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MATEMATHYECKOE MOAEJIMPOBAHUE YPOBHSA MAPI'AHLIA
B MBIIIEYHON TKAHHM KPYITHOT'O POTATOTI'O CKOTA

<)Hapoxubix K.H.

Hosocubupckuii eocyoapcmeeHubill acpapHblil yHusepcumem
Hosocubupck, Poccus

x)e-mail: nkn.88@mail.ru

[pencraBiensl pe3ynbTaThl OnpelesieHust Hanooee d3PPEKTUBHON MOJENH NMPOTHO3a YPOBHS
Maprasiia B MBIIIEYHON TKaHHU Tepe(OopICKOTo CKOTa IS MPHKU3HEHHOM OIIEHKH 3JIEeMEHTHOTO CTa-
Tyca KUBOTHBIX MAJIOMHBA3UBHBIMH METOIaMHU. DKCIEPUMEHT MPOBEJIEH C TIOMOIIHIO TeMaTOJIOTH-
YECKOTO ¥ OMOXMMHUYECKOTO HCCIISIOBAHNUS KPOBH U aTOMHO-a0COPOIIMOHHOTO aHAJM3a MBITIIEYHON
TKaHU KPYITHOTO POraroro ckota. [loiy4eHHbIe JaHHBIE MCIIOJIB30BAHBI IS MMOJTOHKH PEerpeccu-
OHHOW MOJIENTM METOJJOM HaMMEHBIIUX KBaJapaToB. J{Jsi aHamm3a 0ToOpaHbl NPOOBI CKEJIETHON MYy-
ckyiarypsl Maccoir 100 r ¢ auadparManbHON MBIIIIBI OT repedOpCKOr0 CKOTa, Pa3BOIUMOTO B
FOKHOH gacTu 3amannoit CHOUpH B yCIOBUAX MTPOMBIIIICHHOTO KoMITIekca. OIEHKY KOHIIEHTPaITil
MapraHiia B TKaHIX OCYIIECTBIISIIN METOIOM aTOMHO-a0COPOIIMOHHOTO aHaIM3a Ha CIEKTPOMETpe
MI'A-1000. OnpeneneHue comepKaHus SPUTPOIUTOB, JICUKOIIMTOB U TEMOTIIO0MHA TIPOBOAMIIN Ha
aBTOMaTU4ecKkoM remarojoruueckoM aHanmsarope PCE-9OVET. YposeHs nporenHa, aibOyMHHOB,
[100yJIMHOB, MOYEBHHBI, MOYEBOIM KHUCIIOTHI M XOJIECTEPHUHA ONIPEeIsuId (POTOMETPUIECKMMHU METO-
JlaMH Ha MOJIyaBTOMaTHUeCKOM OMoXxuMu4eckoM aHanu3atope Photometer-5010. Pacuer ahdexror
PETPEeCCHOHHBIX MOJENIEH OCYIIECTBISLIA METOAOM HaWMEHBINNX KBaapaToB. Cenexmus JTydmiei
Moziend 1o 3(G(GEeKTUBHOCTH W TOYHOCTH OIIEHKH MOJIENH 0a3upoBaiach Ha KOMILIEKCHON OIEHKE
3HAYeHNH BHYTPEHHHX M BHEUTHHX KPHUTEPHEB KadecTBa. Mexay 3aBUCUMOW W HE3aBUCHUMBIMHU
IIEPEMEHHBIMU BBISIBJICHBI CTaTUCTHUYECKU 3Ha4MMbIe accormanuu (p < 0,05). BayTpu myna npe-
JTUKTOPOB OTMeUeHa ckoppenupoBaHHOCcTh (p < 0,05). B pe3ynbrare moAroHku Mozesneil moiay4eHo
ONITHMAJIbHOE PErPECCHOHHOE YpaBHEHHUE, BKIIIOYAIOIIIEe JIBA MTOKa3aTels (CKOPOCTh OCEAaHUs PH-
TPOILIMTOB 1 YPOBEHH IIO0YJIMHOB), ISl IPOTHO3a YPOBHS MapraHiia B MBIIIIEYHONW TKaHU KPYITHOTO
poraroro ckora. Mexy TaBHBIME 3G GeKTaMi MOJIENHA OTCYTCTBYIOT MPU3HAKHA MYIBTHKOIITIHE-
ApHOCTH, YTO TIOATBEPKIaeT 3Ha4eHus (hakropa nH A qucnepcun — 1,2. [lomyueHnast Monenb
YIAOBJIETBOPSIET HEOOXOIUMBIM JIOITYIIIEHUSM B OTHOIIICHHU OCTaTKOB. PactipeeneHust 0cTaTkoB MO-
JIeTTd BXOJAT B JIOBEPUTEIIbHBIE HHTEPBAJIBI KPUBOW HOpPMaIILHOTO pacipeaeicHus. Koagduument
aBTokoppessiuu 0but pasen 0,039 (p > 0,05), uro yka3piBaeT Ha HE3aBUCUMOCTH OCTATKoB. [lomy-
YeHHAs MOJIETh MOXET OBITh UCIIONB30BaHA [T TIPYIKIU3HEHHON OIIEHKH KOHIICHTPAIMH MapTaHIa
B MBIIIEYHON TKaHU KPYITHOTO POTaTOTO CKOTA.

KuaroueBsbie cji0Ba: MapraHell, KpyIHBIH poTaThlii CKOT, TepedopacKas moposa, MporHo3upoBa-
HUE, perpeccus
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The results of determining the most effective model for predicting the level of manganese in
the muscle tissue of Hereford cattle for in vivo assessment of the elemental status of animals by
low invasive methods are presented. The experiment was carried out using hematological and
biochemical blood tests and atomic absorption analysis of the muscle tissue of cattle. The data
obtained are used to fit the regression model using the least square method. Skeletal muscle samples
weighing 100 g from the diaphragm muscle of the Hereford cattle bred in the southern part of Western
Siberia in the conditions of industrial complex were taken for analysis. Manganese concentration
in tissues was assessed by atomic absorption analysis on an MGA-1000 spectrometer. The content
of erythrocytes, leukocytes, and hemoglobin was determined on an automatic hematology analyzer
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PCE-90VET. Protein, albumin, globulin, urea, uric acid, and cholesterol levels were determined
by photometric methods on a Photometer-5010 semi-automatic biochemical analyzer. The effects
of regression models were calculated using the least square method. Selection of the best model
for efficiency and accuracy of model estimation was based on a comprehensive assessment of the
values of internal and external quality criteria. Statistically significant associations (p < 0.05) were
found between the dependent and independent variables. Within the pool of predictors, correlation
(p < 0.05) was observed. As a result of model fitting, an optimal regression equation including two
indicators (erythrocyte sedimentation rate and globulin level) for predicting manganese levels in
bovine muscle tissue was obtained. There are no signs of multicollinearity between the main effects
of the model, which confirms the values of the variance inflation factor - 1.2. The resulting model
satisfies the necessary assumptions about the residuals. The distributions of the model residuals fall
within the confidence intervals of the normal distribution curve. The autocorrelation coefficient was
0.039 (p > 0.05), indicating the independence of the residuals. The resulting model can be used for
in vivo assessment of manganese concentration in bovine muscle tissue.
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INTRODUCTION ing manganese deficiency in ruminant animals
Manganese is an essential micronutrient, Ca0 be achieved through the use of multicom-

with a requirement of 20 mg of manganese/ Ponent mineral feed supplements [13, 14]. As a

kg of feed for beef cattle [1-3]. Deficiency of p?qventive measure, mangapese—containing ad-
this element results in disturbances in carbohy- dltlv,es, are useq when there 1S on}y unconfirmed
drate and lipid metabolism, growth retardation, ~SUSPIc1on of m1cronutrlept deﬁc1§ ney [1,5 . )

dermatitis, impaired synthesis of bone tissue The elemental status is associated with bio-

and the reproductive system [4, 5]. It has been chemical Processes occurring in the qrganism
established that the key enzymes sensitive to L10~18]. Identifying these patterns will allow

manganese deficiency in the diet are glycosyl- for the development of the methods for assess-

transferases and xylosyltransferases (enzymes 18 the 1§Vels O,f rrycrf)nutrlents n am'rnal tis-
activated by manganese and involved in the SUeS during their lifetime. Hematological and

synthesis of proteoglycans and, consequently, bpchemlcal lf)lood parameters can serve as pre-
in bone formation), as well as arginase and mi- dictors and b10marker§ of manganese leyels.'
tochondrial superoxide dismutase (manganese The purpose of this study was to identify
metalloenzymes) [6—9]. Decreased fertility due the most eff.ectlve predlctlye model for manga-
fo manganese deficiency is a result of impaired 1€S€ levels in the muscle tissue of the Hereford
synthesis of cholesterol and related compounds ~ ¢attle, which would a110\'7v for non-invasive as-
(ergosterol, ergosteryl sitosterol, stigmasterol, Sessment of the animals' elemental status dur-
etc.) necessary for the synthesis of sex hor- 1 their lifetime.

mones and other steroids [10—12]. Replenish- The research objectives were achieved
through hematological and biochemical analy-
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sis of blood samples and atomic absorption
analysis of muscle tissue in beef cattle. The ob-
tained data were used to fit the regression mod-
els using the least squares method.

MATERIAL AND METHODS

Samples of skeletal muscle (n = 22) were
taken from the diaphragm muscle of the Her-
eford cattle bred in the southern part of Western
Siberia. The animals were kept under standard
conditions of an industrial complex, complying
with veterinary and zootechnical requirements
(GOST 32855-2014, GOST 26090-84, GOST
R 52254-2004). At the time of slaughter, the
animals were clinically healthy. Blood samples
were taken from the jugular vein of the animals
and stabilized with 5% sodium citrate. Analy-
sis of the muscle tissue samples was performed
according to GOST R 55484-2013 using an
electrothermal atomic absorption spectrometer
MGA-1000. Hemoglobin level, red blood cell
count, and leukocyte count were determined
using a PCE-90VET hematological analyzer.
Biochemical analysis of serum was conducted
using a Photometer-5010 biochemical analyzer.

Statistical analysis of the raw data was per-
formed in the R environment. Model fitting was
done using the least squares method according
to the exploratory data analysis protocol [19].
The Shapiro-Wilk test was used to assess the
normality of residual distributions. Spearman's
rank correlation coefficient was calculated to
assess the correlation between model variables.
The presence of multicollinearity in the pa-
rameters of the candidate models was assessed
based on the variance inflation factor values
and visual inspection of the scatterplot matrix.
Influential observations in the model residuals
were identified using the Grubbs' test. Multiple
comparisons of influential observations in the
model residuals were conducted using Bonfer-
roni correction. The Durbin-Watson test was
used to assess the independence of the model
residuals.

For convenience of analysis and description,
the names of the original variables have been
changed (see Table 1).

Ta6a. 1. OGo3HaueHne u pacmmdpoBKa IS
KOMIUTEKCA HE3aBUCHMBIX IEPEMEHHBIX, HCIIONB3Y-
€MBIX JUIS CEeJIEKIINH PErpecCHOHHBIX MOIeNeit

Table 1. Designation and interpretation for the
complex of independent variables used for the
selection of regression models

Indicator Unit of Variable in
measurement the model
Fe level in the blood mmol/L x1
Leukocytes x10° units x2
Erythrocytes x10" units x3
Hemoglobin g/l x4
ESR MM/ x5
Blood color index Ratio x6
Protein g/l x7
Albumin g/l x8
Globulin g/l x9
Urea mmol/L x10
Uric acid umol/L x11
Cholesterol mmol/L x12

RESULTS AND DISCUSSION

In order to fit the regression models using
the least squares method, it is necessary to as-
sess the correlation between the predictors.
When multicollinearity is detected among the
model parameters, the coefficient values will be
unstable, and the analysis of the contribution
of each effect to the variance of the dependent
variable will be difficult. Therefore, Spearman
correlation coefficients were calculated to as-
sess the associations between the variables (see
Figure 1), and scatter plots were constructed
(see Figure 2).

Four statistically significant correlations
were found between the dependent and inde-
pendent variables: hemoglobin, blood color
index, albumin, and erythrocyte sedimentation
rate (ESR). Hemoglobin concentration is as-
sociated with albumin and blood color index
values, while ESR level is not related to these
variables. In the selection of the models, it is
necessary to choose a set of predictors that will
allow for the calculation of the most effective
and compact model, where the parameters do
not duplicate each other's influence on the vari-
ance of the dependent variable.

Selection of the candidate models was based
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y x1 x2 x3 x4 x5

0.04
x1
x2 -0.23 -0.37
x3
x4
x5
6 -0.44 -0.19

x7 0.43 -0.13

8§ -0.56 -0.33

x9

x10

x11 -0.25 -0.17 -0.28 -0.12

2 028 0.27 -0.17

0,11

1 078 -056 —0,33

x6 x7 x8 x9

0.02 0.08 0.02

-0.35 -0.37 -0.36

x10  x11  x12

0,11 033 056 078 1

Puc. 1. KoppesiiimonHasi MaTpuiia (Ha KpacHOM (poHe 3HaueHHsI K03(DPHUIIMEHTOB KOPPEISIUH, Ha CH-

HEM — UX ypOBHEH 3HAYMMOCTH)

Fig. 1. Correlation matrix (on the red background are the values of the correlation coefficients, on the

blue background are their significance levels)

on the assessments of internal quality crite-
ria, including the Akaike information criterion
(AIC), adjusted coefficient of determination
(R2 adj), Mallow's criterion (Cp), and Bayesian
information criterion (BIC). Based on the eval-
uations of the first two quality criteria, a model
with four predictors was constructed (see Ta-
ble 2). By considering the latter two criteria, a
more compact model with two predictors was
obtained (see Figure 3).

The evaluation of the obtained models and
their effects is presented in Tables 3 and 4. Al-
though the estimation of the residual standard
deviation was slightly lower for the model with
four predictors, only one coefficient (x9) was

statistically significant, even though the value
of the F-statistic was below the critical value,
allowing us to reject the hypothesis of all coef-
ficients being equal to zero (see Table 3). On
the other hand, the model with two independent
variables had a higher F-statistic value, leading
to an improvement in the level of significance
by a factor of two compared to the previous
model (see Table 4).

Calculation of the variance inflation factor
for the full model and candidate models is pre-
sented in Table 5. It is evident that the candidate
models do not exhibit multicollinearity among
the predictors, unlike the full model, where
more than half of the coefficients are highly
correlated.
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Puc. 2. Marpuna auarpamm paccessHusI IapaMeTpOB PErpecCHOHHBIX MOJIEIICH
Fig. 2. Matrix of scatterplots of regression models parameters

Tada. 2. BHyTpeHHHEe KpUTEpUH OIIEHKH KauecTBa MoJieNiei-KaHInaToB IPOrHO3a YPOBHS MapraHia B
MBIIIEYHON TKAHU, MI/KT

Table 2. Internal criteria for assessing the quality of candidate models for predicting the level of
manganese in muscle tissue, mg/kg

Model formula df p SSE MSE R? Ry AIC BIC
y~1+x1+x3+x9+x10 17 4 0,079 0,005 0,573 (0,472 —49,358 -37,242
y~1+x5+x9 19 2 0,097 0,005 0,478 (0,423 —48,932 -38,998

Henceforward: SSE — square sum error; MSE — mean square error; R*> — coefficient of determination; Rzadj — adjusted coef-
ficient of determination (ACD); AIC — Akaike information criterion; BIC — Bayesian information criterion.
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Fig. 3. Ranking of models (from left to right) according to the BIC, the Mallow criterion and Rf,dj

The choice of the best model was based on an
external quality criterion for regression models
— cross-validation. The visualization of cross-
validation with the original dataset divided into
3 blocks is presented in Figure 4. The left graph
shows that one of the regression lines deviates
significantly from the overall trend, unlike the
model with two predictors (on the right).

The forecast quality of the candidate mod-
els can be assessed using the unbiased value of
the coefficient of determination and the mean
square for each of the candidate models (see
Table 6). The obtained data indicate a signifi-
cant superiority of the compact model, as it
provides a significantly more accurate forecast
and explains the variance of manganese levels
in muscle tissue nearly three times better than
the closest competing model.

Thus, as a result of the selection, it can be
concluded that the best model for predicting the

level of manganese in cattle muscle tissue con-
tains two predictors (x5 and x9).

To consider the selected model sufficient-
ly effective for forecasting, it is necessary to
check the assumptions regarding its residuals.
Formal tests, such as the Anderson-Darling test
(4=0.5; p=0.2) and the Shapiro-Wilk test (W
= 0.9; p = 0.2), indicate the conformity of the
residual distribution to normality. The visual-
ization of the probability density values of the
residuals falls within the confidence interval for
the normal distribution curve (see Figure 5).

The plot of standardized residual quantiles
and theoretically expected quantiles also shows
that their values are normally distributed (see
Figure 6, top-left plot).

The top-left and bottom plots indicate the
relative homogeneity of residual variances (see
Figure 6). The detection of the potentially in-
fluential observations using Cook's distance is
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Ta6a. 3. Ilapamerps! onieHkn k03 pureHTOB
MOZETHU-NIPETeHICHTa POrHO3a YPOBHSI MapraHua
B MBIIICYHON TKaHU OT MOKa3areyieil KpOBH, MI/KT

Table 3. Parameters for estimating the
coefficients of the candidate model for predicting
the level of manganese in the muscle tissue from
blood parameters, mg/kg

Taoxa. 4. [Napamerps! olleHKH K03(DDUITHEHTOB
MOJIENIU-TIPETEH/IEHTa MPOTHO3a YPOBHS Maprasua
B MBIIICYHOM TKAHU OT IMOKa3aTesiel KPOBU, MI/KT

Table 4. Parameters for estimating the
coefficients of the candidate model for predicting
the level of manganese in the muscle tissue from
blood parameters, mg/kg

. Coeffi- Standard er- . . . Standard er-
Coefficient . . t-statis- Coefficient | Coefficient t- statis-
designation cient esti- | - rors of the tics P designation | estimates | o> of the tics Pr
mates coefficients coefficients
1
Integer 0,090 0,084 1,115 0,280 Integer' 0,200 0,050 3,983 | 0,001
x1 0,889 0,463 1,919 0,072
5 —-0,052 0,028 -1,873 | 0,077
x3 0,011 0,009 1,323 0,203 *
x9 0,002 0,001 2,759 0,013 x9 0,002 0,001 2,711 0,014
x10 -0,013 0,007 -1,738 0,100 Note. RSE = 0,71, F-statistic = 8,7,

Note. RSE = 0,068, F-statistic = 5,7,
p =0,004.

!Absolute term of an equation.

»=0,002.

'Absolute term of an equation.

Ta6xa. 5. 3HadeHus Gaxkropa HHPISAIMA AUCTIEPCHHA JIIIs1 K0I(D(DUIIMEHTOB PErPeCCUOHHBIX MOJIEIEH
OLIEHKH YPOBHSI MapraHiia B MbIIICYHON TKaHH
Table 5. Values of the dispersion inflation factor for the coefficients of regression models for
estimating the level of manganese in the muscle tissue

Predictor Full model y~x1+x3+x9+x10 y~x3+x5
x1 2,1 1,1 -
x2 4,2 - _
x3 24 1,1 1,2
x4 33,8 - -
x5 2,3 - 1,2
x6 333 - -
x7 595,9 - -
x8 162,6 - -
x9 658,6 1,2 -
x10 3.3 1,1 -
x11 1,8 - -
x12 1,8 - -

shown in the bottom-right plot of Figure 6. The
ordinal numbers of three observations with high
influence potential are displayed. However, vi-
sually, these instances align with the model on
the previous graphs of Figure 6. A formal check
of the most influential observation's conformity
to the overall population was conducted with
Bonferroni correction. In the selected model,
the maximum value of the studentized residual
was 2.52 and corresponded to an adjusted sig-
nificance level of 0.47. The obtained results in-
dicate that this maximum value does not differ

from the other observations in the population.
To test the hypothesis of independence of the
residuals, the autocorrelation coefficient was
calculated as 0.039 (p = 0.32), confirming the
null hypothesis of independence of the residu-
als in the model.

Thus, to forecast the level of manganese in
Hereford cattle muscle tissue, it is necessary to
determine the globulin concentration and eryth-
rocyte sedimentation rate and build a regression
equation based on the obtained data:

y=0.2-0.052 x ESR +0.002 x G,
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Puc. 4. Buzyanusanus MojieIei-IIPEeTeHICHTOB METOIOM KPOCC-BaIMIAIK C pa3douTHeM Ha 3 Orioka

Fig. 4. Visualization of candidate models for assessing by the cross-validation method divided

into 3 blocks

Taoua. 6. KpOCC—BaJ’II/I,Z[aL[I/Iﬂ OIICHOK PETPECCUOHHBIX MO,I[GJ'ICﬁ MPOrHo3a ypoBHs MapraHiia B MbIIICY-

HOU TKaHU

Table 6. Cross-validation of estimates of regression models for predicting the level of manganese in

the muscle tissue

Model formula SSE df MS R Cross-validation R?
y~1+x5+x9 0,2200 22 0,00996 0,478 0,227
y~1+x1+x3+x9+x10 0,2242 22 0,01019 0,573 0,0826

where y is the manganese concentration in mus-
cle tissue (mg/kg), ESR is the erythrocyte sedi-
mentation rate (mm/h), and G is the globulin
level (g/L).

Although the obtained results have dem-
onstrated a sufficient level of statistical sig-
nificance for the model and its coefficients,

as well as the absence of outliers, this model
requires training on new data as the precision
of the forecast for manganese levels in muscle
tissue will have wide confidence intervals with
the available data. Therefore, additional data is
needed to improve the model.
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CONCLUSION
0.5 The obtained model can be used for the in
& vivo assessment of manganese levels in the
_qg, 04- Hereford cattle muscle tissue. The data ob-
£ tained can be utilized for the purpose of ecolog-
§ 03] ical monitoring of elemental load on animals.
E The application of this method will enable the
E» 024 timely detection of Mn imbalances in muscle
g tissue and, through changes in diets, reduce or
§ 01- increase the concentration of this metal. Fur-
g ther training of the model is necessary to find
a broader set of predictors to enhance the accu-
0.0 ‘ ST TR racy of the dependent variable estimates.
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Fig. 5. Residual distribution of the regression
model for estimating the level of manganese in the
muscle tissue, mg/kg
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