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Time-resolved luminescence of perturbed biosystems: Stochastic models and perturbation measures

B. Kochel

Department of Toxicology, Medical Academy of Wroclaw, 57/59 Traugutta St., PL-50417 Wroclaw ( Poland)

Abstract. Measures of biosystem perturbation using a cybernetic approach based on stochastic models of photon
emission processes are presented, and compared with classical measures. Perturbation phenomena reflected in
non-stationary emission processes are represented by means of filtering theory.
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Introduction

Photon emission from various native living organisms, as
well as from some of their subsystems, can be considered
to be a stationary uncorrelated stochastic process if it is
analyzed as a time-resolved phenomenon!® 1624, The
stationary character of these processes seems to be easy
to explain on a basis of the homeostasis of biosystems;
according to this principle, a biosystem maintains its
internal process(es) in a steady state. This means that
light-producing reactants and/or reactions are kept at
constant stationary levels.

However, for the following reasons, and perhaps others,
the notion of homeostasis in its classical meaning 5 14
cannot be used as a general explanation of the stationary
character of the process. Firstly, apart from some simple
model reactions, the light-producing processes are un-

stable, complex multistage processes with parameters.

that vary both within and between the stages. Secondly,
contemporary measuring techniques allow one to register
only the total emission from a biosystem, disregarding
possible different contributions of different active sub-
systems; in consequence, during the measurement a vari-
ety of different (in general: non-stationary, correlated)
processes is transformed into a single stationary, uncor-
related process, i.e. a white noise.

In order to take into account non-stationary processes,
e.g. periodic ones, the notion of homeoresis>! should
be employed. In conclusion, the stationary nature of
photon emission may be considered at most as a resultant
characteristic of an entire biosystem or its large subsys-
tems; the same restriction applies to the notion of
homeostasis. There are, however, some native biosystems
in which photon emission shows non-stationary be-
haviour; it may be periodic® 2% 27 or have other charac-
teristics 1+ 7111932 In such cases, the notions of the
homeostasis of biosystems and of the stationarity of pho-
ton emission are useless, even as resultant characteristics
of biosystems, and cannot serve as starting points for
constructing measurements of perturbation of biosys-
tems founded on photon emission processes.

Photon emission from perturbed biosystems: Stochastic
models

External indications of perturbations of bichomeostasis
or biohomeoresis, consisting of changes in levels or in

fluxes, respectively, of substances which are essential for
maintaining the internal structure and functions of a
biosystem, can be observed as a deviation of photon
emission from either stationary uncorrelated processes or
from certain non-stationary (e.g. seasonal ® 2527 or oth-
er*°) processes in a native biosystem.

The deviation is, in general, represented by the appear-
ance of a non-stationary correlated process. Such a
process, no matter what perturbers and biosystems
are considered, consists of two stages: ascending and
descending. Examples of this phenomenon can be
found for plants® % 2° microorganisms'7 2% 27 small
animals>* 2, and subsystems of the human organ-
ism1:7-11~13.19.20.23,32 This phenomenon is illustrated
in figure 1. Stability of this form over a variety of biosys-
tems and their perturbers suggests that it should not be
considered as a chemical side-reaction but as an essential
feature of perturbed behaviour, and in consequence it
calls for comprehensive analyses, including a cybernetic
one. Both of the stages can be adequately modelled as
autoregressive-integrated moving average (ARIMA)
processes using the methods described by Box and
Jenkins*,

General form of the ARIMA (p, d, q) model:

e(B)(1 —B)n() = 4(B)a(®), M

nit)A B C

[cps]

0 t[s]

Figure 1. An example of the photon emission process generated by native
yeast (A) and yeast perturbed with 8 % formaldehyde (B, C). The process
A is stationary, uncorrelated and Gaussian; the non-stationary process
B-C is composed of an ascending stage (B) followed by a descend-
ing (quasirelaxation) one (C). The ascending stage is described by an
ARIMA({, 2, 1) stochastic model, whereas the descending one is de-
scribed by an IMA (0, 1, 1) model!”. Tt is important to note that the
presented behaviour is of general importance for many different biosys-
tems and perturbers.
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where ¢(B)=1 — Z @, B and 9(B)=1 — Z 3.B°
t=1
are the pth- and qth order autoregressive and moving
average operators, (1 — B)? and B are the dth-order dif-
ference and back shift operators, transforms a white
noise process {a(t)} into a stationary/non-stationary cor-
related/uncorrelated process {n(t)}. n(t) denotes the
number of photoelectrons registered during the time in-
terval (t, t + At), where 4t is the counting time. The pho-
ton-counting and photon-number statistics differ from
one another only by a scale change given by the photoef-
ficiency of the detector 22, therefore n(t) and {n(t)} can
be viewed, respectively, as the number of emitted pho-
tons and the photon-emission time series taken by homo-
morphism.
Eq.1 takes the form of the IMA(0,1,1) or ARI-
MA (1, 2, 1) models for all non-stationary photon emis-
sions from perturbed biosystems that have been analyzed
by the author up to now. Perturber-induced ascending
stages of these photon emission processes are described
by the ARIMA(1, 2, 1) model with various parameters,
whereas the descending stages are mostly modelled as
IMA(0, 1, 1) processes®~1%24; ARIMA(1,2,1) was
found to be appropriate only for one instance as a model
of the descending stage?*. Those models were deter-
mined using the correlation and Fourier spectral analyses
applied to photon-emission processes.
The integrated moving average process IMA (0, 1, 1):
(1-B)yn@®=(@1~9B)a(t) @
is parametrised by 4 fulfilling the reversibility condition
[$] <1 and the variance of white noise o2, =
0% _gn@/( + 9%), where 6 _ g, is the variance of
difference process {(1 — B) n(t)}. The § value is deter-
mined by minimizing the conditional sum of residual
squares

SHA0)=0) =

S (1 —B)n() — 4t — D* 11924

T

_ rl)

-0.6

Figure 2. Common and partial correlation functions r(c) and ¢(z, 1) of
the descending stage of the IMA (0, 1, 1) non-stationary photon emission
process, generated by green wheat leaves perturbed by the temperature
320 K. Theoretical values (dashed bars) of the MA (1) model have been
compared with empirical ones (solid bars) for the difference process
{(1 — B) n(t)}. The 95% confidence intervals for the correlation fluctua-
tions of a white noise are plotted. Parameters of the model are
8= 0.82 1004, and 52, = 329.49(cps)* '°.
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Common and partial autocorrelation functions corre-
sponding to the 1st-order moving average model MA (1)
of {(1 — B) n(t)}, having the forms:

Y(1+8%), =1
@)= { , >0 G
~¥(1-9?)
@(Tsf)=—l—w, t=1,2,... 4

where 7 is a time lag, are shown in figure 2 for the de-
scending stage of the IMA (0, 1, 1) process generated by
wheat leaves perturbed by high temperature ¢

Power spectral density function g(f) of the same moving
average process is as follows:

2 14+92-—29cos2xnf

N3 e , felo0,0.5] (5)

g =

where Y g(f) = 1. An example is shown in figure 3.
f

Non-stationarity of a photon emission process {n(t)}
calls for finding such a dth-degree difference process
{(1 — B)? n(t)} which might be considered to be station-
ary by correlation or spectral analyses. An example of the
apphcat1on of the integrated spectral density function

C{) = Z g (f) (cumulative periodogram) to the 1st-de-

gree dxfference process for perturbed wheat leaves is pre-
sented in figure 4. By comparison with figure 5 one can
verify the adequacy of the accepted model IMA (0, 1, 1).
This adequacy can also be tested by investigation if the
C(f) function of the residual series {4(t)} does not differ
from that of white noise {a (t)}; it is illustrated in figure 6.
The autoregressive-integrated moving average process
ARIMA(, 2, 1):

(1 - ¢B)(1 =B n(t) =1 - 9B)a() (6)

f
0 05

Figure 3. Theoretical (continuous line) and empirical (bars) power spec-
tral density functions g(f) for the descending stage of the non-stationary
photon emission from perturbed green wheat leaves at 320 K*°. Em-
ployed model is the same as in fig. 2.
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Figure 4. Empirical integrated spectral density function C(f) of the dif-
ference process {(1 — B) n(t)} for the emission described in figs 2 and 3.
The C(f) function significantly (p < 0.05) deviates from the analogous
function of a stationary uncorrelated Gaussian process. The 95% confi-
dence intervals (dotted lines) resulting from a Smirnov-Kolmogorov test
are plotted.

is parametrised by ¢{¢|<1), 8(3] <1) and vari-
ance 6y = % _ppn(l — %)/ (1 + 8% — 2¢9), where
0% —pene I8 the variance of {(1 — B)?n(t)} process.
The ¢ and 9 parameters result from minimizing the
sum S (@, $]4(0) = 0) = X {(1 — B)*[n () — pn(t — 1)]
+ $a(t— 1)}> 2 t

The common correlation function r(t) corresponding to
the ARIMAC(1, 1) model of the 2nd-degree difference
process {(1 — B)* n(t)} takes the form 2*:

ry= =2 -9 "
1+ 9209

and a power spectral density function g(f) is as fol-
lows 23:

t=1,2,... (7)

2
g(f)=N—_—3‘

(1851 + 9% -2¢8cos2ni)
A4+92-2091+¢*—2¢8cos2af)
fe[0,0.5] (8)

where Y.g() = 1.

The idea of representing the temporal behaviour of
non-stationary photon emissions by linear stochastic
models has resulted in: 1) the finding of a simple and
computationally effective method for describing pertur-
bations of various biosystems in a few common forms:
IMA(0, 1, 1) and ARIMA(1, 2, 1); 2) the finding that
essential information about perturbation, owing to the
condition of repeatability, is contained in the descending
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Figure 5, Theoretical integrated spectral density function C(f) of the
difference process from fig. 4, modelled as the MA(1) process with
9 =082

Clf)
1
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Figure 6. Integrated spectral density function C(f) of the residuals from
fitting the descending stage of the {n(t)} process with the IMA(0, 1, 1)
model. The example of green wheat leaves at 320 K is still demonstrated.
One can see that the C(f) function does not differ significantly (at
p < 0.05) from a white noise; this testifies to the adequacy of the
IMA(0, 1, 1) model.

stage of the non-stationary process'?; 3) the possibility
of constructing non-local perturbation measurements,
such as the notions of memory'” !® and perturbation
coefficient *°.

Memory of a biosystem

In rational continuum mechanics 2 and thermodynam-
ics *° a notion of memory function has existed for more
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than thirty years®. Searching for the explicit form of a
temporal dependence of the states of a system was a
motive for introducing the notion of an obliviator® and
then of memory. The same motive, and a psychological
commonsense-conjecture that intense experiences will
relegate the past into oblivion was a starting point for
considering the time structure of non-stationary photon
emission processes, induced by periurbers acting as
obliviators 16~ 18,
The internal temporal dependence of photon emissions
in their descending (quasirelaxation) stage can be ob-
tained from the stochastic models IMA (0, 1, 1) (2) and
ARIMA(1,2,1) (6) by using the difference operator
7n(B) =1~ Y =,B" which transforms {n(t)} into {a ()},
t=1
ie. n(B)n(t) = a(t)te 18
For the IMA (0, 1, 1) and ARIMA(1, 2, 1) models =(B)
takes, respectively, the forms!7*8:

(B)= (1-$B)"*(1—B) , IMA(0,1,1)
TEE (1 —9B) 11— ¢B)* (1 —B)?, ARIMA(1,2,1)
©)
In consequence the n, weights of the IMA (0, 1, 1) pro-
cess are described as follows:

m=(1-99"1 t=12 .. (10)

and the present state n(t) of this process can be expressed
by its previous states n(t — 7) as a linear combination:

n(t) =a(t) + i z.n(t — 7). 11

=1

o0
Since Y. =, = 1 all the states n(t — ) up to — o entire-
t=1
ly determine the current state n (t). However, their contri-

2 T

1

-2

Figure 7. A set of the =, weights (x = 1,2, ..., 20) of the IMA(0, 1, 1)
process. The weights are shown as functions 7, (8) of the model parame-
ter 9.
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butions to n(t) depend on the 3 parameter and the time
lag 7 (see the function 7z = =(8) in fig. 7, and the func-
tions # = n(r) at fixed $ = 0.55 and 0.09 in figs 8 and 9).
The =, weights of the ARIMA (1, 2, 1) process having the
form 7 18:

n,=
~94+2+40 »t=1
{—91+(2+q0)9 ~(14+2¢) ,T=2
— 9+ Q2+ —(14+20)5 2+ 03, 123

(12)
are shown in figure 10.
Eq. 11, holding true for both models being considered
here, suggests the possibility of interpreting the m,
weights in terms of probability. Those weights, however,
do not satisfy the condition =, € [0, 1]; this can be seen in
figures 7 and 10. In order to make such an interpretation
possible the normalised weights = * *7>*® must be consid-
ered:

ITC‘[l

i |

(13)

k=

Tl
05t

0 L ‘ ] 1 N rr

1 5 10
Figure 8. 7, weight of the IMA (0, 1, 1) model as a function of time lagz.
An example of the descending stage of the photon emission from yeast

perturbed by the 0.031% formaldehyde '”. The r, values have been calcu-
lated at 3 = 0.55.

2’
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Figure 9. n weight of the IMA (0, 1, 1) model as a functionn = 7 (). The
same example as in fig. 8 but at a much higher concentration of the
perturber: 2%. The $ parameter is 0.09. In comparison to fig. 8 these 7,
values vanish considerably more rapidly.
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Figure 10. The first six n (3, @) weights of the ARIMA (1, 2, 1) model as
functions of $ and ¢. The odd weights (z = 1, 3, 5) show a different
behaviour from the even ones (t = 2, 4, 6)17- 18,

o
where || 7,|| = > |=,]is a norm of the weight function #.
t=1
This norm as a limit of a function series is a function.
In the case of the IMA (0, 1, 1) process the norm |||

takes one of the following functions!7-'8;
1 for $€f0, 1)
mf=41-9
1+8

whereas for the ARIMA (1, 2, 1) process it converges to
one of the six following functions!”-8:

for Se(—1,0] (9

9449 +3
A) _SHJI— for p2 9 and 920,
(B) 232 -3QRo+4)+4¢+3 for ¢ =9 and 3 =0,
(C) —2842¢p+3
for 920 =2(9>—29+1)/(3 —2) and $=0,
D) 2[-92+81+9)—g]+1
for 9 £ ($%—-28 4+ 1)/(8 —2) and § =0,
E) [-2832+39QRe+3)—-2¢0+11/HB+1)

for 9 <(92—-28+1)/(9—2) and 9 0.
@3

The convergence areas |7, || of the ARIMA(1, 2, 1) pro-
cess have been shown in figure 11.

The normalised weights 7* of both models satisfy the
probability conditions: z¥e(0, 1) and Y =¥ =1, thus

t=1

they can be interpreted as probabilities of influence of
n(t — ) states on n (t). A function 7*: N - R | , where N
and R, denote the sets of the natural and positive real
numbers, which maps teN to a¥e(0, 1), can be pro-
posed as a memory function*”- 8,

The memory function of the IMA(0, 1, 1) process is a
monotonically decreasing function of 1 at any

de(—1,1) — {0}, and lim =n* = 0. This means that the

more distant the state n(t — 7) the weaker is its influence
on n(t), and infinitely distant states do not affect n(t). In
the case of the ARIMA(Y, 2, 1) process the memory
function is not in general a monotonic function of T,
although its values tend to zero when © — co. It monoton-
ically decreases for 7 — oo if, and only if, the pair (¢, 9)
takes values from M areas in figure 12. Otherwise the
memory function is not a monotonic function of 7. It is
interesting to compare this function to the function of
Coleman and Noll®: the former is either monotonic or
nonmonotonic, whereas the latter is only monotonic;
however, both of them are fading with time. The assump-
tion of monotonicity of the memory function does not
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Figure 11. Convergence areas (A—F) of the infinite function series 3 | 7|
of the ARIMA (1, 2, 1) model ' 8, Different series converge to one and
the same function if their parameters (9, @) fall into the same convergence
area. Lines $ =0, ¢ = $ and ¢ = (8% — 29 + 1)/(3 — 2) separete differ-
ent convergence areas. Point (9, ¢) = (0.76, — 0.46) located in the D area
represents the ARIMA (1, 2, 1) photon emission process (in its descend-
ing stage) generated by rose flowers perturbed by formaldehyde®*.
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Figure 12. Areas of monotonic (M) and nonmonotonic (NM) behaviour
of the normalised weights n* of the ARIMA(1, 2, 1) process 7 8. Nor-
malised weights for rose flowers perturbed by formaldehyde are localized
in the monotonic area.

1+

seem to be justifiable, because of the occurrence of
(quasi)-periodic processes (presented e.g. in refs 8, 26, 27)
in biosystems; for such processes, e.g. for
IMA(0, 1, 1) x IMA(0, 1, 1),*, the memory function is a
superposition of oscillations and exponentials.

In practice, owing to the fading of the memory function,
its =¥ weights at a certain © must be considered as in-
significantly different from zero. The current value n(t)

Reviews

depends on the finite number of previous values n(t — 7).
Mathematical formalization of that problem has been
carried out in the following way!™!8  Let
H,={n(t—1): r=1,2,...} be an ordered set of all
states n(t — 1) which precede n(t); the set H, composes
the whole history of the process {n(t)} for any given
moment t. Let J be a time moment which splits the
process history H, into two subsets: {n(t—1):
t=1,2,...,1} and {n(t—1): t=T+1,7+2,..},
where the former is assumed to influence the current state
n(t) with a certain probability (6 €[0, 1]) called a deter-
mination level 1718, At 6 < 1 the history is finite, i.e. the
memory is extended up to a time moment J. This means
that the memory function =¥ has been cut off to the
function z¥%: N » X — R . which maps a finite subset X
of the natural numbers ¢ to the open interval
J
O, D>R,. A map M:z¢(r) > ¥ =* which associ-
=1

ates, at a given J, to each cut memory function = (z) the

i)

number M[z&(x)] = 3 =n¥, defines the memory func-

T=1
tional of process {n(t)}.
The notion of the memory functional can be useful for
determining the memory time Ty, = f(J) 4t of a process
{n(t)} *7- 8, where At, is a counting time, and f(J) = J or
2J — 1, if the dead time of recorder At is zero, or respec-
tively, 4ty = At,. The hypothesis that the stronger the
perturbation the lower the memory time Ty, and vice
versa, has been verified for the IMA(Q, 1, 1) photon
emission processes generated by perturbed yeast®”.
For the IMA (0, 1, 1) process the memory functional”:

J 1-9
Mgl = X =f =

=1 \9 T

d=1
(16)

leads, at a determination level § and At; = 0 to the mem-
ory time 7,

J
Y E=1-9,
=1

In(1—9)
MZ_WL”“ (17a)
or
Ty = (=09 At,, if At, = At,. (17b)
Ind

Results of the experimental verification of the above hy-
pothesis have been demonstrated in figure 13.

Tu (Eq. 17) is a monotonically increasing function of 3 at
any 9 e (0, 1); consequently, in the absence of perturba-

Perturber Congcentration 9+ SD(9) T4, + SD( Tp)** PC + SD(PC) CPC
[mM] [s] %%} [}
21.6
21.0 0.80 + 0.03 403+69 28.6 +4.7 )
?—r:;lsege 1.0 0.72 + 0.04 27.0 + 4.7 418+6.7 40.1
p-xylene 1.0 0.68 +0.04 229 +3.6 457469 6.9
Toluene 2.5 0.60 + 0.05 17.0 + 2.4 57.1%7.5 24.1
Benzene 50 0.59 + 0.05 16.5+ 2.2 58.6+7.6 35.3
Phenol 02 0.59 +0.05 16.5 422 58.6+ 7.6 498
In(1 —6)

* At 5 =099, dt,= Aty =1; see Eq. 17b. ** SD(Ty,) = =28D(8) —gi=5= Ale:
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Figure 13. Memory time T, of yeast perturbed by formaldehyde as a
function of formaldehyde concentrationc'’. Power regression
Ty = 2.46 ¢~ %35 fits the empirical values with correlation coefficient:
—0.99. Memory time values Ty =In(1 — 9)/In9 at 6 =0.99 (4t, =15
and At;=0) are accompanied by their standard deviations
SD(T,) = — In(1 — §)/(81n29) ((t — $2)/(N — 2))*/2. Descending
stages of the photon emission processes occurring at all used concentra-
tions have been modelled as IMA {0, 1, 1) processes. One can see that the
greater the perturbation (perturber concentration), the shorter the mem-
ory time.

tion the parameter 3 tends to 1, and Ty, tends to infinity.
Simultaneously, when 3 — 1 then the IMA (0, 1, 1) pro-
cess converges into a white noise (see Eq. 2) correspond-
ing to an unperturbed biogystem. N.B. the memory of a
white noise is extended over whole the infinite past; how-
ever, with zero weights. One can see from power regres-
sion in figure 13 that Ty, — co when ¢ — 0.
Analogously, the memory functional and memory time
for the ARIMAC(1, 2, 1) process take, respectively, the
forms*7:

M (7))
J 81_2
R e S T T s s L
(18)
2+n{l -2+ (=9 +91+9)—9)"'I}
Ty=

Ind '
‘At (At =0) (19)
Memory time can be employed as a perturbation mea-
sure; this measure, as based on the entire quasirelaxation
process, is non-local and unambiguous, in contrast to
other local and ambiguous measures which are being
used now in studies of biochemiluminescence 2% 25;
however, this measure is burdened with some inconve-
niences resulting from the fact that it is inversely propor-
tional to perturbation, and unnormed.

The perturbation phenomenon as a filtering process

In the cases when photon emission processes from native
(unperturbed) biosystems are stationary, uncorrelated
ones, the effects of perturbers leading to non-stationarity
can be evaluated by means of filtering theory > #. If the
linear stochastic models of photon emission processes are

alt) &

[\

nit-J)

nit-2)

n{t-1)

Figure 14. Recursive filter representing a perturbed biosystem. An input
(stationary uncorrelated) process {a (t)} corresponding to an unperturbed
biosystem is transformed into an output (non-stationary correlated) pro-
cess {n(t)} corresponding to a perturbed biosystem. There exists a delay
line in the filter, making possible a regression of the current system’s state
on its previous states. Time quantitiest and 7 (t =1, 2,..., J) are ex-
pressed in the counting time units 4t.

employed, then the linear filters whose input and output
are, respectively, stationary uncorrelated {a (t)} and non-
stationary {n(t)} processes should be applied.

By using the transfer function ¥(B)y=1+ > V¥, B’ a

t=1

perturbed biosystem, the {n(t)} process of which is mod-
elled by IMA (0, 1, 1), can be represented as an unstable
linear filter having the fixed weights

P,o=1-9; (20)

lim ¥, + 0 results in instability of the filter *5.

By analogy, the transfer function weights ¥, of the filter
transforming {a(t)} into the ARIMA (1, 2, 1) process can
be written in the form!8:

2+¢ -3, =1
Y.=4Q2+0)y; —(1+29), T=2
CQ+oY.—y — 1 +20)Y, >+ 0¥, 5, TZ3.

21)

This filter is also unstable.

It is possible to represent the effects of perturbation dif-
ferently by linear filtering, namely through recursive fil-
ters. In contrast to nonrecursive filters with weights (20)
and (21), the current output value n(t) can be described
by previous output values n(t — 1) instead of a(t — 7).
Such a recursive filter is depicted in figure 14, where 3,
4 and [] denote summation, multiplication and time
delay, respectively.

With reference to the introductory remarks it should be
emphasized that in the majority of native emissions from
large complex biosystems one encounters a superposition
of many different radiations. Therefore the resulting pro-
cess is chaotic, and can be described by Pascal or Gauss
distributions, even if some of its components were coher-
ent2"-22 It is a simple inference from the facts that: 1) a
Pascal distribution:

po = (M) -, &)
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Figure 15. Poisson, Gauss and Pascal probability density functions p(n)
of the stationary uncorrelated photon emission process, generated by
unperturbed wheat leaves (Triticum aestivum) at 308 K. Maximal p(n)
values of the Poisson, Gauss, Pascal and empirical distributions are 0.380,
0.314, 0.308 and 0.299, respectively. Mean value and variance equal to
(n>=133.0 £ 1.0cps and o2 = 1774 (cps)®. According to a chi-
square test showing that the critical value y2 o5 = 9.488, the Poisson
distribution with x? = 23.647 should be rejected. The Pascal (x* = 3.209)
and Gauss (3> = 3.851) distributions are acceptable. For comparison see
e.g. ref. 16.

where M is the number of modes, n is the number of
registered photons (n =0, 1, 2, ... 0), {n) is a mean val-

ue of variable n, p = —i—, and p e (0, 1), is the M-
M+ <{n

fold convolution of the geometrical distributions:

pm)=p(1l—p)"= o)’ (23)

A+ )t
and that 2) a Pascal distribution tends to a Gaussian one
if M — o0 at p = const. It should be added, however, that
if p—1 at {n) = const, then the limiting distribution of
a Pascal one is a Poisson distribution:

n
<_r}>_e—<n>_

2%
n!

p=
An experimental example of the verification of Pascal,
Gauss and Poisson photon-counting distributions for an
unperturbed biosystem is shown in figure 15. Lack of
correlation, and a Gauss distribution, lead to white noise.

Non-local perturbation measures

Except for a few articles cited her, there have been no
others relating to stochastic models in the field of bio-
chemiluminescence. All the known attempts that have
used time domain analysis have employed, in the end,
exponential, hyperbolic and other regressions to describe
only the kinetics of chemical reactions. In particular, this
has resulted in a scantiness of perturbation measures.
Those measures are founded on either ambiguous quan-
tities (the integral luminescence/the integral of total
counts/the total number of photons), or local character-
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Figure 16. Perturbation coefficient PC = 1 — |9] of yeast vs formalde-
hyde concentration c. Direct proportionality between the perturber con-
centration and its effect is maintained using this definition. However, the
range of application of the definition is limited to the cases when a
reference process is stationary and uncorrelated (see input process {a(t)}
in fig. 14).

istics (the maximal value/the value of the peak, the nodal
time/the time to reach the peak) ! 2% 23,

The memory time Ty, has been announced to be a non-
local perturbation measure because it is founded on the
parameters of stochastic models describing perturbed
biosystems. Another, much simpler measure can be de-
fined, in the instance of the IMA (0, 1, 1) process, by the
equation
PC=1-19, (25)
where PC is a perturbation coefficient (PC e {0, 11).
PC = 0if there is no perturbation (3 = 1) in a biosystem;
this means that {n(t)} = {a(t)}. For 3 = 0 there exists
maximal perturbation PC = 1 (100%). One can observe
in figure 16 that the biosystem is almost entirely per-
turbed at ¢ =8% (& =0.02, PC = 0.98); this is con-
firmed by a plateau in PC = PC(c) around the concen-
tration 8%.

The situation is more complicated when unperturbed
biosystems emit non-stationary photon fluxes. Then the
non-stationary emissions from perturbed biosystems
cannot be referred to stationary uncorrelated emissions.
Such a situation occurs in human neutrophils *?; it is
shown in figure 17.

1t is important to notice that the form of the non-station-
ary emissions from perturbed phagocytosing neutrophils
is common for perturbers as different as heavy metals 2,
acidity 32, azides'®, fluorides’, benzoates’, prosta-
glandins 7, superoxide dismutase'’, and polychloro-
biphenyl *3.

Consider a collection of processes from figure 17. Any
perturbed phagocytosis process {n,.(t)} takes place in
the space between a native phagocytosis process {n,, ()}
and the abscissa Ot (where a, process in totally perturbed
phagocytosing neutrophils is located, together with a
background white noise). Let a resulting process {n,(t)}
be defined by the following comparison of {n,.(t)} to

{nnal (t)} v :

{0, ®} = {00 (O} — {Dpere O} - (26)
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Figure 17. Photon emission processes generated by perturbed human
neutrophils stimulated with FMLP. Emission process from unperturbed
stimulated neutrophils (1) is non-stationary and has the same form as
those from stimulated neutrophils perturbed by DMSO (2), o-xylene (3),
p-xylene (4), phenol (5), toluene (6), and benzene (7) '°. All the processes
are shown on the same scale.
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Figure 18. Comparison of the two photon emission processes generated
by human neutrophils stimulated (with FMLP), unperturbed (1), and
perturbed by toluene (2) *°. The resulting process {n, (t)} (3) comes into
being through comparison of the process {n_(t)} (2) with the process
{0, () O {0, (O} = {n,,, (O} — {n,,. (D}; the process (1) in the case of
non-stationary emission from native (unperturbed) biosystems is thought
to be a reference process just as the process {a(t}} was in the instance of
stationary uncorrelated emission (see fig. 14).

This trio of processes is shown in figure 18. Descending
stages of the processes from figure 18 are presented in
figure 19.

From Eq. 26 it is evident that in the absence of perturba-
tion the {n (t)} process is transformed into white noise
with zero mean value. At complete perturbation the re-
sulting process becomes identical to {n,,,(t)}. In conse-
quence the resultant process of any partly perturbed
phagocytosis process finds its reference process, i.e.

{0, (D)}
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n(t)

0 t

Figure 19. Descending stages of the processes from fig. 18. Resulting
processes {n,(t)}, such as the one represented by (3), are the basis of
construction of new non-local perturbation measures which will hold true
when the stationarity of the reference process does not occur and the
classical notion of homeostasis is unapplicable.

All the perturbed phagocytosis processes considered here
can be described as IMA (0, 1, 1) processes '*:

(1—-B)n,(t)=(1 — IB)a(t) 27

having their & parameters in the range (3,,, 1), where
8,2 = 0.30 £ 0.06 is the parameter corresponding to na-
tive phagocytosis.
In general, the parameter 3, <1 replaces the value
% =1 for stationary uncorrelated emission from unper-
turbed biosystems which was considered beforehand.
It is interesting to make a short review of the results
obtained in Kochel °, )
The perturbation coefficient PC *? is defined by the equa-
tion

= 1-9 0/ 1-
PC= T3 100{%];
PCe[0, 100]%, and its standard deviation are as fol-
fows:

SD (PC)

00 (., 18 2\172
= t‘g— (SD (9) + (1—_‘9— SD (Snat)) ) s (29)

(28)

nat

nat nat

_2\1/2

where SD(§) = < ; 91 ) , N is the number of values
in {n(t)}. -

PC has been compared with a ‘classical’ perturbation
coefficient CPC1%:

1

T"£’—'> 100[ %]

nat

CPC = <1 — (30)
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Figure 20. Interdependence between the 3 parameter and the classical
perturbation coefficient CPC for perturbed human neutrophils. Pairs of
the 8 and CPC values have been determined for the resulting processes
{n,(t)} corresponding to a variety of used perturbers (see fig. 17). Linear
regression $(CPC) = 0.725-0.002 CPC fits the empirical points with the
correlation coefficient — 0.37. The large scatter of the CPC values around
the regression line, and the result 3(0) = 0.725 instead of 3(0) = 1, reveal
the inadequacy of CPC as a perturbation measure.
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Figure 21. Interdependence between the 9 parameter and the proposed
non-local stochastic perturbation coefficient PC for perturbed human
neutrophils; the same samples as in fig. 20. Linear regression §(PC) = 1-
0.007 PC fits the empirical points with correlation coefficient — 1.

defined on the basis of the integrated luminescence (I).

One can easily see the consistency of PC with Ty and
essential divergences between PC and CPC. Those diver-
gences are also seen in figure 20. Of course 3 as a function
of the perturbation magnitude should decrease
monotonically, therefore the function $ = $(PC) should
have the same feature. Indeed, 3(PC) =1 — 0.007PC
fulfils that condition (fig. 21).
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Nonlinear response of biophoton emission to external perturbations

Q. Gu*? and F-A. Popp*®

“International Institute of Biophysics, Technology Center, Opelstr. 10, D-6750 Kaiserslautern 25 (Federal Republic of
Germany) and *Department of Physics, Northwest University, Xi’an 710060 ( People’s Republic of China)

Abstract. By considering an exciplex system consisting of collective molecules in interaction with both the ‘pumping’
fields and the biophoton fields, the two-level exciplex model and the three-level exciplex model are presented. They
are useful for the investigation of the quasi-stationary behaviour of biophoton emission, and biophoton emission as
a dynamic process in the presence of external perturbations. Qur theoretical results predict a series of nonlinear
effects, such as chaos, fractal behaviour, and non-equilibrium phase transition. These effects characterize the coher-
ence nature of living systems. In our approaches, there are two important quantities f and x, which can be used to
mark the working points of the two-level and three-level exciplex systems. All the influences of external perturbations
on the exciplex systems, e.g. change of temperature, the addition of agents, exposure to light, etc., can be interpreted
as shifts of the working points of the systems, leading to a diversity of nonlinear response of biophoton emission. In
addition, the agreements of the theoretical results and the corresponding experimental observations on biophoton
emission from biological systems in the presence of external perturbations are demonstrated.

Key words. Exciplex formation; two-level exciplex model; three-level exciplex model; chemical potential; pumping

field; collective molecules; chaos; fractal behaviour; non-equilibrium phase transition; working point.

Introduction

‘Biophoton emission’ is now a topical field in contempo-
rary science 33 6%:66:192 Tt concerns weak light emission
from biological systems, with an intensity of the order of
a few up to some hundred photons per second and per
square centimeter of surface area.

The origin of biophoton research can be traced back to
A. G. Gurwitsch*"- 2848 He performed various experi-
ments on ‘mitogenetic radiation’ with the aid of biologi-
cal detectors. Gurwitsch claimed that the most funda-
mental biological function, namely cell division, is
triggered by a very weak photocurrent originating from
the cells themselves. Since biological detector systems
found little support in the scientific world, and because of
the unavailability of sufficiently sensitive technical equip-
ment at that time, no generally accepted conclusion on
mitogenetic radiation was reached for quite a long peri-
od.

In 1955 Colli et al.'° succeeded in proving the existence
of photon emission from cereals by using a photomulti-
plier tube. The photons were regarded as visible radiation
between 390 and 650 nm with intensities of some hun-
dred photons/(s - cm?),

In the 1960s most of the research work on bio-
photon emission was performed by Russian scien-
tists #* 64- 197114 \who measured the biophoton emission
from about 90 kinds of biological samples, including
yeast, frog nerve and mouse liver, again using photomul-
tipliers.

In the last fifteen years, essential progress in this field
has been accomplished, involving the following topics:
the source of the biophotons? 3:42:60,67-69.86  {hajr
correlations with biological, biophysical and biochemi-
cal processes 34,39,65,66,84,88,93,94,101, 113J the temper-
ature dependence’®7*-°%°7  the spectral distribu-



