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ABSTRACT

Introduction: The bioelectrical impedance analysis is used for the evaluation and monitoring
in cancer patients. Objective: To estimate whole bioelectrical parameters obtained from the
Cole-Cole distribution function with multifrequency-bioelectrical impedance analysis in newly
diagnosed lung cancer adult patients. Methods: A pilot, prospective and cross-sectional
study was carried out to measure the bioelectrical parameters with multi-frequency Bioelec-
trical Impedance Analysis (at 5, 50, 100 and 200) kHz in 23 newly diagnosed lung cancer adult
patients. The Cole-Cole distribution function was used to estimate electrical resistance, capa-
citive reactance and impedance modulus between 100 Hz and 10 GHz. Results: Differences
between the simulated and experimental data (electrical impedance modulus > 10 Q) were
observed in seven lung cancer patients at 100 and 200 kHz. Cole-Cole distribution function
underestimated experimental data in the majority of these patients at (5, 50 and 100) kHz,
not so at 200 kHz. The intracellular resistance was higher than extracellular resistance in all
of them, in contrast with physiology. Furthermore, the overall cellular capacitance of cellular
membrane in each lung cancer patient increased respect to that in apparently healthy sub-
jects. Conclusions: The bioelectrical impedance analysis reveals anomalous behaviors of
bioelectrical parameters in each newly diagnosed lung cancer adult patients for frequencies
above characteristic frequency. These behaviors may be described by distribution functions
Cole-Cole (for 0 < a< 1) or others.

Keywords: bioelectrical impedance; lung cancer; Cole-Cole model; electrical resistance
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Parametros bioeléctricos estimados en pacientes con cancer
de pulmén recientemente diagnosticados con impedancia
bioeléctrica multifrecuencia

RESUMEN

Introducciodn: El analisis de impedancia bioeléctrica se usa para la evaluacion y seguimiento
de pacientes con cancer. Objetivo: Estimar parametros bioeléctricos corporales obtenidos
a partir de la funcién de distribucion Cole-Cole con el andlisis de la impedancia bioeléctrica
multifrecuencia en pacientes con cancer de pulmon recientemente diagnosticados. Méto-
dos: Se llevd a cabo un estudio piloto, prospectivo y transversal para medir los parametros
bioeléctricos con anélisis de impedancia bioeléctrica multifrecuencia (a 5; 50; 100 y 200) kHz
en 23 pacientes adultos con cancer de pulmon de reciente diagndstico. Se utilizo la funcion
de distribucion Cole-Cole para estimar la resistencia eléctrica, la reactancia capacitiva y el
maddulo de impedancia entre 100 Hz y 10 GHz. Resultados: Se observaron diferencias entre
los datos simulados y experimentales (mddulo de impedancia eléctrica mayor que10 Q) en
siete pacientes con cancer de pulmoén a 100 kHz y 200 kHz. La funcién de distribucion Co-
le-Cole subestimd datos experimentales en la mayoria de estos pacientes a (5; 50 y 100) kHz,
no asi a 200 kHz. La resistencia intracelular fue mayor que la extracelular en todos ellos, en
contraste con la fisiologia. Ademads, la capacitancia celular de la membrana celular en cada
paciente con cancer de pulmon aumentd con respecto a la de los sujetos aparentemente sa-
nos. Conclusiones: El analisis de impedancia bioeléctrica revela comportamientos anomalos
de parametros bioeléctricos en cada paciente adulto con cancer de pulmoén de reciente diag-
nostico para frecuencias mayores a la caracteristica. Estos comportamientos pueden ser
descritos con funciones de distribucién Cole-Cole (para 0 < a < 1) u otras.

Palabras clave: impedancia bioeléctrica; cancer de pulmén; modelo de Cole-Cole; resistencia eléc-
trica

INTRODUCTION

The lung cancer is the first cause of death of all types
of cancer worldwide and in Cuba. ™ The Bioelectrical Impe-
dance Analysis (BIA) is used in cancer patients, specifically
in lung cancer patients (LCPs) because changes in bioelec-
trical parameter are primary to biological and clinical ones.
(123) Therefore, many researchers focus in cancer electrical
properties (electrical conductivity and electrical permittivity),
its active bioelectricity and bioelectronic (faradic and ionic
currents), and surface charge density on tumor-healthy tis-
sue boundary. #567) Electrical alterations in cancer have been
related to its altered metabolism and biological characteris-
tics with respect to those in the surrounding healthy tissue.
689 Additionally, BIA allows estimating body water and its
compartments, body composition and nutritional status and
other parameters from the estimation of body bioelectrical
parameters in apparently healthy adult subjects (AHASS),
cancer patients and other pathologies. (¢451011.2311)

Columbié-Regtieiferos et al. @ report a pioneering study
that integrates tumor and patient variables (clinical, bioelectrical
and functional) and the Principal Component Analysis in newly
diagnosed lung cancer adult patients (NDLCAPs). As NDLCAPs
are complex, open and nonlinear systems, knowledge of their
initial variables is essential because cancer patients may evolve
unfavorably for small changes in at least one of these initial pa-
rameters. Consequently, an unfavorable forecast of NDLCAPs
is expected a posteriori. 2137 That is why, we focus in to cha-
racterize NDLCAPs by means of BIA.

Columbié-Regtieiferos et al. ™ report bioelectrical para-
meters at 50 kHz in NDLCAPs; nevertheless, they do not re-
port these parameters and others at different frequencies.
Furthermore, parameters of Cole-Cole distribution functions
in NDLCAPs are not documented in the literature. Therefore,
the objective of this study is to estimate whole bioelectrical
parameters obtained from the Cole-Cole distribution function
with multifrequency-BIA in NDLCAPs.
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METHODS

Ethic aspects

A pilot, prospective and cross-sectional study was ca-
rried out at the Pneumology Service of the Hospital General
Dr. Juan Bruno Zayas Alfonso, Santiago de Cuba, Cuba (from
March 1 to September 30, 2018). This study was approved
by the Ethics Committee (Current Controlled trials BIACAN-
CER108823SC900-149; May 5, 2017) and the Scientific Coun-
cil (Resolution 189/2017; June 7, 2017) of this hospital, and
governed by the ethical standards of the Declaration of the
Helsinki World Medical Assembly. @9 Name of the register of
this Pilot study is BIACANCER and its registration data is De-
cember 6, 2017 at the Universidad de Ciencias Médicas, San-
tiago de Cuba, Cuba. Date of enrolment of the first participant
in this Pilot study is March 1, 2018. Furthermore, this research
is fulfilled with good medical clinical practices established by
the Ministry of Health of the Republic of Cuba. (19

NDLCAPs were included in this Pilot study once they,
their companion and witness (psychologist) proceeded to the
reading, agreement, and signature of the Informed Consent.
They received previously a detailed explanation of objectives,
importance and purposes of this study, and requirements es-
tablished for measurements (empty bladder, no smoking at
least 24 h prior, no intake of steroids at least one week before,
no intake of water and alcoholic beverages at least 24 h prior,
fasting 2 h minimum, and non-performance of physical exer-
cises 12 h before taking measurements).

Patients

The personal history of each NDLCAPs was collected.
The inclusion criteria were the Informed Consent signed and
approved, lung cancer cyto-pathological diagnosis and NDL-
CAPs received medical attention at the Pneumology Service.
Exclusion criteria were patient and family refusals to par-
ticipate in this study, patients with metallic implants in the
body, amputated limbs, generalized skin diseases, serious
infections, and disorders of body fluids. Voluntary abandon-
ment and death were established as exit criteria. In this study
23 NDLCAPs participated [aged (53-82) years: 14 men and
9 women]. A numerical code (from 1 to 23) was assigned to
each patient in order of arrival.

Columbié-Regtieiferos et al. @ reported the age, gender,
height (H), unintentional patient body weight, relative change
in unintentional body weight (A48, degree of ECOG functional
scale, (Eastern Cooperative Oncology Group) lung cancer sta-
ge, the lung cancer histological varieties for each NDLCAPs
and men/women ratio. They analyzed the prevalence of these
variables and explained them. Therefore, these results were
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not shown in this study, but used to explain anomalies in
bioelectrical parameters of NDLCAPs.

Electric bioimpedance analyzer

The Bodystat Quadscan® 4000 multi-frequency BIA
analyzer (company Bodystat, LTD, Douglas Isle of Man, British
Isles, available at https://www.bodystat.com/) was used to es-
timate the body electrical impedance modulus (12l in Q) at (5,
50, 100 and 200) kHz, named |12l 5 kHz, 171 50 kHz, 12 100 kHz,
and 171 200 kHz, respectively. The body electrical resistance,
R (in Q), at 50 kHz (R 50 kHz); body electrical reactance mo-
dule, IXel (in Q), at 50 kHz IXcl 50 kHz; and body phase angle
module, 16! (in °), at 50 kHz (161 50 kHz) were also measured.
These body bioelectrical parameters were interrelated by the
following expressions (1)

|Z] = /R? + |X,|?-and-|0| = tg~1(|X,|/R) (1)

Although IXcl and 18] were used in this study, IXcl and I8l
were strictly negative because tissues in NDLCAPs were pure-
ly considered resistive-capacitive (inductive effects in human
body were neglected). @ Nevertheless, inductive effects were
reported in AHASs. (9 The calibrator supplied by the manu-
facturer 500.0 (+ 0.1) Q allowed evaluating the stability of the
Bodystat Quadscan® 4000 multi-frequency BIA analyzer at
the beginning and the end of the measurement in each pa-
tient. The values of R, /height, IXcl .. /heightand 6l
in male and female NDLCAPs were compared with their res-
pective normal intervals reported in AHASs (2-80) years living
in Santiago de Cuba, Cuba, specifically those in the age range
(50-80) years in both genders. (7

Measurement procedure

The standardized procedure for measurement R and
IXcl was the same reported in Regleiferos JCC et al Lafar-
gue AL et al. (19 Height (nearest 0.5 cm with the technique of
the International Biological Program with the head located in
the Frankfort plane, precision + 0.1 cm), body weight (Soehn-
le Professional digital scale, model 2755, Soehnle Industrial
Solution, Backnany, Germany, accuracy of + 0.5 kg) and BIA
parameters (from 8 to 9 am) in NDLCAPs were measured in
this study. Furthermore, it was considered controlled environ-
mental conditions: temperature of 25 (+ 1)°C (Sattigungs ther-
mometer of precision + 1°C, Germany), relative humidity of 60
(£ 5)% (Fischer Polymeter of precision + 1%, Germany) and
neutral (environment free of field generating equipment and
electromagnetic radiation).

The NDLCAPs were covered with light clothing and pla-
ced in a supine position on a non-conductor surface, wi-
thout a pillow under the head, with the arms separated at
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approximately 30° from the thorax and the legs separated
approximately at an angle of 45° without contact between
them. The skin of each patient was first cleaned with water
and soap, and then 70% alcohol to ensure asepsis of the areas
where the electrodes were attached. (1

The right tetrapolar ipsilateral method was used. The in-
jection electrodes of alternating electric current were placed in
the medial areas of the dorsal surfaces of hands and feet, near
the metacarpal and metatarsal phalangeal joints, respectively.
The receiving electrodes of the body electrical voltage were pla-
ced between the distal epiphyses of the radius and the ulna, at
the level of the pisiform eminence, as well as at the midpoint
between both malleoli, respectively. The distance between the
sensing and stimulating electrodes was 5.0 cm and measured
with a standard measuring tape (model RT-144, Wintape Mea-
suring Tape Co., Ltd, Guangdong, China) of 0.1 cm precision.
Electrocardiogram electrodes (model APR-020, All Pro Corpo-
ration Company, Quingdao, China) were used. The material of
each electrode was Silver/Silver Chloride (Ag/AgCl). (19

Cole-Cole distribution function

Cole-Cole distribution function was used and given by
(equation 2)
;Z(f) = Roo + RO—‘(RTE,
1+(j7;) o

where (in Hz), f_(in Hz), Z(f) (in Q), R, (in Q), R, (in Q), q,
and j were the frequency, characteristic frequency, electrical
impedance in function of f, electrical resistance in low fre-
quency, electrical resistance in high frequency, dimension-
less exponent parameter related to tissue heterogeneity,
and imaginary unit (j > = -1), respectively. The inverse of f
was the relaxation time. The parameter a varied between 0
(tissue homogeneous) and 1 (tissue most heterogeneous).
(% In this study, a = T because NDLCAPs were considered
very heterogeneous systems, in which were involved bio-
physical-chemical-metabolic alterations
phenomena (B-dispersion, from a few kHz up to a few doz-
en MHz, caused by the Maxwell-Wagner effect and sample
type-dependent). (119

and relaxation

R, = R,,
Ry'R
Rl g 0 oo ;
Ro—Roo
__ RpReo __ 1

M 2pf.RE  2mf-(Ri+R,)

The parameters R, R_, and f_ were obtained fitting of ex-
perimental data of Z(f) versus f plot with the nonlinear least
square method and related to the electrical resistance of inter-
cellular fluid (R, in Q), electrical resistance of extracellular fluid
(R, in Q) and overall cellular capacitance of cellular membrane
(C,,inF), given by (equation 3, 4y 5)

The parameter in Eq. (5) was obtained when |Xcl reached
its maximum value 1Xcl max. Egs. (2)-(5) assumed that the
entire assembly of the cell membrane was formed by the in-
tercellular fluid, plasma membrane and extracellular fluid for-
med a conductor-dielectric-conductor like structure behaving
as a parallel flat plate capacitor (figure 1A), whose equivalent
electrical circuit was represented in figure 1B. (9

As the bioelectrical parameters of cancer, respect to tho-
se of normal tissue, prevailed in the body bioelectrical para-
meters measured in cancer patients, Ri, Re, Cm and fc were
mainly attributed to cancer. @

As experimental values of 1Z| were reported only at (5, 50,
100 and 200) kHz, the Cole-Cole plot could not be done. Con-
sequently, the Cole-Cole distribution function was not used
to fit it. Despite, this plot for each NDLCAPs was made from
the analysis and resolution of the equivalent electrical circuit
(figure 1 B) to calculate any value of 1Zl, R, IXcl and 18] in the
range of 100 Hz (f = f) to 10 GHz (f = f_), named simulated
data. The values of |1Zl, R, IXcl and 181, at 100 Hz were named
1zl R IXcl and 16 respectively, whereas at

100 Hz' © "100 HZ' 100 Hz 100 HZ!
,and el ., and for

10 GHz were named 11 IXel,,
each NDLCAPs.

The difference between experimental and simulated data,
named AlZ| (AlZ] = 1ZI sim) was calculated at each discrete va-
lue of frequency (5, 50, 100 and 200) kHz for each NDLCAPs,
where 1ZIsim and 1Zlexp were the body electrical impedance
modules estimated with the interpolation of Cole-Cole distri-
bution function and the Bodystat Quadscan® 4000 multi-fre-
quency analyzer, respectively AlZl. < 0 Q (AlZl > 0 Q) meant
that the Cole-Cole distribution function underestimated (ove-
restimated) experimental data. Furthermore, a good agree-
ment between |Zlsim and |Zlexp data was established when
the modulus of AlZl, named IAlZIl was < 10 Q (associated to
total body water < 0.5 L, which had no clinical significance).

10 HZ R10 Hz' H 10 HZ

(34,5)
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®)

Fig. 1. Cell membrane model. A) Entire assembly; B) equivalent electrical circuit

As AlZl was a measure of how much IZIsim differed from
|Zlexp at each frequency, the root means square value (RMS
AlZl,in Q) was proposed to know the standard deviation of a set
of AlZl values over the whole frequency range of 5 to 200 kHz
for each NDLCAPs. The set of AlZ| values were those compu-
ted at (5, 50, 100 and 200) kHz and RMS AlZ| was given by (6)

Although results were not shown, |1Zl versus f, R versus
f, IXcl versus f, 18] versus f, IXcl versus R (Cole-Cole diagram)
plots were done for each NDLCAPs, where f was varied from
100 Hz up to 10 GHz.

The values of R, R, C_, fc, R, and IXclmax were estima-
ted from |ZI5 kHz, 121 . Izl .., and Izl ., values for each
NDLCAPs, where R ¢ and IXcl__ were R and IXclmaximum
values at f, respectively. For this, it was solved a system of
three equations with three unknown variables (R, R and C_).
These equations resulted from the resolution of the simpli-
fied Cole-Cole equivalent electrical circuit (figure 1B). The va-
lue of fc was calculated with Equation (5) once R, R and C _
were calculated. Furthermore, the modulus of impedance at
fc (1ZI'f, in Q) was estimated from R, ¢ and IXcl__ values for
each NDLCAPs.

The average and standard deviation (SD) of |ZI

100 kHz,

R‘\OO kHz’ |XC| 100 kHz and |9|1OO kHz’ |Z|5 kHz’ |Z|50 kHz’ RSO kHz’ |XC| 50 kHz
and |9|50 kHz’ |Z|'\00 kHz’ |Z|200 kHz’ |Z|'\0 GHz’ |Z|50 kHz’ R‘\O GHz’ |XC| 10 GHz
and el ., R, R C_f, R, IXcl andlzl were calculated

from their respective individual values.

Information processing

The original database was presented in tables, created
in .txt for information processing, and guarded for 15 years
in the Pneumology Service of the Hospital General Dr. Juan
Bruno Zayas Alfonso. A computer program was implemented
in GNU Octave 4.0 (free software, License 2015-05-29, Univer-

RMSpz) = \/iz}f_l(am +), (i = 5,50,100,200 kHz)

sidad de Oriente, Santiago de Cuba, Cuba) to fitting data with
Equation(1) and showed figures of versus for each NDLCAPs.
As part of the GNU Project, GNU Octave was free software un-
der the terms of the GNU General Public License. The website
was http:/gnu.org/software/octave. Free Software Founda-
tion funds the GNU Project. Developer(s): John W. Eaton and
many collaborators. This software was executed in a 256-core
processor HPC with 256 GB RAM. The duration of the proces-
sing of all data and graphs was approximately T min.

RESULTS

The table 1 shows the original experimental values of
RSO kHz! |XC|50 kHz! |9|50 kHz! |Z|5 kHz! |Z|50 kHz! |Z|‘\00 kHz and |Z|200 kHz and
their respective average and SD. The complete population of
NDLCAPs had an average value 16l,; .. close to 6.0°. Never-
theless, the individual analysis revealed that 30.4% (7/23),
30.4% (7/23) and 39.2% (9/23) of them had values of l6l, ..
below, in normal range and above, respectively, respect to
those in AHASs. 7) The examination by gender in NDLCAPs
showed that the average + SD of 18150 kHz were 6.2 + 0.3 and
6.0 £ 0.8 in nine women and 14 men NDLCAPs, respectively.
Furthermore, the analysis by gender and age groups indicated
that the mean + SD of 16l,,,, was 5.8 (+ 0.4) for three wo-
men with ages < 60 years, 5.9 (+ 0.9) for six women with ages
> 60 years, 6.3 (+ 0.6)° for five men with ages < 60 years, and
5.8 (+ 0.9)° for nine men with ages > 60 years (table 1).

The 17l decreased when increased in nine NDLCAPS;
nevertheless, an anomalous behavior in 1Zl was observed at
100 kHz (NDLCAPs with codes 7,9,12, 14,17, 19 and 21) and
200 kHz (NDLCAPs with codes 10, 11, 13, 15, 18, 20 and 22).
Consequently, deformation of the semicircle was revealed in
the plot of [Xcl versus of these 14 NDLCAPs for f > fc. Despite,

(6)

Este articulo es distribuido en acceso abierto segun los términos de la Licencia Creative Commons Atribucién—NoComercial 4.0



https://creativecommons.org/licenses/by-nc/4.0/deed.es

An Acad Cienc Cuba. 2025;15(4)

Table 1. Body bioelectrical parameters

Patient code R50kHz  [Xc[50kHz |§[50kHz

Q) Q) (o)
1 403 48.9 6.7
2 402 42.9 6.1
3 610 443 4.2
4 465 43.0 5.3
5 478 21.7 3.6
6 523 56.6 6.2
7 404 51.4 6.6
8 561 65.9 6.7
9 556 59.2 6.1
10 693 50.6 5.3
11 571 49.4 6.7
12 566 48.4 6.2
13 514 44.3 6.3
14 521 43.2 6.2
15 513 44.8 6.2
16 557 51.8 6.3
17 558 50.7 6.1
18 611 45.4 5.3
19 558 47.3 6.1
20 640 60.3 5.9
21 527 57.4 5.8
22 572 50.9 6.2
23 568 52.3 6.4
Average 538.0 49.2 5.9
Standard 72.7 8.6 0.8
deviation

|Z|5kHz ~ [Z|50kHz ~ |Z|100kHz |Z]200kHz
(Q) (Q) (Q) (Q)
433 416 391 369
459 404 382 362
667 611 588 569
520 467 444 426
500 479 467 454
600 526 496 472
515 446 531 397
652 565 528 503
638 559 664 509
789 696 578 664
676 601 393 566
466 412 578 368
663 609 494 553
599 524 538 462
648 569 382 513
443 403 393 362
437 418 657 367
762 687 540 633
598 560 657 521
761 688 531 634
641 561 589 501
612 603 419 573
463 436 420 413
589.0 532.0 507.0 487.0
110.1 95.3 926 94.1

Note: R X oo 1Olsors 1 Zlsin 1 somr 100 @0 2], Were defined in Material and Methods section.

the average values of Izl , 121 .. 1l ... and |ZI
ficed that 1Z| decreased when f increased (table 1).
The simulated values of 121,00 ki R ke XCL 100 iz 1614 i
V74 S S S ) (ol I and 1ol were showed in table 2, which
revealed that and values coincided with those of |Z], ., and |Z],,
estimated with BIA analyzer, respectively. The values of |Z] o
<« @nd AlZ| at 5, 50, 100 and 200 kHz are shown in table 3.
Tables 2 and 3 demonstrate that |Z| decreased as increa-
sed in the range of 100 Hz to 10 GHz. This was observed for
all NDLCAPs, except those with codes 14 and 23, in which |Z]
increased at 200 kHz (table 3). Table 3 revealed from the indi-
vidual analysis of each NDLCAPs that the Cole-Cole distribu-
tion function underestimated |Z] at 5 kHz (in all patients), 50

kHz (eight NDLCAPSs), 100 kHz (15 NDLCAPs) and 200 kHz

200k SIS

kHz

IZ|

(one patient). This distribution function overestimated |Z|
in the rest of NDLCAPs at 50 kHz (15 NDLCAPs), 100 kHz
(8 NDLCAPs) and 200 kHz (22 patients). Larges differences
between the simulated and experimental data (AlZ|| > 10 Q)
were observed at 50 kHz (one patient), 100 kHz (17 patients
and 200 kHz (three patients). These larges differences were
not observed for AlZ|| at 5, 50, 100 and 200 kHz. Three pa-
tients had AlZ|| > 10 Q in more than one frequency, as in NDL-
CAPs with code 8 (at 50, 100 and 200) kHz, and Codes 14
and 17 (at 100 and 200 kHz). Furthermore, values of RMS A|Z|
greater than 10 Q were observed in 17 NDLCAPs (codes 7-23)
in the frequency range 5-200 kHz.

The Table 4 shows the individual values of R, R, C , f,
R, IXc|,, and |Z|., as well as their respective average and

max fe!
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Table 2. Simulated values of biological parameters

100Hz

1Z] 064, (Q) Rige, (Q)  IX 10, (Q) 18],
)
369 369 0.48 0.07
362 362 0.40 0.06
569 569 0.40 0.04
426 426 0.40 0.05
454 454 0.25 0.03
472 472 0.52 0.06
397 397 0.50 0.07
503 503 0.60 0.07
509 509 0.48 0.05
664 664 0.38 0.03
566 566 0.41 0.04
368 368 0.42 0.06
553 553 0.54 0.06
462 462 0.63 0.08
513 513 0.54 0.06
362 362 0.40 0.06
367 367 0.55 0.09
633 633 0.52 0.05
521 521 0.37 0.04
634 634 0.50 0.04
501 501 0.53 0.06
573 573 0.35 0.04
413 413 0.22 0.03
486.6 486.6 0.46 0.05
94.1 94.1 0.10 0.02

An Acad Cienc Cuba. 2025;15(4)

Patient code 1Z] 160, Q) Ry (@) IX | 1000, 18]
(Q) )
1 433 433 0.09 0.01
2 459 459 0.23 0.03
3 667 667 0.24 0.02
4 520 520 0.22 0.02
5 500 500 0.08 0.01
6 600 600 0.32 0.03
7 515 515 0.28 0.03
8 652 652 0.37 0.03
9 638 638 0.34 0.03
10 789 789 0.41 0.03
11 676 676 0.30 0.03
12 466 466 0.23 0.03
13 663 663 0.23 0.02
14 599 599 0.30 0.03
15 648 648 0.34 0.03
16 443 443 0.13 0.02
17 437 437 0.09 0.01
18 762 762 0.32 0.02
19 598 598 0.16 0.02
20 761 761 0.33 0.02
21 641 641 0.37 0.03
22 612 612 0.04 0.00
23 463 463 0.11 0.01
Average 588.0 588.3 0.25 0.02
Standard 110.8 110.8 0.11 0.01
deviation
NOte: 121,00 10 Rioo s X0 e 11100 0 12010 610 g aiir Xolro e @ 161

100 Hz’ " *100 Hz’ ' "c'100 HZ' 10 GHzZ' " "10 GHz' " "¢'10 GHz 10 GHz

SD for each NDLCAPs. This table reveals that Ri values were
higher than those of for each NDLCAPs. The average va-
lue of was near to 50 kHz; nevertheless, 18 NDLCAPs (co-
des 2-4, 6-15, 18-21 and 23) and five NDLCAPs (codes 1,
5,16, 17 and 22) had values of below and above 50 kHz,
respectively. No anomalous behavior was observed in |Z]
for each NDLCAPs when the value of |Z|fc was introdu-
ced into the experimental data, keeping in mind whether
fc was below/above 50 kHz, which was referenced for two
reasons. First, 50 kHz was frequently used in clinics. (1)
Second, in HAASs was close to 50 kHz. The average + SD
of Re, Ri, Cm, fc, Rfc, |[Xclmax and Rfc in men NDLCAPs
were 537.8 + 107.7 Q,2 661.9 + 1 007.3 Q, 1.69 + 1.90 nF,

were defined in methods section.

48.7 + 18.3 kHz, 48.5 + 16.4 Q and 489.3 + 96.7 Q, respec-
tively. The respective values of these six bioelectrical para-
meters for women were 667.0 + 58.7 Q,3911.1 £ 2022.5 Q,
0.90+0.33nF,45.7+16.9kHz,54.7+16.6Qand612.3+52.5Q.
This analysis by gender revealed that average values of R,
R, fd [Xclmax and Rfc in women NDLCAPs were higher than
those in men NDLCAPs. Furthermore, average value of in
men NDLCAPs was higher than that in women NDLCAPs.
High variability in SD for was observed for both genders,
being bigger in women NDLCAPs.

DISCUSSION

Although the frequency sweep range is varied from Hz
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Table 3. Values of |Z| o’ |Z| ., and A|Z|and RMS A|Z|

Patient code Values of |Z|
5 kHz 50 kHz
© © © © © ©

1 433 432.7 -03 416 4142 -1.8
2 459 457.7 -13 404 4042 0.2
3 667 665.7 -1.3 611 610.6 -0.4
4 520 5188 -1.2 467 467.3 0.3
5 500 499.6 -04 479 479.5 0.5
6 600 5983 -1.7 526 526.6 0.6
7 515 513.6 -1.4 446 450.0 4.0
8 652 5599 -1.9 565 501.0 -64.0
9 638 636.0 -2.0 559 5589 -0.1
10 789 786.0 -3.0 696 700.0 4.0
11 676 674.2 -1.8 601 607.2 6.2
12 466 464.8 -1.2 412 4116 -04
13 663 6619 -1.1 609 609.0 0.0
14 599 597.6 -1.4 524 529.3 53
15 648 646.1 -1.9 569 569.0 0.0
16 433 4325 -0.5 403 403.0 0.0
17 437 436.7 -0.3 418 418.0 0.0
18 762 760.2 -1.8 687 687.0 0.0
19 598 597.2 -0.8 560 559.3 -0.7
20 761 759.1 -19 688 6849 -3.1
21 641 6389 -2.1 561 556.4 -4.6
22 612 6119 -0.1 603 603.0 0.0
23 463 4624 -0.6 436 436.0 0.0
Average 584.0 583.1 -1.3 5322 529.8 -2.3
Standard 110.0 109.5 -05 953 95.3 0.0*
deviation

Note: |Z| _ , |1Z| ., and AlZ| and RMS A|Z| were defined in methods section.

exp’ sim’

to MHz/GHz in several multifrequency BIA analyzers to cha-
racterize AHASs and patients with different pathologies, the
results of this study suggest that electrical characteriza-
tion in NDLCAPs is sufficient up to 200 kHz, in agreement
with the recommendations of the manufacturer of this BIA
analyzer. (19202 The increase in |Z|, AlZ|| > 10 Q and RMS
AlZ| > 10 Q at 100 and 200 kHz observed in 14 NDLCAPs
(60.9% = 14/23) contrasts with theory, which predicts that |Z|
decreases as frequency increases because Re and Ri do not
change with frequency and [Xc| is inversely proportional to
frequency. This anomalous behavior at 100 and 200 kHz may
explain deformation of the semicircle in [Xc| versus plot for

RMS e

)
100 kHz 200 kHz
@ © © © © ©
391 393.1 2.1 369 377.4 8.4 4.4
382 377.7 -4.3 362 366.5 4.5 3.2
588 584.3 -3.7 569 573.3 4.3 2.9
444 441.4 -2.6 426 430.4 4.4 2.6
467 464.9 -2.1 454 457.3 3.3 2.0
496 492.1 -3.9 472 477.7 5.7 3.6
531 417.1 -113.9 397 402.8 5.8 57.1
528 482.1 -45.9 503 475.3 -27.7 41.8
664 5139 -150.1 509 5139 4.9 75.1
578 675.5 97.5 664 667.1 3.1 48.8
393 580.3 187.3 566 570.0 4.0 93.7
578 373.0 -205 368 372.8 4.8 102.5
494 575.7 81.7 553 559.7 6.7 41.0
538 488.7 -49.3 462 569.9 107.9 59.4
382 5334 151.4 513 518.7 5.7 75.8
393 380.1 -12.9 362 367.6 5.6 7.0
657 395.1 -261.9 367 377.1 10.1 131.0
540 652.7 112.7 633 638.6 5.6 56.4
657 536.3 -120.7 521 525.5 4.5 60.4
531 652.2 121.2 634 639.1 5.1 60.7
589 520.8 -68.2 501 506.5 5.5 34.3
419 590.7 171.7 573 579.7 6.7 85.9
420 321.8 -98.2 413 415.5 2.5 49.1
507.0 497.5 9.4 486.6 494.9 8.3 -
92.6 99.9 7.3 94.1 94.9 0.8 -

f>f _and therefore experimental data do not strictly follow the
Cole-Cole function distribution in the majority of these NDL-
CAPs (73.9% = 17/23), in agreement with other studies. (9
This finding may be explained by different reasons. First,
the B-dispersion itself (tens of kHz to tens of MHz) is due to
tissues with multiple relaxations (multiple B-dispersions) in
NDLCAPs depending on the number of compartments consi-
dered in them, each with different biological characteristics,
Warburg diffusion, metabolisms, electrical properties and
bioelectricity. ®® Therefore, the electrical equivalent circuit
shown in figure Tb would be more complex because it would
have two (two B-dispersions) or more (multiple B-disper-
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Table 4. Values of R, R, C_, f, Rfc, [Xcl, Rfc and |Z]

Patient code R.(Q) R.(Q) C,_(nF)
1 433 2497 0.73
2 459 1713 1.77
3 667 3873 0.85
4 520 2357 1.31
5 500 4935 0.54
6 600 2213 1.39
7 515 1733 1.67
8 652 2201 1.39
9 638 2517 1.34
10 789 4191 1.05
11 676 3478 1.04
12 466 1750 1.69
13 663 3333 8.18
14 599 2020 1.32
15 648 2462 1.29
16 433 2208 1.08
17 437 2291 0.74
18 762 3739 0.87
19 598 4046 0.71
20 761 3799 0.89
21 641 2294 0.89
22 612 8992 0.18
23 463 3824 0.83
Average 588.0 3150.7 1.4
Standard 110.8 1573.4 1.5
deviation

Note:R, R, C_, f, R, IXcl . R, and |Z| were defined in methods section.

fe? max’

sions) RC branches in parallel, each of them with a charac-
teristic time constant. Consequently, two or multiple arches
would appear in the [Xc| versus R plot that would result from
the superposition of two or multiple differentiated relaxation
processes, in agreement with other authors. @2

Second, tissues in NDLCAPs may simultaneously show
twodifferentdispersiontypesbecausethe endof a-dispersion
f <100 Hz) overlaps B-dispersion (range 100 Hz-1 MHz). ¢?
The a-dispersion (due to ionic diffusion phenomena of the
ions that surround the cell membrane) should not be discar-
ded since the diffusion of ions through cancer cell membra-
nes is permanently altered due to its permanent depolari-
zation and the anomalous diffusion of ions (ionic current)
and electrons (faradic current) in cancer (differs markedly
from that in the surrounding healthy tissue) that may lead to

An Acad Cienc Cuba. 2025;15(4)

f.(kHz) 1Xl,.(Q)  R.(Q) 1z, (Q)
74.6 32.0 401.0 402
41.3 48.5 410.5 413
41.3 49.0 618.0 620
42.1 47.0 473.0 475
54.4 23.0 477.0 478
40.6 64.0 536.0 540
42.3 59.0 456.0 460
40.1 74.5 577.5 582
37.5 64.5 573.5 577
30.5 62.5 726.5 729
37.0 55.0 621.0 623
42.5 49.0 417.0 420
48.7 55.0 608.0 610
46.0 68.5 530.5 535
39.7 67.5 580.5 584
55.9 35.5 397.5 399
78.5 35.0 402.0 404
40.5 64.5 697.5 700
48.1 38.5 559.5 561
39.1 63.5 697.5 700
38.0 70.0 571.0 575
89.8 19.5 592.5 593
44.8 25.0 438.0 439
47.5 50.9 537.5 540.0
14.5 16.4 101.4 101.6

electrolyte imbalance and anomalous redistribution of body
water in its compartments. (176823

The third reason, normal and cancer tissues are fractal
in nature because they are considered as fractional-order
systems. (42520 Therefore, fractional order impedance mo-
deling and fractional-order circuit models may be used to
characterize dynamic of these tissues to describe best ave-
raged data respect to integer-order circuit models, in agree-
ment with Freebom et al. ®? This may suggest that values
of R, |Xcl, |Z], R, R and in NDLCAPs may be fractions and
not integers for any value of ; therefore, NDLCAPs may be
considered as an equivalent network formed by electric cir-
cuit elements with fractional order impedance depending on
biological characteristics and electrical properties of cancer
and surrounding healthy tissue; the performance status and
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concomitant pathologies of them, and existence or not me-
tastasis in these patients.

The 14 NDLCAPs who show anomalous behaviors of
|Z| at 100 or 200 kHz correspond to those with sarcopenia
(codes 4, 5, 8, 13 and 18), type 2 diabetes (codes 1, 4, 9, 10,
11, 12 and 17), marked pleural effusion in the entire left lung
(codes 8 and 17), dehydration due to the diarrhea (code 14
consumes Sildenafil), decrease in (codes 4, 5, 6, 8,13, 14, 15,
16, 19 and 20). Furthermore d-ECOG 3 and adenocarcinoma
(57.1% = 8/14), stages llIB and IV (85.7% =12/14) and f_< 50
kHz (85.7% = 12/14) may influence on these anomalous be-
haviors. These aspects may change also R, [Xcl, |IZ], 6], R, R,
and Cm values in NDLCAPs, in agreement with other studies
in cancer. ¢%)

In NDLCAPs, Ri ==Re may be interpreted as the intrace-
llular fluid is less conductive than the extracellular fluid in can-
cer cells. Thus, intratumor water is mainly concentrated on
the extracellular fluids of cancer cells, which may be related to
the electrolyte imbalance in LCPs and why the water concen-
tration is higher in the tumor than in the surrounding healthy
tissue, in agreement with. @ It is expected that water is prima-
rily concentrated in the intracellular fluids (R, << R) of cancer
cells because this is physiological in normal cells, in addition
to the high concentration of sodium ions in their intracellular
fluids, by their low transmembrane potentials, which are rela-
ted to permanent depolarization and failure of ionic pumps
(mainly sodium/potassium pump) in their cellular membra-
nes, depletion of adenosine triphosphate in these cells, among
others. 72”1 These alterations and others may suggest that
NDLCAPs requires more time to return from its disturbed sta-
te (presence of the lung cancer) to the base state (absence of
the lung cancer, as in AHASS). ?82%) Consequently, relaxation
time in them is longer; therefore, decreases. This may explain,
in part, why most NDLCAPs (78.3% = 18/23) have fc < 50 kHz.
If these alterations in NDLCAPs are marked over time, deterio-
ration of their organisms is expected, as in untreated mice
bearing tumor (control groups). ¥

Alterations in cancer patients (14 hallmarks of cancer) are
related to bioelectricity in cancer and surrounding healthy tis-
sue, which differ from each other, and generation of electrical
energy in cells (triboelectric nanogenerators). (68393132 Bjologi-
cal and bioelectrical alterations in NDLCAPs may explain why
experimental data do not follow a Cole-Cole distribution func-
tion for a = 1. (16828293334 Consequently, the Cole-Cole distribu-
tion function for 0 < a < 1 or another distribution function (e.g.,
Havriliak- Negami, Cole-Davidson or Warburg relaxation mo-
del) may be used by means of two ways. First, the geometric
analysis for each distribution function (arcs in |Xc| versus R
plot), keeping in mind values of |Z| at 5, 50, 100 and

200 kHz. ©9 Second, the use of multifrequency device (e.q.,
MultiScan® 5000 BIS at 50 frequencies in the range
5 kHz-1 000 kHz, which has implemented the Havriliak-Nega-
mi distribution function. ©® Furthermore, anomalies in NDL-
CAPs for f > fc may be explained because they may behave
like fractal antennas since cancer and normal tissues are con-
sidered as fractals, and fractional-order system, the whole-hu-
man body is considered as a multi-faceted antenna system
with different resonant frequencies and natural resonant fre-
quencies of cancerous tissues differ completely from those of
healthy tissues. 425373839 Consequently, these patients may
be considered as multi-resonance systems (several resonan-
ce frequencies), keeping in mind that fractal antennas are
multi-resonance systems too. 40

The beforementioned aspects have not been integrated
or related to bioelectrical parameters of cancer and normal
tissues in the literature. The possible existence of multi-reso-
nance frequencies in NDLCAPs may suggest the presence of
inductive elements (e.g., iron in the heme group in blood and in
deoxyribonucleic acid) in these patients. (9 Three possibilities
may be possible: a) in figure 1B, add the inductive element in
series with Ri and Cm in a branch, which is in parallel with R_.
b) in figure 1B, add the inductive element in series with Re in
a branch, which is in parallel with the branch that contains R,
and C_ in series. c) in figure 1B, add the inductive element
in series with R, and C_ in a branch, which is in parallel with
another branch that contains other inductive element in series
with R_. In general, these two inductive elements are different.
A further study will be carried out to elucidate which of these
three possibilities best describes experimental data. These
three possibilities should not be confused with inductive ele-
ment in a branch, which is in parallel with branch of Re and
branch of R and Cm connected in series reported in. (9

As biological systems are nonlinear, NDLCAPs were cho-
sen because knowledge of their initial conditions (R, |Xc|, |Z],
16l, R, R and C_ values) is vital for their prognoses without
and with the application of anticancer therapy. This latter may
be verified in a future longitudinal study. This requires that the
BIA should not be used only to know the averages + SD of
the bioelectrical and biological parameters in a population of
NDLCAPs, but also for the individual analysis of each of them.
This is essential for understanding of biophysical individuality
of each of these patients and the selection of personalized/
individualized anticancer therapies for each NDLCAPS.

Conclusions

The bioelectrical impedance analysis reveals anomalous
behaviors of bioelectrical parameters in each newly diagnosed
lung cancer adult patients for frequencies above characteris-
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tic frequency. These behaviors may be described by Cole-Cole
distribution functions (for 0 < a < 1) or others.
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