of Inter-
nal Affairs in the village Ruska Lozova, Kharkiv region) with
the observance of safety measures. Wounds were inflicted
with a fragment of low-quality steel measuring 5+ 6 x 4 mm,
weighing 0.36—0.52 grams from the distance at which blind
wounds were received. When inflicting a wound from a pneu-
matic weapon (PSRM air rifle; initial speed 140 m/s, caliber
4.5 mm), fragments of different ambient temperatures (50
and 100 °C) were used. The animals were fixed in the ma-
chine and anesthetized before and after the study with nalbu-
phine at a dose of 0.3 mg/kg. The areas of the suspected thigh
injury and the opposite symmetrical area were shaved an hour
before the examination. Wounds were inflicted through two
variants of military uniforms of old and new models.

Gunshot shrapnel single wounds were caused by firing
from a FORT (Ukraine) revolver (caliber 4 mm, initial ve-
locity 380 m/s).

List of biochemical indicators used: pulse; partial pres-
sure of oxygen in venous blood (PO,); frequency of breathing
movements; pH, an indicator of blood acidity; hemoglobin
(Hg); red blood cells (RBC); white blood cells; band neu-
trophils (BN), %; segmented neutrophils (SN), %; mono-
cytes (Mn), %; platelet count; aspartate transaminase (AST);
alanine transaminase (ALT); bilirubin; alkaline phosphatase
(ALP); glucose (GL); blood creatine kinase (CK); lactate
dehydrogenase (LD); urea; creatinine; total protein (TP);
prothrombin index; lymph (LM), %; wound area (WA).

The main features of the active biophysical experiment
were:

— modeling of shrapnel wounds under multifactorial
influences;

— generation of the fragment impact was carried out
using mechanical devices simulating military weapons. At
the same time, constant levels of temperature (17.5, 50 and
100 °C) and speed (140 and 380 m/s) of damaging metal
fragments were strictly recorded.

Unfortunately, the number of rabbits with the tempera-
ture and splinter speed factors was limited (9 rabbits were
used with the temperature factor, and 12 rabbits with the
speed factor). The area of the wound in animals correspon-
dedto 0.35+ 0.15 cm?.

An additional feature of the experiment is the repeti-
tion of all biochemical measurements (for the main group)
not only on the first, but also on the third and fifth days of
observation.

Results

Evaluating the influence of fragment
temperature on regression models
of biomedical indicators

The study of regression models was carried out in two
stages and was aimed at identifying subsets of indicators that
maximally correlated with the observation time.
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At the first stage, the paired linear correlation of each
indicator with time was evaluated for each level of the “Frag-
ment temperature” factor. Then the indicators were ranked
by decreasing modulus of the normalized correlation coef-
ficient. At the second stage, systems were sequentially formed
from a subset of indicators that maximally correlated with
time (m =1, m,).

The optimal number m, of indicators corresponded to
the maximum of the determination adjusted coefficient [9,
12] for the studied linear multiple regression of time on m
biochemical indicators.

Regression models of the indicators were examined sepa-
rately for each of the three fragment temperatures (17.5, 50
and 100 °C).

From the ranked indicators at the first stage, indicators
were identified that had a statistically significant correlation
with m = 1, m, time for the first type risk o = 0.05 (the sample
size (n = 9) corresponded to three rabbits and three time
points of 1, 3 and 5 days).

Table 1 presents the corresponding subgroups of bio-
chemical parameters for three fragment temperatures (the
normalized pairwise linear correlation coefficients R of each
parameter with time are indicated in parentheses).

Table 2 presents the values of the Fisher statistic
(F,.,_ . and the critical statistic (F,,.,_, _.). Also, the
maximum values of the adjusted coefficient of determination
(max R, for the optimal subsets of biochemical parameters
are presented, with the corresponding shading in Table 1.

Analysis of the results presented in Table 1 and 2 shows
the following:

1. Changing the levels of the factor “Fragment tempera-
ture” has a statistically significant effect on the selection of
subsets of biomedical indicators that are maximally correla-
ted with the time of their observation during the rehabilita-
tion period of the wounded.

2. From conclusion 1 it follows that the same influence
can be expected, for example, in relation to the factor “Frag-
ment linear velocity”.

3. Since for all levels of fragment temperatures the Fisher
statistics exceeds the critical value by 3—12 times, the reli-
ability of conclusions 1 and 2 exceeds 0.95 and indicates the
need to continue such experiments.

Study on the procedures for evaluating
temperature and fragment velocity values
using biomedical indicators

Such studies were carried out in two stages. First, the indi-
cators that maximally and statistically significantly correlated
were determined, separately with temperature, and separate-
ly with fragment velocity. For this purpose, 18 rabbits were
used for temperature and speed factorial experiments. Only
two indicators had the maximum and statistically significant
correlation with temperature: ALT (R = 7.8022) and ALP
(R = 7.1863). Their Fisher statistics F,. , exceeded the criti-
cal values F,. ;4. 005 = 4.49. The evaluation of cross-correlation
between ALT u ALP was equal to R = 0.081 and was found to
be statistically insignificant (n = 18).

Seven indicators had the maximum correlation, sta-
tistically significant ones, in the tests on the influence of
fragment speed: TP (R = 0.886), SN (R = 0.885), GL
(R = —0.786), urea (R = 0.766), LM (R = 0.728), Mn
(R=-0.709), AST (R=0.685).

Analysis of cross-correlation between indicators (ALT, ALP)
responsive to temperature and seven indicators responsive to
speed allowed identifying two indicators (TP, SN) from the lat-
ter. They turned out to be the least correlated with ALT and ALP
(cross-correlation coefficients ranged from —0.014 to —0.385).

To model the procedures for estimating the temperature
and velocity of fragments, two-factor linear multiple regres-
sion was used:

y=>b,+bx,+ by,
where y is level of influencing factor; b, is free coefficient; b,,
b, are angular coefficients; x,, x, are regressors corresponding
to the selected two indicators.

A group of 9 rabbits was taken for temperature tests,
and a group of 12 rabbits for tests on the speed effect.

Table 1. Subgroups of indicators that are statistically significantly correlated with time (i is indicator rank)

. Biochemical parameters (correlation coefficient R)
i
17.5°C 50 °C 100 °C
1 RBC (-0.779) RBC (-0.782) WA (0.832)
2 AST (0.737) BN (0.756) CK (=0.740)
3 CK (—0.655) Pulse (0.726) LM (0.707)
4 LD (0.645) Urea (0.696) SN (—0.696)
5 TP (0.589) LM (—0.656) Hg (—0.686)
6 - SN (0.598) RBC (—0.644)
Table 2. Values of Fisher statistics and critical statistics (m = m, n = 9)
t! OC mo Fm;n—m—1 Fm;n—m—1;a max Rzadj

17.5 31.118 6.39 0.772
50 2 15.367 5.14 0.626
100 50.464 6.39 0.853
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For the first group, the fragment velocity was constant
(V=140 m/s), and for the second, the fragment tempera-
ture was constant (= 100 °C). The wound area for rabbits
from both groups was approximately the same (0.35 *
+ 0.15 cm?).

Table 3 presents the initial data in the form of measure-
ment results for the variables y, x,, x, (temperature tests,
n =9, ALT and ALP indicators).

Table 4 shows the results of regression analysis of data
from Table 3 based on Excel using standard data analysis
settings.

Main results of regression analysis:

1. Mathematical model for estimating fragment tem-
perature values:

y=-23.656 + 0.940x, + 0.3x,. (1)

2. Standard error o = 20.83 °C.

3. Reduced estimation error, with confidence probabi-
lity P=0.68, y = + 25.25 %, relative to temperature range
At=82.5°C.

4. Fisher’s variance ratio statistics and its critical value
F,.¢=28.941 and F,. s = 5.14.

Regression is statistically significant because 8.941 >
> 5.14.

From the results obtained it follows that with probability
P =10.68, it is possible to distinguish between adjacent tem-
perature levels, the difference between which is ¢ < 2o (or
£ <41.66 °C). For confidence probability P = (.8, the value
ise<1.28 20 (ore<53.32°C; y<32.32 %).

Table 5 presents the initial data of the experiment for the
factorial influence of the linear velocity (y) of the fragment
(n=12, TP, SN indicators).

The results of the regression analysis are presented in
Table 6.

Main results of regression analysis:

1.y=-270.229 + 5.013x, + 4.875x,. 2)

2.0=47.902°C.

3.y =19.96 % (relative to speed range 4V = 240 m/s,
P=0.68).

4. F,.,=33.153 and F,.,, s = 4.26.

Regression is significant because 33.153 > 4.26.

From the results obtained it follows that the width ¢ of
the interval for distinguishing speed levels ¢ < 61.315 m/s for
P=0.8; where in y <25.55 %.

Discussion

The initial examination of victims with shrapnel wounds
is always accompanied by an analysis of the primary mea-
surement of certain biomedical indicators. Qualitative infor-
mation is always added to quantitative measurement in the
form of certain expert evaluation. Regardless of its type, such
information allows evaluating the severity of the traumatic
injury and choosing a technology for medical treatment and
subsequent rehabilitation of the wounded. However, the re-
sults of physical modeling of shrapnel wounds on animals
(chinchilla rabbits) showed that different temperatures of
damaging fragments correspond to different subsets of bio-

Table 3. Measurement results (factor “Fragment temperature”)

y (t, °C) 17.5 50 100
X, (ALT) 40 36 37 48 92 52 76 66 78
X, (ALP) 23 36 82 34 23 114 136 90 202
Table 4. Results of regression analysis (factor “Fragment temperature”)

Regression statistics

Multiple R 0.865312

R square 0.748764

Adjusted R 0.665019

square

Standard error 20.8304

Observations 9

ANOVA

df SS MS F Significance F

Regression 2 7759.068 3879.534 8.940967 0.015858

Residual 6 2603.432 433.9054

Total 8 10362.5

Coefficients Standard t stat P-value Lower 95% Upper 95%
error

Intercept —23.6554 22.27336 —1.06205 0.32908 —78.1563 30.84559
X variable 1 0.939688 0.390504 2.406349 0.052836 —-0.01584 1.895216
X variable 2 0.300084 0.130531 2.298945 0.061189 —0.01931 0.619482
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Table 5. Experiment data (factor “Fragment linear velocity”)

y (V, m/s) 140 380
X, (TP) 66.8 59.2 | 621 | 57.5 | 54.1 62.6 95.8 79.9 78.8 81.5 74.9 78.1
X, (SN) 26 18 24 24 34 24 49.8 42.1 41.8 42.2 441 59.8
Table 6. Results of regression analysis (factor “Fragment linear velocity”)
Regression statistics
Multiple R 0.938343
R square 0.880487
Adjusted R 0.853929
square
Standard 47.90248
error
Observa- 12
tions
ANOVA
df SS MS F Signiftiance
Regression 2 152148.2 76074.09 33.15284 7.05E-05
Residual 9 20651.83 2294.647
Total 11 172800
Coefficients Standard error t stat P-value Lower 95% | Upper 95%
Intercept —270.229 91.68846 —2.94726 0.016293 —477.643 -62.8156
X variable 1 5.01295 1.857367 2.698955 0.024435 0.811293 9.214607
X variable 2 4.874889 1.812263 2.689946 0.024799 0.775266 8.974513

medical indicators characterizing the dynamics of the reha-
bilitation process.

Taking into account the level of the factor “Fragment
temperature” allows planning the selection of biomedical
indicators that carry maximum information about the dyna-
mics of such rehabilitation. In a broader perspective, it could
potentially lead to planning elements of medical technology
for treating wounds and further treatment.

The article presents the results of mathematical modeling
of procedures for evaluating the levels of the factors “Frag-
ment temperature” and “Fragment linear velocity” using
uncorrelated biomedical indicators. The results of biochemi-
cal measurements in physical simulations of shrapnel wounds
in rabbits were used to verify the accuracy and adequacy of
such procedures. The temperature and velocity levels of the
fragments were fixed and known. The errors in indirect esti-
mation of such levels were on average 25—30 % in relation to
the ranges of temperature and speed changes.

Conclusions

1. It has been proven that the temperature levels of injuri-
ous fragments influence the selection of biomedical indica-
tors subsets that undergo the most significant changes as the
rehabilitation period of injured individuals increases.

2. The feasibility of simultaneously assessing the tem-
perature and velocity of injurious fragments has been proven.

This assessment is based on independent subsets of biomedi-
cal indicators at the stage of the initial examination of the
wounded.
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2BiviCbKOBO-MEAMNYHNV KAIHIYHMV LIeHTP [TiBHIYHHOro perioHy, M. XQpkiB, YkpaiHa
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Kanip OpHINCbKA TEXHOAOTIYHMA IHCTUTYT, M. [TacaaeHq, KanigpopHis, CLLA

OUiHKO TepMIYHNX TA KIHETUYHMX NAPAMETPIB OCKOAKA NMPY BOrHENAABHUX YLUKOAXKEHHSIX

Pe3tome. Axmyaavnicmo. MeToio 6yJ10 IPOJEMOHCTPYBATH MOX-
JIMBOCTI CTATMCTUYHOI OLIIHKM ISl BU3HAYEHHSI TeMIepaTypu
Ta IIBUAKOCTI YJIaMKiB IIpaIHesi Ha OCHOBI OiOMeIMYHUX IMO0-
Ka3HUKIB TSDKKOCTI YIIKOIKeHHSI. Mamepiaau ma memoodu. 51k
eKCIepUMEeHTaJIbHUII MaTepiaia Ta 00’ €KTU IJIsI MOJIEJIFOBaHHS
0aTiCTUYHUX i OCKOJIKOBUX ITOpPaHEeHb OYJIM 00paHi KpOJIUKU
nopoau muHImIa. HaykoBuii eKCriepuMeHT TPOBOAMBCS 1K
aKTHUBHE NOCIiIKEHHsI, OCHOBHUMU (haKTopaMu BIUIUBY OyJIu
KOHTpOJIbOBaHA TeMIIepaTypa Ta IIBUIKICTh BIyYaHHST OCKOJIKiB
i Ky7b. [lepBuHHI 1aHi BUMipIoBaHb 30Mpajin 3a JOIIOMOT0I0 0i0-
Gbi3nYHUX 1 0i0XiMIYHUX TOCTiIKEeHb MTopaHeHUX TBapuH. [ToTim
11i 1aHi Oy 06po0JIeHi 3a TOTTOMOTO0 METO/IiB 6araToakTopHOL
MmapaMeTPUIHOI CTATUCTUKM, 1110 JO3BOJIMIIO MTiATBEPAUTH HAYKO-
Bi BUCHOBKW i3 3alaHUM piBHeM BiporigHOCTi. Pe3yabmamu. J1o-
BEIEHO CTaTUCTUYHO 3HAUYIIUIA BIUIMB PiBHIiB (pakTOpiB « Temrie-
partypa ¢parmeHTa» Ta «JliHiiiHa MBUIKICTh (pparMeHTa» Ha BU-
Oip oNTUMATBHUX MIAMHOXWH MEIUKO-010JIOTIYHUX TTOKAa3HUKIB,
110 MAKCHUMAaJIbHO KOPEJIOIOTh i3 YaCOM CIOCTepexXeHHsT. Takox
JIOBEIEHO MPUHLUIIOBY MOXJIMBICTh HE3a€XXHOI OLIIHKY 3HAaYeHb
TeMmIlepaTypH (3a MoKa3HUKaMu «AJlaHiHTpaHcaMiHaza», «JIyxHa
docdaraza») Ta MBUIKOCTI (32 MMOKa3HUKAMU «3arajabHU Oi-
JI0K», «CerMeHTOsIepHi JIEUKOLUTH») YITKOMIXKXYIOUNX OCKOJIKIB
npy MEPBUHHOMY OIJIsiai mopaHeHuX. HaBegeHo MatreMaTHUuHi
mozedi (1) Ta (2) aist OLiHKYM BiIMOBIAHO TeMIepaTypH Ta JiHii-
HOI IIBUAKOCTI ockoiika. [TokazaHo, 110 HagaHi TOXUOKM po3pi3-
HEHHs PiBHIB TeMIIepaTypy Ta MIBUAKOCTI 3HAXOISATHCS B MeXKax
25—-30 % nna nosipyoi iiMoBipHOCTi P = 0,8, a moxubka oliHK1

IBUAKOCTI (hparMeHTa € MEHIIIOI, HiXX OIliHKa TeMIlepaTypu.
[ligBuIlIeHA TOYHICTh OLIIHKY IIBUAKOCTi OCKOJIKIB A€ TOAATKOBY
iHdopMallito nMpo rMOWHY paHu, 110 € 1ie ONHUM MO3UTUBHUM
pe3yJbTaTOM IOCHiIXKeHHs. Bucnosxu. J10BeIeHO CTATUCTUYHO
3HauylIMii BILUIMB piBHIB (pakTopiB «Temneparypa ¢pparmeHTa»
Ta «JIiHifiHAa BUIKICTh (parMeHTa» Ha BUOIp ONTUMAIbLHUX
MiZIMHOXWH MeANKO-0i0J0rUHUX MOKA3HUKIB, 1110 MAaKCHUMaJIbHO
KOPEJIOIOTh i3 YacoM criocTepekeHHs. Takoxk 10BeJeHO PUHIIU-
ITOBY MOXJIMBICTh HE3aJIeXKHOT OLIIHKY 3HaYeHb TeMITepaTypH (3a
MOKa3HUKaMu «AJlaHiHTpaHcaMiHa3a», «JlyxxHa docdarasza») Ta
LIBUIKOCTI (3a MOKa3HUKaMU «3arajJbHuii 0i10K», «CerMeHTo-
SIIEPHI JIGMKOLMTH» ) YIIKOKYIOUUX OCKOJIKiB ITPU MEPBUHHOMY
orysani mopaHeHux. HaBeneHo MaTeMaTUIHI MOJEIi UIST OLIIHKHU
BiIMOBiZHO TeMIepaTypH Ta JiHIHOI IIBUIKOCTI ocKoKa. [1o-
Ka3aHo, 110 HaJaHi MOXWOKM pO3pi3HEHHS PiBHIB TeMMepaTy-
pM Ta MIBUAKOCTI 3HaXOIAThCsI B Mexxax 25—30 % mist moBipyoi
iimoBipHOCTi P = 0,8, a moxmubKa OIL[iHK! MIBUIKOCTI (hparMeHTa
€ MEHIIOIO 3a OLIIHKY 1oro TemIieparypu. [linBuileHa TOYHICTh
OLIiHKM LIBUAKOCTI OCKOJIKIB Aa€ NOAATKOBY iH(dOpMaLiio Mpo
[JIMOUHY paHU, 11O € Le OJAHUM MO3UTUBHUM PE3YJIBTAaTOM J0-
crimkeHHs. CTaTUCTUYHA BipOTiMHICTh perpeciiHuX Moaeseit st
OLIIHKY TeMITepaTypH Ta IIBUAKOCTI OCKOJIKIB OyJa IMiATBepIKeHa
pesyiabraTaMy 0i0(i3MYHUX eKCIepuMeHTiB. Takuii miaxin po3-
mMproe iHbopMalliiiHy 6a3y 1jist po3poOKU TeXHOJIOT1i JTIKyBaHHS
OCKOJIKOBMX TTIOPaHEHb.

KimouoBi ¢J10Ba: ockonkoBse nopaHeHHs ; TeMIIEpaTypa i LIBUAKICTh
OCKOJIKa; 0ioMeINYHi MOKa3HUKU; ineHTU(iKallisi perpecii
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