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Abstract-Oxygen penetration in muscle tissue was mathematically modeled by means of a non-stationary 
statement of the problem. The parameters concerned: solubility, diffusion coefficient and oxygen con- 
sumption in the tissue, were evaluated at different temperatures. The results were compared with exper- 
imental data of penetration width and spectrophotometric measurements of oxymyoglobin relative con- 
centration. The effect of oxygen partial. pressure in the formation of metmyoglobin in muscle tissue was 

analyzed in terms of an equation obtained for solution systems. 

INTRODUCTION 

THE COLOR of meat is determined by the relative pro- 
portions of myoglobin derivatives. In the presence of 
oxygen the three pigments oxymyoglobin (Mb4), 
metmyoglobin (MetMb) and myoglobin (Mb) are 
constantly being interconverted, constituting the 
dynamic color cycle in fresh meat [I]. 

The take up of oxygen by myoglobin converts the 
purple reduced pigment to the bright red oxygenated 
form, oxymyo~~obin~ This process produces the 
‘bloom’ of fresh meats. The red complex, once formed, 
is stabiIized by the formation of a highly resonant 
structure, and as long as the oxygen remains com- 
plexed to the heme, the pigment will undergo no fur- 
ther color changes. However, the oxygen which is 
continuahy associated and dissociated from the heme 
complex accelerates this process by certain conditions 
occurring at iow oxygen pressures. When this occurs 
the reduced pi~ent is subjected to oxidation by oxy- 
gen or other oxidants. Brooks [2,3] working with ox 
blood (hemoglobin) and George and Stratmann f4,5] 
using pure horse heart myoglobin found that the rate 
of oxidation was very dependent on the partial pres- 
sure of oxygen in the system ; the rate was maximaI at 
low partial pressures. Similar results were reported by 
Ledward [6] working with beef muscle. 

In meat, the situation is more complex. When a 
piece of meat is exposed to air (either directly or in- 
side a plastic film package) oxygenation and oxida- 
tion reactions take place depending on oxygen 
~netration. At the surface, where oxygen tension is 
high, bright red oxymyoglobill is formed and its red 
color extends inwards until the point where the oxygen 
Level falls aimost to zero. At this point, brown met- 
myoglobin is formed and deeper inside the meat, 
myoglobin remains purple. As time passes the outer 
layer slowly oxidizes and the metmyoglobin layer 
extends towards the surface. In meat the oxidation is 
quasi-reversible because reducing endogeneous sub- 
stances of the tissue constant re-reduce the met- 
myoglobin to the purple form 171, 

Reflectance spectrophotometry has been used to 
measure the relative amounts of myoglobin derivatives 
at the surface of cut meat [8,9]. As this technique is 
non-destructive it can be used to follow color changes 
occurring in intact beef samples being eminently suit- 
able to study the conditions which cause these changes. 

The penetration of oxygen in the tissue is governed 
by several factors : temperature, oxygen concentration 
at the surface, bacterial growth, oxygen uptake by the 
meat muscle and oxygen diffusion coefficient [2, I@- 
121. This phenomenon was traditionally interpreted 
as a stationary problem [2]. 

One of the objectives of the present work is to modeI 
mathematically the oxygen penetration in the tissue 
by a non-stationary equation. Another proposed 
objective is to quantify intervening parameters in 
order to interpret experimental resuhs corresponding 
to oxygenation rate and oxygen concentration profiles 
inside meats. 

Referring to reactions of myoglobin autoxidation 
the purpose was to determine the effect of oxygen 
partial pressure on the kinetic formation of met- 
myogiobin because the existing mode% were obtained 
in solution systems and its appljcabiI~ty to muscles 
has not yet been verified. 

ANALYSIS 

The one~imens~ona~ diffusion of oxygen in meat 
with simultaneous consumption (R) of oxygen by the 
tissue (zero order) in the stationary state is governed 

by 

where D is the ef-&tive diffusion ~oe~~ient of oxygen 
in the tissue with the followjng boundary con~tions : 
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NOMENCLATURE 

c concentration si scattering coefficient of component i 
C’ oxygen concentration corresponding to T absolute temperature 

the maximum myoglobin oxidation t time 
rate x Cartesian coordinate 

Co interphase concentration Xi relative pigment concentration 

G concentration of component i x’ molar fraction in the liquid phase. 
L) effective diffusion coefficient 
F(R,) Ku~~ka-Munk function Greek symbols 
F,(T,) Kubelka-Munk function of the free a coefficient of the exponential oxygen 

pigment meat consumption 
AF difference of Kubelka-Munk functions CL,,C~* coefficients in equation (21) 
H Henry’s constant P dynamic viscosity 

Ri absorption coefficient of component i CT oxygen penetration distance 

Rc equilibrium constant CJ’ width of the ox~yoglobin layer. 

P partial pressure 

P’ oxygen partial pressure corresponding to Superscript 
the maximum myoglobin oxidation m matrix. 
rate 

PO interphase partial pressure Subscripts 

R, asymptotic oxygen consumption L refers to liquid phase 

R, reflectance of an infinite layer Iz corresponding to a determined 
s scattering coefficient wavelength. 

x = 6, dC/dx = 0 (3) 

where C,, is the dissolved oxygen concentration at the 
interface (x = 0) and S the gas penetration distance. 
Equation (3) indicates that starting from 6 there is no 
flux of gas towards the interior of the meat. 

The solution of equations (l)-(3) leads to the fol- 
lowing concentration profile : 

R R6x 
c-+=20x2-D. 

Accepting that in x = 6 is C/C0 << 1 the known 
expression of Warburg that permits the evaluation of 
oxygen penetration in muscle in the stationary state 
[2] was obtained 

(5) 

Equation (5) leads to a constant value of 6 ; 
however, experimental observations show that this 
value of 6 is not achieved instantaneously and that 
oxygen penetration increases with time [2,11]. 

These findings do not agree with the pseudo- 
stationary formulation of the problem and conduced 
to a non-stationary statement of the system. 

Non-stationary state 
Assuming that oxygen consumption by the muscle 

decreases during post-mortem time [I 31 the diffusion 
of oxygen in the non-stationary state was represented 

by 

(6) 

with the following boundary conditions : 

C=CO in x=0 (7) 

8C 
ax=O in x=6 (8) 

where R(t) = ROeSat is the oxygen consumption by 
the tissue, decreasing exponentially with time. 

This sink is confined to the zone intruded between 
x = 0 and 6, because only the oxygen in contact with 
the tissue is consumed. 

The solution of equation (6) with the corresponding 
initial and boundary conditions was obtained apply- 
ing the Laplace transform that gives 

c = c 

0 

_ 3 c&4W) (6 - 4) 
c( cos (JWW> 

sI (- 1)” _“(2#+ ,~2n2r,4S’COS(2n+l)n(~-x) 
-“?ooe 26 

C 

1662Ro 4G 1 -_. ’ ;(4S%-(2n+ l)%?D) n 8) 
At large contact times and assuming a very low con- 
centration of oxygen in x = 6 equation (9) is reduced 
to 
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which developed in series leads to 

6= (11) 

MATERIALS AND METHODS 

In order to check the mathematical fo~u~ation of 
the problem oxygen penetration and oxymyoglobin 
concentration measurements were performed on sam- 
ples of tissues obtained from gluteus medium bovine 
muscles removed from steers within 24 h post-mortem 
at 4°C. 

Oxygen penetration 
The penetration of oxygen into meat was deter- 

mined by measuring the depth of the oxymyoglobin 
layer [2,14]. A slice of tissue taken from the anerobic 
depth of the muscle and measuring about 5 x 4 cm 
was placed between two parallel glass plates. Diffusion 
of oxygen was permitted by only one of the borders, 
the others were sealed. 

An S. R. Zeiss stereomicroscope equipped with an 
MC 63 camera was used to measure the extension of 
the bright layer. 

Oxymyoglobin relative concentration 
Relative pigment concentration was measured in a 

Varian Super Scan 3 spectrophotometer equipped 
with an integrating sphere reflectance attachment. 
Reflectance spectra were recorded between 400 and 
800 nm using a barium sulfate coating as the reference 
standard. Meat samples of 3.2 x 2.3 cm in section and 
2 cm thick were placed in special sample ports with 
muscle fibers parallel to the surfaces to be analyzed 
and were covered with a thin optical glass removing 
trapped air; the same glass was used to cover the 
reference standard. Absorbance readings of the glass 
slice were considered in further calculations. The 
thickness of the samples was selected to satisfy 
requirements for R, measurements (R, is the reflec- 
tance of a layer so thick that an increase in thickness 
does not change its value). To establish standard spec- 
tra, meat pigments were converted to the three forms 
of myoglobin. Reduced Mb samples were obtained 
from fresh cuts in deep zones of muscle and/or by 
spreading a thin layer of sodium hydrosulfite over the 
meat surface. For conversion to MetMb, potassium 
ferricyanide (1%) in an aqueous solution was sprayed 
over meat slices to a level of 0.1 ml per 100 cm’ of 
beef surface three times at intervals of 1 h, at 4°C. 
Slices with myoglobin completely converted to MbOz 
were obtained by blooming in an oxygen atmosphere 
at 4°C during 2 h. 

where F&R,) = P/S. 
Reflectance spectra of beef shows a minims at 

approximately 730 nm (181 where it is not dependent 
on pigment concentration and can be considered as 
the K/S value by free pigment meat. 

Analysis of reflectance spectra of meat is concerned 
with changes in reflectance at specific wavelengths: 
525 nm is isobestic for all three derivatives, 572 nm is 
isobestic for MbO, and reduced Mb, 473 is isobestic 
for Mb02 and MetMb. 

The applied equations for evaluating relative pig- 
ment concentration (x3 were [ 191 

Af;m 
x”“’ = 1.58- 1.05F (14) 

525 

AF,,, 
~9’ = 2.24-2.38- 

AF,,, 
(15) 

AF,*0 xoXy = 1.685x”“‘+ 1.85AF - -2.65 (16) 
525 

where 

Diffuse reflectance refers to reflected radiant energy AF, = FUG,), - W&.&i,. 

that has been partially absorbed and partially scat- 
tered by a surface with no defined angle of reflection. 
The most generally accepted theory concerning diffuse 
reflectance has been developed by Kubeika and Munk 
[I 5, 161 and it is valid for weakly absorbing substances 
in diffuse reflecting systems only. Most other theories 
are special cases or adaptations of the Kubelka-Munk 
theory. For the purpose of the Kubelka and Munk 
analysis, meat can be considered to be a light scat- 
tering matrix of cellular material, myofibrillar 
proteins, connective tissue and light absorbing pig- 
ments [17]. The intensity of reflected light and there- 
fore its color and appearance is governed by the inter- 
reiationship of the light scattering components in the 
system, and the concentration and spectral absorption 
properties of the pigments. The red pigments are 
absorbers of light and the uncolored structure and 
myofibrillar proteins both scatter and absorb. 

The Kubelka-Munk function, F(R,) in the case of 
meat tissue, can be expressed as 

where & is the absorption coefficients of pigments 
(MbOz, MetMb, Mb) and matrix; S, the scattering 
coefficients ; C, the concentration of the components 
in meat tissue. Considering that scattering is attri- 
buted to the matrix of fibers (Sy = SJ, the following 
was obtained : 

(13) 
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Table 1. Oxygen solubility in meat tissue (water content on Table 3. Consumption of oxygen by 
wet basis = 0.74) Pseudomonas fluorescens 

Henry’s constant Oxygen solubihty 
T (“C) IOm4 x H (atm) C, x IO6 (m302 (kg tissue)-‘) 

0 2.55 7.57 
5 2.91 6.63 

10 3.21 5.90 
15 3.64 5.31 

T (“C) 
^- 

30 
20 
10 
5 
0 

m30z ss’ cell x 10” 

2.694 
0.675 
0.166 
0.083 
0.042 

Table 2. Oxygen diffusion coefficient in muscle tissue 
- 

fi water x IO3 

T f”CI (kg m m’s-‘) aJ-m”& x IO9 (m’s_‘) 
~_... 

37 0.705 1.70t 
10 1.307 0.839 
5 1.520 0.709 
0 1.787 0.590 

t Lightfoot [20] 

mortem muscle have been demonstrated by several 
investigators [22-241 and substantial quantities of res- 
piratory inte~ediates and substrates have been 
observed after various post-modem storage times [24- 
261. Significant respiratory oxygen consumption by 
post-rigor bovine muscle has been observed pre- 
viously by Urbin and Wilson [27] and Bendall and 
Taylor [13]. De Vore and Solberg [21] demonstrated 
that post-rigor oxygen uptake as a result of lipid oxi- 
dation is negligible. 

RESULTS AND DISCUSSION 

Oxygen penetration was computed by fitting the 
following parameters : solubility diffusion coefficient 
and consumption of oxygen in the tissue in equations 
(9) and (11). 

Bendall and Taylor [13] reported that the oxygen 
consumption rate in post-rigor muscle declines expo- 
nentially during storage time. According to these 
results oxygen consumption in semitendinosus muscle 
was modeled by the following equation : 

Estimation of parameters 
Solubility of oxygen in the tissue. The solubility of 

oxygen in water can be represented by Henry’s law 
p = Hx’ where p is the partial pressure of solute in the 
gas phase (atm) and x’ is the molar fraction of solute 
in the liquid phase (moles of solute/moles of solution). 

The variation of Henry’s constant with temperature 
for the oxygen-water system is observed in Table 1. 
Considering that in air pOZ = 0.21 atm and the aver- 
age water content on the wet basis of muscle tissue is 
0.74 g water~g tissue, values of solubility (C,) of oxy- 
gen in meat tissue were calculated (Table 1). 

R = Roe-“’ (18) 

where R, = 1.1 x lO-9 m302 (kg tissue s)-’ and 
CI =0.964x lo-6 SK’. 

Oxygen uptake by contaminating bacterial popu- 
lation was also found insignificant [21]. According to 
Greig and Hoogerheide [28] one cell of Pseudomonas 
fluorescens requires 2.69 x lo- ” m3 s- ’ of oxygen at 
30°C. 

Table 3 shows the effect of temperature on oxygen 
bacterial consumption. At 5°C a population of 10’ 
CFU crrm2 (CFU = colony forming units) consumes 
only 8.33 x IO-” m3 O2 SK’ m-‘. 

Oxygen diffusion co@cient 
Values of the oxygen diffusion coefficient in muscle 

tissue (DJ at different temperatures (Table 2) were 
calculated using the Wilke-Chang equation 

R/J __ = constant 
T (17) 

and considering that D = 1.7 x 1 O- ’ m2 s- ’ at 37°C 
PO]. In equation (17), p is the liquid viscosity and T 
the absolute temperature. 

Oxygen uptake in post-rigor bovine muscle 
Oxygen uptake is the result from tissue respiration 

heme pigment oxygenation, dissolution into tissue 
fluids of low oxygen tension, lipid oxidation and/or 
bacterial demands [21]. 

Post-mortem respiratory oxygen consumption is 
produced because the muscle contains active enzyme 
systems and residual stores of respiratory substrates 
and intermediates. Active respiratory enzymes in post- 

FIG. 1. Oxygen penetration curves at 0°C predicted by (a) 
pseudo-stationary model (equation (1 I)), (b) non-stationary 

model (equation (9)). 
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FIG. 2. Diffuse reflectance spectra during oxygenation of beef tissue : - . -, t = 0 ; ---, r = 5 min ; 
-...- ,t=12min;-.-.,t=19min. 
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FIG. 3. Increase of the oxymyoglobin relative concentration 
during oxygenation in air. The sample was previously pack- 

aged in EVA/SARAN/EVA for 4 days. 

Penetration oxygen curves vs time (Fig. 1) predicted 
by non-stationary and pseudo-stationary models 
(equations (9) and (1 l), respectively) at contact times 
shorter than 1 h were obtained by feeding in the 
described parameters. The increase of 6 predicted by 
the non-stationary equation is progressive. The fact 
is experimentally supported by oxymyoglobin per- 
centage curves as a function of time obtained in muscle 
having all the pigment in the reduced form (myo- 
globin). 

Figure 2 presents diffuse reflectance spectra for 
muscle tissue as a function of time during myoglobin 
oxygenation. From these curves oxymyoglobin per- 
centage changes on the meat surface at short contact 
times, calculated using equation (14), were plotted in 
Fig. 3. 

As curve (b) of Fig. 1 and the curve of Fig. 3 are 
similar it can be observed that the oxygenation is a 

0 visual observ&onlpnsmt d 
l oxygen microclectrode lt40rley.1971 

- thcorctical model(~~l work1 

_I 
0 1 2 3 4 5 6 7 8 9 IO 11 

time (days) 

FIG. 4. Comparison between oxygen penetration values 
predicted by equation (9) valid for long contact times and 

experimental observations. 

phenomenon controlled by the oxygen diffusion in the 
muscle. 

By comparing the solutions of equations (9) and 

(11) it was observed that at times longer than 6 h both 
solutions are coincident. That is starting from this time 
the pseudo-stationary formulation (equation (11)) is 
valid to interpret the oxygen penetration in the post- 
mortem muscle. Using this equation 6 values were 
calculated for an exposure period of l-10 days. 

Results were plotted together with the measure- 
ments made by Morley [l l] employing an oxygen 
microelectrode with a detection level of 0.5% O2 (3.8 
mm Hg) and with the visual oxymyoglobin layer 

width measurements (Fig. 4) denoting satisfactory 
coincidence. 

In the case of visual observations it was taken into 
account that oxymyoglobin layer measurements do 
not yield actual 6 values. This is due to the fact that 
inside the muscle there is a concentration profile of 0, 
and partial pressure decreases towards the interior of 
the muscle. 
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FIG. 5. Effect 
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of oxygen partial pressure on myoglobin autoxidation rate. Experimental values 
tendinosus muscle at 0°C (Ledward [6]) : -, equation (21). 

in semi- 

At low PO:, the autoxidation is accelerated with for- 
mation of metmyoglobin [6]. This fact implies that 
when the stationary state is reached the width of the 
oxymyoglobin layer (6’) does not coincide exactly 
with the total penetration of oxygen (6) in the muscle. 

The relationship between 6’ and S can be deter- 
mined by substituting equation (4) in equation (3) 
which leads to 

;_ *_(5J2 = 1 -(!!J2 (19) 

where C’ is the concentration of oxygen for which the 
maximum rate of autoxidation occurs and p’ is the 
corres~nding partial pressure. 

Considering that at the interface the partial pressure 
of oxygen dissolved in the water content of the tissue 
(74%) p0 is : 760 x 0.21 x 0.74 = 118.1 mm Hg, and 
substituting in equations (19) for p’ the values 
reported by Ledward [6] : 6 mm Hg at 0°C and 7.5 
mm Hg at 7°C (semitendinosus muscle), the following 
ratios were obtained : S’jS = 0.77 at 0°C and 0.74 at 
7°C. As can be observed the width of the oxy- 
myoglobin outer strip (6’) is smaller than the total 
distance of oxygen penetration (S) ; this fact was con- 
sidered affecting visual observation by these cor- 
rection factors. 

Temperature eflect on oxygen penetration 
Several experimental reports evidenced that oxygen 

penetration increased with decreasing temperature [2, 
111. 

Comparing the stationary 6 values (equation (9)) at 
0 and 10°C the following relationship was obtained : 

(20) 

Substituting the values of oxygen consumption, 
diffusion coefficient, and solubility : R~iR,~ = 0.304 ; 

D,,‘D,, = 0.703; C,,JCo~,, = 1.28. Equation (20) 
leads to : 60Uc/6jn~c = 1.72 that verifies experimental 
findings. 

Effect of oxygen partialpressure on myoglobin 
autoxidation 

To interpret the effect of oxygen partial pressure on 
myoglobin autoxidation in meat tissue, the oxy- 
genation of myoglobin as a previous step must be 
analyzed. This reaction is considered reversible and 
can be expressed as 

with equilibrium constant 

K = (Mb)(&%)l(MbW. 

The equilibrium is displaced to Mb02 at oxygen 
pressures higher than 30 mm Hg resulting in K, inde- 
pendent of ~0~; but at low pOZ the relative equi- 
librium concentrations of MbO, and Mb depend on 
oxygen concentration in meat tissue. 

The oxidation of myoglobin to metmyoglobin was 
considered by several authors [4, 191 as first order in 
unoxidized myoglobin (the sum of Mb02 and Mb). 

George and Stratmann [5], working with solutions 
of myoglobin, reported that the first-order constant 
showed a well-defined maximum value at 1-J mm Hg 
partial pressure of oxygen and then decreased to a 
constant value above 30 mm. This rate constant was 
expressed by a complex function over the entire range 
of p0, according to 

k=g Kpoz (PO2 I2 
’ we fPO2 )’ + olz(ly, +a RI* 

(21) 

where the concentrations of MbO, and Mb were 
expressed in terms of the equilibrium constant of the 
oxygenation step. 

Experimental data of Ledward [6] obtained work- 
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ing with beef muscle at O”C, were fitted to equation 
(21) in order to verify the applicability of this 
expression to myosystems. 

Values of aI, t12, and I& were calculated using the 
Marquardt algorithm in a computer program for esti- 
mation of non-linear parameters. 

The values obtained were ~1, = 2.6; t12 = 0.2 and 
K, = 3 mm Hg (K, gives the maximum p02 for the 
autoxidation rate). Comparison between equation 
(21) and the experimental values of metmyoglobin 
equilibrium concentration at the surface of sterile 
muscle, reported by Ledward [6], are observed in Fig. 
5 showing satisfactory coincidence. 

CONCLUSIONS 

The oxygen penetration in meat tissue at short con- 
tact times was represented by a non-stationary model 
of diffusion with simultaneous consumption of oxy- 
gen by the tissue (decreasing exponentially with time). 
At large contact times (> 6 h) the pseudo-stationary 
and non-stationary models coincide with exper- 
imental results showing that the increase of the pen- 
etration distance (6) is due to a decrease of the oxygen 
uptake by the tissue. Results evidence that oxy- 
genation of myoglobin is controlled by oxygen 
diffusion in the tissue and that low temperatures 
increase 6 values. 

Effect of ~0, on metmyoglobin rate constant was 

modeled by an equation that considered the influence 
of oxygen concentration in the reversible reaction of 
myoglobin oxygenation. 
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DIFFUSION D’OXYGENE DANS LA VIANDE 

R&m&-La p&&ration d’oxygene dans les tissus musculaires est mathematiquement representee au 
moyen d’un modele instationnaire du problbe. On Cvalue a diffirentes temperatures les parametres 
concemes: solubilite, coefficient de diffusion et consolation d’oxygene dans le tissu. Les resultats sont 
compares avec des donnees experimentales de largeur de penetration et des mesures spectrophotometriques 
de concentration relative d’oxymyoglobine. L’effet de la pression partielle d’oxygene dans la formation de 
metmyoglobine dans le tissu musculaire est analyse a l’aide dune equation obtenue pour des systimes de 

solutions. 

SAUERSTOFFDIFFUSION IN FLEISCHGEWEBE 

Zusammenfassung-Die Durchdringung von Muskelgewebe durch Sauerstoff wurde mit Hilfe einer nicht- 
station&en Darstellung des Problems mathematisch modelliert. Die wichtigen Parameter (Loslichkeit, 
Diffusionskoetllzient und Sauerstoffverbrauch im Gewebe) wurden bei verschiedenen Temperaturen 
bere&net. Die Ergebnisse wurden mit experimentell ermittelten Werten der Durchd~ngungsbreite und 
s~k~ophotomet~~h~ Messungen der Oxymyo~obin-Ko~ntration verglichen. Die Auswirkung 
des Partialdrucks des Sauerstoffs auf die Bildung van Metmyo~obin im Muskelgewebe wurde mit einer 

Gleichung fur Liisungssysteme analysiert. 

j&i@@Y3H~ KMCJIOPOfiA B MbIIBE9HbIX TKAHIX 

Aaeo~anm+-B H~au~oHap~o~ nocranoaxe aana MareMarn’IeCrcas MoIl(?nb npouecca npoH~KHoaeHna 
rricnopona a htbmreuubre TK~uE~. IIpri pa3nmcubtx rehineparypax Aaria ouenxa raxnx naparulerpoa, xax 
paCTBOpMMOCTb, K03#$HLWHT AH@)‘3UH H PaCXOA KHCJIOpOAa B TKBHRX. npOBCACH0 CpaBHeHHC IlOlIy- 

SCHHbIX pe3yAbTaTOB C 3KCllCPHMWTUIbHblMH AaHHbIMll II0 rJIy6HHe 6POHHKHOBeHHI H C pe3yJtbTaTaMn 
CneKTpO~OTOMeTpHYeCKnX H3MepeIiuiri OTHOCHTeJtbHOii KOHueHTpauHH oKcuMiiorno6nna. Pe3yJlbTaTbI 

HCllOJlb30BaAHCb AJHI aHilJlH3a BAHRHHIl IIapLWiJIbHOr‘O AZiBAeHNIl KHCnOpOAa IlpH o6paaonamiu MeT- 
MHOraO6HHa B MMIlWEibtX TKaHffX. 


