A st Petersburg Polytechnic University Journal. Physics and Mathematics. 2024. Vol. 17. No. 3.1
HayuyHo-TexHunueckne sBegomoctun CM6IrMy. dusmnko-matematmyeckme Hayku. 17 (3.1) 2024

BIOPHYSICS AND MEDICAL PHYSICS

Conference materials
uUDC 621.317
DOI: https://doi.org/10.18721/IJPM.173.164

Using Monte-Carlo based randomisation for stabilisation
of data fitting in bioimpendance spectroscopy: Proof-of-concept

N.A. Boitsova' =, A.A. Abelit', N.A. Verlov?, D.D. Stupin'

1 Alferov University, St. Petersburg, Russia;
2Petersburg Nuclear Physics Institute named by B.P. Konstantinov
of NRC “Kurchatov Institute”, St. Petersburg, Russia
Y natab2002@yandex.ru

Abstract. Nowadays, a lot of bioimpedance devices are proposed and signal processing for
them is still under intensive development. In this study, we improved the complex non-linear
least squares (CNLS) protocol for non-stationary bioimpedance data analysis. To be specific,
we tested different Monte-Carlo applications for choosing starting point for CNLS approx-
imation — an essential step for every non-linear problem. As a result, we have proved that
symbiosis approach with usage of the CNLS-solution of the previous spectra as starting point
and global Monte-Carlo searching of the starting point is the promising powerful combination
for such a task.
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Annoranug. CeromHsi aKTMBHO CO3[AalOTCSI BCE HOBbIE OMOMMIIEHAHCHBIE YCTPOMCTBA U
COBEPLIEHCTBYIOTCSI METOJbI MOJYYaEMbIX C MX IMOMOILIbIO JaHHBIX. B 3TOM uccienoBaHUU Mbl
YIIYULIWJIA KOMIJIEKCHBIN HEJIMHEeHBIM MeTo HauMeHbInx KBaapatoB (CNLS) nis ananusa
HEeCTallMOHAPHBIX OMOUMITEIAHCHBIX CITEKTPOB. B 4acTHOCTH, MBI TPOTECTUPOBAIMN PA3TUIHbBIE
npunoxeHus metoga MoHrte-Kapio mist Beioopa HavanpHOM Touku CNLS-anmpoxcumanmu
— BaXKHOTO 1lIara JJjis pelieHus JIo00i HelMMHeHOo 3agaun. B pe3yabraTe Mbl MOKa3aau, 4TO
cuMOM03 ucnojb3oBaHus pe3yabTaToB CNLS-00paboTKM MpeablaylinX CIIeKTPOB B KayeCcTBe
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HavYaJbHOI TOYKM M MPUMEHEHUS IJI00aJbHOrO MOMCKA HavyaJlbHOM TOYKM METOmoM MoHTe-
Kapno aBnsercs mepcrieKTUBHON KOMOMHALMEN 1T TAKMX alllpoOKCHUMAaIMiA.

Kmouesbie ciioBa: omonmmenarnc, CNLS, MonTte-Kapio

®unancupoBanue: Pabora BbhImoJHEHA IIPpU MOAAepXKe MUHUCTEPCTBA HAYKM U BBICILIETO
obpasosanust Poccmiickoit Menepanunu (roczaganme FSRM-2024-0001).

Ccbiika mpu nutupoBanum: boitioBa H.A., Adenut A.A., BepnoB H.A., Crynun /1.
WUcnonb3oBanue panpomuszauuu MoHTe-Kapiao mis crabunusauuyu o0pabOTKM JTaHHBIX
B OuomMMmenaHCHOU crnekTpockonuu: IlunotHoe ucciaenoBaHue // HayuHo-TexHUUeCKHUe
BemoMoctu CIIOITIY. ®usuko-marematuyeckue Hayku. 2024. T. 17. Ne 3.1. C. 315-319.
DOI: https://doi.org/10.18721/JPM.173.164

CtaTbsl OTKPBHITOTO AoCTyma, pacrnpoctpaHseMas mo jguieH3uu CC BY-NC 4.0 (https://
creativecommons.org/licenses/by-nc/4.0/)

Introduction

Today, bioelectronics is one of the most quickly expanding science fields [1, 2]. A lot of
interest from researchers aimed at developing multipurpose bioelectronic devices for the need of
healthcare and practical biology, for example, bioimpedance cytosensors. Although hardware for
such apparatus is well-developed, signal processing still is in need of improvement [1]. In particular,
almost all commercially available bioimpedance sensors use the Cell Index measure for the
estimating cells state [3]. This approach is intuitive and easy in programming implementation, yet
it cannot be used for reliable studying of the various biophysical phenomena due to the indirect
relationship between such effects and Cell Index. An alternative approach for impedance analysis
is to match impedance spectra with some theoretical models like equivalent schemes by using
complex non-linear least squares technique (CNLS) [4]. Contrary to Cell Index, this approach
allows us to separate different biophysical effects, although it requires an addition of mathematical
processing. Namely, like most of the non-linear problems CNLS solution is obtained in an
iterative manner, so choosing the starting point for the first iteration is also relevant for it. For
non-stationary impedance spectra data, which is commonly used in cell research, this issue has
one obvious solution: using the result of the previous spectra approximation as starting point for
the new one. At the same time, this strategy has one significant drawback: if approximation for
one spectrum fails, then risk of incorrect CNLS-processing of the next spectra will be higher [5].

In this paper, we aimed to overcome this issue by using Monte-Carlo methods (MC), which
helps an iterative algorithm with jumping out from the failed approximation point. We have
proposed two strategies for it, namely, local Monte-Carlo, which is based on the strategy of
choosing the starting point randomly nearly the previous CNLS-approximation result, and global
Monte-Carlo, which chooses the starting point randomly in the CNLS parameters' reasonable
space. As a result, we discover that in the experiments with living cells the global Monte-Carlo
approach provides the more stable inline CNLS-approximation.

Materials and Methods

In order to obtain bioimpendance data, we have used a multielectrode array 60StimMEA200/30
(MultiChannels Systems, Germany), which contained living cells. To perform FFT-based
impedance measurement a setup was used, described in Ref. [1], Fig. 6. The spectra were collected
in the frequency range from 20 Hz to 40 kHz with 2-Hz step.

As to validate our MC approach, we used HeLa cells, obtained from Institute of cytology of
RAS. The cells were grown in multielectrode array in DMEM medium (Biolot, Russia) at 37 °C
and 5% CO,. Before bioimpedance measurements, the cells medium in multielectrode array
was replaced by phosphate buffered saline (PBS, Biolot, Russia). The rhodamine 6G based
home-made dye ABDS (cells membrane staining, green pseudo-color) was used to visualise cells.
Microscopic photographs were made by Leica 4000 DM B fluorescence microscope (Leica,
Germany). As biological stimulus during experiment we have used trypsin-Versene solution (1:4,
Biolot, Russia), which decrease cell/electrode impedance due to cells de-adhession process.
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The impedance data was analyzed in the MatLab package by using NELM software (available
by request). This algorithm is based on CNLS method of impedance approximation, namely

DI (w,, ) Y(,)['=min, (1)

where Y is model admittance, Y is experimental admittance, o is angular frequency, and p is
the vector of the scheme tuning parameters (resistance, capacitance, efc.). In the current study,
we have used the series RL-CPE circuit as a model admittance Y, . Consequently, the parameters
vector p = [R, L, W, a], where R is resistance, L is inductance (Op-Amp artifact [2]), W and a
are parameters of the CPE element, which admittance is W (i®)®. In order to achieve a minimum
of (1), we used simplex Nelder-Mead method [6].

To stabilize CNLS-approximation, in this paper two types of Monte-Carlo randomization
were used: local, that generate starting point near the previous approximation of spectra p,,,,and
global, which generate starting point near “universal” origin point p ol g1ven before calculations
by the user of the program. Thus, the three strategles for getting 1n1t1a1 p Value were examined:
(i) no MC, p=p,,; (ii) Local MC, p= p,ast +7; (ili) Global MC, p=p,, +7. Here F is a
random vector, which allows to vary p -values in the range of 100%. For Mé processing (items
ii and iii), for each spectrum we have provided 11 randomized simulations and one simulation
which used previous approximation results as a starting point. Further, the p -value which gives
the lowest CNLS-error was selected as equivalent scheme estimation.

Results and Discussion

The results obtained from applying different strategies of choosing starting point are presented
in Fig. 1. It can be seen that if approximation was performed without MC, all spectra did not
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Fig. 1 Comparison of different CNLS processing strategies. () and (b) Photographs of the cells before
and after trypsin-Versene addition respectively; (c¢) evolution of CNLS obtained resistance for different
strategies of choosing starting point. Here and in Fig. 2, red color corresponds to no usage of MC
(strategy i), green — usage of global MC (strategy iii), dark cyan — usage of local MC (strategy ii),
magenta — global MC correction. It can be seen that addition of trypsin-Versene leads to cells de-
adhesion (a) and (b). However, resistance, obtained with different strategies (c), varies greatly, and
only the global MC approximation spectra completely match with the experimental one, this claim
being justified by Fig. 2. Moreover, this approximation is one that behaves in accordance with the
Gizver-Keese model [1]
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Fig. 2 Comparison of admittance loci of the cell/electrode interface for different CNLS processing
strategies for the different time moments: (@) 0 min, (b) 1.5 min, (¢) 2 min, and (d) 5 min. Squares
scatter plot corresponds to experimental data, other line types are similar to Fig. 1. Dashed circles are
highlighting spectrum parts with significant difference between CNLS approximation and experimental
data. It can be seen that addition of trypsin-Versene leads to corresponding change of the spectra
(compare loci with Fig. 1). Also, in the beginning local MC and global MC is indistinguishable, but,
after PBS removal, global MC is the only one that match with experimental spectra. Moreover, after
start of global MC correction, both global MC coincide with each other

match with the experimental one. In case of local MC strategy, starting spectra did match, but,
after some manipulation with medium and as a result vastly different impedance signal, spectra
stopped matching and approximation started behaving similarly to the strategy without MC.
In the end, the local MC was able to find the minimum of the working function (Eq. 1) and
provide an exact approximation. On the contrary, the global MC strategy did not only match
experimental spectra all the way, but it also was able to succeed with a starting point, taken from
failed local MC approximation, proving its supremacy.

Thus, the obvious strategy with using the result of the previous spectra approximation presents
itself as not a stable one, due to the fact that change in the impedance was too large for the
Nelder-Mead alone to be able to go back to the previous level. Even usage of local Monte-Carlo,
which allowed us to run several simulations simultaneously in the search of the minimum, did not
prove itself useful. Moreover, because in the end local MC was able to find exact approximation,
usage of such a strategy led to the incoherent evolution of the resistance, which is showing sudden
change in the state of the cells where in fact there is none. In a situation like that it is important
to not only rely on the approximation of the previous spectra, but also have a universal starting
point, located near the supposed minimum of the working function Eq. (1).

Conclusion

In this paper, we considered three different approaches to choosing a starting point for CNLS
approximation and tested them on the bioimpendance experimental data. The strategy of not
using Monte-Carlo showed itself as the most unreliable one; local Monte-Carlo was more stable,
but still failed on some spectra; global Monte-Carlo was proved to be the most promising one out
of them, being able to make accurate approximation for the whole duration of the experiment.
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Thus, the combined approach, which consists of ruining several simulations using a universal
starting point and the result of the previous approximation, was found out to be useful method for
choosing a starting point. We believe that the results of this study will help in the development of
new, more reliable devices for the needs of healthcare and modern biology.
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