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ABSTRACT

Bioelectrical impedance analysis (BIA) is a non-invasive technique widely used in body
composition assessment. Nevertheless, its accuracy is compromised because of its
reliance on regression equations and assumptions that are not frequently met. The
bioelectrical impedance vector analysis (BIVA or “classic BIVA”) emerged as an
alternative technique to overcome conventional BIA limitations, founding its main
strength on the use of raw impedance variables. BIVA is nowadays a widely used
technique in medicine for the assessment of hydration and nutritional status in different
clinical conditions. Although there has been a rapid growth of interest regarding the
application of BIVA in sport and exercise research and practice in the recent years, the
current scientific literature is still scarce and very heterogeneous. For this reason, we
first systematically reviewed the current knowledge on the bases, applications,
usefulness and suitability of BIVA in sport and exercise (Study I). Furthermore, we
outlined future perspectives in this field and suggested a research agenda. In Studies Il
and I11, we aimed at providing the first description, in bioelectrical terms, of a group of
young elite female synchronised swimmers and a group of experienced, well-trained,
non-professional, ultra-endurance male triathletes, comparing them with a reference
non-athletic population. Additionally, we assessed the variation in the whole-body
bioimpedance vector and body mass after a training session in synchronised swimmers
and after a competition in triathletes. We concluded that the bioimpedance vector
analysis is a technique that has a great potential in sport and exercise, yet largely
unexplored, especially for the identification of soft-tissue injury and its follow-up.
However, “classic” BIVA is inconsistent in the assessment of two-compartment body
composition and the vector position of athletes in relation to the reference population

seems controversial in many cases. “Specific” BIVA, a method which proposes a



correction of bioelectrical values for body geometry, seems to overcome this limitation.
In any case, specific bioelectrical distributions were found in synchronised swimmers
and triathletes in comparison with their healthy, general reference population. In
relation with this, Study Il reports for the first time specific tolerance ellipses in a
female sport group. Furthermore, BIVA showed bioelectrical differences between
synchronised swimmers of different age and performance level. Accordingly, Study Il
also reported bioelectrical differences between triathletes of different performance level.
Regarding the assessment of hydration status through “classic” BIVA, this is not a valid
method to identify dehydration in individual athletes. Nevertheless, vector changes are
consistent with fluid loss induced by high intensity synchronised swimming training and
by an ultra-endurance triathlon competition, regardless of age and performance level.
Furthermore, vector changes seem consistent with fluid recovery 48h after the triathlon
event. However, more research is needed regarding the relationship between the
bioelectrical signal and physiological adaptations induced by different types of exercise,
especially in how the structure and function of the cell are altered and how these affect

the behaviour of resistance, and in particular reactance.



RESUMEN

El andlisis de impedancia bioeléctrica (BIA) es una técnica no invasiva ampliamente
utilizada en la evaluacion de la composicion corporal. Sin embargo, su precision se ve
comprometida debido a la dependencia de ecuaciones de regresion y suposiciones que
no se cumplen con frecuencia. El analisis del vector de impedancia bioeléctrica (BIVA
o BIVA “clasico") surgié como una técnica alternativa para superar las limitaciones del
BIA convencional, basando su principal fortaleza en el uso de parametros primarios de
impedancia. Hoy en dia, BIVA es una técnica ampliamente utilizada en medicina como
herramienta para la evaluacion de la hidratacion y el estado nutricional en diferentes
condiciones clinicas. En cuanto a la aplicacion de BIVA en la investigacion y practica
de ejercicio y deporte, el interés ha crecido rapidamente en los ultimos afios, aunque la
literatura cientifica actual es todavia escasa y muy heterogénea. Por esta razon, en la
presente tesis realizamos primero una revision sistematica sobre el conocimiento actual
en relacion a las bases, aplicaciones, utilidad e idoneidad de BIVA en el deporte y el
ejercicio (Estudio 1). Ademas, trazamos las perspectivas futuras en este campo y
sugerimos una agenda de investigacion. En los Estudios 11 y Ill, nuestro objetivo fue
proporcionar la primera descripcion, en términos bioeléctricos, de un grupo de joévenes
deportistas de élite de natacion sincronizada y un grupo masculino no profesional de
triatletas de ultra-resistencia, experimentados y bien entrenados, comparandolos con su
poblacion sana de referencia. Ademas, evaluamos la variacion en el vector de
bioimpedancia de cuerpo completo y la masa corporal después de un entrenamiento en
las nadadoras y después de competicion en los triatletas. Tras analizar los resultados
obtenidos, concluimos que el analisis del vector de bioimpedancia es una técnica que
tiene un gran potencial (aun apenas explorado) en el deporte y el ejercicio,

especialmente para la identificacion de lesiones de tejidos blandos y su seguimiento a lo
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largo de la recuperacion. Sin embargo, el BIVA “cl&sico" no es consistente en la
evaluacién bicompartimental de la composicion corporal y la posicion del vector de los
atletas en relacion a su poblacion de referencia parece conflictiva en muchos casos. El
BIVA "especifico"”, un método que propone una correccién de los valores bioeléctricos
en relacion a la geometria del cuerpo, parece superar esta limitacion. En cualquier caso,
se encontraron distribuciones bioeléctricas especificas en nadadoras de natacién
sincronizada y en triatletas en comparacién con su poblacion sana de referencia. En
relacion a esto, el Estudio Il genera por primera vez elipses de tolerancia especifica en
un grupo femenino de deportistas. Ademas, BIVA mostré diferencias bioeléctricas entre
las nadadoras de diferentes edades y niveles de rendimiento. Asimismo, el Estudio Il
también informd sobre diferencias bioeléctricas entre los triatletas de diferentes nivel
deportivo. Con respecto a la evaluacion del estado de hidratacion a través del BIVA
“clasico”, este no es un método valido para identificar la deshidratacion en atletas. Sin
embargo, los cambios en el vector son consistentes con la pérdida de fluidos inducidos
por un entrenamiento de natacion sincronizada de alta intensidad y por una competicién
de triatlon de ultra-resistencia, independientemente de la edad y el nivel de rendimiento
deportivo. Ademas, la migracion del vector parece consistente con la recuperacién de
liquidos 48 horas después de la carrera de triatlén. Sin embargo, se necesita investigar
mas acerca de la relacion entre la sefial bioeléctrica y las adaptaciones fisioldgicas
inducidas por diferentes tipos de ejercicio, especialmente en cdmo son alteradas la
estructura y la funcion celular, y como éstas afectan al comportamiento de la resistencia

y, en particular, al de la reactancia.
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GLOSSARY

BCM Body cell mass

BIA Bioelectrical impedance analysis

BIS Bioelectrical impedance spectroscopy
BIVA Bioelectrical impedance vector analysis
BM Body mass

BMI Body mass index

Cic Circumference of the left calf

Cur Circumference of the left thigh

Cm Cell membrane capacitance

Co Pre-junior synchronised swimmers
Crec Circumference of the right calf

Crr Circumference of the right thigh
DXA Dual-energy X-ray absorptiometry
ECM Extracellular mass

ECW Extracellular water

ECW:TBW ratio Extracellular / total body water ratio

Fc Characteristic frequency

FFM Fat-free mass

FM Fat mass

H Body height

Hotelling’s T?test  Test comparing mean two group vectors

ICW Intracellular water

Jr Junior synchronised swimmers

Mabhalanobis’ D Multidimensional distance between a point P and the mean of a
group

MF-BIA Multi-frequency bioelectrical impedance analysis

Posm Plasma osmolality

PA Phase angle

R Bioelectrical resistance (R/h when adjusted by height)

RPE Rating of perceived exertion

RXc graph R/h vs. Xc/h probabilistic plot

SD Standard deviation
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SF-BIA
SS
TBW
TRIMP
UET
Xc

Z

Z vector

Single-frequency bioelectrical impedance analysis
Synchronised swimmers

Total body water

Training impulse

Ultra-endurance triathlon event

Bioelectrical reactance (Xc/h when adjusted by height)
Bioelectrical impedance

Vector yield by the RXc graph

Xiv



XV



XVi



TABLE OF CONTENTS

ACKNOWLEDGEMENTS ... %
ABSTRACT e e IX
RESUMEN .ot nne e e neas Xi
GLOSSARY e Xiii
TABLE OF CONTENTS ..o XVii
LIST OF PUBLICATIONS ..o XXi
INTRODUCGTION ...ttt 1
Bioelectrical Impedance Analysis (BIA) ......cooeiviieiieie e 3
Bioelectrical Impedance Vector Analysis (BIVA) ... 5
Bioelectrical data aCqUISITION ..........ccccvevieiieiiic e 5

Data processing and analySiS .........ccccvvverveieiieeieiiie e 10

RXC Qraph oot 11

RXC POINt graph ...cooveeecece e 12

RXC SCOME graph .....ocvveiveeieciecie et 13

RXC Mean graph .......oooviiiieceece e 14

RXC paired graph .....coocvee e 15

Phase angle (PA) ..o 16

Overview on the statistical analysis following BIVA assessment .......... 17

Hotelling’s T test and RXC graph .........ccocovvevveverevseeeseeennnnenns 17

Unpaired data analysis ..........cccooveinenenencnceceen 17

Paired data analysiS ........cccovevirieniiiene s 17

Mahalanobis’ generalised diStance ...........cccooceviveveriverieernsiennnnns 18

JUSTIFICATION AND AIMS . 19

XVii



METHODS ..ot 25

SystematiC reVIEW (STUAY 1) ..c.ooveiiiiiiieseeee e 27
ENGIDIILY CrITEria ...oveveeeei e 27
INTOrMALION SOUICES ...c.viiieiieiieieie et 27
SEAICH SITATEGY ...veveveitiriieiieieie ettt 28
STUAY FECOTUS ...ttt 28
Data items and PrioritiSAtION ............ccoceveririniniisieee s 29

Quasi-experimental studies (Studies I and H1) ........ccooooiiiiiiine, 31
PATICIPANTS ...ttt 31
PIOCEUUIES ...ttt sttt sttt tesre e sbeeneesneenne s 31
Parameters and eQUIPMENT .......ooiviiiiieieie e 33

ANthropometric asseSSMENT .........cccvvvririeiieierese e 33

Temperature asSESSMENT ..........cvvivriiieiiere e 33

Whole-body bioimpedance assessment ...........cccoccevvveviveeereennnn. 34

Internal training/race load assesSSMent .........ccccocevverenieeneenenne 35

PerfOrmanCe ........cocooiiiiiiiee e 35

ENergy defiCit .......oooiiiiiieee e 35

Statistical ANAIYSIS .....cc.oiiiiiieie s 36

Ethical CONSIAErations ...........cccoieiiiiiiiescc e 37

RESULTS AND DISCUSSION ...ttt 39

SystematiC reVIEW (STUAY 1) ..c.ooviiiiiiieeieeeee e 41
Long-term VECIOr ChaNQEeS ........ccvoiviiiiiieriieee s 41
Injury identification and fOllOW-UP ..o, 45

Quasi-experimental studies (Studies I and HI) ......cccoovvevieiiiieieee e, 46
BIA vector characterisation of athletes ... 46

xviii



BIA vector changes evoked by training/competition .............c.ccoceevvenene. 55

Short-term VECtOr ChaNGES .........ccoovriiiririeee s 55

Medium-term Vector Changes ... 64

CONGCLUSIONS .ottt sttt e bbb e e sat e e sbe e s nbeenbeeeneee e 69
CONGCLUSIONES ...ttt ettt sttt e sbe e b e e nbeeenee e 73
LIMITATIONS o e e e et e e nna e e e a e e e ne e e anneeeanneas 75
SystematiC reVIEW (STUY 1) ..c.oooveiiiiiiciieeee e 77
Quasi-experimental studies (Studies I and HI) ......cccovvvveiieeieiieieee e, 77
FUTURE PERSPECTIVES ...ttt s 81
REFERENGES ... .ottt ettt st nae e 89
STUDIES .ttt ettt et eb e e st e e st e e e be e saeesnbeearee s 109
STUAY | bbb 111

STUAY T e 139

STUAY T bbbt 159

XiX



XX



LIST OF PUBLICATIONS

This thesis is mainly based on the following publications, herein referred to by their

Roman numerals:

Study I: Castizo-Olier J, Irurtia A, Jemni M, Carrasco-Marginet M, Fernandez-
Garcia R, Rodriguez FA. Bioelectrical impedance vector analysis (BIVA) in
sport and exercise: systematic review and future perspectives. PLoS One.

2018;13(6):€0197957. doi: 10.1371/journal.pone.0197957

Study II: Carrasco-Marginet M, Castizo-Olier J, Rodriguez-Zamora L, Iglesias
X, Rodriguez FA, Chaverri D, Brotons D, Irurtia A. Bioelectrical impedance
vector analysis (BIVA) for measuring the hydration status in young elite
synchronized swimmers. PL0S One. 2017;12(6):e01788109. doi:

10.1371/journal.pone.0178819

Study I1I: Castizo-Olier J, Carrasco-Marginet M, Roy A, Chaverri D, Iglesias
X, Pérez-Chirinos C, Rodriguez FA, Irurtia A. Bioelectrical impedance vector
analysis (BIVA) and body mass changes in an ultra-endurance triathlon event. J

Sports Sci Med. 2018;17:571-579.

The theoretical framework and contextualisation of the present doctoral thesis is

based on the Study I, the systematic review about the bioelectrical impedance vector

analysis in sport and exercise.

On the other hand, the quasi-experimental part of the doctoral thesis is

represented by the Studies Il and Ill, involving sports of different characteristics (such

as synchronised swimming and ultra-endurance triathlon) and different ecological

contexts (training and competition). Furthermore, Study Il is included in the systematic

review (Study I).

XXi


https://doi.org/10.1371/journal.pone.0197957
https://doi.org/10.1371/journal.pone.0178819

In addition, this thesis is supported by the following conferences presentations,

herein referred to by their Roman numerals:

Castizo-Olier J, Sanchez A, Roy A, Vives M, Paloma V, Irurtia A. Whole-body
bioelectrical impedance vector migration induced by a high intensity football
training session: a field study report. 2nd International Symposium on Advances
in Sport Science. Universidad Pablo de Olavide. 2013 May 3-4; Seville, Spain.
Castizo-Olier J, Roy A, Mediavilla A, Vives M, Paloma V, Cos F, Irurtia A.
Bioimpedancia localizada en la practica deportiva: analisis preliminar en
futbolistas amateurs. 2nd Catalan Football Congress. Federacié Catalana de
Futbol, Institut Nacional d’Educacié Fisica de Catalunya, el R.C.D. Espanyol
and F.C. Barcelona. 2013 Jun 12-15; Barcelona, Spain.

Castizo-Olier J, Roy A, Vives M, Paloma V, Irurtia A. Changes in the whole-
body bioelectrical impedance vector induced by training in amateur football
players: preliminary results. 18th annual Congress of the European College of
Sport Science; 2013 Jun 26-29; Barcelona, Spain. ISBN 978-84-695-7786-8.
Molina S, Balcells J, Sola-Perez A, Castizo-Olier J, Vives M, Irurtia A. Whole-
body and localized bioelectrical impedance vector analysis (BIVA) in
professional soccer players. | Jornada Catalana de Recerca en Ciencies de
I’Activitat Fisica i I’Esport. Institut Nacional d’Educaci6 Fisica de Catalunya.
2016 Jun 15; Barcelona, Espafia.

Castizo-Olier J, Roca E, Brotons D, Subirats E, Brugada R, Porta J, Carrasco
M, Mateu M, Sola-Perez A, lrurtia A. Whole-body bioelectrical impedance
vector analysis (BIVA) in male trail runners: preliminary results. 21st annual
Congress of the European College of Sport Science; 2016 Jul 6-9; Vienna,

Austria. ISBN 978-3-00-053383-9.

XXii



VI.

VII.

VIII.

Sarola J, Bofill-Rédenas A, Castizo-Olier J, Cartes MA, Sola-Perez T,
Carrasco-Marginet M, Porta M, Irurtia A. Anthropometric full profile and
bioimpedance vector analysis (BIVA) in down syndrome: a preview. 15th
International Society for the Advancement of Kinanthropometry Conference,
held in conjunction with the World Conference in Kinanthropometry and Body
Composition. ISAK-UADY 2016. 2016 Nov 31 Oct-2 Nov; Mérida, México.
ISBN 978-607-9405-91-5.

Sola-Perez T, Castizo-Olier J, Molina S, Balcells J, Sarola J, Carrasco-
Marginet M, Porta M, Pérez-Chirinos C, Vives M, Irurtia A. Whole-body and
localized bioelectrical impedance vector analysis (BIVA) in professional soccer
players. 15th International Society for the Advancement of Kinanthropometry
Conference, held in conjunction with the World Conference in
Kinanthropometry and Body Composition. ISAK-UADY 2016. 2016 Nov 31
Oct-2 Nov; Mérida, México. ISBN 978-607-9405-91-5.

Roy A, Castizo-Olier J, Carrasco-Marginet M, Rodriguez FA, Porta J, Irurtia
A. Andlisis del vector de bioimpedancia en corredoras de montafia de diferentes
niveles competitivos: resultados preliminares. Arch Med Dep. 2017;34(6):362-
368.

Irurtia A, Pérez-Chirinos C, Balius R, Castizo-Olier J, Sagasti N, Fernandez-
Garcia R. Does ultrasound shear-wave elastography affect localized
bioimpedance? A case study. 16th International Society for the Advancement of
Kinanthropometry Conference. ISAK-UNAB 2018. 2018 29 Jun-1 Jul; Santiago
de Chile, Chile.

Irurtia A, Roy A, Castizo-Olier J, Carrasco-Marginet M, Pérez-Chirinos C,

Rodriguez FA, Porta J. (2018). Whole-body bioimpedance vector analysis in

XXiii



endurance mountain male athletes with different competitive levels. 16th
International Society for the Advancement of Kinanthropometry Conference.

ISAK-UNAB 2018. 2018 29 Jun-1 Jul; Santiago de Chile, Chile.

XXiv



XXV



XXVi



INTRODUCTION







INTRODUCTION

Bioelectrical Impedance Analysis (BIA)

Bioelectrical impedance analysis (BIA) is a non-invasive technique widely used in body
composition assessment (1-5), nutritional status (5-7), and hydration status (2, 8, 9), all
considered areas of interest to monitor general health and well-being (10), but also
training and performance levels. However, conventional BIA is limited by the use of
models and algorithms that assume relations between body components are constant and
correlated with each other during stable periods, which are used to estimate through
simple or multiple regression equations an unknown body component from a related
measured variable (bioimpedance) (11). Multiple validation studies demonstrated strong
relationship between bodily impedance and fluid volume (e.g. compared to isotope
dilution), but their prediction’s validity and accuracy of prediction are population-
specific (12). Furthermore, the standard errors of the best BIA regression equations
were estimated to be ~3-8% for total body water (TBW) and ~3-6% for fat-free mass
(FFM), both considered too large to be used in the clinical setting (12, 13). In the
exercise and sport practice, this is especially relevant. For example, dehydration rates
lower than these standard errors which may affect negatively the sport performance
could be not adequately detected (14).

BIA measures body tissues’ opposition to the flow of a low-level, alternating
radiofrequency electric current. Bioelectrical impedance (Z)—i.e. the tissues opposition
to the electric current flow—, the vector sum of the resistance (R)—i.e. the major
resistance to the current through intra- and extracellular ionic fluids—and the reactance
(Xc)—i.e. the additional opposition due to the capacitive elements such as cell
membranes, tissue interfaces, and non-ionic substances. BIA has been performed using

single- (SF-BIA) or multiple-frequency (MF-BIA) electrical current. Standard SF-BIA



uses a single frequency of 50 kHz to estimate TBW and FFM, but does not differentiate
intracellular water (ICW), because at this frequency the current does not penetrate cells
(15). In an attempt to overcome this, MF-BIA tries to estimate ICW and extracellular
water (ECW) by measuring a spectrum of frequencies through different mathematical
models (12). However, MF-BIA models have significant limitations, such as the
required use of body mass (BM) as an independent variable. Most scientific evidence
show that the use of both SF-BIA and MF-BIA lead to prediction errors in healthy
people (5, 16-18) and even larger errors in people with clinical conditions (19, 20). In
spite of the widespread use of BIA in the clinical and field settings, mainly in the
estimation of body composition, such as fat mass (FM) and FFM, or TBW, ICW and
ECW, its accuracy is compromised because of its reliance on regression equations,
mostly derived from non-athletic or sport-specific populations (5), and assumptions
such as constant tissue isotropy or constant tissue hydration, conditions that are not
frequently met (5, 11). Alternative techniques such as the measure of the phase angle
(PA) or the bioelectrical impedance vector analysis (“classic” BIVA or simply “BIVA”)
(21) emerged to overcome the above-mentioned BIA limitations, founding their main
strength on the use of raw impedance variables. It has to be clarified that BIVA does not
provide quantitative estimates of tissue mass (kg) or fluid volumes (L). Instead, it is
qualitative and semi-quantitative evaluation of body cell mass (BCM) and hydration
(22, 23).

The number of publications using BIVA in clinical practice increased
exponentially during the last decade due to its strengths (11, 19, 24-30). Nowadays,
BIVA is a widely used technique in medicine as a valid tool in the assessment of
hydration and nutritional status (e.g. fluid imbalance and wasting of lean tissues,

respectively) in different clinical conditions, such as renal disease (31), critically ill



patients (32), obesity (33) and morbid obesity (34), pulmonary disease (30), anorexia
nervosa (26), cachexia (25), sarcopenia and sarcopenic obesity (27), Alzheimer’s
disease (29), heart failure (25), gastrointestinal disease (28), diabetes (24), wound
healing (35), muscle injury assessment (36, 37), and pregnancy and postpartum (38).
BIVA validation studies have shown a significant association of bioelectrical values
with hydration (11, 39), and nutritional status (11) in clinical conditions. Several studies
have compared BIVA variables with conventional BIA and other measures of body
composition such as dual-energy X-ray absorptiometry (DXA), anthropometry
(somatotype), and clinical evaluation in samples of healthy and sick populations with

mixed results (for review see (4, 11, 40)).

Bioelectrical Impedance Vector Analysis (BIVA)

Bioelectrical data acquisition

BIVA has been performed with single-frequency, multi-frequency and bioelectrical
impedance spectroscopy (BIS) devices using the frequency of 50 kHz because it
provides the best information at a whole-body level, as it increases the signal-to-noise
ratio and decreases the frequency dependent errors and the variability of electric flow
paths (41). Furthermore, equivalence between information provided by the bioelectrical
parameters at 50 kHz and that provided at other frequencies has been reported (42).
Therefore, the appropriate way to perform BIVA is using a phase-sensitive
bioimpedance device (in order to measure the PA and calculate R and Xc (11, 23)) at 50
kHz. The phase-sensitivity characteristic is important since non-phase-sensitive
instruments do not measure Xc, and the proper way to apply BIVA needs both R and
Xc. Another important requirement is the use of appropriate contact electrodes (i.e.

electrodes with low intrinsic impedance) to obtain valid BIVA plots for evaluation,



since vectors have been shown to be significantly affected by the type of electrode used
(43). Whole-body BIVA is performed through the standard tetra-polar electrode
placement (Figure 1) (10). BIVA has also been used in segmental body parts, e.g.
regional measurements of limbs and trunk (44), and localised muscle group
measurements (36) although no standardised electrodes placement procedures exist for
these techniques and there is no evidence that electrode placement different that hand-
to-foot is a valid approach for application of BIVA. In the sport literature, the localised
approach refers to the bioelectrical analysis of body segments of the lower limb which
are composed by different muscle groups. The electrodes placement described is
performed putting the four electrodes in line over the muscle group that is intended to
be analysed (injectors externally and sensors internally), two at the beginning and two at
the end of the segment. Nevertheless, other ways to place the electrodes have been
described, such as locating them at certain distance from the point of maximum pain
(36, 37). Therefore, a standardisation of the localised electrodes placement is needed.
However, it should be taken into consideration that the penetration depth of the electric
current increases with the separation of the current electrodes (45). Therefore, it should
be also investigated the adequate distance between electrodes to assess the muscles
which are intended to be analysed. To our knowledge, this is a critical point not
considered in the current sport literature regarding the bioelectrical localised

assessment.



./

Figure 1. Standard tetra-polar electrode placement.

The limitations and biases of conventional BIA are well known and have been
studied across multiple literature reports (10, 12, 13, 46, 47). Nevertheless, multiple
factors need to be taken into consideration when it comes to using BIVA in sport and
physical exercise applications to ensure the accuracy and reliability of bioelectrical
signal acquisition; particularly within protocols measuring pre- and post-exercise (48-
51). These considerations include: skin preparation (52); hydration status (53);
variations in body fluid distribution (44); consumption of food or beverage (54-57);
body position and posture during measurements (54, 58, 59); electrode impedance (43);
electrode position and placement modification (54, 60-62); time of body fluid
stabilisation (15, 63); variations in cutaneous blood flow and temperature (62, 64, 65);
skin electrolyte accumulation produced by physical exercise (65); reproducibility of
bioelectrical measurements influenced by biological intra-day (56, 57, 66) and inter-day
variations (55, 66); environmental conditions (58, 59, 64); menstrual cycle (67-69) and

injury conditions (37).



Therefore, the measurements must be performed in a room with neutral
environment, where no strong electrical or magnetic fields can affect the assessment.
Furthermore, metallic jewellery has to be removed and the subject must avoid the
contact with metal frame of bed, in order to prevent electrical interferences (13). The
minimal distance between electrodes must be 5 cm to avoid interaction between electric
fields (60) and, in the case that is needed, the electrode which should be moved is the
proximal one (13). Furthermore, before placing the electrodes, the skin must be
prepared by shaving the electrode site to remove hair, rubbing with gel and cleaning
with alcohol in order to reduce possible interferences in the assessment (70). For the
evaluation, the subject must be euhydrated (unless the aim of the assessment is the
evaluation of fluid variations after exercise), with no injuries or disease condition which
can affect the measurement. The site of the electrodes should be changed in case that
skin lesions are at the sight of the original electrodes location (13). The evaluation
should be performed in fasting state (for at least 8 hours) and avoiding previous alcohol
ingestion. Besides, the measurement should be performed once the bladder and rectum
are voided (59) and after at least 10 minutes of stabilisation (63). In longitudinal
protocols with different measurements, the position of the electrodes has to be marked,
in order to preserve the same location, due to the influence of the electrode placement
modification in the bioelectrical outputs (54). Variations in limb circumferences have to
be controlled, since the whole-body impedance can be significantly reduced if a limb
affected by swelling is in the same side as the electrodes (44). Furthermore, the
temperature of the skin should be controlled and the environmental characteristics
should be identical between assessments. As known, the increase in the skin
temperature can lead to an important decrease in R (71). Temperature increases or

decreases within the range of 1 °C appear not to significantly affect the impedance (72)



and greater differences must be avoided. Before measuring after performing exercise, a
shower (as cold as tolerable) should be performed in order to reduce cutaneous blood
flow and temperature and remove accumulated electrolytes, which affect the
bioelectrical signal (65). This measurement must be performed once the skin
temperature, cutaneous blood flow and bioelectrical parameters have stabilised to
baseline values. No food/drink should be consumed between measurements in the
evaluation of acute variations after exercise (13). Nevertheless, in ecological protocols,
where this condition is difficult to be followed, the quantity, moment and characteristics
of the food/drink consumed should be registered. Regarding these type of protocols, it
should be noted that the recent ingestion of a meal or beverage (< 1 h from the ingestion
to BIA measurements) appears to be "electrically silent” and to have a minimal effect on
the impedance value (73). On the other hand, with regard to the measurements in
women, the menstrual cycle should be controlled and the comparison should be
performed according to the cycle, in order to minimise the effect of body fluid
fluctuations caused by the female hormonal kinetics (67). Moreover, the measurements
should be performed at the same moment of the day, both for the comparison between
subjects and for the intra-individual comparison between different assessments in order
to minimise the effect of biological intra- and inter-day variations (55-57, 66). These are
the principal technical requirements to perform valid measurements. More information
regarding the specific recommendations for the bioimpedance analysis utilisation can be
found in the European Society of Parenteral and Enteral Nutrition (ESPEN) Guidelines
(13).

Finally, the type of sport and/or physical exercise, time of the season, and
athlete’s characteristics (age, sex, competitive level, etc.), among other factors, may

dramatically determine any approach aiming to provide rigorous, valid and reliable



information regarding the quality of the bioelectrical signal. In fact, although a pilot
research has been published (48), we are not aware of any study in the sports field
assessing the validity and reliability of BIVA as an indicator of changes in body
composition and hydration status. However, two studies (22, 74) have evaluated the
agreement of BIVA and DXA in adult and elderly, showing their inconsistency in the
assessment of two-compartment body composition because of one of the limitations of
“classic” BIVA methodology: the limited sensitivity in assessing the features of body
composition (i.e. FM and FFM) due to the no consideration of the effect of cross-
sectional areas of the body which interferes with bioelectrical values as well as lengths,
according to the basic conductor theory (impedance is proportional to the conductor
length and inversely related to its cross-sectional area) (58). This effect of cross-
sectional areas is particularly relevant in sport sciences because athletes of different
disciplines generally differ in their body shape. To overcome this limitation of “classic”
BIVA, a relatively new procedure (“specific” BIVA) has been developed (27). This
method proposes a correction of bioelectrical values for body geometry and it has
proven to be effective in identifying the relative proportion of FM in adults and elderly

(22, 74). Therefore, it should be further investigated in the sports field.

Data processing and analysis

As mentioned before, the fundamental advancement in recent BIA research is the use of
raw impedance measurements (19). BIA relies on the conduction of a radio-frequency
electrical current through the body’s fluid (water) and electrolytes (58). Several
approaches can be used to estimate body fluid volumes using BIA. Single- and
multiple-frequency impedance devices calculate R, Xc, or Z, and use multiple-

regression equations to predict TBW or ECW and, by calculation, ICW. BIS couples
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MF-BIA with the Cole model (the mathematical model that is used most often to
describe both theoretical and experimental data on skeletal muscle tissue) and mixture
theory (used to model multiphase systems using the principles of continuum mechanics)
to predict TBW and ECW (15). However, SF-BIA and MF-BIA methods seem
inadequate to assess hydration status because of the large variability in individual
predictions of fluid volumes (75) that yield unrealistic estimates of TBW and ECW in
patients with altered hydration (12). Similarly, limitations in the application of the
mixture theory in multicellular, physiological systems of the human body unfavourably
limit the validity of BIS to estimate fluid volumes in adults with altered fluid status (61,
76). At present, BIVA, PA and regional BIS evaluate bioimpedance data relative to
statistical-based reference norms for identification of physiological perturbation and
evaluation of effects of intervention. Different analytical methods have been designed to

graphically display and interpret bioelectrical data in order to interpret BIVA results.

RXc graph

This method consists in using raw R and Xc values, standardised for body height (h), to
remove the effect of conductor length, and plotting them on a probabilistic graph —the
so called RXc graph— that yields a Z vector that has length and direction. The vector
length keeps an inverse relationship with the hydration status (38), where decreased R
(shorter vector) means fluid overload and increased R (longer vector) means exsiccosis
(bodily dehydration). Thus, it is consistent with body fluid changes but does not
differentiate fluid shifts between compartments. It is important to highlight that any
vector change is a function of ECW changes (77), since as already mentioned, a 50 kHz
current does not penetrate cells. Therefore, vector migrations reflect ECW changes

estimates only. On the other hand, a migration sideways of the vector due to low or high
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Xc would indicate decreased or increased dielectric mass of soft tissues (membranes
and tissue interfaces) (21). The sample size and the standard deviation (SD) of R/h and
Xc/h shape the size of the ellipses (i.e. the bigger the sample size, the smaller the size;
and the higher the SD, the bigger the size) and the correlation between R/h and Xc/h
determines the ellipsoidal form of the bivariate probability distributions: confidence
intervals for average vectors and tolerance for individual vectors (i.e. the higher the

correlation, the narrower the ellipse) (21).

RXc point graph

The individual vector or the average vector of a group could be ranked in regard to
tolerance ellipses representing 50%, 75% and 95% according to the values of a given
reference population (Figure 2a) (21, 31). Besides, an individual’s bioimpedance
follow-up along successive measurements can be performed with the so-called “RXc

path graph” (Figure 2b).

12



50 A . 50 A
/"_

240 LAY 40 1
5} 0.‘1

~ 30 A H .,-"'":/’ 30 A

120 A o 20 A

50% tolerance ellipse: =
75% tolerance ellipse: - - -

10 4 95% tolerance ellipse: —— 10 - Subject 1 - first measurement: @
E Subjects: 4 ] Subject 1 - second measurement: A
Group's average: () Subject 1 - third measurement: 4

0 L B - B S B S e — 0 — T T T T T T T T T T 1

0 100 200 300 400 500 600 0 100 200 300 400 500 600
R/h (£2/m)

Figure 2. RXc point graph. Major axis refers to tissue hydration status, and minor axis refers
to soft tissue status. The vector migration grid refers to changes in both hydration and soft tissue
status (21). On the left side (a), example of standardised individual and mean impedance vectors
plotted on the RXc point graph. On the right side (b), an example of an individual’s
bioimpedance follow-up along successive measurements plotted on the RXc path graph. R,
resistance; Xc, reactance; h, height; 2, ohms; m, metres.

Changes in hydration status without tissue structure variations are associated
with the shortening (hyperhydration) or lengthening (dehydration) of the vector in the
direction of the major axis of the tolerance ellipses (normal reference for sex). Changes
in mass or soft tissues structure (thin and adipose) are associated to a vector
displacement in the direction of the shorter axis of the ellipses, with increased PA
(obese, athletes) or a decreased PA (malnutrition/cachexia, anorexia). Combined

variations of hydration and nutrition status are associated to a vector migration towards

the two combined main directions (78).

RXc score graph

After transforming vector components into bivariate Z-scores, measurements can be
compared with any populations through its standard reference intervals using the so
called RXc score graph (Figure 3) (79). This characteristic is especially relevant to

assess how many standard deviations is an athlete or a group away from other
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athletes/groups or to perform a follow-up along successive measurements. Additionally,
the transformation into Z values allows the comparison of bioelectrical values measured

with different devices.
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Figure 3. Standardised individual impedance vectors plotted on
the RXc score graph. Z(R), standard resistance score; Z(Xc),
standard reactance score.

RXc mean graph

The mean vector of different groups of subjects or the mean vector of different
measurements can be plotted with the 95% confidence ellipse using the RXc mean
graph (Figure 4) (80). This graph allows to clearly visualising the PA of different
groups. It also shows the differences between groups according to the shape of their
95% confidence ellipses, conditioned by their sample size, standard deviation and R/h-

Xc/h correlation.
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Figure 4. Comparative example of two mean impedance vectors
plotted on the RXc mean graph: one sample (vector shifted to the
left) vs. the corresponding reference population. R, resistance; Xc,
reactance; h, height; Q, ohms; m, metres.

RXc paired graph

The vector displacement of a group of subjects can be plotted with the 95% confidence
ellipse using the RXc paired graph (Figure 5) (80). The main advantage of this graph is
a clearly visualisation of the bioelectrical differences between two measurements (e.g.

pre-post physical exercise protocols).
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Figure 5. Example of pre-to-post intervention differences of
a sample plotted on the RXc paired graph. dR, resistance
difference; dXc, reactance difference; h, height; €, ohms; m,
metres.

Phase angle (PA)

The PA is an impedance parameter also used to overcome BIA limitations. It is
measured with a phase-sensitive device and is the geometric relationship between R and
Xc (expressed as the arc tangent of Xc/R) (78). By definition, it is positively associated
with Xc and negatively associated with R (81). PA expresses the quantity and quality of
soft tissue (11) and it has been suggested to be an indicator of cellular health (82, 83),
where higher values reflect higher cellularity, cell membrane integrity and better cell
function.

Physical activity shows a positive relationship with the PA, where subjects who
perform more physical activity have higher PA, probably due to greater muscle mass
(11). This implies that higher hypertrophy levels of the skeletal muscle are related to
greater PA (42) and the atrophy of the muscle mass entails lower PA (27). Regarding
the behaviour of the PA relative to dehydration, higher angles have been observed after

exercise (49, 51).
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Nevertheless, the use of PA alone can provide biased information. For instance,
obese and athletic subjects can theoretically produce identical PA values. BIVA allows
the differentiation between these types of subjects with equal PA through the length of
the vector and provides a more detailed understanding in terms of hydration status and

cell mass (11).

Overview on the statistical analysis following BIVA assessment

Hotelling’s T test and RXc graph

Unpaired data analysis

The comparison between mean vectors from different groups of subjects is performed
through the two-sample Hotelling's T2 test. If the 95% confidence ellipses of two mean
vectors do not overlap, their position is significantly different (p <0.05). Generally, the
reverse is true but not always, because there are some situations where confidence
intervals overlap slightly, while Hotelling’s test still finds a significant difference at the

5% confidence level (80).

Paired data analysis

The analysis of the mean difference between two impedance vectors measured in two
conditions in the same group of people is performed through the paired one-sample
Hotelling's T2 test. A significant vector displacement (p <0.05) is considered if the 95%
confidence ellipse of the vector does not cover the origin of the RXc paired graph. In
this case, the opposite is also true, due to the use of confidence intervals of the

difference in paired analysis (80).
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Mahalanobis’ generalised distance

The Mahalanobis’ distance (D) is a scale used to distinguish among groups by means of
multivariate data set analysis (84). D is a multidimensional generalisation to measure
how many standard deviations a point P is away from the mean of a given distribution.
This distance is zero if P is at the mean of D, and grows as P moves away from the
mean: along each principal component axis, it measures the number of standard
deviations from P to the mean of the distribution, and uses within-groups variation
(elliptical shape) as a yardstick for differences between means (e.g. if D = 4 between
two vectors, then vectors differ by 4 within-group variation). Mahalanobis distance is

unitless and scale-invariant, and takes into account the correlations of the data set.

18



JUSTIFICATION AND AIMS

19



20



JUSTIFICATION AND AIMS

There has been a rapid growth of interest in the application of BIVA in sport and
exercise research in the recent years. On the one hand, “classic” BIVA is being used to
characterise the body composition (i.e. hydration status and BCM) of athletes and active
individuals (36, 42, 85, 86) and to monitor body composition longitudinal changes
induced by exercise or sport practice (48, 49, 51, 87-97). On the other hand, the
localised bioimpedance vector analysis is being applied for the identification and
follow-up of muscle injuries (36, 37). The importance of assessing the body
composition of athletes lies in the fact that the physical stress imposed during trainings
and competitions may lead to body composition alterations, which can be detrimental to
athletes (98). Furthermore, body composition has been suggested to discriminate
athletes of different performance levels (99, 100) and has been shown to influence
physical performance (101) and sport success (102). The importance of monitoring the
hydration status in exercise and sport is because dehydration is recognised to impair
sport performance (103, 104), as well as increasing the injury risk (105). Monitoring
body fluid variations may help to adequately prescribe fluid intake and thus limit
deleterious effects. Furthermore, the identification of injury and its follow-up during
recovery until return-to-play depends on expensive methods which are not accessible to
everyone. Therefore, the increase in the number of publications regarding BIVA in the
exercise and sport field is justified in order to investigate the applicability of the method
for assessments in real time and in a precise, accurate, reliable, non-invasive, portable,
inexpensive, safe and simple way. Nevertheless, the current scientific literature in this
field is still scarce and very heterogeneous, and a compilation of the current knowledge

is needed in order to suggest a research agenda.
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For these reasons, the present doctoral thesis is composed by three studies: one
systematic review of the literature (Study I) and two quasi-experimental studies (Studies
Il and II).

The main objectives of Study | were to explain the bases and methodological
principles of BIVA and to compile the current knowledge on the applications of the
method in sport and exercise. Furthermore, the systematic review aimed to evaluate the
usefulness and suitability of BIVA in assessing body composition, hydration status, and
other physiological and clinical conditions in physically active and trained individuals.
Ultimately, the investigation attempted to outline future perspectives in this field and to
suggest a research agenda.

On the other hand, the quasi-experimental studies applied BIVA in two sport
samples from an ecological perspective: young elite female synchronised swimmers and
experienced, well-trained, non-professional ultra-endurance male triathletes. Study 1l
analysed the training context and Study I11 applied BIVA in a competition.

Study Il aimed at providing the first description, in bioelectrical terms, of two
categories of synchronised swimming elite samples, comparing them with a reference
non-athletic population. Furthermore, other objective of the investigation was to assess
the variation in the whole-body bioimpedance vector and the BM of synchronised
swimmers evoked during a training session. Finally, the study aimed to generate the
synchronised swimming elite sample’s 50%, 75% and 95% percentiles of the
bioelectrical variables distribution, also known as tolerance ellipses.

Study 111 aimed at providing the first description, in bioelectrical terms, of a
group of ultra-endurance triathletes, comparing them with a reference non-athletic

population. Other objective of the investigation was to assess the variation in the whole-
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body bioimpedance vector and the BM of the group of triathletes evoked during an

ultra-endurance triathlon (UET) event.
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METHODS

Systematic review (Study I)

Study | followed the Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) guidelines to undertake the review (106). Besides, PRISMA

checklist was also used to elaborate the systematic review protocol (107).

Eligibility criteria

The study reviewed and analysed methodological, clinical, and empirical studies using
phase-sensitive devices to perform the analysis within the context of physical exercise
and sport. Articles that have used BIVA in healthy sedentary people, physically active
individuals and athletes of all levels were eligible for review. Studies were screened for
eligibility on the following inclusion criteria: (a) empirical investigations with BIVA
measures taken in human subjects performing acute or chronic exercise; (b) empirical
investigations with BIVA measures taken in healthy sedentary people, physically active
individuals and athletes; c) studies where data acquisition was performed with the
appropriate methodology; (d) studies published in a peer-reviewed journal and/or in
relevant congress proceedings; and (e) studies published in English language. No

restrictions in terms of study design, setting, country or time frame were considered.

Information sources

A computer-based literature search was conducted for the period 1994-2017, ending by

July 2017, of PubMed, SPORTDiscus and Scopus databases (Figure 6).
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Figure 6. Flow chart of study
identification and eligibility for the
systematic review.

Search strateqy

Title, abstract, and keyword fields were searched in each of the aforementioned
databases using the following search terms and syntax: (“BIVA” OR “vector*””) AND

(“hydration” OR “body water”).

Study records

Records were exported from the electronic databases to a reference management
software (EndNote, v. X5, Thomson Reuters, 2011) and duplicate references were
removed. Figure 6 displays the flow chart of study identification and eligibility for the
systematic review.

The eligible articles after removing duplicates were screened by two

investigators, with disagreement settled by consensus. An initial screening of titles,
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abstracts and keywords was performed in order to check for inclusion criteria and to
exclude obviously irrelevant records using the eligibility criteria (Figure 6). Differences
in study eligibility for review were compared and deviations were discussed with a third
investigator until consensus could be reached. When a paper could not be rejected with
certainty, it was included in the eligible papers for full text evaluation. Then, articles
were assessed for eligibility through a full-text screening, and those meeting the
established criteria were included in the review. The reference lists of articles retrieved
for inclusion in the review up to this point were searched to identify other relevant
investigations. The number of studies meeting the pre-specified inclusion criteria and
those excluded and reasons for their exclusion were recorded (Figure 6).

Each selected article was reviewed for information on (1) bibliographic
characteristics (type of publication, authors, year and journal); (2) aims of the
investigation; (3) study design and methodology; (4) sample characteristics (number,
population, gender, age, exercise activity, sport discipline, and sport competitive level
of subjects); (5) BIA device employed; (6) electrode distribution; (7) BIVA approach
(whole-body BIVA or localised bioimpedance vector analysis); (8) vector displacement
and (9) comparative technique (e.g. other indicators to assess body composition and

fluid status, injury assessment).

Data items and prioritisation

Full texts were reviewed in search for the following main variables: bioelectrical
resistance (R, R/h), reactance (Xc, Xc/h), Z, PA, RXc graph, TBW, ICW, ECW, FM,
FFM and BCM. Bioelectrical measures and directly derived parameters were considered
the main outcome from the population studies or experimental interventions. From a

methodological point of view, comparisons of BIVA outcomes with other measures of
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body composition and fluid status assessment could underpin the validity of the

technique and, therefore, the latter were considered additional outcomes.
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Quasi-experimental studies (Studies Il and 111)

Participants

58 subjects were recruited for the different studies in this investigation. Participants
were female synchronized swimmers -including the entire Spanish national junior team-
(n=49) and experienced, well-trained, non-professional ultra-endurance male triathletes
(n=9) from Spain. Selection criteria were as follows: Study Il) to have competed at
national and/or international level at least in the previous two years; to not present
injuries or any clinical condition at the time of the study; to be in a postmenarcheal state
with the ovarian cycle between days 5™ to 11™ to not be under contraceptives or
menstrual cycle pharmacological regulators treatment; Study Il1) to train at least 10
hours per week and the participation in a minimum of one UET event during the past 3

years. Their physical characteristics and training volume are presented in Table 1.

Table 1. Physical characteristics and training volume of the participants.

Study 11 Study 111

Pre-junior SS  Junior SS _ Ultra-endurance

(n=34) (n=15) All (n=49) triathletes (n=9)
Age (years) 13.9+0.9 16.3+06 146+14 36.6 £5.5
h (cm) 161.9+82 166.3+48 163.3%+7.6 175.0+£6.0
BM (kg) 47.2+0.9 535+52 49.1+70 76.0+£6.9
TV (h/week) 150+2.7 30.0+38 194+7.6 16.6 £2.9

Values are mean + SD; h, body height; BM, body mass; TV, training volume; SS,
synchronised swimmers.

Procedures
Studies Il and Il are both pre-post quasi-experimental studies, descriptive and
correlational, which aimed to approach the topic from an ecological perspective.

Furthermore, Study 11l collected data 48 hours post-race measurements and added a
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multiple linear regression analysis to the statistical examination. Study Il analysed
short-term bioelectrical changes (i.e. <24 hours after the first measurement) after a high
intensity synchronised swimming training and Study I1l investigated short-term and
medium-term bioelectrical changes (i.e. <24 hours and <7 days after the first
measurement, respectively) after an ultra-endurance triathlon race. Data collection took
place within a 4-week precompetitive mesocycle in Study Il and within a competitive
mesocycle in Study 1.

Figures 7 and 8 schematise data collection procedures.

Fluid mtake monitoring

3h
. ) 2h2?%min - 2h3 Imin Post-T (C,)
T(C,)
Brealkfast
3h23min - 3h3dmin
Post-T (J))
— o)

Figure 7. Study Il protocol. Pre-T, pre-training measurements; Post-T, post-training
measurements; C,, pre-junior; J,, junior.

Fluid/food intake monitoring

0 t

) 35+5min 48h
10hS6min - 15h04min
Breakfast Post-UET Post48h-UET
UET
Figure 8. Study IlIl protocol. Pre-UET, pre-competition measurements; Post-UET, post-

competition measurements; Post 48h-UET, 48 hours post-competition measurements.

32



The characteristics of the training sessions and the race are presented in Table 2.

Table 2. Training and competition characteristics.

Study 11 Study 111

SStraining (C,)  SStraining (J;) Ultra-endurance triathlon race

Duration (min) 149.6 £ 3.3 208.4 +10.3 752.2 £70.3
Internal load
s-RPE (a.u.) 963.9 +78.5 1416.0 £ 129.0 -
TRIMP (a.u.) - - 1055.1 +172.3

Values are mean + SD; SS, synchronised swimmers; C,, pre-junior; J;, junior; s-RPE,
Rating of Perceived Exertion of the session; TRIMP, training impulse; a.u., arbitrary units.

Parameters and equipment

Anthropometric assessment

Anthropometric measurements were performed according to the standard criteria of The
International Society for the Advancement of Kinanthropometry — ISAK - (108). Body
height was assessed to the nearest 1 mm using a telescopic stadiometer (Seca 220%,
Hamburg, Germany). BM was measured to the nearest 0.05 kg using a calibrated
weighing scale (Seca 710®, Hamburg, Germany). Body mass index (BMI) was
calculated as BM / h? (kg/m?). The circumferences of the left and right thigh —CLT and
CRT, respectively- (taken at mid-thigh) and the left and right calf -CLC and CRC,
respectively- (taken at the greater perimeter of the calf) were measured in Study I11 to
the nearest 1 mm using an anthropometric tape (Lufkin Executive®, Lufkin, USA), in

order to evaluate possible variations between the different time points.

Temperature assessment

Core (°Ccore) and skin temperatures of the right hand (°Chang) and foot (°Cioor) Were

measured using thermistors connected to a data logger (Squirrel 2010, Grant
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Instruments Ltd, Cambridge, UK). Participants were instructed to take a cold shower (as
cold as tolerable) for 10-15 minutes post-exercise, in order to reduce cutaneous blood
flow and temperature and remove accumulated electrolytes (109). Skin temperature, as
a surrogate for cutaneous blood flow (65), was measured just before BIA
measurements; this verified the return to temperatures close to the baseline values (p <

0.05).

Whole-body biocimpedance assessment

R and Xc were measured using a previously calibrated phase-sensitive plethysmograph
(Z-Metrix, BioparHom, Le Bourget-du-Lac, France) that emitted a 77 pA alternating
sinusoidal current at seven operating frequencies (1, 5, 50, 150, 200, 250, and 325 kHz).
The 50-kHz single frequency was selected for BIVA (110); meanwhile, multi-frequency
capabilities were used to estimate TBW and ECW. In Study Il, the ECW:TBW ratio
was calculated by ECW+TBW-100. The device provides impedance values with an
accuracy average error of 0.95 + 1.58% and average repeatability errors of 0.55 + 0.38%
for all the frequency range (1 to 1000 kHz) (111). Bioelectrical measurements were
conducted under controlled conditions through the standard whole-body, tetrapolar,
distal BIA technique (10). All the participants arrived to the measurements after voiding
their bladder and rectum. Triathletes were tested pre-race and 48 h post-race in
euhydration state according to a standardised 8-point urine colour chart (112). Before
placing the electrodes (Red Dot™, 3M Corporate Headquarters, St. Paul, MN, USA),
the skin was prepared by shaving the electrode site to remove hair, rubbing with gel and
cleaning with alcohol. The anatomical sites for electrodes were marked with a
waterproof pen (48). Bioimpedance assessments in pre-training/race and 48h after the

race were performed after 10 minutes of stabilisation (63). Measurements were repeated
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until they were stable to within 1 Q (usually up to three times within an interval of 20 £
30 seconds). The average value was used in calculations (59). Post-training/race
measurements were performed once the core and skin temperatures were close to the

baseline values (= 1 °C).

Internal training/race load assessment

The individual training session-RPE (s-RPE) was chosen for rating the perceived
exertion during training in Study 1l (113). The CR-10 RPE scale (114) was shown to the
participants immediately after the training was completed. Scores were computed by
multiplying the duration of the training by the relative RPE values. To estimate the total
work load of exercise performed by each participant in the race, the training impulse

(TRIMP) method was used in Study I11 (115).

Performance
Performance was evaluated in Study Il by recording the racing time of each participant,

showing greater performance participants with lower racing time.

Energy deficit

In Study I11, the individually derived linear relationship between heart rate (HR) and
oxygen uptake (VO,) was used to estimate the oxygen cost during the work efforts for
each segment. Three different individualised equations were established. These were
three linear regression equations derived from data of three preliminary incremental
exercise tests (as described in Barrero et al. (116)). To estimate energy expenditure
during the race, an energy equivalent of oxygen based on the mean intensity during

racing time was used, as described in a previous study (117). All the wraps and bottles
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of each participant were collected in order to calculate the energy intake during the race.

Finally, energy deficit was calculated as energy intake minus energy expenditure.

Statistical analysis

Descriptive statistics (mean = SD) for each independent variable were calculated. Once
the data were tested for normality of the distributions (Shapiro—Wilks test) and
homogeneity of variance (Levene tests), differences in anthropometric (BM and
circumferences of the thighs and calves), temperature and bioelectrical variables (R, Xc,
Z, R/h, Xc/h, Z/h and PA) between the different points of measurement were analysed
by the Student's paired t-test (Study Il) and the repeated-measures one-way ANOVA
(Study I1). In Study 11, post-hoc analyses were performed using Bonferroni correction
and p-value was adjusted at pagj = 0.017. The magnitude of ratio changes was computed
as delta values (A%). Effect sizes (ES) were calculated using Cohen’s d (118) and
defined as small, d < 0.2; medium, d < 0.5; and large, d < 0.8. Pearson's correlation
coefficient was used to determine possible statistical associations between: a)
bioelectrical baseline values vs. bioelectrical delta values; b) bioelectrical data (baseline
and delta values) vs. racing time, internal workload, energy deficit and BM delta values;
c) BM delta values vs. racing time, internal workload, energy deficit; d) PA vs.
ECW:TBW ratio; e) PA vs. chronological age. Study Il added a multiple linear
regression analysis in order to explain the changes at the different points of
measurements of each bioelectrical (dependent) variable in relation to performance
(independent) variables: racing time, internal workload, energy deficit, and BM
changes. To add information to the multivariate analysis, the process was further
applied in reverse, alternating the role between dependent and independent variables

(i.e. the analysis was performed to explain the performance variables results in relation
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to the changes of each bioelectrical variable). Whole-body bioimpedance vectors were
analysed by the RXc graph method (21) using the BIVA software (119). Study Il
applied the RXc point graph to plot each athlete in the tolerance ellipses (50%, 75% and
95%) of the reference population. Whole-body individual vectors were analysed in
Study Il by the RXc score graph. Studies Il and Ill used the RXc mean graph to
compare: a) whole-body vectors of the sport groups analysed; b) whole-body vectors of
the sport groups analysed vs. reference population. Study Il executed the RXc paired
graph to analyse longitudinal changes in the vectors of the athletes. The paired one-
sample Hotelling's T2 test (120) was used in Study Il to analyse longitudinal vector
changes through the 95% confidence ellipses. Both studies used the two-sample
Hotelling's T? test (120) to determine BIA vector differences between: a) whole-body
vectors of the sport groups analysed; b) whole-body vectors of the sport groups
analysed vs. reference population. In both studies, the level of significance was set at p
< 0.05. Statistical analyses were conducted using SPSS for Windows (v. 18, SPSS Inc.,

PASW Statistics for Windows, Chicago, USA).

Ethical considerations

The quasi-experimental protocols had received the approval from the Ethics Committee
for Clinical Sport Research of Catalonia and follow the legal requirements and the 2013
Declaration of Helsinki. All participants volunteered and did not receive economic
compensation. They were fully informed of the procedures, measurements and potential

risk, after which they gave their written informed consent to participate in the study.
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RESULTS AND DISCUSSION

Systematic review (Study I)

In Study I, after removal of duplicates, 1420 records were identified, which were
reduced to 20 after screening titles, abstracts and keywords for eligibility (Figure 6).
After full-text evaluation, 19 studies matched the selection criteria and were included in
the qualitative synthesis analysis. Publication date ranged from 1996 to 2017, yet only
two studies were published before 2011, corroborating the novelty of the technique in
the field of sport science.

Three of these studies were aimed at analysing short-term changes (<24 hours)
in the hydration status induced by exercise and training, eleven assessed body
composition changes induced by exercise at the long term (> 7 days), three compared
athletic groups or populations, and two of the articles related bioelectrical patterns to
athletic injury or muscle damage.

From the current applications of BIVA in sport and exercise, the results and
discussion of the studies characterising sporting group samples and the articles
investigating short-term vector changes will be integrated and further developed in the
section of the quasi-experimental studies of the present thesis (Studies Il and Il1), in

order not to overlap the information of the investigations.

Long-term vector changes (>7 days after the first measurement)

These type of studies, which investigate long-term (>7 days) vector adaptations, have
some protocol-specific advantages in comparison with investigations focused on acute
vector changes, mainly because the quality of the bioelectrical signal can be assessed

independently from the acute adaptations related to exercise.
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BCM and extracellular mass (ECM) have been proposed as representatives of
ICW and ECW, respectively (89). Nevertheless, it is important to note that the
estimation of fluid volumes and cell mass with BIA prediction models is inappropriate
when discussing changes in vector positions after interventions or treatments. Gatterer
et al. (89), in their study assessing body composition using “classic” BIVA in the 2008
European Football Championship, found a significant lengthening of the vector within a
period between 1 and 2 weeks. They attributed it to changes in BCM and ECW in both
starters and non-starters after the first match with respect to baseline values, indicating
body fluid loss. After the second match, only the athletes who played more (starters)
showed a significant lengthening of the vector possibly due to a decrease in ECW.
Therefore, they concluded that changes in body composition were mainly due to
changes in ECW. However, their results should be taken with caution, since only
analysis with appropriate reference methods (e.g. isotope dilution) can support them.

Similarly to the results of Gatterer et al. (89), rapid loss of BM protocols within
a few days before competition in boxers (92) was found to be achieved mainly by
isotonic dehydration (they attributed it principally due to changes in ECW), as identified
by the significant vector lengthening on the RXc point graph and the decreases in
plasma and blood volume. Nevertheless, as mentioned before, their results should be
further investigated with appropriate reference methods for the estimation of fluid
volumes, since BIA prediction models are inappropriate to discuss changes in vector
positions. According to the results of Reljic et al. (92), Piccoli et al. (91) also found a
significant lengthening of the vector with isotonic dehydration at high altitude (5500 m).
Nevertheless, although a subsequent hypertonic dehydration was identified by a
decreased BM (-3.0 kg) and several hydration biochemical markers, the vector

lengthening was not significant. The causes that explain why the vector remained
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unchanged after such a BM loss were not elucidated, and the authors recognised the
difficulty of explaining the metabolic reasons that led to such BM reduction. In any
case, emphasis should be placed on the importance of not considering body fluids
quantitatively only (i.e., volume), but also regarding their qualitative composition, due
to the biological adaptations generated by different types of exercise. For instance, after
descent to sea level, the impedance vector underwent a significant shortening and
returned close to baseline values. Lastly, significant relationships were found between
changes in bioelectrical variables (R/h and Xc/h) and changes in the following hydration
biomarkers along measurements performed at altitude and at sea level: BM, urine
volume, plasma osmolality (Pesm), serum Na®, K*, CI" and glucose, and urine osmolar
excretion (91).

On the other hand, two studies (96, 97) found significant shortening of the vector
along three weeks of multistage road bicycle race, indicating fluid gain during the tour
and attributing these results to muscle oedema, haemodilution, released water from
muscle glycogen oxidation, and excess fluid intake. Although the vector shortening was
not related to power output or rating of perceived exertion (97), it was negatively
associated with performance during the last stages (96), suggesting the authors that
increases in plasma volume and improved thermoregulatory capacity could explain
these outputs. Nevertheless, their results should be taken with caution, since
measurements were performed approximately two hours after exercise and this could
have altered the data.

Regarding studies analysing longer-term vector adaptations, Mascherini et al.
(90) analysed a football team across a sport season and reported a significant shortening
of the vector in the pre-season associated with an improvement in endurance

performance possibly due to plasma volume expansion and enhanced glycogen storage.
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These results are in agreement with other studies (88, 95) which also found significant
bioelectrical differences in the pre-season, hypothesising that they were due to fluid
expansion. Bonuccelli et al. (88) and Macherini et al. (90) found a significant
lengthening of the vector in the mid-season compared to pre-season results. This could
indicate a reduced body fluid volume (i.e., decreased plasma or interstitial volume)
despite an increased intracellular fluid associated with an increase in BCM, and
consequently in PA (85). However, while Mascherini et al. (90) reported a significant
shortening of the vector at the end of the season compared to the mid-season,
Bonuccelli et al. (88) observed a significant water content decrease. Sport calendars
could have led to adopt training strategies inducing different performance status and
evoked opposite vector displacements.

On the other hand, regarding the age-related decreases in Xc and PA (121),
improvements have been reported after six months of resistance training in elderly
women (93), suggesting increased amount and quality of soft tissues. These
improvements were accompanied by increases in leg strength and thigh circumference.
Along with these changes, BIVA showed a significant vector migration with greater PA
after the training program.

With regard to children, one study (94) evaluated the body composition in
participants of swimming and gymnastics along one year. The baseline measurement
(To) was performed at a period preceding races and sporting events, just as the third
measurement (T,) one year later. The second measurement (T;) was executed Six
months after Ty in a period characterised by a softer daily training. They found a
significant increase in Xc from Ty to Ty, along with increased PA and ICW (derived
from ECW:TBW ratio). The authors hypothesised that this was due to an improvement

in the muscular trophism with higher levels of intracellular proteins and glycogen and to
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a lower stress from training program. After one-year follow-up, no significant
differences were found in R, Xc and PA. However, again, their hypotheses should be
taken with caution, since fluid estimations were calculated from BIA prediction models.
Variables as the type of sport and training strategy should be taken into account when
monitoring along a season, since they might influence the bioelectrical measures.
Moreover, also intra-group comparisons between seasons should be analysed with
caution, since inter-seasonal bioelectrical variations could be effected by factors such as

biological maturation.

Injury identification and follow-up

These studies (36, 37) consisted in single cross-sectional protocols aiming to identify
bioelectrical patterns of change depending on the injury type and grade, and
longitudinal protocols aiming at assessing bioimpedance vector sensitivity to monitor
injuries and their recovery. R and Xc were found to be decreased in the injured muscles
due to the oedema and to the disruption of the muscle structure, respectively.
Additionally, the more severe the injury was, the more R and Xc were decreased. On the
other hand, a bioelectrical symmetry between muscular groups in lower-limbs was
found. The follow-up of the injury identified bioelectrical patterns of changes similar to
those in wound healing and an increase of R and Xc values were observed to values
close to pre-injury.

Overall, localised bioimpedance vector analysis appears as an alternative method
that could help to assess soft tissue injury and to monitor the injury recovery process

(36, 37).

45



Quasi-experimental studies (Studies Il and 111)

BIA vector characterisation of athletes

Studies 11 and 111 performed a cross-sectional analysis aiming to describe sporting group

samples in terms of bioelectrical data.

Both studies reported specific BIA vector distribution of the athletes in

comparison with their reference populations (Figures 9 and 10).

Ultra-endurance triathletes
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Figure 9. BIVA score graph. Individual vector score values of synchronised swimmers and ultra-
endurance triathletes are plotted on the 50%, 75%, and 95% tolerance ellipses of the corresponding
reference populations. Z(R), resistance Z score; Z(Xc), reactance Z score.
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Figure 10. RXc mean graph. The 95% confidence ellipses for the mean impedance vectors of
synchronised swimmers, ultra-endurance triathletes, the healthy young female reference
population (solid line ellipse with long vector) (122) and the healthy adult male reference
population (solid line ellipse with short vector) (123) are shown. R/h, height-adjusted resistance;
Xc/h, height-adjusted reactance; Q, ohms; m, metres; C,, pre-junior; J;, junior; SS, synchronised
swimmers; RP, reference population.

Vectors shifted to the left with greater PA were found in both young and adult
athletes compared to the corresponding reference populations (Figures 9 and 10), which
Is consistent with the results reported by other studies (85, 86, 124, 125). The shift to
the left indicates increased BCM and fluid content, and might reflect a better cell
functioning (11, 85). It suggests that these differences are due to sport-specific
adaptations (85). Athletes generally possess increased soft tissue mass and differing
fluid content compared to the sedentary population (126). Since total body fluid is
affected by factors such as training (127), trained athletes have a greater amount of body
fluid and different fluid distribution between the intracellular and extracellular
compartments. This could be because of their larger muscle mass, increased plasma
volume and muscle glycogen reserves (65, 128), which could increase water transport

into the muscle (129) and fluid-regulating hormone adaptations (i.e., aldosterone and

sensitivity) (130). In relation with this, Study Il found a negative correlation between
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the ECW:TBW ratio and PA in both synchronised swimmers, indicating a differing
fluid distribution (i.e. increased ICW content) (131), likely due to the hypertrophy of
muscle fibres (85). However, since the ECW:TBW ratio was obtained through BIA, the
results should be taken with caution and further research including other hydration
markers is needed.

On the other hand, when sport samples where compared, the mean vector of
older athletes also showed a shift to the left with regard to the younger athletes (Figure
10). Additionally, Study Il found that with increasing performance level of the athletes,
a displacement to the left was also observed (Figure 10). Vectors shifted to the left have
been already reported with increasing age (86, 132) and performance level (85, 125) in
sport samples. The differences could be the result of vector displacement due to the
increase in metabolic tissues because of the biological maturation (122), to the specific
training process (85) or a combination of both. In relation with this, Koury et al. (132)
demonstrated a shift to the left in early adolescent football athletes compared to the late
adolescent ones, according to bone age and erythrocyte zinc. This finding opens the
discussion of performing bioelectrical comparisons in young populations according to
the biological age or the chronological age. On the other hand, Study Il found a
significantly positive relationship between basal R/h (and therefore, Z/h) and racing
time in the triathletes (r = 0.68; p > 0.05). This implies that the vector of triathletes who
had better performance in the race (and that, presumably, had higher performance levels
pre-race) would be displaced to the left, due to lower R/h values. Accordingly, it was
observed that triathletes who registered lower basal R/h (and Z/h), racing time and
internal workload showed lower changes in these parameters after completing the race
(r = 0.8, p <0.02), experiencing lower levels of dehydration. This particularly relevant

finding highlights the need of further research regarding this matter, since the
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application of a non-invasive technique could help to discriminate between performance
levels of athletes according to the position of their vectors.

The present investigation found that the distance between the confidence ellipses
of adolescent and adult athletes was lower than between the ellipses among their
respective reference populations (pre-junior synchronised swimmers vs. triathletes: d =
2.01; junior synchronised swimmers vs. triathletes: d = 2.19; young vs. adult reference
population: d = 2.42; p < 0.05). This is in agreement with the results of Koury et al.
(86). The authors speculated that the intense training reduced the differences between
young and adult individuals, although this is still to be elucidated.

Regarding the vector position on the RXc graph, the trend is to be outside the
50% tolerance ellipse of the respective reference population in both young and adult
athletes (Figure 9). Furthermore, many vectors are plotted outside the 95% tolerance
ellipse. Piccoli et al. (42) also found the mean impedance vector of bodybuilders almost
completely outside the 95% tolerance ellipse of the reference population, reflecting a
specific body composition, characterised by greater soft tissue mass and different fluid
content. This suggests that specific tolerance ellipses are needed for sport populations
(36, 85). Study Il is the first investigation generating specific reference tolerance
ellipses for a female sporting group (i.e. synchronised swimmers) (Figure 11). To our
knowledge, only two other studies (85, 125) have generated new specific tolerance

ellipses for sport populations (football and road cycling, respectively).
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Figure 11. Tolerance ellipses. 50%, 75%, and 95% tolerance ellipses generated of the
entire group of synchronised swimmers. R/h, height-adjusted resistance; Xc/h, height-
adjusted reactance; QQ, ohms; m, metres.

The relationship between the new specific tolerance ellipses (for each sport,
gender, age and race) and the hydration status, body composition and sport performance
level should be analysed, in order to represent significant hydration changes (that
compromise health or performance) or target zones of impedance vectors for athletes.
Nevertheless, it is possible that a new approach is required for the exercise and sports
field, beyond the current BIVA point graph, based on 50-95% tolerance ellipses and
quadrants related to clinical outputs. With regard to the hydration assessment, it should
be noted that fluid overload (overhydration) is not common in healthy athletes.
Therefore, the analysis of the hydration status should be related to euhydration and
physiological dehydration processes. In this way, as mentioned in Heavens et al. (50)
regarding the identification of dehydration with single measurements according to the
tolerance ellipses of the reference population, the limits for “normal hydration”

(individuals positioned within the 50% tolerance ellipses, according to the literature (19,

78)) should be reviewed, since subjects experiencing high levels of fluid loss can still be
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identified as euhydrated (50). Other studies related to sport and exercise (48, 91) and
Studies Il and Il (Figure 12, post-training/race measurement) identified some
individuals as euhydrated after significant BM decreases. Accordingly, as shown in
Study I, the majority of the studies applying “classic” BIVA in sport and exercise
identify the athletes outside the 50% tolerance ellipse. This is probably due to a range of
“normal hydration” comprised by the ellipses wider than a hydration status considered
as “dehydration” through other methodologies (50). Therefore, the current BIVA point
graph is not a valid method to detect euhydration and dehydration status in individual

athletes with single measurements.
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Figure 12. BIVA patterns before and after training/competition. Individual impedance
score vectors of the (a) pre-junior and (b) junior synchronised swimmers, and (c) ultra-
endurance triathletes, plotted on the 50%, 75%, and 95% tolerance ellipses of the
corresponding healthy reference population, are displayed for pre-, post-training/competition
and post 48 hours-competition. Z(R), resistance Z score; Z(Xc), reactance Z score; Pre-T, pre-
training; Post-T, post-training; Pre-UET, pre-triathlon race measurements; Post-UET, post-
triathlon race measurements; Post 48h-UET, 48 hours post-triathlon race measurements.

On the other hand, it should be investigated the relationship between the new
specific tolerance ellipses and different sport performance levels. Maybe different

sectors of the tolerance ellipses identify target zones for the athletes.
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With regard to the body composition assessment and in accordance with “classic
BIVA”, athletes have been identified in the upper left quadrant of the reference
population and obese individuals in the lower left quadrant. This would generally imply
greater R/h and Xc/h values of the athletes. Nevertheless, as mentioned in the literature
(22, 74), according to the electro-physical assumptions, FFM is characterised by a
greater conductivity in comparison with the poorly hydrated adipose tissue, not
justifying the relative shortness of vectors of obese individuals with respect to the
athletes, unless contemplating their generally greater FM, fluid overload and body size.
Furthermore, the vector position of athletes regarding the tolerance ellipses of the
general reference population is controversial (4). As mentioned by Buffa et al. (4),
athletic individuals are not always plotted in the ‘“athlete” quadrant of the reference
population and their vectors often overlap the “obesity” area. This controversy can be
observed in Study I: from the eighteen investigations analysed, six studies did not report
vectors distribution with regard to the reference population and only four found the
majority or all the vectors of athletes positioned in the “athlete” area (48, 92, 95, 96).
Comparable vector position of athletes and obese individuals would imply similar
values of R/h and Xc/h. The already mentioned factors FM and fluid overload could
compensate the bioelectrical values between both individuals, not being “classic” BIVA
able to detect the differences (e.g. discriminating fluids distribution between
compartments, with greater ICW content in athletes). Moreover, as shown in the
literature (22, 74), “classic BIVA” would be characterised by a limited sensitivity in
assessing the features of body composition due to the no consideration of the effect of
cross-sectional areas of the body. “Specific” BIVA, a method which performs a
correction of bioelectrical values for body geometry, emerges as the key to overcome

this limitation. Although the inclusion of anthropometric measurements can make these
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plots more sample-specific and perhaps less generalizable than “classic” BIVA, this
adaptation may be an advance when comparing athletes with different body
composition (in terms of FM and FFM). Therefore, it should be further investigated in
the sports field.

Finally, regarding the bioelectrical parameters that determine the vector position,
the interpretation is also controversial and more research is needed in order to clarify the
matter. When athletes present a vector shifted to the left with greater PA in comparison
to the reference population, due to a decrease in R/h with no differences in Xc/h (the
case of synchronised swimmers - Study Il), it has been suggested that it reflects
different ICW content (85). On the other hand, when the vector shifted to the left with
greater PA of athletes compared to the reference population is due to a decreased R/h
and an increased Xc/h (the case of triathletes — Study Il1), the following explanation
have been suggested: the decreased R/h is probably due, among other factors, to a
greater muscle mass, muscle glycogen reserves and plasma volume (65, 126) and the
increased Xc/h may be due to an increase in the size and number of muscle cells
(hypertrophy and hyperplasia, respectively), although the last one is still a controversial
topic (133). However, since a decreased R/h is also related to greater FM (33), further
research is needed in order to clarify the reason for this behaviour. Moreover, Xc/h is
not only conditioned by the cell size, but also by the thickness and composition of the
cell membrane and also by the distance between them, due to its relationship with cell
membrane capacitance (Cn) (134). In this way, lower Xc/h values have been
documented in bodybuilders (the best model of extreme muscle hypertrophy) compared
to healthy active people and with no differences with the healthy reference population
(42). On the other hand, vectors shifted to the left with lower PA have been reported in

competitive children in comparison with healthy control groups due to significantly
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lower Xc/h values in absence of differences in R/h (94). Meleleo et al. (94) suggested
that it could be due to an increase in the size of the section of the limbs or to a greater
‘sufferance’ in cell membranes maybe due to bad response to the workloads (over-
training). Therefore, the interpretation of these parameters (R/h, and especially Xc/h) in

these cases remains unresolved.

BIA vector changes evoked by training/competition

To date, Studies Il and I1I are the only ones in the sport literature that applied BIVA
with a longitudinal, quasi-experimental, ecological design, to assess vector and BM
variations evoked by a training session or a competition. Both studies reported BM loss
after an intense training session and an ultra-endurance triathlon event and the vector
displacements observed between measurements through “classic” BIVA were consistent

with fluid loss.

Short-term vector changes (<24 h after the first measurement)

These types of studies are those which currently face more difficulties, since their
validity can be easily compromised, mostly because of the already mentioned factors
that may affect the accuracy of the measurements despite any attempts to control them.
Regarding the changes induced by a high intensity synchronised swimming
training and an ultra-endurance triathlon event, Studies Il and Il show a mild
dehydration in synchronised swimmers (average loss <1% BM) and mild-moderate
dehydration in triathletes (average loss ~5% BM) (135). Furthermore, individual
vectors’ migration along the major axis was observed due to an increase in R and Xc

(Tables 3 and 4; Figure 12), which is consistent with fluid loss according to the theory
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(21, 79). Accordingly, RXc paired graphs and Hotelling’s test showed significant vector

changes after exercise in all groups (Figure 13).
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Figure 13. BIVA patterns before and after training/competition. Mean vector displacements
of (a) pre-junior synchronised swimmers, (b) junior synchronised swimmers and (c) ultra-
endurance triathletes, from Pre- to Post-training/race, Pre- to Post 48h-race and Post to Post
48h-race are shown. dR, resistance difference; dXc, reactance difference; h, height; Q, ohms; m,
metres.

Nevertheless, no correlation was observed between changes in BM and BIA
vector migration. This could be due to the fluid/food intake of the athletes during
training and race, which was maintained due to the ecological study design. Only two
studies (48, 50) have investigated the short-term vector changes induced by exercise,
apart from Study Il and I11. Although the ingestion of food or fluid was not allowed, the
studies found results similar to ours with exercise-induced dehydration. The authors
observed increased resistance and reactance, as well as a vector migration after
performing physical exercise. Furthermore, Gatterer et al. (48) found no correlation
between changes in BM and bioelectrical parameters. As they noted, this could be
influenced by inadequate criteria for stable bioelectrical impedance measurements or by
exercise-related factors, such as sweat rate, respiratory water loss and oxidative water
production, that may lead to BM loss without an effective net negative fluid balance
(136). However, these results differ from other studies (91, 137) that found a significant
relationship between changes in bioelectrical values and BM induced passively and/or
chronically. It is possible that greater changes could have been observed in Studies Il
and 111 if the athletes had not ingested fluids/food during the exercise. The ingestion of a
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meal or beverage has an influence on Z, which may decrease over a 2- to 4-h period
after a meal, generally representing a change of < 3% in Z values (47). Thus, an
underestimation of ~9-10 Q and ~14 Q in Z values (Study II and Study III, respectively)
could have occurred in the post-exercise BIVA measurements.

On the other hand, the multiple regression analysis allows the study of the
bioelectrical vector’s behaviour from a multifactorial perspective. Thus, while BM did
not correlate with bioelectrical variables as an isolated variable, it was selected as an
explanatory factor in a multivariate model in Study Il1 (Table 5). When the bioelectrical
variables were analysed as dependent variables, the changes observed in R/h and Z/h
after the race were significantly explained by the behaviour of BM, the racing time and
the estimated internal workload, which makes sense. When the process was further
applied in reverse in order to add information to the multivariate analysis, alternating
the role between dependent and independent variables, the racing time was significantly
explained by the behaviour of Z/h from pre- to post-race. In the event that, in the future,
this methodology could be validated, it could be a possible indicator of the
training/competition load. In addition, using the multivariate analysis, some variables
(e.g. race time) could be estimated analysing the behaviour of other parameters, with a
certain degree of error. Therefore, this type of analysis should be taken into
consideration both in the interpretation of certain variables related to the vector
behaviour, and in future studies about this topic. However, the scarce sample analysed

in the present study forced us to be cautious in drawing robust conclusions.
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In opposition to Study 11, Study Il and Gatterer et al. (48), one study (51) only
found a tendency to reduction of fluids (the authors related it to an extracellular water
decrease given by a significant increase in Xc) along with an increased BM in a group
of men and no differences in women after approximately 10 hours of subterranean
exploration (caving). Nevertheless, factors affecting protocols measuring Pre- and Post-
exercise (such as dietary intake during cave activity or the skin temperature in the post
measurement) could have influenced their observations.

Regarding the bioelectrical changes observed in Studies Il and Il after exercise,
resistance is pure opposition of the conductor to the flow of current (58). Therefore, the
significantly increased resistance experienced by the athletes would indicate a decrease
in body fluids (65), which is supported by the decrease in BM, and is also probably
followed—which we cannot prove—by changes in electrolyte concentration (91). With
regard to the reactance, Gatterer et al. (48) suggested that the increased reactance after
exercise could indicate fluid shifts between intra- and extracellular compartments. As
mentioned before, Xc maintains a relationship with C, which is affected by the size,
thickness, composition and distance between cell membranes (134). Exercise generates
processes which modify the characteristics of muscle cells (such as changes in fluid
distribution). As suggested, when cell membrane becomes thinner, the cell swells and
Cm increases, and the opposite happens as the cell shrinks (138), thus affecting Xc.
Moreover, in accordance with De Lorenzo et al. (15), variations in fluid distribution
would modify the characteristic frequency (Fc)—i.e., the frequency at which Xc is
maximal—. Because Xc is highly dependent on the relationship between the frequency
of measurement and Fc, changes in Fc would evoke great variations in Xc at 50 kHz,
simply because this frequency is a fixed point on the changing impedance locus (139,

140). Nonetheless, De Lorenzo and collaborators’ hypothesis should be considered with
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caution because it refers to the Hanai’s model, which relays on assumptions such as
spherical cell shape. Therefore, multiple factors may affect Xc values and further
research should focus on this parameter in exercise. Despite the fact that the vector
changes after fluid removal and overload (the wet—dry cycle of dialysis) as a non-
physiological process is clinically well-established (78), every dehydration process
induced by physical exercise is consequence of scarcely explored physiological
adaptations as regard of the vector behaviour, especially at cellular level (and therefore,
affecting R and Xc). In literature, Xc is an indicator of dielectric mass (membranes and
tissue interfaces) in soft tissues (58). Given the results observed in sport, it is possible
that the behaviour of Xc could be due to other factors and, thus, its meaning remains to
be clarified.

In conclusion, directional changes in vector values from serial measurements
seem to be consistent with fluid loss. Nevertheless, regarding the validity of BIVA in
order to identify dehydration, BIVA is not currently able to identify type and magnitude
of fluid loss. It is possible that a new approach is required beyond the current BIVA
point and score graphs, since, as mentioned above, subjects experiencing high levels of
fluid loss can still be identified as euhydrated, according to the tolerance ellipses of the
reference population (48, 50, 91). Thus, research investigating different levels of
dehydration and their relationship with the new specific tolerance ellipses is needed in
order to identify the limit of “normal hydration”. Furthermore, different types of
dehydration can be experienced in sport: a) hypertonic dehydration (i.e. primarily a loss
of water) is a common type of dehydration developed after exercise in which heavy
sweating occurs; b) hypotonic dehydration (i.e. primarily a loss of electrolyte) and c)
isotonic dehydration (i.e. equal losses of electrolytes and water), both may be developed

by athletes competing in aesthetic-type sports and in weight classification sports in
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which fasting, vomiting and diuretic use are common behaviours (105). Therefore,
research is needed related to the sensitivity of BIVA to each type of dehydration, as well
as the behaviour of each one with regard to the tolerance ellipses. As mentioned in
Heavens et al. (50), the analysis of the vector length could be the key for serial

measurements of hydration status.

Medium-term vector changes (<7 days after the first measurement)

As already mentioned, Study I11 collected data 48 hours post-race. This type of analysis,
in which two basal measurements are compared and no exercise is performed
immediately before the second measurement, has fewer limitations than the short-term
vector changes analysis.

Regarding the bioelectrical changes observed 48 hours after performing an ultra-
endurance triathlon race, Study III showed individual vectors’ migration along the
major axis due to significant decreases in R and Xc (Table 4; Figure 12), indicating
fluid accumulation (78), while BM values were still significantly lower than at baseline.
Accordingly, RXc paired graphs and Hotelling’s test showed significant vector changes
in the group of triathletes (Figure 13). Triathletes followed individual uncontrolled Post-
UET to Post 48h-UET recovery strategies (nutrition, hydration, physical activity,
environmental conditions, etc.). However, the other mentioned factors that could affect
the accuracy and reliability of BM and BIA measurements were controlled, being Pre-
UET and Post 48h-UET on equal terms. Thus, while BM alone does not detect a return
to basal conditions, significant bioelectrical decreases below basal values were
observed, indicating fluid retention in comparison with Pre-UET. This highlights the
potential advantage of BIVA in providing additional information about hydration

changes in comparison with BM alone. However, it is important to clarify that neither
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BM nor BIVA can really identify what happened to TBW. As already mentioned, BIVA
changes reflect ECW loss estimates only. Thus, ICW may still be reduced (captured by
BM at this time point) with a migration of fluids to the ECW space.

Fluid retention has been already reported in ultra-endurance events (141-143).
As explained by Knechtle et al. (143), although the reasons and mechanisms for the
fluid increase are still unknown, it could be due to several factors which will be
discussed below.

One explanation for this fluid retention could be an increase in plasma volume
due to a higher activity of aldosterone and antidiuretic hormone. Transient expansion of
plasma volume after endurance events has been commonly reported in the literature
(130, 144, 145). Prolonged exercise generates an increased loss of fluids by sweating
and respiration (146) and causes the activation of the renin-angiotensin-aldosterone
system. Furthermore, physical exercise leads to an elevated plasma antidiuretic hormone
concentration, probably due to an increased Posm and a decreased plasma volume (147).
Antidiuretic hormone and aldosterone are increased after intense exercise (148, 149)
and the concentration of both hormones is higher with increasing exercise intensity
(150). Therefore, the activation of both hormone systems leads to an enhanced retention
of sodium and fluids, resulting in an increase of plasma volume (151).

Moreover, protein catabolism with consequent fluid shifts (hypoproteinemic
oedema) might occur in an ultra-endurance performance. Lehmann et al. (152)
suggested a fluid shift from intra- to extracellular compartment after an ultra-endurance
event and proposed the decrease in cellular hydration level as a protein-catabolic signal.

Another possible factor for the observed fluid expansion could be the increased
plasma protein concentration —especially albumin— inducing an increase in plasma

oncotic pressure. An increase of total protein and albumin after prolonged exercise has
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been reported (145, 153). Nevertheless, more research is needed regarding this topic,
since the contrary was observed in other studies (151, 154, 155).

On the other hand, the increase of body fluids could also be a result of the
impairment of the kidney due to the rhabdomyolysis occurring in ultra-endurance events
(156). Rhabdomyolysis during ultra-endurance events has been demonstrated (157, 158)
and an association between skeletal muscle damage and impaired renal function has
been suggested. Strenuous exercise including running leads to damage of muscle cells
(159). If severe muscle damage occurs, creatine kinase and myoglobin from muscle
cells will be released into the blood and myoglobinuria can result. Myoglobin can reach
the kidneys and trigger an acute renal failure (158). However, the pathophysiology of
acute renal failure is multifactorial and is the combined effect of different factors, such
as rhabdomyolysis, dehydration, hypotension, nonsteroidal anti-inflammatory drugs,
and hyperuricemia (158). In general, acute renal failure in an ultra-endurance event is
very rare (160). The duration of the exercise and the performance level of the athlete
might be of importance (143).

Finally, regarding the putative factors explaining the fluid increase 48 hours
after the race, the already mentioned individual uncontrolled Post-UET to Post 48h-
UET recovery strategies may have affected these findings.

Therefore, the identification of fluid retention after ultra-endurance events
through BIVA should be further studied together with tests investigating the
aforementioned mechanisms, in order to analyse possible relationships.

Regarding the behaviour of the reactance, the significant decrease in Xc/h values
from Pre- to Post 48h-UET (as already mentioned, two basal measurements with no
exercise performed immediately before the second measurement which may affect the

bioelectrical signal) could indicate a significant decrease in soft tissues, since Xc is

66



related to cell membranes and tissue interfaces. As already mentioned, there is evidence
of muscle damage after prolonged exercise. Significant modifications in markers of
muscle damage and inflammation two days after the end of the event have been reported
(161-163). Further studies should investigate the relationship between the behaviour of
Xc and muscle damage biomarkers after completing this type of events. It would be
interesting to analyse the validity of this parameter (obtained from a non-invasive
method) in order to control the muscle disruption recovery after exercise. Nevertheless,
taking into account the aforementioned limitation of not controlling individual recovery
strategies, it is difficult at present to elucidate the reasons why this behaviour occurs due
to the already mentioned problems in the interpretation of Xc when the fluid distribution

changes.
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CONCLUSIONS

From the present doctoral thesis, the following conclusions were derived:

1. The bioimpedance vector analysis is a technique that has a great potential in
sport and exercise, yet largely unexplored, especially for the identification of
soft-tissue injury and its follow-up.

2. With regard to the body composition assessment, “classic” BIVA is inconsistent
in the assessment of two-compartment body composition and the vector position
of athletes with regard to the reference population seems controversial in many
cases. “Specific” BIVA seems to overcome this limitation, since this method
considers the effect of cross-sectional areas of the body.

3. However, regarding the body composition assessment using BIVA, specific
bioelectrical distributions were found in synchronised swimmers and triathletes
in comparison with their healthy, general reference population. In relation with
this, Study Il reports for the first time specific tolerance ellipses in a female
sport group.

4. Furthermore, BIVA showed bioelectrical differences between synchronised
swimmers of different age and performance level. A vector shifted to the left
(due to significantly lower R/h) was observed in junior athletes compared to the
pre-junior ones. Accordingly, bioelectrical differences between triathletes of
different performance level were found. The best athletes were characterised by
lower basal R/h and Z/h values and registered lower changes in these parameters
after the competition.

5. Regarding the validity of “classic” BIVA for the assessment of hydration status,
the method is not currently able to identify type and magnitude of fluid loss in

individual athletes and a new approach is needed.
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6. Nevertheless, vector migration after a high intensity synchronised swimming
training and a UET event is consistent with fluid loss, regardless of age and
performance level. Furthermore, vector changes 48h after the UET seem
consistent with fluid recovery.

7. Although with the utmost caution, there seems to be a relationship between the
behaviour of the bioelectrical vector and certain performance parameters,
specifically in relation to a UET event. The multivariate analysis may help to
better understand the bioelectrical vector’s behaviour pre- to post-exercise.

8. Currently, the relationship between the bioelectrical signal and physiological
adaptations induced by different types of exercise remain largely unresolved,
especially in how the structure and function of the cell are altered and how these

affect the behaviour of R, and in particular Xc.
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CONCLUSIONES

A raiz de los resultados de la presente tesis doctoral, se obtuvieron las siguientes
conclusiones:

1. El analisis del vector de bioimpedancia es una técnica con gran potencial,
aunque aun inexplorado, en el deporte y el ejercicio, especialmente para la
identificacion y seguimiento de lesiones de tejidos blandos.

2. Con respecto a la evaluacién de la composicién corporal, el BIVA "clasico" no
es consistente en la evaluacion bicompartimental de la composicién corporal y la
posicidn del vector de los atletas en relacion a su poblacion de referencia parece
conflictiva en muchos casos. ElI BIVA "especifico” parece superar esta
limitacidn, ya que este método considera el efecto de las areas transversales del
cuerpo.

3. En cualquier caso, se encontraron distribuciones bioeléctricas especificas en
nadadoras de natacion sincronizada y triatletas en comparacion con su poblacion
sana de referencia. En relacion a esto, el Estudio Il generd por primera vez
elipses de tolerancia especifica en un grupo femenino de deportistas.

4. Ademaés, BIVA mostro diferencias bioeléctricas entre nadadoras de diferentes
edades y niveles de rendimiento. Se observo un vector desplazado hacia la
izquierda (debido a una R/h significativamente menor) en las nadadoras junior,
en comparacion con las pre-junior. Asimismo, se encontraron diferencias
bioeléctricas entre triatletas de diferente nivel deportivo. Los mejores deportistas
se caracterizaron por tener menores valores basales de R/h 'y Z/h y registraron

cambios menores en estos parametros después de la competicion.

73



5. Con respecto a validez del BIVA “clasico” en relacion a la evaluacion del
estado de hidratacion, el metodo no es actualmente capaz de identificar el tipo y
la magnitud de la pérdida de fluidos en atletas y se necesita un nuevo enfoque.

6. Sin embargo, la migracion del vector después de un entrenamiento de natacion
sincronizada de alta intensidad y de una carrera de triatlon de ultra-resistencia es
consistente con una pérdida de fluidos, independientemente de la edad y el nivel
de rendimiento. Ademas, los cambios en el vector 48 horas después de la carrera
de triatlon parecen consistentes con una recuperacion de fluidos.

7. Aungue con la méaxima precaucion, parece haber una relacion entre el
comportamiento del vector bioeléctrico y ciertos parametros de rendimiento,
especificamente en relacion a una carrera de triatlon de ultra-resistencia. El
analisis multivariante puede ayudar a comprender mejor el comportamiento del
vector bioeléctrico antes y después del ejercicio.

8. Actualmente, la relacion entre la sefial bioeléctrica y las adaptaciones
fisioldgicas inducidas por diferentes tipos de ejercicio sigue sin estar resuelta,
especialmente en la forma en que se modifican la estructura y funcion de la

célula'y como éstas afectan el comportamiento de Ry, en particular, Xc.
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LIMITATIONS

Systematic review (Study I)

The main limitations derived from the literature analysis about the use of BIVA in the
sport context are: 1) the difficulty of controlling multiple sources of error that may
influence the bioelectrical signal; 2) the lack of tests correlating the bioelectrical signal
(vector) with other variables studied in the literature; 3) the limited scientific evidence
explaining the bioelectrical behaviour of human tissues induced by exercise; 4) the
formulation of possible explanations for the bioelectrical behaviour of human tissues
induced by exercise with inappropriate methodologies (e.g. the use of estimated fluid
volumes with BIA prediction models to discuss vector variations); 5) the limited
sensitivity of “classic” BIVA for the assessment of a) individual dehydration in exercise
and b) two-compartment body composition; and 6) the scarcity of scientific information
related to the use of BIVA in sport and exercise. Furthermore, the systematic review did
not consider investigations in languages other than English, so an information bias

might have existed.

Quasi-experimental studies (Studies 11 and 111)

In protocols measuring acute vector changes (before and after exercise), some factors
should be controlled in order to avoid measurement errors and provide accurate and
reliable results. As for Studies Il and Ill, both attempted to control these factors.
Nevertheless, some of them could not be avoided. The main limitation of both studies is
the ecological constraints of the protocols. In order to respect the ecological design, the
consumption of food and beverage was allowed. As mentioned in the discussion, the
ingestion of a meal or beverage has an influence on Z, which may decrease over a 2- to

4-h period after a meal, generally representing a change of < 3% in Z values. With
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regard to this, both studies have different characteristics. The ultra-endurance triathlon
race started at 6:00 a.m. and lasted for many hours. Therefore, each participant had their
own nutritional strategies before competition (usually they have breakfast 2-3 hours
before the competition) and we could not control them. This could have influence the
bioelectrical values obtained pre-race. Furthermore, due to the free consumption of food
and beverage during the race, an underestimation of ~14 Q in Z values could have
occurred in the post-exercise BIVA measurements. Nevertheless, the amount of water
intake at the end of the race should not have affected the BIVA measurements because
the recent ingestion of a meal or beverage (< 1lh from the ingestion to BIA
measurements) appears to be "electrically silent” and to have a minimal effect on
whole-body Z. On the other hand, synchronised swimming trainings started at 10:00
a.m. and swimmers had the breakfast set two hours before starting the training.
Therefore, pre-training measurements had to be taken before the breakfast. Furthermore,
fluid ingestion was allowed during the trainings. Thus, post-exercise BIVA
measurements could have been influenced by breakfast and water intake during the
training session, possibly underestimating Z values by ~9 = 10 Q. The ecological
design of the studies implied also other limitations. In the case of Study Ill, the post-
race measurement was notably the most difficult assessment because of the multiple
factors that must be controlled due to their influence on the bioelectrical signal at a
moment in which athletes are extremely tired and less motivated (after more than 11
hours of competition). Other limitations of Study Il that should be taken into
consideration in further studies are: 1) the time at which the fluid/food intakes were
performed during the race was not registered; 2) there were no records of each

individual’s recovery strategies, which could have influence the bioelectrical
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measurements; 3) the sample size was low, which limits the possibility of reaching
stronger inferences, especially in the multiple regression analysis.

Finally, with regard to the vector analysis, Study Il plotted the synchronised
swimmers sample on the tolerance ellipses of the healthy reference population closest in
age, since no tolerance ellipses of the healthy reference population have been published
for their specific age range. Moreover, no sport-specific tolerance ellipses for
synchronised swimmers and ultra-endurance triathletes exist yet to allow a more

enriching analysis.
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FUTURE PERSPECTIVES

BIVA in sports and exercise science is an emerging area of research with great
potential.

From the methodological standpoint, closely related to the quality, reliability and
validity of the bioelectrical signal, some issues should be deeper investigated. For
example, adequate hydration protocols are required in order to assess participants in a
euhydrated state. Related to this, rigorous fluid intake control before bioelectrical
measurements should be performed and reported. In studies assessing BIVA after
exercise, adequate protocols of cold water application before testing with different
duration and temperatures in order to reduce the sources of error in bioelectrical
measurements should also be investigated, adapting the protocol to the type, intensity
and duration of the exercise. Core and skin temperature should be monitored pre- and
post-exercise. In sport practice, baseline values for BIVA should be established before
the start of any follow-up protocol (e.g. to monitor changes along a sport competition)
in the attempt to guarantee an optimal hydration status and to avoid excessive fluid loss.

Further research is also required on how much some factors affect the
bioelectrical signal, especially in exercise-induced acute vector change assessment (e.g.
exhaustive control of quantity and composition of fluids and food intake, and time
between fluids/food intake and the bioelectrical measurements). With regard to
differences in the bioelectrical signal among type of electrodes, distribution of the
electrodes (e.g. whole-body standard placement or eight-polar tactile distribution), and
BIA devices, further research is required. Standardisation of contact electrodes is
necessary for valid BIA measurements.

As for the bioelectrical parameters, especially Xc, it will be difficult to obtain

conclusions as valid and accurate as possible concerning to their patterns until the
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behaviour of cells in the human body is not well explained using simulated circuit
models (in series, in parallel or mixed), for both homeostatic and non-homeostatic
conditions. Regarding Xc changes after exercise, further research is needed in order to
clarify the causes of these behaviour. As for PA, its relationship with cell functioning in
sport should also be addressed.

Another critical point needing further investigation is the assessment of the
validity and reliability of “classic” BIVA as a method for monitoring BCM and
hydration status in sports and exercise. New specific tolerance ellipses for each sport,
sex, age and race, should be generated and it should be investigated whether they can be
used for the classification of an individual vector (in terms of hydration status, body
composition and sport performance level) and if they represent significant hydration
changes (that compromise health or performance) or target zones of impedance vectors
for athletes. With regard to the hydration assessment, the analysis of the hydration status
should be related to euhydration and physiological dehydration processes. In this way,
as for the identification of dehydration according to the tolerance ellipses of the
reference population, the limits for “normal hydration” should be reviewed. Research
investigating different levels of dehydration and their relationship with the vector length
and new specific tolerance ellipses is needed in order to identify the limit of “normal
hydration”. Furthermore, research is needed related to the sensitivity of “classic” BIVA
to each type of dehydration, as well as the behaviour of each one with regard to the
tolerance ellipses. On the other hand, research investigating the relationship between the
new specific tolerance ellipses and different sport performance levels is required. With
regard to the body composition assessment, it should be further investigated the effect
on the bioelectrical signal of the FM, fluid overload and cross-sectional areas of the

body. Furthermore, future investigations should seek to clarify if BCM changes shown
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by “classic” BIVA mean actually BCM variations, different fluid distribution between
compartments, or a combination of both. More research is needed with regard to the
application of “specific” BIVA in the sports field. Comparisons of BIVA outcomes with
validated body composition and fluid status assessment are to be undertaken to better
define the basis for interpretation and application of this technique. These types of
analyses should be undertaken in both laboratory and field conditions adjusted to the
reality of sport. On the other hand, it is surprising to realise how few reliability studies
in BIVA there are, this being a critical factor in establishing its practical application as a
diagnostic tool.

With regard to the localised bioimpedance vector analysis, it seems necessary to
standardise the distribution of the electrodes and generate muscle-specific ellipses in
order to improve the reproducibility of bioelectrical measurements. This standardisation
should consider the muscle length instead of the body height to normalise the
bioelectrical values, since differences in the proportionality between subjects may lead
to greater errors. Besides, the symmetry between limbs should be determined for each
sport and discipline, particularly in relation with differences between dominant and non-
dominant limbs and asymmetrical sports (e.g. jumps, throws, team sports, tennis). When
speaking of localised assessment in injured muscles, further research is needed in order
to establish ranges of alterations in bioelectrical vector outcomes, as well as the time
course of injury recovery and return-to-play.

Regarding sports practice, PA and “classic” BIVA showed that the intense
training changed functional and hydration parameters of the athletes (86). It should be
analysed if BCM and fluid content reflect the sport-specific adaptations of BM and
body composition. Furthermore, the utility of integrated evaluation of PA and BIVA to

identify possible risks derived by different training loads in athletes should be
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investigated. Further research is also required to assess the relationship between BIVA
and other body composition techniques.

Related tests in acute and long-term designs (e.g. muscle function, glycogen
storage, haematological and biochemical markers, etc.) should be performed to correlate
them with vector displacements, in order to understand better the cause of vector
migration. In addition, vector changes at the medium term (< 7 days) should be further
investigated. Finally, it would be interesting to investigate whether the vector position is
an indicator of different individual biological responses to the training load or if it is the

result of optimised training activity and/or recovery strategy.
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Abstract

Background

Bioelectrical impedance vector analysis (BIVA) is a general concept that includes all meth-
odologies used in the analysis of the bioelectrical vector, whereas the "classic” BIVAis a
patented methodology included among these methods of analysis. Once this was clarified,
the systematic review of the literature provides a deeper insight into the scope and range of
application of BIVA in sport and exercise.

Objective

The main goal of this work was to systematically review the sources on the applications of
BIVA in sport and exercise and to examine its usefulness and suitability as a technique for
the evaluation of body composition, hydration status, and other physiological and clinical rel-
evant characteristics, ultimately to trace future perspectives in this growing area, including a
proposal for a research agenda.

Methods

Systematic literature searches in PubMed, SPORTDiscus and Scopus databases up to
July, 2017 were conducted on any empirical investigations using phase-sensitive bioimpe-
dance instruments to perform BIVA within exercise and sport contexts. The search included
healthy sedentary individuals, physically active subjects and athletes.

Result

Nineteen eligible papers were included and classified as sixteen original articles and three
scientific conference communications. Three studies analysed short-term variations in the
hydration status evoked by exercise/training through whole-body measurements, eleven
assessed whole-body body composition changes induced by long-term exercise, four
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compared athletic groups or populations using the whole-body assessment, and two ana-
lysed bioelectrical patterns of athletic injuries or muscle damage through localised bioimpe-
dance measurements.

Conclusions

BIVA is a relatively new technique that has potential in sport and exercise, especially for the
assessment of soft-tissue injury. On the other hand, the current tolerance ellipses of “clas-
sic” BIVA are not a valid method to identify dehydration in individual athletes and a new
approach is needed. “Specific” BIVA, a method which proposes a correction of bioelectrical
values for body geometry, emerges as the key to overcome “classic” BIVA limitations
regarding the body composition assessment. Further research establishing standardised
testing procedures and investigating the relationship between physiology and the bioelectri-
cal signal in sport and exercise is needed.

Introduction

Bioelectrical impedance analysis (BIA) is a non-invasive technique widely used in body com-
position assessment [1-5], nutritional status [5-7], and hydration status [2, 8, 9], all considered
areas of interest to monitor general health and well-being [10], but also training and perfor-
mance levels. However, conventional BIA is limited by the use of models and algorithms that
assume relations between body components are constant and correlated with each other dur-
ing stable periods, which are used to estimate through simple or multiple regression equations
an unknown body component from a related measured variable (bioimpedance) [11]. Multiple
validation studies demonstrated solid relationship between bodily impedance and fluid vol-
ume (e.g. compared to isotope dilution), but their validity and accuracy of prediction are pop-
ulation-specific [12]. Furthermore, the standard errors of the best BIA regression equations
were estimated to be, for instance, ~3-8% for total body water (TBW) and ~3-6% for fat-free
mass (FFM), both considered too large to be used in clinical setting [12, 13]. In the exercise
and sport practice, this is especially relevant. For example, dehydration processes lower than
these standard errors which may affect negatively the sport performance could be not ade-
quately detected [14].

BIA measures body tissues opposition to the flow of a low-level, alternating radiofrequency
electric current. Bioelectrical impedance (Z)—i.e. the tissues opposition to the electric current
flow—, the vector sum of the resistance (R)—i.e. the major resistance to the current through
intra- and extracellular ionic fluids—and the reactance (Xc)—i.e. the additional opposition
due to the capacitive elements such as cell membranes, tissue interfaces, and non-ionic sub-
stances. BIA has been performed using single- (SF-BIA) or multiple-frequency (MF-BIA) elec-
trical current. Standard SF-BIA uses a single frequency of 50 kHz to estimate TBW and FFM,
but does not differentiate intracellular water (ICW) and extracellular water (ECW), respec-
tively. In an attempt to overcome this, MF-BIA tries to estimate ICW and ECW by measuring
a spectrum of frequencies through different mathematical models [12]. However, MF-BIA
models have significant limitations, such as the required use of body mass (BM) as an indepen-
dent variable. Most scientific evidence shows that the use of both SF-BIA and MF-BIA lead to
prediction errors in healthy people [5, 15-17] and even larger errors in people with clinical
conditions [18, 19]. In spite of the widespread use of BIA in the clinical and field settings,
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mainly in the estimation of body composition, such as fat mass (FM) and FFM, or TBW, ICW
and ECW, its accuracy is compromised because of its reliance on regression equations, mostly
derived from non-athletic or sport-specific populations [5], and assumptions such as constant
tissue isotropy or constant tissue hydration, conditions that are not frequently met [5, 11].
Alternative techniques such as the measure of the phase angle (PA) or the “classic” bioelec-
trical impedance vector analysis (“classic” BIVA) [20] emerged to overcome the above-men-
tioned BIA limitations, basing their main strength on the use of raw impedance parameters. It
is important to mention that the present review distinguished between the term “classic” BIVA
(commonly termed BIVA in the literature), the methodology patented by Pillon and Piccoli
[21], and a more general concept that include all methodologies using vector analysis, i.e. bio-
electrical impedance vector analysis (BIVA in the present review). This general concept
include the whole-body assessment methods “classic” BIVA and “specific” BIVA (which is a
methodology that tries to overcome some limitations of “classic” BIVA), and the localised bio-
electrical impedance vector analysis (which is a method proposed for the identification and
follow-up of muscle injuries). Once this was noted, it has to been clarified that “classic” BIVA
does not provide quantitative estimates of tissue mass (kg) or fluid volumes (L). Instead, it is
qualitative and semi-quantitative evaluation of body cell mass (BCM) and hydration [22, 23].
The number of publications using “classic” BIVA in clinical practice increased exponentially
during the last decade due to its strengths [11, 18, 24-30]. Nowadays, “classic” BIVA is a widely
used technique in medicine as a tool for the assessment of hydration and nutritional status
(e.g. fluid imbalance and wasting of lean tissues, respectively) in different clinical conditions,
such as renal disease [31], critically ill patients [32], obesity [33] and morbid obesity [34], pul-
monary disease [30], anorexia nervosa [26], cachexia [25], sarcopenia and sarcopenic obesity
[27], Alzheimer’s disease [29], heart failure [25], gastrointestinal disease [28], diabetes [24],
wound healing [35], muscle injury assessment [36, 37], and pregnancy and postpartum [38].
Validation studies of “classic” BIVA have shown a significant association of bioelectrical values
with hydration [11, 39], and nutritional status [11] in clinical conditions. Several studies have
compared “classic” BIVA parameters with conventional BIA and other measures of body com-
position such as dual-energy X-ray absorptiometry (DXA), anthropometry, and clinical evalu-
ation in samples of healthy and sick populations with mixed results (for review see [4, 11, 40]).
There has been a rapid growth of interest in the application of BIVA in sport and exercise
research and practice in the recent years. On the one hand, “classic” BIVA is being used to
characterise the body composition (i.e. hydration status and BCM) of athletes and active indi-
viduals [36, 41-43] and to monitor body composition longitudinal changes induced by exer-
cise or sport practice [44-57]. On the other hand, the localised bioimpedance vector analysis is
being applied for the identification and follow-up of muscle injuries [36, 37]. The importance
of assessing the body composition of athletes lies in the fact that the physical stress imposed
during trainings and competitions may lead to body composition alterations, which can be
detrimental to athletes [58]. Furthermore, body composition has been suggested to discrimi-
nate athletes of different performance levels [59, 60] and has been shown to influence physical
performance [61] and sport success [62]. On the other hand, the importance of monitoring the
hydration status in exercise and sport is because dehydration is recognised to impair sport per-
formance [63, 64], as well as increasing the injury risk [65]. Monitoring body fluid variations
may help to adequately prescribe fluid intake and thus limit deleterious effects. Furthermore,
the identification of injury and its follow-up during recovery until return-to-play depends on
expensive methods, which are not accessible to everyone. Therefore, the increase in the num-
ber of publications regarding BIVA in the exercise and sport field seems justified in order to
investigate the applicability of the method for assessments in real time and in a precise, accu-
rate, reliable, non-invasive, portable, inexpensive, safe and simple way. In addition, since the
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current scientific literature in this field is still scarce and very heterogeneous, a compilation of
the current knowledge is needed in order to suggest a research agenda.

Objectives

This systematic review aims to summarise the current knowledge on the applications of BIVA
in sport and exercise, and to evaluate the usefulness and suitability of the method in assessing
body composition, hydration status, and other physiological and clinical conditions in healthy
sedentary people, physically active and trained individuals. Ultimately, this review attempts to
outline future perspectives in this field and to suggest a research agenda.

Methods

Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines
were applied to undertake the present review [66]. PRISMA checklist was also used to elabo-
rate the systematic review protocol [67].

Eligibility criteria

This study reviewed and analysed methodological, clinical, and empirical studies using phase-
sensitive devices to perform the analysis within the context of exercise and sport. The phase-
sensitivity characteristic is important since non phase-sensitive instruments do not measure
Xc, and the proper way to apply BIVA needs both R and Xc. Articles that have used BIVA in
healthy sedentary people, physically active individuals and athletes of all levels were eligible for
review. Studies were screened for eligibility on the following inclusion criteria: (a) empirical
investigations with BIVA measures taken in human subjects performing acute or chronic exer-
cise; (b) empirical investigations with BIVA measures taken in healthy sedentary people, physi-
cally active individuals and athletes; c) studies where data acquisition was performed with the
appropriate methodology; (d) studies published in a peer-reviewed journal and/or in relevant
congress proceedings; and (e) studies published in English language. No restrictions in terms
of study design, setting, country or time frame were considered.

Information sources

A computer-based literature search was conducted for the period 1994-2017, ending by July
2017, of PubMed, SPORTDiscus and Scopus databases (Fig 1).

Search strategy

Title, abstract, and keyword fields were searched in each of the aforementioned databases
using the following search terms and syntax: (“BIVA” OR “vector*”) AND (“hydration” OR
“body water”).

Study records

Records were exported from the electronic databases to a reference management software
(EndNote, v. X5, Thomson Reuters, 2011) and duplicate references were removed. Fig 1 dis-
plays the flow chart of study identification and eligibility for the systematic review.

The eligible articles after removing duplicates were screened by two investigators (JCO, Al),
with disagreement settled by consensus. An initial screening of titles, abstracts and keywords
was performed in order to check for inclusion criteria and to exclude obviously irrelevant rec-
ords using the eligibility criteria (Fig 1). Differences in study eligibility for review were com-
pared and deviations were discussed with a third investigator (FAR) until consensus could be
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PubMed SPORTDiscus Scopus
n=243 n=687 n=683
Total n=1613

After removing duplicates n=1420

:

Screening of titles/abstracts/keywords for eligibility

Excluded (n=1400)
= Not related to the topic (n=1289)
= Not related to exercise/sport (n=111)

I

Possibly eligible (n=20)

For inclusion based on the abstract

I

Screening of full texts for eligibility

Excluded (n=4)
= Not directly related to exercise and sport
= Data acquired with inappropriate methodology

Included (n=3)
» |dentified from reference lists of eligible articles

v

Included in the review (n=19)

Fig 1. Flow chart of study identification and eligibility for the systematic review.

https://doi.org/10.1371/journal.pone.0197957.g001

reached. When a paper could not be rejected with certainty it was included in the eligible
papers for full text evaluation. Then, articles were assessed for eligibility through a full-text
screening, and those meeting the established criteria were included in the review. The refer-
ence lists of articles retrieved for inclusion in the review up to this point were searched to
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identify other relevant investigations. The number of studies meeting the pre-specified inclu-
sion criteria and those excluded and reasons for their exclusion were recorded (Fig 1).

Each selected article was reviewed for information on (1) bibliographic characteristics (type
of publication, authors, year and journal); (2) aims of the investigation; (3) study design and
methodology; (4) sample characteristics (number, population, gender, age, exercise activity,
sport discipline, and sport competitive level of subjects); (5) BIA device employed; (6) elec-
trode distribution; (7) BIVA approach (whole-body BIVA or localised bioimpedance vector
analysis); (8) vector displacement and (9) comparative technique (e.g. other indicators to assess
body composition and fluid status, injury assessment).

Data items and prioritisation

Full texts were reviewed in search for the following main variables: bioelectrical resistance (R,
R/h), reactance (Xc, Xc/h), Z, PA, RXc graph, TBW, ICW, ECW, FM, FFM and BCM. Bioelec-
trical measures and directly derived parameters were considered the main outcome from the
population studies or experimental interventions. From a methodological point of view, com-
parisons of BIVA outcomes with other measures of body composition and fluid status assess-
ment could underpin the validity of the technique and, therefore, the latter were considered
additional outcomes.

Results
Search outcome

After removal of duplicates, 1420 records were identified, which were reduced to 20 after
screening titles, abstracts and keywords for eligibility (Fig 1). After full-text evaluation, 19
studies matched the selection criteria and were included in the qualitative synthesis analysis
and summarised in Tables 1-4. Table 5 compiles the information about the baseline bioelectri-
cal parameters and vector position of the participants analysed in the studies included in the
present review.

The reviewed studies were sixteen original articles and three scientific conference commu-
nications. Publication date ranged from 1996 to 2017, yet only two studies were published
before 2011, corroborating the novelty of the technique in the field of sport science.

Participants

A total number of 1667 subjects participated in the different studies, yet most took part in a
soccer population study (n = 893) [41] an athletic vs. non-athletic comparative investigation
(n=219) [53] and a multisport comparative research (n = 195) [43]. Most studies were per-
formed in males and only four included females [51-53, 57]. Only three studies analysed non-
adult populations [43, 53, 57]. Fourteen studies were carried out with elite or professional
athletes.

Finding outcomes

Three studies were aimed at analysing short-term changes (<24 hours) in the hydration status
induced by exercise and training [47, 51, 57] (Table 1), eleven assessed body composition
changes induced by exercise at the long term (> 7 days) [44-46, 48-50, 52-56] (Table 2), three
compared athletic groups or populations [41-43] (Table 3), and two of the articles related bio-
electrical patterns to athletic injury or muscle damage [36, 37] (Table 4).
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Table 5. Baseline bioelectrical parameters and vector position of the participants analysed in the studies included in the present review.

Study BMI (kg/mz) R/h (Q/m) Xc/h (Q/m) | PA (°) Vector position on the BIVA point Other comments
graph
Nescolarde Soccer: 23.2 | Soccer: 268.9 | Soccer: 37.4 | Soccer: 7.9 Soccer: The mean vector was plotted
etal. 2011 [36] | +1.5 +22.4 +3.8 +0.7 inside the “athlete” quadrant of the
Basketball: Basketball: Basketball: Basketball: reference population, outside the range of
24.3+1.1 221.8422.9 28.8+4.9 7.4+0.6 normal hydration

Basketball: The mean vector was plotted
inside the “obese” quadrant of the
reference population, outside the range of
normal hydration

Nescolarde NR NR NR NR NR

etal. 2013 [37]

Micheli et al. All: 23.3+1.6 | All: 263.9 All: 33.8+3.9 | All: 7.320.6 | The individual vectors were scattered in | Some individual vectors were plotted

2014 [41] +26.2 both “athlete” and “obese” quadrants of | inside the “lean” quadrant of the
the reference population, outside and reference population, outside and inside
inside the range of normal hydration the range of normal hydration

Piccoli et al. BB:28.9+3.6 | BB: NR BB: NR BB: 8.6+1.1 | The mean vector was plotted in the limit

2007 [42] of the 95% ellipse of the “obese” quadrant

of the reference population, outside the
range of normal hydration

Koury et al. Adolescent: | Adolescent: | Adolescent: | Adolescent: | Adolescent: The majority of the

2014 [43] 20.2+3.0 302.0+£71.0 36.2+6.7 6.9+0.9 individual vectors were scattered inside
Adult: 22.7 Adult: 252.4 | Adult: 35.4 Adult: 8.0 the “obese” quadrant of the reference
+2.7 +33.8 +4.9 +0.7 population, either when all the

participants were plotted and when the
comparison was performed according to
paired sport modalities. Most of them
were plotted outside the range of normal
hydration

Adult: The majority of the individual
vectors were scattered in both “athlete”
and “obese” quadrants of the reference
population, either when all the
participants were plotted and when the
comparison was performed according to
paired sport modalities. Most of them
were plotted outside the range of normal

hydration

Bonuccelli et al. | NR NR NR NR NR

2011 [44]

Bonuccelli et al. | NR NR NR NR NR

2012 [45]

Gatterer etal. | S:23.5+0.9 NR NR NR The mean vectors of both groups were

2011 [46] NS: 24.3+1.1 plotted inside the “obese” quadrant of the

All: 23.9+1.1 reference population, close to the

“athlete” one, outside the range of normal
hydration

Gatterer et al. NR 284.1+23.0 37.5+3.3 NR Mean and individual vectors were plotted | Only one individual vector was plotted

2014 [47] inside the “athlete” quadrant of the inside the “obese” quadrant of the
reference population, the majority of reference population, close to the
them outside the range of normal “athlete” area, outside the range of
hydration normal hydration

Mascherini NR 272.7+249 36.0+4.0 7.5+0.5 The mean vector was plotted inside the

etal. 2014 [48] “lean” quadrant of the reference
population, within the range of normal
hydration

(Continued)
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Table 5. (Continued)

Study BMI (kg/m®) |R/h (Q/m) Xc/h (Q/m)
Piccoli et al. 22.9 (21.8- 256.5 31.2
1996 [49] 25.6)
Reljic et al. NR NR NR
2013 [50]
Antonietal. | F:21.842.1 | F:388.6+34.1 | F:33.7+3.2
2017 [51] M:24.743.0 | M:296.6+38.5 | M: 28.1+ 5.9
Carrasco- Co:18.0+1.9 | Co: 3284 Co: 40.0+4.5
Marginetetal. | Jr: 19.3+1.3 +38.8 Jr: 39.6+2.2
2017 [57] All: 18.4+1.8 | Jr:299.9+21.6 | All: 39.9+3.9
All: 319.7
+36.7
Fukuda et al. 24.5+£3.0 376.9+45.4 31.6%5.5
2016 [52]
Meleleo etal. | F:17.68 F: 465.6+13.7 | F: 46.8+1.6
2017 [53] M: 19.68 M: 418.7+14.9 | M: 40.6+ 1.7
Mascherini 23.3x1.5 259.8+27.0 35.5£3.5
etal. 2015 [54]
Pollastri et al. NR NR NR
2016 [55]
Pollastri et al. NR NR NR
2016 [56]

PA (%)

NR

NR

F:8.7£0.8
M:9.4+1.3

Co:7.020.5
Jr: 7.5+0.4
All: 7.1+0.5

4.8+0.6
F:5.8+0.1

M: 5.6+ 0.2
7.8+0.6

NR

NR

Vector position on the BIVA point
graph

The mean vector was plotted inside the
“obese” quadrant of the reference
population, in the limit of the range of
normal hydration

The mean vectors of both groups were
plotted inside the “athlete” quadrant of
the reference population, within the
range of normal hydration

F: The mean vector of women was plotted
between the “cachexic” and the “lean”
quadrants of the reference population,
close to the left ones, within the range of
normal hydration

M: The mean vector of men was plotted
inside the “cachexic” quadrant of the
reference population, close to the “obese”
one, within the range of normal
hydration

Co: The majority of the individual vectors
were plotted outside and inside the 95%
tolerance ellipse of the “obese” quadrant
of the reference population, outside the
range of normal hydration

Jr: The majority of the individual vectors
were plotted outside the 95% tolerance
ellipse of the “obese” quadrant of the
reference population, outside the range of
normal hydration. None of them were
located inside the “athlete” quadrant

NR
NR

The mean vector was plotted inside the
“athlete” quadrant of the reference
population, outside the range of normal
hydration

NR

Mean and individual vectors were plotted
inside the “athlete” quadrant of the
reference population, outside the range of
normal hydration

Other comments

The article shows two examples of
individual vectors, one plotted inside the
“athlete” quadrant of the reference
population (outside the range of normal
hydration) and the other inside the
“obese” one (within the range of normal
hydration)

Some of the Co individual vectors were
plotted inside the “athlete” quadrant of
the reference population, most of them
outside the range of normal hydration

BMI: body mass index; R: resistance; Xc: reactance; h: height; PA: phase angle; BIVA: bioelectrical impedance vector analysis; NR: not reported; BB: bodybuilders; S:

starters; NS: non-starters; Co: pre-junior; Jr: junior; F: females; M: males

https://doi.org/10.1371/journal.pone.0197957.1005

Bioelectrical measures

Most studies used whole-body electrode distribution, one used localised electrode distribution
to analyse injury-induced bioelectrical changes [37], and two combined the standard whole-
body and the localised techniques [36, 54]. The majority of the investigations used single-

PLOS ONE | https://doi.org/10.1371/journal.pone.0197957 June 7, 2018

13/26


https://doi.org/10.1371/journal.pone.0197957.t005
https://doi.org/10.1371/journal.pone.0197957

@° PLOS | ONE

A systematic review on BIVA in sport and exercise

frequency impedance devices (50 kHz), two used multiple frequency bioimpedance analysers
[46, 57] and one used both types of devices [42].

Discussion
BIVA applications in sport and exercise

Sporting population studies. These types of studies (Table 3) consist of single measure,
cross-sectional protocols aiming to characterise sporting group samples in terms of bioelectri-
cal data. As observed by Koury et al. [43], athletes exhibit similar trends of PA variation with
age to those of the general population of the same sex and age, with a positive correlation
(r=0.63, p = 0.0004) in adolescents and a negative correlation (r = -0.27, p = 0.009) in adults.
Vectors shifted to the left and with greater PA were found in both adolescent and adult athletes
compared to the corresponding reference populations, which is consistent with the results
reported by other studies for soccer players [41] and synchronised swimmers [57], suggesting
that these differences are due to sport-specific adaptations [41]. In comparison with adolescent
athletes, the mean vector of adult athletes also showed a shift to the left. Both shifts to the left
indicate increased BCM and fluid content, and might reflect a better cell functioning [41].

Regarding the vector position on the RXc graph, the trend is to be outside the 50% tolerance
ellipse of the respective reference population in both adolescent and adult athletes. According
to this, Piccoli et al. [42] also found the mean impedance vector of bodybuilders almost
completely outside the 95% tolerance ellipse of the reference population. This reflects a specific
body composition and suggests that specific tolerance ellipses are needed for sport populations
[36, 41, 57]. To date, only two studies [41, 57] have characterised sport-specific populations.
The relationship between the new specific tolerance ellipses (for each sport, gender, age and
race) and the hydration status, body composition and sport performance level should be ana-
lysed, in order to represent significant hydration changes (that compromise health or perfor-
mance) or target zones of impedance vectors for athletes. Nevertheless, it is possible that a new
approach is required for the exercise and sports field, beyond the current BIVA point graph,
based on 50-95% tolerance ellipses and quadrants related to clinical outputs. With regard to
the hydration assessment, it should be noted that fluid overload (overhydration) is not com-
mon in healthy athletes. Therefore, the analysis of the hydration status should be related to
euhydration and physiological dehydration processes. In this way, as mentioned in Heavens
et al. [68] regarding the identification of dehydration with single and serial measurements
according to the tolerance ellipses of the reference population, the limits for “normal hydra-
tion” (individuals positioned within the 50% tolerance ellipses, according to the literature [18,
69]) should be reviewed, since subjects experiencing high levels of fluid loss can still be identi-
fied as euhydrated [68]. Other studies related to sport and exercise [47, 49] identified some
individuals as euhydrated after significant BM decreases. Moreover, as shown in Table 5, the
majority of the studies analysed identify the athletes outside the 50% tolerance ellipse. This is
probably due to a range of “normal hydration” comprised by the ellipses wider than a hydra-
tion status/change considered as “dehydration” through other methodologies [68]. Neverthe-
less, the conclusions of Heavens et al. [68] should be confirmed with the appropriate
methodology, since the study was not performed with a phase-sensitive device, and therefore,
they could not obtain the real value of Xc. Therefore, although directional changes in vector
values from serial measurements seem to be consistent with fluid loss, the current BIVA point
graph is not a valid method to detect dehydration in individual athletes. Research investigating
different levels of dehydration and their relationship with the new specific tolerance ellipses is
needed in order to identify the limit of “normal hydration”. Furthermore, different types of
dehydration can be experienced in sport: a) hypertonic dehydration (i.e. primarily a loss of
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water) is a common type of dehydration developed after exercise in which heavy sweating
occurs; b) hypotonic dehydration (i.e. primarily a loss of electrolyte) and c) isotonic dehydra-
tion (i.e. equal losses of electrolytes and water), both may be developed by athletes competing
in aesthetic-type sports and in weight classification sports in which fasting, vomiting and
diuretic use are common behaviours [65]. Thus, research is needed related to the sensitivity of
“classic” BIVA to each type of dehydration, as well as the behaviour of each one with regard to
the tolerance ellipses. On the other hand, it should be investigated the relationship between the
new specific tolerance ellipses and different sport performance levels. Maybe different sectors
of the tolerance ellipses identify target zones for the athletes. With regard to the body composi-
tion assessment and in accordance with “classic BIVA”, athletes have been identified in the
upper left quadrant of the reference population and obese individuals in the lower left quad-
rant. This would generally imply greater R/h and Xc/h values of the athletes. Nevertheless, as
mentioned in the literature [22, 70], according to the electro-physical assumptions, FFM is
characterised by a greater conductivity in comparison with the poorly hydrated adipose tissue,
not justifying the relative shortness of vectors of obese individuals with respect to the athletes,
unless contemplating their generally greater FM, fluid overload and body size. Furthermore,
the vector position of athletes regarding the tolerance ellipses of the general reference popula-
tion is controversial [4]. As mentioned by Buffa et al. [4], athletic individuals are not always
plotted in the “athlete” quadrant of the reference population and their vectors often overlap
the “obesity” area. This controversy can be observed in Table 5. From the nineteen investiga-
tions analysed, six studies did not report vectors distribution with regard to the reference pop-
ulation and only four found the majority or all the vectors of athletes positioned in the
“athlete” area [47, 50, 54, 56]. Comparable vector position of athletes and obese individuals
would imply similar values of R/h and Xc/h. The already mentioned factors FM and fluid over-
load could compensate the bioelectrical values between both individuals, not being “classic”
BIVA (50 kHz) able to detect the differences (e.g. discriminating fluids distribution between
compartments, with greater ICW content in athletes). Moreover, as mentioned in the litera-
ture [22, 70], “classic BIVA” would be characterised by a limited sensitivity in assessing the fea-
tures of body composition (i.e. FM and FFM) due to the no consideration of the effect of
cross-sectional areas of the body which interferes with bioelectrical values as well as lengths,
according to the basic conductor theory (impedance is proportional to the conductor length
and inversely related to its cross-sectional area) [71]. This effect of cross-sectional areas is par-
ticularly relevant in sport sciences because athletes of different disciplines generally differ in
their body shape. To overcome this limitation of “classic” BIVA, a relatively new procedure
(“specific” BIVA) has been developed [22, 70]. This method proposes a correction of bioelec-
trical values for body geometry and it has proven to be effective in identifying the relative pro-
portion of FM in adults and elderly [22, 70]. Although the inclusion of anthropometric
measurements can make these plots more sample-specific and perhaps less generalizable than
“classic” BIVA, this adaptation may be an advance when comparing athletes with different
body composition (in terms of FM and FFM). Therefore, it should be further investigated in
the sports field.

Koury et al. [43] observed that the distance between the confidence ellipses of adolescent
and adult athletes was lower than between the ellipses among their respective reference popu-
lations, either considering all sport modalities or only paired modalities. The authors specu-
lated that the intense training reduced the differences between adolescent and adult
individuals, although this is still to be elucidated. In their study, vector and PA differences
were due to differences in R/h, significantly lower in adult athletes than in adolescent athletes,
with no differences in Xc/h. Similar to these findings, Micheli et al. [41] reported that in soccer
players of higher competitive level, vectors shifted to the left due to a decrease in R/h, with no
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difference in Xc/h compared to those in lower soccer divisions. This shift to the left was also
found between elite and high-level players. As suggested by Micheli et al. [41], these results
reflect different ICW content (adult > adolescent; higher > lower sport levels), since the
ECW/TBW ratio is inversely related to PA [72], and it could be due to the hypertrophy of mus-
cle fibres. Furthermore, despite similar training loads among players of the highest level, differ-
ences may be due to different individual responses to the training load, or they could also be
an indicator of better training and/or recovery strategies in elite teams [41]. Carrasco-Marginet
etal. [57] also reported a shift to the left, with no difference in Xc/h, in young synchronised
swimmers of higher competitive level. Nevertheless, since higher-level swimmers were older
than the lower-level ones, it should be investigated whether the differences were due to biologi-
cal maturation, to specific training or a combination of both.

As noted, a greater PA accompanying a vector shifted to the left has been observed in adult
athletes compared to the healthy reference population [36, 41-43, 46, 49, 50]. This is due to i) a
decreased R/h as a result of a different body composition, probably due, among other factors,
to a greater muscle mass, muscle glycogen reserves and plasma volume [73, 74], and ii) an
increased Xc/h, probably due to an increase in the size and number of muscle cells (hypertro-
phy and hyperplasia, respectively), although the last one is still a controversial topic [75]. How-
ever, since a decreased R/h is also related to greater FM [33], further research is needed in
order to clarify the reason for this behaviour. Furthermore, Xc/h is not only conditioned by
the cell size, but also by the thickness and composition of the cell membranes and also by the
distance between them, due to their relationship with membrane capacitance (Cm) [76]. In
this way, lower Xc/h values have been documented in bodybuilders (the best model of extreme
muscle hypertrophy) compared to healthy active people and with no differences with the
healthy reference population [42]. However, vectors shifted to the left with lower PA have
been reported in competitive children in comparison with healthy control groups due to sig-
nificantly lower Xc/h values in absence of differences in R/h [53]. The authors suggested that it
could be due to an increase in the size of the section of the limbs or to a greater ‘sufferance’ in
cell membranes maybe due to bad response to the workloads (over-training). Therefore, the
interpretation of Xc/h in these cases remains unresolved.

Nescolarde et al. [36] reported differences in both whole-body and localised mean Z vectors
of soccer and basketball players, attributed to the different body structure between both disci-
plines. Soccer players presented a whole-body vector shifted to the right on the BIVA graph
compared to basketball players, due to greater R/h and Xc/h. Regarding the localised vectors,
soccer players showed a shift to the left of quadriceps and hamstrings vectors, due to a decrease
in R/h and an increase in Xc/h. On the other hand, gastrocnemius vectors of soccer players
showed a shift to the right, due to an increase in R/h and Xc/h. The muscle groups in lower-
limbs were found to be symmetrical in athletes and this could be used to detect changes in
hydration and/or muscular structure.

Short-term vector changes (<24 h after exercise). These types of studies (Table 1) are
those which currently face more difficulties, since their validity can be easily compromised,
mostly because of several factors that may affect the accuracy of the measurements despite any
attempts to control them. To date, two studies have investigated the vector adaptations using
this type of design.

Gatterer et al. [47] analysed the short-term bioelectrical adaptations in well-trained subjects
after 1 hour of self-rated intensity cycle ergometer test in the heat (environmental chamber).
They reported an increase in both R/h and Xc/h after exercise, as well as significant vector
migration indicating fluid loss. Besides, they pointed out a negative relationship between
changes in Xc/h and in plasma osmolality (Posm) (r = -0.58). The authors concluded that “clas-
sic” BIVA changes mirrors water loss during exercise in the heat, and that changes in Xc/h
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values reflect fluid shifts between intracellular and extracellular compartments. As mentioned
before, Xc is related to Cm, which is affected by the size, thickness, composition and distance
between cell membranes [76]. Exercise generates processes which modify the characteristics of
muscle cells (such as changes in fluid distribution). As suggested, the cell membrane becomes
thinner as the cell swells and Cm increases, and the opposite happens as the cell shrinks [77],
thus affecting Xc. Besides, as the cell swells, the distance to the adjacent cell membranes
decreases and Cm increases (the opposite happens as the cell shrinks), also affecting Xc. More-
over, in accordance with De Lorenzo et al. 78], variations in fluid distribution would change
the impedance locus and, consequently, the characteristic frequency (Fc), defined as the fre-
quency at which Xc presents a greater value and that it is close to 50 kHz. Thus, these varia-
tions would evoke considerable changes in Xc at 50 kHz, the frequency used in BIVA [79, 80].
Nonetheless, De Lorenzo and collaborators’ hypothesis should be considered with caution
because it refers to the Hanai’s model, which relays on assumptions such as spherical cell
shape. Therefore, multiple factors may affect Xc values and further research should focus on
this parameter in exercise.

According to Gatterer et al. [47], Carrasco-Marginet et al. [57] reported significant vector
displacements along to the major axis after exercise due to significant increases in R and Xc.
Furthermore, the mentioned study showed that BIVA paired graph seems to identify signifi-
cant vector differences after exercise inducing mild dehydration (average loss of <1% BM) in
different groups of athletes.

In opposition to both studies [47, 57], Antoni et al. [51] only found a tendency to reduction
of fluids (the authors related it to an extracellular water decrease given by a significant increase
in Xc) along with an increased BM in a group of men and no differences in women after
approximately 10 hours of subterranean exploration (caving). Factors affecting protocols mea-
suring pre- and post-exercise (such as dietary intake during cave activity or the skin tempera-
ture in the post measurement) could have influenced their observations. Nevertheless, despite
the fact that the vector changes after fluid removal and overload (the wet-dry cycle of dialysis)
as a non-physiological process is clinically well-established [69], every dehydration process
induced by physical exercise is consequence of scarcely explored physiological adaptations as
regard of the vector behaviour, especially at cellular level (and therefore, affecting R and Xc).
In literature, Xc is an indicator of dielectric mass (membranes and tissue interfaces) in soft tis-
sues [71]. Given the results observed in sport, it is possible that the behaviour of Xc could be
due to other factors and, thus, its meaning remains to be clarified.

Long-term vector changes. Studies investigating long-term (>7 days) vector adaptations
(Table 2), have some protocol-specific advantages in comparison with investigations focused
on acute vector changes, mainly because the quality of the bioelectrical signal can be assessed
independently from the acute adaptations related to exercise.

BCM and extracellular mass (ECM) have been proposed as representatives of ICW and
ECW, respectively [46]. Nevertheless, it is important to note that the estimation of fluid vol-
umes and cell mass with BIA prediction models is inappropriate when discussing changes in
vector positions after interventions or treatments. Gatterer et al. [46], in their study assessing
body composition using “classic” BIVA in the 2008 European Soccer Championship, found a
significant lengthening of the vector within a period between 1 and 2 weeks. They attributed it
to changes in BCM and ECW in both starters and non-starters after the first match with
respect to baseline values, indicating body fluid loss. After the second match, only the athletes
who played more (starters) showed a significant lengthening of the vector possibly due to a
decrease in ECW. Therefore, they concluded that changes in body composition were mainly
due to changes in ECW. However, their results should be taken with caution, since only analy-
sis with appropriate reference methods (e.g. isotope dilution) can support them.
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Similarly to the results of Gatterer et al. [46], rapid loss of BM protocols within a few days
before competition in boxers [50] was found to be achieved mainly by isotonic dehydration
(they attributed it principally due to changes in ECW), as identified by the significant vector
lengthening on the RXc point graph and the decreases in plasma and blood volume. Neverthe-
less, as mentioned before, their results should be further investigated with appropriate refer-
ence methods for the estimation of fluid volumes, since BIA prediction models are
inappropriate to discuss changes in vector positions. According to the results of Reljic et al.
[50], Piccoli et al. [49], also found a significant lengthening of the vector with isotonic dehydra-
tion at high altitude (5500 m). Nevertheless, although a subsequent hypertonic dehydration
was identified by a decreased BM (-3.0 kg) and several hydration biochemical markers, the
vector lengthening was not significant. The causes that explain why the vector remained
unchanged after such a BM loss were not elucidated, and the authors recognised the difficulty
of explaining the metabolic reasons that led to such BM reduction. In any case, emphasis
should be placed on the importance of not considering body fluids quantitatively only (i.e.,
volume), but also regarding their qualitative composition, due to the biological adaptations
generated by different types of exercise. For instance, after descent to sea level, the impedance
vector underwent a significant shortening and returned close to baseline values. Lastly, signifi-
cant relationships were found between changes in bioelectrical variables (R/h and Xc/h) and
changes in the following hydration biomarkers along measurements performed at altitude and
at sea level: BM, urine volume, P, serum Na*, K¥, Cl” and glucose, and urine osmolar excre-
tion [49].

On the other hand, two studies [55, 56] found significant shortening of the vector along
three weeks of multistage road bicycle race, indicating fluid gain during the tour and attribut-
ing these results to muscle oedema, haemodilution, released water from muscle glycogen oxi-
dation, and excess fluid intake. Although the vector shortening was not related to power
output or rating of perceived exertion [55], it was negatively associated with performance dur-
ing the last stages [56], suggesting the authors that increases in plasma volume and improved
thermoregulatory capacity could explain these outputs. Nevertheless, their results should be
taken with caution, since measurements were performed approximately two hours after exer-
cise and this could have altered the data.

Regarding studies analysing longer-term vector adaptations, Mascherini et al. [48] analysed
a soccer team across a sport season and reported a significant shortening of the vector in the
pre-season associated with an improvement in endurance performance possibly due to plasma
volume expansion and enhanced glycogen storage. These results are in agreement with other
studies [45, 54] which also found significant bioelectrical differences in the pre-season,
hypothesising that they were due to fluid expansion. Bonuccelli et al. [45] and Macherini et al.
[48] found a significant lengthening of the vector in the mid-season compared to pre-season
results. This could indicate a reduced body fluid volume (i.e., decreased plasma or interstitial
volume) despite an increased intracellular fluid associated with an increase in BCM, and con-
sequently in PA [41]. However, while Mascherini et al. [48] reported a significant shortening
of the vector at the end of the season compared to the mid-season, Bonuccelli et al. [45]
observed a significant water content decrease. Sport calendars could have led to adopt training
strategies inducing different performance status and evoked opposite vector displacements.

On the other hand, regarding the age-related decreases in Xc and PA [81], improvements
have been reported after six months of resistance training in elderly women [52], suggesting
increased amount and quality of soft tissues. These improvements were accompanied by
increases in leg strength and thigh circumference. Along with these changes, BIVA showed a
significant vector migration after the training program.
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With regard to children, one study [53] evaluated the body composition in participants of
swimming and gymnastics along one year. The baseline measurement (T0) was performed at a
period preceding races and sporting events, just as the third measurement (T2) one year later.
The second measurement (T1) was executed six months after TO in a period characterised by a
softer daily training. They found a significant increase in Xc from TO0 to T1, along with
increased PA and ICW (derived from ECW/TBW ratio). The authors hypothesised that this
was due to an improvement in the muscular trophism with higher levels of intracellular pro-
teins and glycogen and to a lower stress from training program. After one-year follow-up, no
significant differences were found in R, Xc and PA. However, again, their hypotheses should
be taken with caution, since fluid estimations were calculated from BIA prediction models.
Variables as the type of sport and training strategy should be taken into account when moni-
toring along a season, since they might influence the bioelectrical measures. Moreover, also
intra-group comparisons between seasons should be analysed with caution, since inter-sea-
sonal bioelectrical variations could be effected by factors such as biological maturation.

Injury identification and follow-up. These studies [36, 37] consisted in single cross-sec-
tional protocols aiming to identify bioelectrical patterns of change depending on the injury
type and grade, and longitudinal protocols aiming at assessing bioimpedance vector sensitivity
to monitor injuries and their recovery. R and Xc were found to be decreased in the injured
muscles due to the oedema and to the disruption of the muscle structure, respectively. Further-
more, the more severe the injury was, the more R and Xc were decreased. On the other hand, a
bioelectrical symmetry between muscular groups in lower-limbs was found. The follow-up of
the injury identified bioelectrical patterns of changes similar to those in wound healing and an
increase of R and Xc values were observed to values close to pre-injury.

Opverall, localised bioimpedance vector analysis appears as an alternative method that could
help to assess soft tissue injury and to monitor the injury recovery process [36, 37].

Prospective research applications in sport and research agenda

BIVA in sports and exercise science is an emerging area of research with potential. The present
document aims, not only to systematically overview the available scientific information, but
also to outline areas of priority, future perspectives and a research agenda on this topic.

From the methodological standpoint, closely related to the quality, reliability and validity of
the bioelectrical signal, some issues should be deeper investigated. For example, adequate
hydration protocols are required in order to assess participants in a euhydrated state. Related
to this, rigorous fluid intake control before bioelectrical measurements should be performed
and reported. In studies assessing BIVA after exercise, adequate protocols of cold water appli-
cation before testing with different duration and temperatures in order to reduce the sources
of error in bioelectrical measurements should also be investigated, adapting the protocol to the
type, intensity and duration of the exercise. Core and skin temperature should be monitored
pre- and post-exercise. In sport practice, baseline values for BIVA should be established before
the start of any follow-up protocol (e.g. to monitor changes along a sport competition) in the
attempt to guarantee an optimal hydration status and to avoid excessive fluid loss.

Further research is also required on how much some factors affect the bioelectrical signal,
especially in exercise-induced acute vector change assessment (e.g. exhaustive control of quan-
tity and composition of fluids and food intake, and time between fluids/food intake and the
bioelectrical measurements). With regard to differences in the bioelectrical signal among type
of electrodes, distribution of the electrodes (e.g. whole-body standard placement or eight-polar
tactile distribution), and BIA devices, further research is required. Standardisation of contact
electrodes is necessary for valid BIA measurements.
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As for the bioelectrical parameters, especially Xc, it will be difficult to obtain conclusions as
valid and accurate as possible concerning to their patterns until the behaviour of cells in the
human body is not well explained using simulated circuit models (in series, in parallel or
mixed), for both homeostatic and non-homeostatic conditions. Regarding Xc changes after
exercise, further research is needed in order to clarify the causes of these behaviour. As for PA,
its relationship with cell functioning in sport should also be addressed.

Another critical point needing further investigation is the assessment of the validity and
reliability of “classic” BIVA as a method for monitoring BCM and hydration status in sports
and exercise. New specific tolerance ellipses for each sport, sex, age and race, should be gener-
ated and it should be investigated whether they can be used for the classification of an individ-
ual vector (in terms of hydration status, body composition and sport performance level) and if
they represent significant hydration changes (that compromise health or performance) or tar-
get zones of impedance vectors for athletes. With regard to the hydration assessment, the anal-
ysis of the hydration status should be related to euhydration and physiological dehydration
processes. In this way, as for the identification of dehydration according to the tolerance ellip-
ses of the reference population, the limits for “normal hydration” should be reviewed. Research
investigating different levels of dehydration and their relationship with the new specific toler-
ance ellipses is needed in order to identify the limit of “normal hydration”. Furthermore,
research is needed related to the sensitivity of “classic” BIVA to each type of dehydration, as
well as the behaviour of each one with regard to the tolerance ellipses. On the other hand,
research investigating the relationship between the new specific tolerance ellipses and different
sport performance levels is required. With regard to the body composition assessment, it
should be further investigated the effect on the bioelectrical signal of the FM, fluid overload
and cross-sectional areas of the body. Furthermore, future investigations should seek to clarify
if BCM changes shown by “classic” BIVA mean actually BCM variations, different fluid distri-
bution between compartments, or a combination of both. More research is needed with regard
to the application of “specific” BIVA in the sports field. Comparisons of BIVA outcomes with
validated body composition and fluid status assessment are to be undertaken to better define
the basis for interpretation and application of this technique. These types of analyses should be
undertaken in both laboratory and field conditions adjusted to the reality of sport. On the
other hand, it is surprising to realise how few reliability studies in BIVA there are, this being a
critical factor in establishing its practical application as a diagnostic tool.

With regard to the localised bioimpedance vector analysis, it seems necessary to standardise
the distribution of the electrodes and generate muscle-specific ellipses in order to improve the
reproducibility of bioelectrical measurements. This standardisation should consider the mus-
cle length instead of the body height to normalise the bioelectrical values, since differences in
the proportionality between subjects may lead to greater errors. Besides, the symmetry
between limbs should be determined for each sport and discipline, particularly in relation with
differences between dominant and non-dominant limbs and asymmetrical sports (e.g. jumps,
throws, team sports, tennis). When speaking of localised assessment in injured muscles, fur-
ther research is needed in order to establish ranges of alterations in bioelectrical vector out-
comes, as well as the time course of injury recovery and return-to-play.

Regarding sports practice, PA and “classic” BIVA showed that the intense training changed
functional and hydration parameters of the athletes [43]. It should be analysed if BCM and
fluid content reflect the sport-specific adaptations of BM and composition. Furthermore, the
utility of integrated evaluation of PA and BIVA to identify possible risks derived by different
training loads in athletes should be investigated. Further research is also required to assess the
relationship between BIVA and other body composition techniques.
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Related tests in acute and long-term designs (e.g. muscle function, glycogen storage, haema-
tological and biochemical markers, etc.) should be performed to correlate them with vector
displacements, in order to understand better the cause of vector migration. In addition, vector
changes at the medium term (< 7 days) should be investigated. Finally, it would be interesting
to investigate whether the vector position is an indicator of different individual biological
responses to the training load or if it is the result of optimised training activity and/or recovery
strategy.

With regard to the technical requirements to perform valid measurements (see the S1
Appendix for more information), the bioimpedance assessment must be performed by using a
phase-sensitive device at 50 kHz, in a room with neutral environment. The whole-body assess-
ment has to be performed through the standard tetra-polar electrode distribution. On the
other hand, the localised assessment needs a standardisation of the electrodes placement. The
minimal distance between electrodes must be 5 cm and, in the case that is needed, the elec-
trode which should be moved is the proximal one. Furthermore, before placing the electrodes,
the skin must be prepared by shaving the electrode site to remove hair, rubbing with gel and
cleaning with alcohol. Another important requirement is the use of appropriate contact elec-
trodes (i.e. electrically neutral). For the assessment, the subject must be euhydrated, with no
injuries or disease condition. The site of the electrodes should be changed in case that skin
lesions are at the sight of the original electrodes location. The evaluation should be performed
in fasting state (for at least 8 hours) and avoiding previous alcohol ingestion. Besides, the mea-
surement should be performed once the bladder is voided and after at least 10 minutes of stabi-
lisation. In longitudinal protocols with different measurements, the position of the electrodes
has to be marked, in order to preserve the same location. Furthermore, the temperature of the
skin should be controlled, in order to measure in the same conditions. The environmental
characteristics should be identical between assessments. The measurement after exercise
should be performed once the electrolytes of the skin have been removed with a shower and
the skin temperature, cutaneous blood flow and bioelectrical parameters have stabilised to
basal values. No food/drink should be consumed between measurements in the evaluation of
acute variations after exercise. Nevertheless, in ecological protocols, where this condition is
difficult to be followed, the quantity, moment and characteristics of the food/drink consumed
should be registered. Furthermore, in ecological protocols, it should be taken into account that
in the case that the measurement is performed < 1 hour after the food/drink intake, this inges-
tion will have a minimal effect on the impedance value. Thus, the type of exercise performed
will determine the post-exercise stabilisation time and the moment at which the measurement
can be made, which may be affected by the food/beverage intake during the exercise. On the
other hand, with regard to the measurements in women, the menstrual cycle should be con-
trolled and the comparison should be performed according to the cycle. Finally, the measure-
ments should be performed at the same moment of the day, both for the comparison between
subjects and for the intra-individual comparison between different assessments.

Limitations

The main limitations derived from the literature analysis about the use of BIVA in the sport
context are: 1) the difficulty of controlling multiple sources of error that may influence the bio-
electrical signal; 2) the lack of tests correlating the bioelectrical signal (vector) with other vari-
ables studied in the literature; 3) the limited scientific evidence explaining the bioelectrical
behaviour of human tissues induced by exercise; 4) the formulation of possible explanations
for the bioelectrical behaviour of human tissues induced by exercise with inappropriate meth-
odologies (e.g. the use of estimated fluid volumes with BIA prediction models to discuss vector
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variations); 5) the limited sensitivity of “classic” BIVA for the assessment of a) individual dehy-
dration in exercise and b) two-compartment body composition; and 6) the scarcity of scientific
information related to the use of BIVA in sport and exercise. Furthermore, we did not consider
investigations in languages other than English, so an information bias might have existed.

Conclusions

The main aim of this systematic review was to summarise the current knowledge on the appli-
cations of BIVA in sport and exercise. Contexts such as body composition, hydration, and
other physiological and clinical conditions in physically active and trained individuals were
checked.

As explored, BIVA is a relatively new technique that has a potential in sport and exercise,
yet largely unexplored, especially for soft-tissue injury assessment. Regarding the assessment
of hydration status through the current BIVA point graph, this is not a valid method to identify
dehydration in individual athletes and a new approach is needed. On the other hand, “classic
BIVA” is inconsistent in the assessment of two-compartment body composition and the vector
position of athletes with regard to the reference population seems controversial in many cases.
This is possibly due, between other factors, to the no consideration of the effect of cross-sec-
tional areas. “Specific” BIVA emerges as the key to overcome this limitation.

Proper testing procedures to control factors that may affect the bioelectrical signal, as well
as valid and reliable phase-sensitive measuring devices and appropriate disposables, are key to
obtain more valid and precise impedance measurements. Currently, the relationship between
the bioelectrical signal and physiological adaptations induced by different types of exercise
remain largely unresolved, especially in how the structure and function of the cell are altered
and how these affect the behaviour of R, and in particular Xc. Therefore, future research on
BIV A related to sport and exercise should focus on these challenges.

Supporting information
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Abstract

Purpose

The assessment of body hydration is a complex process, and no measurement is valid for
all situations. Bioelectrical impedance vector analysis (BIVA) has emerged as a relatively
novel technique for assessing hydration status in sports. We applied BIVA a) to determine
hydration changes evoked by an intense synchronized swimming (SS) training session; b)
to characterize the sample of young elite swimmers in relation with a nonathletic reference
population; and ¢) to generate its 50%, 75% and 95% percentiles of the bioelectrical
variables.

Methods

Forty-nine elite SS female swimmers of two age categories, comen (C,: 13.9 + 0.9 years,

n = 34) and junior (J,;: 16.3 £ 0.6 years, n = 15), performed a long, high intensity training ses-
sion. Body mass (BM) and bioelectrical variables (R, resistance; Xc, reactance; PA, phase
angle; and Z, impedance module) were assessed pre- and post-training. BIVA was used to
characterize 1) the distribution pattern of the bioelectrical vector (BIA vector) for both age
groups, and 2) pre- to post-training BIA vector migration. Bioelectrical variables were also
correlated with BM change values.

Results

Most swimmers were mostly located outside the 75% and some beyond the 95% percentile
of the bioelectrical tolerance ellipses of the general population. The BIA vector showed sta-
tistically significant differences in both C, (T¢= 134.7, p=0.0001) and J, (T?=126.2, p<
0.001). Both groups were also bioelectrically different (T?= 17.6, p < 0.001). After the train-
ing session, a decrease in BM (p=0.0001) and an increase in BIA variables (p=0.01) was
observed. BIVA also showed a significant pre-post vector migration both in C,, (T2 = 82.1;
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p<0.001) and J, (T? = 41.8; p< 0.001). No correlations were observed between BM
changes and bioelectrical variables.

Conclusions

BIVA showed specific bioelectrical characteristics in young elite SS athletes. Considering
the decrease in BM and the migration of the BIA vector, we conclude that the homeostatic
hydration status of these young elite female swimmers was affected by the execution of
intense training sessions. From a methodological perspective, BIVA appears to be sensitive
enough to detect subtle hydration changes, but further research is needed to ensure its
validity and reliability. Moreover, these findings highlight the importance of ensuring ade-
quate fluid intake during training in young SS athletes.

Introduction

Since becoming part of the Olympic program in 1984, synchronized swimming has enjoyed a
growing worldwide popularity. This highly technical sport combines aerobic and anaerobic
endurance, flexibility, strength, power, acrobatics and performance skills, and choreography
[1] requiring long hours of training to attain such broad attributes [2].

Most synchronized swimmers enter the sport as young girls at the recreational level, and by
the age of 13-15 years, the more talented athletes start training and competing at a more
intense level [3]. Elite swimmers tend to train 6 days per week with one day off, and training
sessions usually last between 3 and 5 hours [2, 3] and are divided in two workouts per day with
different content. For example, sport-specific skill training in the water could follow a pool ses-
sion of swimming for aerobic fitness. A dry land training could occur later in the same day,
consisting of flexibility, dry land drills, or a psychology session [3]. As a result, training de-
mands at the elite level often result in high-volume—averaging approximately 40 h per week—
and high-intensity training programs [2, 4].

Young athletes may experience fluid imbalances if some conditions are met, with possible
consequences on their physical performance, cognitive performance and health maintenance
[5-8].

Despite the high requirements at such a young age, information about fluid intake and
hydration during the strenuous SS training is scarce. Female swimmers show low energy avail-
ability, especially in phases of intensified training performed before competition [9]. Findings
highlight the importance of ensuring adequate fluid intake during synchronized swimming
training to enable optimal performance. Nevertheless, it has been suggested that there is lower
fluid replacement during pool sessions, possibly due to the limited drink breaks or because
athletes try to avoid potential gastrointestinal discomfort if the exercise requires them to be
upside down [10].

The assessment of body hydration is a dynamic and complex process, and no measurement
is valid for all situations [11]. In this context, bioelectrical impedance vector analysis (BIVA)
emerges as a relatively novel technique for assessing hydration status without algorithm-inher-
ent errors or requiring assumptions such as constant tissue hydration [12, 13]. BIVA uses raw
bioelectrical impedance parameters, i.e., resistance (R, the opposition to flow through intra-
and extracellular ionic solutions) and reactance (Xc, additional opposition from the capaci-
tance effect of cell membranes and tissue interfaces), standardized by height (h) to remove the
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effect of conductor length, which yields a vector that is plotted in an RXc graph [14]. Overall,
BIVA properties are especially interesting for hydration assessment in sports, during both
competitions and training [15, 16].

The aim of this study was, first, to determine the hydration changes evoked during a syn-
chronized swimming training session by focusing on changes of the whole-body impedance
vector. Secondly, we compared the SS young elite sample with a reference nonathletic popula-
tion and generated its 50%, 75% and 95% percentiles of the bioelectrical variables distribution,
also known as tolerance ellipses. We hypothesized that the hydration status of the young swim-
mers would be altered by the long, intense training sessions and the barriers for an adequate
fluid intake. In this line, these swimmers would be characterized by a specific distribution of
BIVA variables when compared to the reference population.

Materials and methods
Participants

Eighty-four female SS athletes of two competitive categories, comen (C,, n = 53) and junior
(Jr» n = 31) swimmers, including the entire Spanish national junior team, were recruited for
the study in March 2012. Thirty-five (C,, n = 19; J,, n = 16) did not meet inclusion criteria.
Inclusion criteria were as follows: (1) to have competed at national and/or international level
at least in the previous two years; (2) to not present injuries or any clinical condition at the
time of the study; (3) to be in a postmenarcheal state with the ovarian cycle between days 5 to
11" [17]; (4) to not be under contraceptives or menstrual cycle pharmacological regulators
treatment. Sample size was calculated to detect an effect size (ES) = 0.5, with an estimated sam-
ple standard deviation (SD) = 7.0, and a SD for changes = 0.7, requiring a minimum of 15 sub-
jects per group. Power (P = 1 —B3) was set at 0.80, and the confidence interval was o = 0.05.
Forty-nine athletes were selected (C,, n = 34; J,, n = 15). All subjects voluntarily participated in
the study and delivered written informed consent, with parental permission when needed. The
study was conducted following the WMA Helsinki Declaration Statement [18] and approved
by the Ethics Committee for Clinical Sport Research of Catalonia. The characteristics of the
participants are shown in Table 1.

Study design

This pre-post quasi-experimental study was both descriptive and correlational and aimed to
approach the topic from an ecological perspective. The study analyzed the acute adaptations
induced by synchronized swimming training session on body mass-BM (kg), bioelectrical vec-
tor variables [resistance (R, Q), resistance adjusted by height (R/h, /m), reactance (Xc, Q),
reactance adjusted by height (Xc/h, O/m), impedance module (Z, (), and phase angle (PA, °)]
and the extracellular water/total body water ratio (ECW:TBW, %). In addition to these inde-
pendent variables, several others were recorded to characterize the sample (Table 1) and the
training (Table 2).

Procedures

The study was conducted two weeks before the Spanish National Synchronized Swimming
Championship, within the 4-week precompetitive mesocycle. One training session was per-
formed by each group on the same day. The protocol is chronologically summarized in Fig 1.
To attain a state of euhydration prior to BIA measurements [6], swimmers were required to
abstain from caffeine, alcohol and exercise the day before the investigation [19]. They were
also instructed to drink 3.0 L of fluid over 24 h (2.0 L to be consumed between 6:00 p.m. and
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Table 1. Characteristics of participants.

All swimmers (959, ci

General
Age (years)

Training (h/week)

Practice (years)
Anthropometric

Height (cm)

BM (kg)

BMI (kg/m?)

Fat mass (%)

Muscle mass (%)
Bioelectrical

R/h (Q/m)

Xc/h (Q/m)

PA ()

Comen (959, ci

Junior (95% Cl)

Unpaired t-test

n=49 n=34 n=15 t p
14.6 2 1.4 (14.5_15.0) 13.920.9 (136-14.2) 16.32 0.6 (16.0-16.7) -10.851 0.0001"
19.4%7.6 (17.4-21.8) 15.0 2.7 (14.0-15.9) 30.0 £ 3.8 (28.0_32.1) -15.911 0.0001"
6.9%1.8 6474 5911 5663 9.1%1.0 g607 -9.980 0.0001"
163.3+7.6 (161.1-165.4) 161.9+8.2 (159.0-164.8) 166.3+4.8 (163.7-169.0) -1.943 0.058
491 + 70 (47.1-51.2) 472 + 70 (44.8-49.7) 535 + 52 (50.6-56.3) '3103 0003*
18.4+1.8 (17.9-18.9) 18.0+1.9 (17.3-18.6) 19.3+1.3 (18.6—20.0) -2.514 0015*
16.5+4.4 (155 17.9) 15.6 £4.7 (150-17.2) 18.6 £2.6 (17.2.20.1) -2.382 0.021"
38.0%4.7 367-30.4) 37.7%5.4 355 a0.6) 38.8%2.6 (373 402) -0.722 0.474
31 97 + 367 (309.1-330.2) 3284 + 388 (314.9-341.9) 2999 + 21 6 (287.9-311.9) 3286 0002*
399 + 39 (38.7-41.0) 400 + 45 (38.4—41.5) 396 +22 (38.4-40.8) 0395 0695
71£0.5 7073 7.0£0.5 6571 7.5+0.4 7377 -4.166 0.0001"

Values are mean + SD; BM, body mass; BMI, body mass index; R, resistance; Xc, reactance; PA, phase angle; h, height; Cl, 95% confidence interval

* significant differences between comen and junior swimmers (p < 0.05).

https://doi.org/10.1371/journal.pone.0178819.t001

10:00 p.m.) in addition to their habitual western dietary practices. From 10:00 p.m. until the
start of the pre-test next morning, no further fluid or food intake was allowed [6]. From 7:00 a.
m. to 8:00 a.m. the following day, after monitoring body and skin temperatures, pre-training
measurements were performed in a thermoneutral room (25°C) to obtain anthropometric
(BM) and bioelectrical data (R, R/h, Xc, Xc/h, PA, Z, and ECW:TBW). Immediately after, par-
ticipants consumed a standardized breakfast consisting of 1 cheese and ham sandwich, 1 plain
yogurt, 1 banana, and 220 mL of natural orange juice [20]. At 10:00 a.m., all swimmers per-
formed a category-specific training session in a 50-m indoor pool with 30 m available for use
(water temperature: 25-26°C). The characteristics of both training are shown in Table 2.

Fluid intake (H20) during the training was monitored by a certified dietician. Swimmers
were instructed to drink a similar amount of water in the middle and at the end of training.
Pre- and post-training, BIA measurements were conducted after urination and defecation [21]
to minimize the influence of food/fluid ingestion [22] and exercise [23]; pre-training measure-
ments were conducted while fasting, and the post-training data were obtained within the first
hour of recovery. Just after completing the training session, the rating of perceived exertion

Table 2. Characteristics of the training sessions.

All swimmers (gs9, ci)

Comen (95% CI)

Junior (95% Cl)

Unpaired t-test

n=49 n=34 n=15 t P

Duration (m|n) 167.6 £28.0 (159.6-175.7) 149.6 £ 3.3 (148.5-150.8) 208.4+£10.3 (202.7-214.1) -21.695 0.001 "
Internal training load

RPE (au) 6.6+0.5 (6.4-6.7) 6.4+0.5 (6.3-6.6) 6.8£0.6 (6.5-7.1) -2.220 003*

Session—-RPE 1102.4 £231.3 (1036.0-1168.9) 963.9+78.5 (963.5-991.3) 1416 £ 129 (1344.8-1488.0) -12.572 0.001 "
Water intake (L) 0.6+0.2 (0.5-0.6) 0.5+0.2 (0.4-0.6) 0.7+0.3 (0.5-0.8) -2.177 004*
Values are mean + SD; RPE, rating of perceived exertion (CR-10 scale); a.u, arbitrary units; Cl, 95% confidence interval
* significant differences between comen and junior swimmers (p < 0.05).
https://doi.org/10.1371/journal.pone.0178819.t002
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Fluid intake monitoring

T

°C

07:00am - 08:00am

10:00am - 12:30pm 13:30pm - 14:30pm
08:00am - 09:00am Training session (C,)

Standardised

breakfast 10:00am - 13:30pm 14:30pm - 15:30pm
Training session (J,)

RPE °C

Fig 1. Study protocol. °C, body and skin temperature measurements; Pre-T, pre-training measurements; Post-T, post-training measurements; RPE,
rating of perceived exertion; C,, comen; J,, junior.

https://doi.org/10.1371/journal.pone.0178819.9001

(RPE) was assessed using the Borg CR-10 scale [24]. Finally, after checking that body and skin
temperatures were similar to those registered in the pre-training measurements, the post-
training assessment was performed.

Anthropometric assessment. BM was measured to the nearest 0.05 kg using a calibrated
weighing scale (Seca 710, Hamburg, Germany). Height (h) was measured to the nearest 1 mm
using a telescopic stadiometer (Seca 220, Hamburg, Germany). Body mass index (BMI) was
calculated as body mass / height2 (kg/m?). Anthropometric measurements were taken accord-
ing to the standard criteria of The International Society for the Advancement of Kinanthropo-
metry [25].

Whole-body bioimpedance assessment. R and Xc were measured using a previously cali-
brated plethysmograph (Z-Metrix, BioparHom, Le Bourget-du-Lac, France) that emitted a
77 WA alternating sinusoidal current at seven operating frequencies (1, 5, 50, 150, 200, 250, and
325 kHz). The 50-kHz single frequency was selected for BIVA [26]; meanwhile, multi-fre-
quency capabilities were used to estimate body composition—fat mass (FM) and muscle mass
(MM), and the ECW:TBW was calculated by ECW/TBW100. The device provides impedance
values with an accuracy average error of 0.95 + 1.58% and average repeatability errors of
0.55 + 0.38% for all the frequency range (1 to 1000 kHz) [27]. Bioelectrical measurements were
conducted under controlled conditions [14] through the standard whole-body, tetrapolar, dis-
tal BIA technique [28]. The anatomical sites for electrodes (Red Dot 2660-5, 3M Corporate
Headquarters, St. Paul, MN, USA) were marked with a waterproof pen [29]. Bioelectrical mea-
surements were repeated until they were stable to within 1 Q (usually up to three times within
an interval of 20-30 s). The average value was used in calculations [21].

Regarding the BIVA method, the correlation between R and Xc determines the ellipsoidal
form of the bivariate probability distributions (confidence intervals for average vectors and tol-
erance for individual vectors). The vector direction is defined as the phase angle (PA) and is
the geometric relationship between R and Xc. PA has been validated as an indicator of cellular
health [12, 28] and has been interpreted as an index of fluid distribution between the intracel-
lular and extracellular compartments [30], showing an inverse correlation with the ECW:TBW
[31]. On the other hand, the length of the vector indicates hydration status from fluid overload
(decreased resistance, short vector) to exsiccosis (increased resistance, longer vector), and a
sideways migration of the vector due to low or high reactance indicates a decrease or increase
in the dielectric mass (membranes and tissue interfaces) of soft tissues [32]. The individual
vector can be ranked on the RXc point graph with regard to tolerance ellipses representing
50%, 75% and 95% according to the values of a reference population [14]. A comparison
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between the mean vectors of different samples with the 95% confidence ellipses can be per-
formed on the RXc mean graph. Furthermore, the mean vector displacement of a group with
the 95% confidence ellipse pre- to post-intervention was plotted on the RXc paired graph [33].

Temperature assessment. Core ("C,) and skin temperatures of the right hand (°Cpana)
and foot (*Cy,ey) were measured using thermistors connected to a data logger (Squirrel 2010,
Grant Instruments Ltd, Cambridge, UK). All swimmers were instructed to take a cold shower
(as cold as tolerable) for 10-15 minutes post-training, in order to reduce cutaneous blood flow
and temperature and remove accumulated electrolytes [34]. Skin temperature, as a surrogate
for cutaneous blood flow [35], was measured just before BIA measurements; this verified the
return to temperatures close to the pre-training values (p < 0.05): Pre-°Ccore: 36.8 £ 0.2°C vs.
Post-"Cegre: 37.2 £ 0.3°C; Pre-"Chang: 29.6 + 0.8°C vs. Post-°"Cyang: 29.2 £ 1.1°C; Pre-"Cio ot
29.0 £ 1.2°C vs. Post-"Cgyor: 28.6 £ 1.0°C. Ambient air temperature and relative humidity in
the indoor pool area were also controlled (27.5 + 0.5°C and 64.5 + 1.5%, respectively).

Internal training load assessment. The individual session-RPE (s-RPE) was chosen for
rating the perceived exertion during training [36]. The CR-10 RPE scale [24] was shown to the
swimmers immediately after the training was completed. Scores were computed by multiply-
ing the duration of the training by the relative RPE values. One week before the study, all par-
ticipants were assessed repeatedly during at least 3 training to disclose learning effects and to
improve the consistency of the measurements [37].

Statistical analysis

Descriptive statistics (mean, SD) were calculated for each independent variable and age category.
Once the data were tested for normality (Shapiro-Wilks test), differences in anthropometric
(BM) and bioelectrical variables (R, Xc, R/h, Xc/h, PA and Z) between pre- and post-training
were analyzed by the Student’s paired t-test. The Student’s unpaired t-test was used to analyze
group differences between age categories. Whole-body bioimpedance vectors were analyzed by
the RXc graph method [14] using the BIVA software [38]. Each swimmer was plotted in the tol-
erance ellipses (50%, 75% and 95%) of the 14- to 15-year-old healthy female Italian reference
population [39] as this was the reference population closest in age to our sample. The BIVA
mean graph was performed to compare whole-body vectors of C, vs. ], groups, and each SS
group vs. the reference population. The BIVA paired graph was used to analyze pre- to post-
training changes in the vectors of C, and J,. To examine the magnitude of pre-post ratio changes
in anthropometric and bioelectrical variables, delta values (A, % of pre) were calculated. To esti-
mate the relevance of these changes, relative ES were calculated using Cohen’s d. According to
Cohen [40], ES was defined as small, d < 0.2; medium, d < 0.5; and large, d < 0.8. Pearson’s cor-
relation coefficient was used to determine possible statistical associations between a) PA vs. chro-
nological age and PA vs. the ECW:TBW; and b) ABM vs. BIA vector variables (AR/h, AXc/h,
APA, AZ). A paired one-sample Hotelling’s T° test was used to analyze pre- to post-training
changes in the vector through the 95% confidence ellipses. A two-sample Hotelling’s T° test was
used to determine the BIA vector differences between C, and J, and between each SS group vs.
the reference population. P < 0.05 was considered significant.

Results

Determinants of BIA vector distribution pattern in synchronized
swimmers

The BIVA point graph (Fig 2) indicated that swimmers fell mostly outside the 75% tolerance
ellipse regardless of age or competition level; in many cases, they were outside the 95%
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Fig 2. BIVA patterns before and after training. On the left side, scattergrams of the C, and J, individual

(as well as the mean) impedance vectors, plotted on the 50%, 75%, and 95% tolerance ellipses of the
corresponding healthy female reference population [39] are displayed both for pre- and post-training (Pre-T
and Post-T, respectively). On the right side, mean vector displacements of C, and J, from pre- to post-training
are shown. R/h, height-adjusted resistance; Xc/h, height-adjusted reactance; 72, Hotelling’s T2 test; p-value
(significance at p < 0.05).

https://doi.org/10.1371/journal.pone.0178819.g002

tolerance ellipse, denoting a higher density of body cell mass (BCM) than the reference popula-
tion. Differences in the BIA vector in comparison with the reference population were found
for C, (T* = 134.7, p=0.0001) and J, (T* = 126.2, p < 0.001), as well as between both groups of
SS swimmers (T2 = 17.6, p < 0.001) (Fig 3).

Fig 4 shows the 50%, 75% and 95% tolerance ellipses corresponding to the whole SS sample
(Co and ], together): R/h = 319.7 + 36.7 O/m; Xc/h = 39.9 £ 3.9 O/m; r = 0.78.

Pre-post differences

The BIA vector migration (Fig 2) was characterized by an increase in R/h and Xc/h, indicating
mild dehydration after training both in C,, (T° = 82.1) and J, (T° = 41.8) (p < 0.001). This was
paralleled by a decrease in BM in both groups of swimmers (p = 0.0001) as shown in Table 3.
In contrast, all bioelectrical variables significantly increased (Table 3).

BIVA correlations

A positive correlation (r = 0.45, p = 0.001) was found between PA and chronological age in the
whole SS sample. Additionally, PA was negatively related (r = -0.91; p < 0.001) to the ECW:
TBW. No correlations were observed between bioelectrical pre to post changes in relation to BM.

Discussion

This study showed that synchronized swimmers experienced a modest level of dehydration
after an intense training session (BM loss ~0.6-0.8% BM) that was detected by BIVA. In
addition, we report a specific BIA vector distribution in these young elite SS swimmers in com-
parison with a healthy, nonathletic reference population of similar age. In fact, this is the first
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Fig 3. RXc mean graph. The 95% confidence ellipses for the mean impedance vectors of C, (dotted line
ellipse), J; (dark dashed line ellipse) and the healthy female reference population (solid line ellipse with vector)
[39] are shown. R/h, height-adjusted resistance; Xc/h, height-adjusted reactance; C,, comen; J,, junior; SS,
synchronized swimmers.

https://doi.org/10.1371/journal.pone.0178819.g003

time that specific reference distribution ellipses in a female sporting group is being reported
(Fig 4).

BIVA allows for an analysis of both the homeostatic state and possible BIA vector migra-
tion, arising from any variation in body fluid [12, 26]. Nowadays, BIVA is a widely used tech-
nique in medicine as a valid tool in the assessment of different physiological states and clinical
conditions in which euhydration is frequently altered, such as renal disease [41], critically ill
patients [42], pulmonary disease [43], heart failure [44], gastrointestinal disease [45], and preg-
nancy and postpartum [46]. Its properties are especially interesting for hydration assessments
in both the training process and competitive sporting events [16, 47].

Nevertheless, in protocols measuring parameters before and after exercise to analyze acute
vector shifts, certain factors that may generate errors in the bioelectrical signal should be con-
trolled in order to provide accurate and reliable results, including: skin preparation [48]; previ-
ous hydration status [49]; previous consumption of food or beverage [35, 50, 51]; body
position and posture during measurements [21, 51, 52]; electrode impedance [53], position
and placement modification [51, 52]; time of body fluid stabilization [54, 55]; variations in
cutaneous blood flow and temperature [35, 52]; skin electrolyte accumulation produced by
physical exercise [35]; reproducibility of bioelectrical measurements influenced by biological
intra-day [56] and inter-day variations [50]; environmental conditions [21, 52]; menstrual
cycle [17, 57]; and injury condition [58].
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Fig 4. Tolerance ellipses. 50%, 75%, and 95% tolerance ellipses generated of the entire group of
synchronized swimmers. R/h, height-adjusted resistance; Xc/h, height-adjusted reactance.

https://doi.org/10.1371/journal.pone.0178819.9004

Despite the ecological design of this research, the study protocol attempted to control these
factors. As mentioned above, ingestion of a meal or beverage has an influence on Z, which
may decrease over a 2-to 4-h period after a meal, generally representing a change of < 3% in Z
values [22]. Therefore, in our study, post-exercise BIVA measurements could have been influ-
enced by breakfast and water intake in the middle of the training session, possibly underesti-
mating Z values by ~9-10 Q. The amount of water intake at the end of the training should not
have affected the BIVA measurements because the recent ingestion of a meal or beverage (< 1
h from the ingestion to BIA measurements) appears to be "electrically silent" and to have a
minimal effect on whole- body Z [59]. With regard to the temperature control, it is known that
every 1.0°C increase in the skin can lead to a decrease in R of up to ~11% [60]. Possible pre-
post BIA differences related to environmental and cutaneous temperatures of the swimmers
were controlled, accepting increases or decreases lower than 1°C as, in this range of values, dif-
ferences in Z appear not to be significant [61]. Finally, it should be noted that the study sample
was composed of female athletes. Thus, to minimize the body fluid fluctuations caused by the
effect of female hormonal kinetics [17] and consequent changes in performance ability [62],
international recommendations were followed [28, 57]. Thus, those swimmers who were in a
premenstrual phase (luteal or secretory phase) or who were taking contraceptives and/or men-
strual cycle pharmacologic regulators were excluded.
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Table 3. Anthropometric and bioelectrical parameters before (Pre) and after (Post) training.

Comen (n = 34)
Anthropometric

BM (kg)
Bioelectrical

R (Q)

Xc (Q)

R/h (Q/m)

Xc/h (Q/m)

PA (Q)

Z (Q/m)

r (R/h, Xc/h)
Junior (n = 15)
Anthropometric

BM (kg)
Bioelectrical

R (Q)

Xc (Q)

R/h (Q/m)

Xc/h (Q/m)

PA (Q)

Z (Q/m)

r (R/h, Xc/h)

Pre (5% ci) Post (g5+ ci) A-value Paired t-test p-value Cohen’s d
% t p d
47.2£7.0 4ag497) 46.9£7.0 4a5-493) -0.8+0.6 8.081 0.0001" 0.20°
529.5 1 46.1 (513.4_545.6) 548.8 + 48.5 (531.9 565.7) 3.7£3.0 -7.251 0.0001" 0.39°
64.4£5.1 27662 67.7 £ 5.0 (6.0-60.5) 52133 -9.193 0.0001" 0.67°
328.4 + 38.8 314.9-341.9) 340.5 + 41.0 (306 1-354.8) 3.7+3.0 -7.104 0.0001" 0.30°
40.0% 4.5 35.4-41.5) 42.0 £ 4.6 (40.4-43.6) 52+3.3 -8.905 0.0001" 0.43°
7.0+0.5 g.87.1) 7.120.5 go-7.2) 1.5%2.5 -2.863 0.007" 0.20°
330.9 % 38.9 (317.0-344.9) 343.1 £ 41.2 (3087-357.9) 3.7%3.0 -7.178 0.0001" 0.20°
0.84 0.84 — — —
53.5£5.2 (506-56.3) 53.2 £ 5.1 50.3-56.0) -0.6+£0.4 4.634 0.0001" 0172
498.5135.1 4z0.1-518.0) | 518.5£38.9 (497.0-540.1) 4.0+3.3 -4.870 0.0001" 0.53°
65.8£2.9 a2-67.4) 70.2+4.8 675728 6.6+3.9 -6.447 0.0001" 0.82°
299.9%21.6 pgro-311.9) | 311.9£23.4 (2989 304.9) 4.0+3.3 -4.864 0.0001" 0.53°
39.6£2.2 354 408 42.2£3.4 (403-441) 6.6+3.9 -6.352 0.0001" 0.62°
7.5£0.4 7378 7.7£0.4 7579 2.4+£33 -2.909 0.011" 0.45°
302.5+21.7 poo5-314.5 | 314.8+23.5 (301.7-327.8) 41+33 -4.928 0.0001" 0.51°
0.66 0.76 — — —

Values are the mean * standard deviation; BM, body mass; R, resistance; Xc, reactance; h, height; PA, phase angle; Z, impedance vector module; r,
Pearson correlation coefficient between R/h and Xc/h; %A, percent differences Pre to Post; Cl, 95% confidence interval
*significant differences between Pre and Post, p-value < 0.05 (paired t-test Pre vs. Post); a, small effect size (< 0.2); b, medium effect size (d < 0.5); c,

large effect size (d < 0.8).

https://doi.org/10.1371/journal.pone.0178819.t003

BIA vector changes evoked by training

This study is the first to use BIVA to characterize variations in hydration status in young SS
athletes evoked by training. RXc paired graphs showed significant vector changes after exercise
in both groups (Fig 2), which were interpreted as mild dehydration (average loss <1% BM)

[63]. Nevertheless, no correlation was observed between changes in BM and BIA vector migra-
tion. This could be due to the fluid intake of the athletes during training, which was main-
tained due to the ecological study design. A recent investigation in which no food/fluid intake
was allowed found similar results with exercise-induced dehydration [29]. The researchers
noted that this could be influenced by inadequate criteria for stable bioelectrical impedance

measurements or by exercise-related factors, such as sweat rate, respiratory water loss and oxi-
dative water production, that may lead to BM loss without an effective net negative fluid bal-
ance [64]. However, these results differ from other studies [65, 66] that found a significant
relationship between changes in bioelectrical values and BM induced passively and/or chroni-
cally. It is possible that greater changes could have been observed if the swimmers had not
ingested fluids during the long and intense training (Table 2). Nevertheless, no significant rela-
tionships were found with BM in the present study.
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Only two studies in the literature have investigated short-term vector changes induced by
exercise. Collodel et al. [67] did not find differences in R and Xc—and thus in vector position—
after an incremental maximal cycle ergometer test (of an unspecified duration) performed by
healthy sedentary subjects and moderately trained subjects, although both the BM and the
hematocrit experienced significant changes. Nevertheless, two possible limitations could have
influenced their bioelectrical results: the post-exercise measurement was performed 5 min after
finishing the test; thus, some previously mentioned sources of error may have influenced the
bioelectrical signal [35]. Furthermore, an RXc mean graph was reported for pre-post analysis,
instead of an RXc paired graph. The type of Hotelling’s T* test chosen should have also been
clarified because the RXc paired graph and the paired one-sample Hotelling’s T* test are the
appropriate analyses in this case, and they may have given different results. Conversely, Gatterer
et al. [29] analyzed the short-term bioelectrical changes in well-trained subjects after 1 h of a
self-rated intensity cycle ergometer test in the heat (environmental chamber). The authors
reported findings similar to those of the present study, observing increased resistance and reac-
tance, as well as a vector migration, after exercise in the heat.

In our study, vector migration along the major axis due to increased R/h and Xc/h indicates
fluid loss (Fig 2), as the length of the vector is inversely related to TBW [13]. Resistance is pure
opposition of the conductor to the flow of current [52]. Therefore, the significantly increased
resistance experienced by the swimmers reflects the decreased body fluids [35], which is sup-
ported by the decrease in BM, and is also probably followed—which we cannot prove—by
changes in electrolyte concentration [66]. With regard to the reactance, Gatterer et al. [29] sug-
gested that the increased reactance after exercise could indicate fluid shifts between intra- and
extracellular compartments. Xc maintains a relationship with cell membrane capacitance
(Cm), which is affected by the size, thickness and composition of the cell membranes [68].
Alterations such as fluid shifts between compartments induced by physical activity modify the
characteristics of the muscle cells. As suggested, the cell membrane becomes thinner as the cell
swells and Cm increases, and the opposite occurs when the cell shrinks [69], thus affecting Xc.
Furthermore, as proposed by De Lorenzo et al. [70], variations in fluid distribution would
modify the characteristic frequency (Fc)—i.e., the frequency at which Xc is maximal). Because
Xc is highly dependent on the relationship between the frequency of measurement and Fe,
changes in Fc evoke great variations in Xc at 50 kHz, simply because this frequency is a fixed
point on the changing impedance locus [71]. However, De Lorenzo and colleagues’ hypothesis
should be considered with caution because it refers to Hanai’s model, which relays on assump-
tions such as spherical cells shape. Nevertheless, the meaning of Xc behavior after exercise
remains to be clarified. In this regard, consideration of the Xc as an indicator of dielectric mass
(membranes and tissue interfaces) of soft tissues [52] should be reviewed, as it may not be
applicable in this type of protocols. It should be noted that despite the fact that vector changes
after fluid removal and overload (e.g., the wet—dry cycle of dialysis) as a non-physiological pro-
cess is clinically well-established [13], every dehydration process induced by physical exercise
is a consequence of several physiological adaptations whose relationship with the vector behav-
ior is scarcely explored, especially at the cellular level and considering the kinetics of Xc.

Because BIVA appears to be sensitive to body water adaptations evoked by high intensity SS
training, it could help to assess hydration variations in real time and could also substitute the
current hydration biomarkers that require a mobile laboratory. Nevertheless, we are still far
from confirming BIVA as a valid and reliable biomarker of hydration status. Its progressive
use as a complementary measure to hematological hydration indicators will allow us to param-
eterize its values and demonstrate its real possibilities in the near future.
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Determinants of BIA vector distribution pattern in synchronized
swimmers

The individual anthropometric dimensions, such as weight and height, determine the body’s
bioelectrical properties [52]. Although bioelectrical variables are normalized for height, BMI
calculation enables better contextualization of the sample. The results of the BMI in both
groups (Table 1)—underweight and normal weight in C, and J, swimmers, respectively—seem
to be coherent with the great physiological demands of this sport [4]. These anthropometric
characteristics are necessary to understand that the bioelectrical signal will also be specifically
related to each sport, sex and age [15]. The comparison of BIA vector distribution values of SS
athletes with that of other sports practitioners is difficult due to the absence of values for female
athletes and differences in age and gender with regard to the only study that, to our knowledge,
has provided a characterization of a sport-specific population, i.e. male soccer players [47].
Nevertheless, a comparison between SS and reference populations or between both groups of
swimmers according to their age can be discussed.

Characterization of synchronized swimmers. In the present group of swimmers, PA var-
iation was positively correlated with age, following a trend similar to that of the general athletic
population of the same sex and age, in accordance with Koury et al. [15]. This positive correla-
tion in athletes is in agreement with the increase in metabolic tissues during biological matura-
tion [39]. Mean and individual Z vectors (Fig 2) were found to be displaced to the left and
mostly scattered outside the 75% tolerance ellipse (in many cases, outside the 95% tolerance
ellipse) on the RXc graphs when swimmers were compared to the reference nonathletic Italian
female population of similar age [39]. Furthermore, with increasing age and performance level
of the athletes (Fig 3), a displacement to the left was also observed, due to a decrease in the R/h
component in the absence of a difference in the Xc/h component. Other studies [15, 29, 47]
have also reported vectors of sport samples shifted to the left when compared to their reference
populations, which might reflect the specific adaptations of body composition in different
sports [72]. Additionally, vectors shifted to the left have been reported with increasing age [15]
and performance level [47] in sport samples. It remains to be investigated whether the differ-
ences are the result of vector displacement due to biological maturation, to the specific training
process or a combination of both.

Athletes generally possess increased soft tissue mass and differing fluid content compared
to the sedentary population [72]. Total body fluid is affected by factors such as training [73].
Trained athletes have a greater amount of body fluid and different fluid distribution between
the intracellular and extracellular compartments. This can be because of their larger muscle
mass, increased plasma volume and muscle glycogen reserves [8, 35], which could increase
water transport into the muscle [74] and fluid-regulating hormone adaptations (i.e., aldoste-
rone and sensitivity) [75].

As suggested, both the increased BCM in SS indicated by the BIA vector and the vector dif-
ferences due to decreased R/h with similar Xc/h values could reflect different intracellular
water (ICW) content. On a related note, and according to Chertow et al. [31], a negative rela-
tionship was found between the ECW:TBW and PA in the present study. Because SS showed a
greater PA, the greater ICW content of the swimmers compared to the reference population—
as well as ], compared to C,—is likely due to the hypertrophy of the muscle fibers [47]. Addi-
tionally, the greater PA could also reflect better cell function [12].

Thus, the present findings highlight the need for specific new tolerance ellipses for the SS
sporting population (Fig 4). These ellipses might be useful for interpretation of individual vec-
tors and for defining target regions of impedance vectors for lower-level SS athletes. Neverthe-
less, further studies should increase the sample size and analyze different performance levels;
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this will help determine whether specific training activity may induce vector migration to the
side in the higher level swimmers, as well as the utility of the tolerance ellipses for monitoring
hydration status and performance state.

The main limitation of the present study, in addition to those previously mentioned for the
sake of text fluency, is the previously mentioned ecological constraints of the protocol, which
may have caused an attenuation of the bioelectrical changes after training. Additionally, with
regard to the comparison of the SS sample to the reference population, no tolerance ellipses of
the healthy reference population have been published for this specific age range. Thus, this
study used the tolerance ellipses of the healthy reference population closest in age.

In conclusion, BIVA appears to be sensitive to hydration changes evoked by high intensity
SS training, regardless of age and performance level. Moreover, the present study showed that
SS swimmers are characterized by a specific distribution of BIVA parameters when compared
to a healthy nonathletic reference population. Furthermore, BIVA also showed differences
between swimmers of different age and performance level. This is the first time that specific
tolerance ellipses in a female sport group are being reported.

The use of BIVA as an indicator of dehydration in sport practice is clearly an emerging
research area. Beyond the need for further validation of this methodology, especially in pre- to
post-exercise designs, generation of new ellipses according to each sport, age, sex, race and
sport level is needed in order to establish useful and comparable reference values for the field
of sport sciences.
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Abstract
This study aimed to provide the first description of the whole-
body bioimpedance vector of nine non-professional triathletes,
and to assess body mass (BM) and vector variations evoked by an
ultra-endurance triathlon event. Anthropometric and bioelectrical
assessments were performed before (PRE), after (POST), and 48
hours following the race (POST48h). Bioimpedance vector anal-
ysis (BIVA) showed triathletes’ vectors placed to the left of the
major axis and mostly outside the 50% tolerance ellipse of the
reference population. Vector migration in POST indicated dehy-
dration, paralleled by a decrease in BM (p = 0.0001). Increased
hydration status from POST to POST48h was suggested by a re-
versed vector migration and increased BM (p = 0.0001). Com-
pared to PRE, POST48h values reflected fluid retention by
changes in BIVA, while BM was still lower (p = 0.0001). Racing
time was positively related to basal resistance -R/h- (r=0.68; p =
0.04) and bioimpedance -Z/h- (r=0.68; p = 0.045). Besides, basal
R/h and Z/h were positively related to PRE-to-POST changes of
R/h and Z/h (r = 0.80; p = 0.009). PRE-to-POST changes of R/h
and Z/h were positively related to racing time (r = 0.80, p = 0.01)
and internal workload (r = 0.80, p < 0.02). Notwithstanding the
lack of significant correlation between BM and bioelectrical pa-
rameters, the vector’s behavior was explained from a multifacto-
rial perspective (including BM variations) by using multiple re-
gression analysis. On the other hand, BM changes were not re-
lated to racing time, internal workload or energy deficit (ranges:
=-0.4610 0.65; p=0.06 to 0.98). In conclusion, these triathletes
exhibit a specific bioelectrical distribution. Furthermore, vector
migration was consistent with fluid loss induced by the event. Fi-
nally, vector analysis seems to provide additional information
about hydration changes 48h after the event in comparison with
BM alone.

Key words: Body composition; hydration; bioimpedance; BIVA;
performance; triathlon.

Introduction

Ultra-endurance triathlon (UET) combines three disci-
plines (3.8-km swimming, 180-km cycling, 42.2-km run-
ning) and involves from 8 to 17 hours of competition de-
pending on the fitness level and efficiency rates of the tri-
athlete (Laursen and Rhodes, 2001). During a UET, dehy-
dration and glycogen depletion are the main causes of met-
abolic fatigue, whereas gastrointestinal problems, hyper-
thermia and hyponatremia are potential threats to the tri-
athletes’ health (Jeukendrup et al., 2005).

Dehydration decreases endurance performance
(Cheuvront and Kenefick, 2014) and increases the injury

risk (Oppliger and Bartok, 2002). Furthermore, it is an im-
portant factor in race completion in ultra-endurance events
(Knechtle et al., 2015). However, the lack of a ‘gold-stand-
ard’ marker of hydration status must be emphasized. The
assessment of body hydration status is a dynamic and com-
plex process and no method is valid for all situations
(Armstrong, 2007). Finding a method which is sensitive to
the type (intra- or extra-cellular) and magnitude of dehy-
dration is necessary (Cheuvront and Kenefick, 2017).

A common method to assess dehydration in endur-
ance athletes has been pre- and post-exercise body mass
(BM) control (McGarvey et al., 2010). Ultra-endurance
athletes may suffer great BM losses (Hew-Butler et al.,
2007; Laursen et al., 2006; Sharwood et al., 2004), princi-
pally due to the sweat rate (Cheuvront and Kenefick,
2017). Other possible sources are the respiratory and uri-
nary/fecal water losses (Cheuvront and Kenefick, 2017).

Literature supports that reductions in total BM of >
2% generate negative effects on the endurance perfor-
mance of the athletes (Cheuvront and Kenefick, 2014,
McDermott et al., 2017). However, well-trained ultra-tri-
athletes should expect to lose about 3% of their BM with-
out any adverse consequences (Laursen et al., 2006).
Therefore, despite the fact that measuring BM variation
provides a simple estimate of post-race hydration status in
athletes (Maughan et al., 2007; McGarvey et al., 2010), it
is not always a reliable measure. Furthermore, it may give
rise to misleading results since, for instance, a significant
loss of BM may be observed without an effective hypohy-
dration resulting (Cheuvront and Kenefick, 2017;
Maughan et al., 2007).

In this regard, the bioelectrical impedance vector
analysis (BIVA) emerges as a technique to assess hydration
status with no inherent errors of bioimpedance equations or
requirements for biological assumptions such as the con-
stant tissue hydration (Lukaski and Piccoli, 2012; Norman
et al., 2012). The method is used in the clinical context for
the analysis of both homeostatic state and possible vector
variations resulting from modifications in body fluid status
(Norman et al., 2012; Piccoli, 2010). In the exercise con-
text, as mentioned in Heavens et al. (2016), directional
changes in vector values from serial measurements are con-
sistent with fluid loss according to the theory (Piccoli et al.,
1994; Piccoli et al., 2002). Therefore, since any vector
change is a function of extracellular water -ECW- changes
(Segal et al., 1991) because a 50 kHz current does not pen-
etrate cells (De Lorenzo et al., 1997), a potential strength
of BIVA would be to afford insight into ECW dehydration
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(Heavens et al., 2016). Moreover, it might help to provide
additional information about hydration changes in ultra-en-
durance events than, for instance, BM loss alone. Thus, due
to the already mentioned deleterious effects of dehydration
and to the potential strengths of the method, BIVA is espe-
cially interesting for hydration assessment in both sport
training and competitive event (Carrasco-Marginet et al.,
2017; Koury et al., 2014).

In this way, this study aimed at providing the first
description of the whole-body bioelectrical impedance
vector in a group of ultra-endurance triathletes, and to as-
sess the variation in the BM and the bioimpedance vector
of the athletes evoked during a UET event. We hypothe-
sized that a specific distribution of BIVA would be found
in the triathletes when compared to the reference popula-
tion, and that the BM and the directional changes of the
vector in this type of events would be consistent with a de-
crease in body fluids, according to the literature.

Methods

Participants

An advertisement was placed on the triathlon race webpage
to recruit non-professional male triathletes. The inclusion
criteria were to train at least 10 h per week and the
participation in a minimum of one UET during the past 3
years.

Sample size was calculated based on a potential
increase of the impedance vector module (Z) of 4% based
on our previous observations in synchronized swimmers
after a high-intensity training session (Carrasco-Marginet
etal., 2017) as the only available estimate for short-term (<
24 hours) bioelectrical changes (Castizo-Olier et al., 2018).
Seven athletes per intervention group were required (two-
tailed o = 0.05, S = 0.80, effect size = 0.95, change SD =
2.5).

Nine experienced, well-trained, non-professional
ultra-endurance male triathletes volunteered for the study
[mean + SD: age 36.6 £ 5.5 years; body mass (BM) 76.0 +
6.9 kg; height 1.75 + 0.06 m; body mass index (BMI) 24.8
+ 2.0 kg/m% VOumx = 663 £ 4.3 ml/kg/min]. The
participants had an average of 10 & 3 years of experience
in UET and ultra-endurance events, and they had been
training regularly for approximately 14-20 hours per week
for at least three years. All participants passed a medical
examination before the race and gave their informed
written consent prior to their participation. The study was
performed following the Helsinki Declaration Statement
and was approved by the Ethics Committee for Clinical
Sport Research of Catalonia.

Study design

The participants completed a UET race, specifically, the
“Extreme Man Salou—Costa Daurada Triathlon”,
composed of three segments consisting of a 3.8 km swim,
180 km cycle with a positive elevation over 2600 m and a
422 km marathon run. The mean (range) ambient
temperature was 26 °C (13 - 30 °C), the water temperature
was 21 °C (20.8 - 21.2 °C) and the relative humidity was
77% (64% - 94%). The mean wind speed was 1.3 m/s
(range 0.3 — 5.0 m/s). All the triathletes undertook the tests

measurements designed for the study at three time points:
before the race (PRE), after finishing the race (POST) and
48h after POST measurements (POST48h). Detailed
information about the study design, race characteristics and
procedures related to the performance variables analyzed
in the present study (racing time, internal workload and
energy deficit) can be consulted in a previously published
article (Barrero et al., 2014).

Procedures

Anthropometric and bioelectrical variables were obtained
by the same trained investigator in a thermally neutral
room (25.0 + 1.0°C).

Anthropometric  assessment:  Anthropometric
measurements were performed according to the standard
criteria of The International Society for the Advancement
of Kinanthropometry (ISAK) (Stewart et al., 2011). Body
height (h) was assessed to the nearest 1 mm using a
telescopic stadiometer (Seca 220®, Hamburg, Germany).
BM was measured to the nearest 0.05 kg using a calibrated
weighing scale (Seca 710®, Hamburg, Germany). BMI
(kg/m?) was calculated as body mass / height’. The
circumferences of the left and right thigh —Cyr and Chgr,
respectively- (taken at mid-thigh) and the left and right calf
—Crc and Cgg, respectively- (taken at the greater perimeter
of the calf) were measured to the nearest | mm using an
anthropometric tape (Lufkin Executive®, Lufkin, USA), in
order to evaluate possible variations between the different
time points. This is important since the whole-body
impedance can be significantly reduced if a lower limb
affected by swelling is in the same side as the electrodes
(Codognotto et al., 2008).

Whole-Body Bioimpedance assessment: BIVA uses
raw bioelectrical impedance parameters, i.e., resistance
(“R”, the opposition to flow through intra- and
extracellular ionic solutions) and reactance (“Xc”,
additional opposition from the capacitance effect of cell
membranes and tissue interfaces), standardized by height
in order to remove the effect of conductor length, yielding
a vector, which is plotted in an RXc graph (Piccoli et al.,
1994). The vector direction (PA) is the geometric
relationship between R and Xc. PA is a validated indicator
of cellular health (Norman et al., 2012; Yanovski et al.,
1996) and has been interpreted as an indicator of fluid
distribution between intra- and extracellular compartments
(Goovaerts et al., 1998), reporting an inverse correlation
with the ECW - total body water (TBW) ratio (Chertow et
al., 1995). The length of the vector states hydration status
from fluid overload (short vector) to exsiccosis (longer
vector), and lateral migration of the vector projects a
decrease or increase in the dielectric mass (membranes and
tissue interfaces) of soft tissues (Piccoli, 2005). Individual
vectors can be normalized to Z scores and classified on the
RXc score graph, according to the tolerance ellipses (50%,
75% and 95%) of a reference population, independently of
the bioimpedance analyzer used (Piccoli et al., 2002).
Individuals positioned within the 50% tolerance ellipses,
according to the literature (Lukaski, 2013; Lukaski and
Piccoli, 2012) are considered “normally hydrated”.

In the present study, R and Xc were measured by a
previously calibrated multifrequency bioimpedance
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analyser (Z-Métrix®, BioparHom®, Bourget du Lac,
France) that emitted 77 pA alternating sinusoidal current at
different frequencies (1 to 325 kHz). The device provides
impedance values with an accuracy characterized by an
average error of 0.95% =+ 1.58% and an average
repeatability errors of 0.55% + 0.38% for all the frequency
range (Moreno, 2015). The 50-kHz frequency was selected
for BIVA (Piccoli, 2010). The bioimpedance module [Z =
(R? +Xc?2)] and phase angle [ PA = arctan(Xc/R) -
(180/m) ] were derived from the bioelectrical raw
parameters. Triathletes were tested under controlled
conditions through the standard whole-body, tetrapolar,
distal BIA technique (Yanovski et al., 1996). All the
participants arrived to the measurements after voiding their
bladder and rectum (Rush et al., 2006). Triathletes were
tested in PRE and POST48h in euhydration state according
to a standardized 8-point urine color chart —PRE: 1.7 + 0.7,
POST48h: 1.8 + 0.8- (Armstrong et al., 1994). Before
placing the electrodes (Red Dot™, 3M Corporate
Headquarters, St. Paul, MN, USA), the skin was prepared
by shaving the electrode site to remove hair, rubbing with
gel and cleaning with alcohol in order to reduce possible
interferences in the assessment (Hermens et al., 1999). A
waterproof pen was used to mark the anatomical sites for
electrodes, in order to preserve the same location, due to
the influence of the electrode placement modification in the
bioelectrical outputs (Gualdi-Russo and Toselli, 2002).
Just before the bioimpedance measurements, core and skin
temperatures were registered. PRE and POST48h
bioimpedance assessments were performed after 10
minutes of stabilization (Slinde et al., 2003).
Measurements were repeated until they were stable to
within 1 Q (usually up to three times within an interval of
20-30 s) and the average value was used in calculations.
POST measurements were perfomed once the core and skin
temperatures were close to the basal values (£ 1 °C), 35 +
5 min after finishing the race. Before measurements,
participants were instructed to take a cold shower (as cold
as tolerable) for 10 minutes post-race, in order to reduce
cutaneous blood flow and temperature and remove
accumulated electrolytes (Peiffer et al., 2009).
Temperature assessment: An increase in the skin
temperature can lead to an important decrease in R (Caton
et al., 1988). Temperature variations within the range of 1
°C seem not to significantly affect the impedance (Liang
and Norris, 1993) and greater differences must be avoided.
Therefore, in the present study, core (°Ceore) and skin
temperatures of the right hand (°Chana) and foot (°Cyeor) were
measured using thermistors connected to a data logger
(Squirrel 2010, Grant Instruments Ltd, Cambridge, UK).
Internal workload assessment: To estimate the total
workload of exercise performed by each participant in the
race, the training impulse (TRIMP) method was used.
Energy deficit assessment: All the wraps and bottles
of each participant were collected in order to calculate the
energy intake during the race. The energy expenditure
during the race was estimated through three different
individualized equations (one for each segment), derived
from preliminary exercise tests. Finally, the energy deficit
was calculated as energy intake minus energy expenditure.

Statistical analysis

Descriptive statistics for each independent variable were
calculated. After testing each variable for the normality of
the distribution (Shapiro-Wilks test), differences in anthro-
pometric (BM and circumferences of the thigh and calf),
temperature and bioelectrical data (R, Xc, Z, R/h, Xc/h, Z/h
and PA) PRE, POST and POST48h were analyzed through
a repeated-measures one-way ANOVA (RM-ANOVA).
Post-hoc analyses were performed using the Bonferroni
correction and the p-value was adjusted at pagj=0.017. The
magnitude of ratio changes was computed as delta percent
values (A%). Effect sizes (ES) were calculated using Co-
hen’s d and defined as small, d <0.2; medium, d <0.5; and
large, d <0.8. Pearson’s correlation coefficient was applied
to determine possible associations between: a) bioelectrical
baseline values (PRE; POST; POST48h) vs. bioelectrical
delta values (PRE-to-POST; POST-to-POST48h; and
PRE-to-POST48h); b) bioelectrical data (baseline and
delta values) vs. racing time, internal workload, energy
deficit and BM delta values; c) BM delta values vs. racing
time, internal workload, energy deficit. A multiple linear
regression analysis was performed in order to explain the
changes at the same time points of each bioelectrical (de-
pendent) variable in relation to performance (independent)
variables: racing time, internal workload, energy deficit,
and BM changes. The adjusted square multiple regression
coefficient (rm2.q)) was used to quantify the goodness-of-fit
of the model. To add information to the multivariate anal-
ysis, the process was further applied in reverse, alternating
the role between dependent and independent variables (i.e.
the analysis was performed to explain the performance var-
iables results in relation to the changes of each bioelectrical
variable). Whole-body individual bioimpedance vectors
were analyzed by the standard, reference RXc score graph
(Piccoli et al., 2002), according to the healthy, Italian ref-
erence population (Piccoli et al., 1995). The RXc mean
graph was performed to compare the whole-body mean
vector of triathletes vs. the reference population. A two-
sample Hotelling’s T? test was used to determine the vector
differences between triathletes vs. the reference popula-
tion. P < 0.05 was considered significant.

Results

The triathletes of the present study completed the race in
752 + 70 min, the estimated internal workload was 1055 +
172 arbitrary units, and the energy deficit was 30.5 £ 5.5
M1J (7283 + 1321 keal).

All bioelectrical variables significantly increased
post-race and decreased at POST48h (Table 1), except PA.
No statistically significant differences were found for
lower-limbs circumferences in any time points (Table 1).
The same was observed for the temperature differences:
PRE-t0-POST °Ceore: 0.0 + 1.2 %; PRE-to-POST48h °Ceore:
-0.3 £ 1.3 %; PRE-to-POST °Chana: 0.1 = 1.9 %; PRE-to-
POST48h °Chana: 0.4 + 2.4 %; PRE-to-POST °Croor: -0.3 £
2.4 %; PRE-t0-POST48h °Coor: 0.2 £ 2.1 %; p > 0.05.

The BIVA score graph (Figure 1A) showed that
the triathletes’ vectors fell mostly outside the 50% toler-
ance ellipse and occupied a position more to the left of the
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major axis compared with the reference population, indi-
cating a higher density of body cell mass (BCM) than the
reference population.

The BIVA mean graph (Figure 2) also showed the
mean triathletes’ vector shifted to the left and upwards (T?
=18.6; p=0.0001), and therefore with greater PA, in com-
parison with the reference population.

The BIA vector migration was characterized by an
increase in R/h and Xc/h (p = 0.001), indicating dehydra-
tion after the race (Figure 1A). This was in agreement with
the observed loss of BM (p =0.0001).

On the other hand, increased BM and decreased bi-
oelectrical values (p = 0.0001) were observed from POST
to POST48h. When PRE to POST48h were compared, BM
values were still significantly lower than at baseline. In
turn, bioelectrical values were found to be significantly
lower compared with PRE wvalues, also identified by
BIVA (Figures 1B).

A positive relationship was found between racing
time and basal R/h (r=0.68; p = 0.04) and Z/h (r = 0.68; p
= 0.045). Besides, basal R/h and Z/h were highly and pos-
itively related to PRE-to-POST bioelectrical changes of
R/h and Z/h (r = 0.8; p = 0.009). PRE-to-POST bioelectri-
cal changes of R/h and Z/h were also highly and positively
related to racing time (r = 0.8, p = 0.01) and TRIMP (r =
0.8, p < 0.02). Finally, no statistically significant correla-
tion was observed between bioelectrical changes in relation
to BM. Furthermore, no statistically significant correlation

was observed between BM changes in the different time
points and racing time, internal workload and energy defi-
cit (ranges: r = - 0.46 to 0.65; p = 0.06 to 0.98).

On the other hand, multiple linear regression analy-
sis revealed that an increase in R/h and Z/h after the race
was explained by a larger decrease in BM, greater TRIMP,
and a slower racing time and (rm%qj = 0.88) (Table 2). On
the other hand, the racing time was found to be moderately
explained by an increase in Z/h at POST (g = 0.58).
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Figure 2. RXc mean graph. The 95% confidence ellipses for
the mean impedance vectors of triathletes (dotted line ellipse)
and the healthy male reference population (solid line ellipse
with vector) (Piccoli et al., 1995) are shown. R/h, height-adjusted
resistance; Xc/h, height-adjusted reactance.
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Discussion

Bioelectrical patterns in the ultra-endurance triathletes
When triathletes were compared to the healthy reference
population, individual vectors were scattered mostly out-
side the 50% tolerance ellipse, positioned to the left of the
major axis (Figure 1A). According to the urine color anal-
ysis, participants arrived to PRE in euhydration state. How-
ever, only two of them were plotted inside the 50% toler-
ance ellipse (Figure 1A). Since similar findings have al-
ready been observed in other sport samples (Campa and
Toselli, 2018; Carrasco-Marginet et al., 2017; Gatterer et
al., 2014; Giorgi et al., 2018; Koury et al., 2014; Micheli et
al., 2014), this could reflect the specific body composition
of athletes, characterized by greater soft tissue mass and

different fluid content (Andreoli et al., 2001). Furthermore,
the greater PA of the triathletes observed in this study (Fig-
ure 2) could indicate better cell function (Norman et al.,
2012) and differing fluid distribution (i.e., increased intra-
cellular water content) (Chertow et al., 1995), likely due to
the hypertrophy of muscle fibers (Micheli et al., 2014). On
the other hand, a significantly positive relationship was
found between basal R/h (and therefore, Z/h) and racing
time in the triathletes. This implies that the vector of triath-
letes who had better performance in the race (and, pre-
sumably, higher performance levels pre-race) would be
displaced to the left, due to lower R/h values. Accordingly,
it was observed that triathletes who registered lower
basal R/h (and Z/h), racing time and internal workload
showed smaller changes in these parameters after the race,
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Table 1. Anthropometric and bioelectrical variables before (PRE), after (POST), and 48 hours after the race (POST48h).

A-value (%) Cohen’s d
PRE- POST- PRE- PRE- POST- PRE-
PRE IR IEORIIEI POST POST48h POST48h POST POST48h POST48h
Anthropometric
BM (kg) 76.0 (6.9) 72.1(6.1) 75.0(6.3) -5.0(0.9* 4.000.9* -1.3(L.1)* 3.9% -4.3% 1.1%
Crr (mm) 54.0(1.7) 53319 53917 -13(1.7) 1.1 (1.8) -0.2 (0.3) 0.8% -0.6F 0.8%
Cvrt (mm) 542 (1.8) 53.5(2.00 5417 -12@1.7) 1.1 (1.7) -0.2 (0.3) 0.7F -0.6F 0.5¢
Crc (mm) 38.1(1.3) 37.7(1.5) 38.0(1.3) -1.1(1.6) 0.9 (1.6) -0.3(0.4) 0.7% -0.6F 0.8%
CLc (mm) 38.3(1.3) 37.8(1.5) 38.2(1.2) -1.2(1.6) 1.0 (1.8) -0.2 (0.4) 0.7 -0.5¢% 0.6
Bioelectrical

R (Q) 452.6 (45.8) 470.0 (56.6) 4352 (46.4) 3.7(23)* -72Q29* -39(2.1)* -1.4% 2.2% 1.9
Xc (Q) 60.6 (44) 65.6(4.6) 555(3.7) 83((3.7)* -152(4.5)* -8.2(4.8)* -2.3% 3.0% 1.7%
7 (Q) 456.6 (45.8) 474.6 (56.5) 438.8 (46.2) 3.8(23)* -7.4(2.9)* -3.9(2.0)* -1.5% 2.2% 2.0%
R/h (Q/m) 258.4 (22.4) 268.3 (28.3) 248.6 (24.0) 3.7(2.3)* -72(2.9* -392.1)* -1.5% 2.3% 1.9
Xc/h (Q/m) 3472.8) 3752.8) 31.8(24) 83@3.7* -1524.5* -8.2(4.8)* -2.3% 3.0% 1.7%
Z/h (Q/m) 260.8 (22.4) 270.9 (28.3) 250.7 (23.9) 3.8(2.3)* -7.4(2.9* -3.9(2.0)* -1.5% 2.3% 2.0%
PA (Q) 7.7 (0.5) 8.0 (0.7) 7.3 (0.7) 3.7(49) -87@4.9* -54(6.4) -0.8% 1.7% 0.9%
r (R/h, Xc/h) 0.52 0.65 0.27 — — — — —

Values are mean + SD (95% CI); BM, body mass; Cgr, circumference of the right thigh; Cyr, circumference of the left thigh; Cgc, circumference of the
right calf; Cyc, circumference of the left calf; R, resistance; Xc, reactance; Z, impedance vector module; h, body height; PA, phase angle; r, Pearson’s
correlation coefficient between R/h and Xc/h; time-point differences: *RM-ANOVA, repeated measures analysis of variance with Bonferroni post-hoc
test, significance at p,q;< 0.017; 1, medium effect size (d < 0.5); i, large effect size (d < 0.8).

Table 2. Multiple linear regression analysis of bioelectrical, anthropometric and performance parameters before (PRE) and

after the race (POST).
rm? ANOVA SEg
Dependent Variables Explanatory equations Exact  Adjusted F di dfs p
R/hore-rost (A%) ;2?0'400 1'0(,1‘T1§I'1\f§)4 prepost) (0021 -6me) o) gg8 1995 3 5 0003 0.80
Z/here post (A%) ers((% . é%'ﬁﬁ%””c’sﬂ +0.022 - time) g3 088 2942 3 5 0003 0.79
Racing time (min) 660.3 + (24.4 - Z/hpre-posT) 0.63 0.58 11914 1 7 0.01 457

Fin (p < 0.05), Fou (p > 0.10). R, resistance; Z, impedance module; h, body height; BM, body mass; TRIMP, training impulse; time, racing time; r,,%,

multiple regression coefficient squared; SEg standard error of estimation.

experiencing lower decreases of body fluids. Vectors
shifted to the left have been already reported with perfor-
mance level in different sport samples (Carrasco-Marginet
et al., 2017; Giorgi et al., 2018; Micheli et al., 2014), prob-
ably as a result of the specific training process. This partic-
ularly relevant finding highlights the need of further re-
search regarding this matter, since the application of a non-
invasive technique could eventually help to discriminate
between performance levels of athletes according to the po-
sition of their vectors.

BM and bioelectrical changes evoked by UET
Regarding the changes induced by UET, the event evoked
a mild-to-moderate dehydration, according to the average
BM loss of ~5% (McDermott et al., 2017). Furthermore,
individual vectors’ migration along the major axis was ob-
served due to an increase in R and Xc (Figure 1A), which
is consistent with fluid loss according to the literature. To
our knowledge, only three studies have applied BIVA to
analyze short-term vector changes induced by exercise.
The articles revealed similar findings to those of the pre-
sent study, reporting increased R and Xc after exercise, as
well as a vector migration (Carrasco-Marginet et al., 2017;
Gatterer et al., 2014, Heavens et al., 2016).

Since R is the opposition of the conductor to the
flow of current, a significant increase in these values would
indicate a decrease in body fluids (O'Brien et al., 2002),
which was supported by the significant decrease in BM.

With regard to reactance, the increased Xc after ex-
ercise has been suggested as an indicator of fluid shifts be-
tween intra- and extracellular compartments (Gatterer et
al., 2014). Nevertheless, the meaning of Xc after perform-
ing exercise remains to be clarified. As mentioned in Cas-
tizo-Olier et al. (2018), multiple factors may affect Xc val-
ues (e.g. size, thickness, composition and distance between
cell membranes; fluid distribution and characteristic fre-
quency variations; ...) and further research should focus on
this parameter in the exercise context.

In relation to the vector analysis, however, it is im-
portant to highlight that although directional changes in
vector values from serial measurements seem consistent
with fluid loss, BIVA is not currently able to identify type
and magnitude of fluid loss. This is probably because the
range of “normal hydration” comprised by the ellipses is
wider than a hydration status/change considered as “dehy-
dration” through other methodologies (Heavens et al.,
2016). As mentioned in Heavens et al. (2016), the analysis
of the vector length could be the key for serial measure-
ments of hydration status.

On the other hand, although significant differences
were found after the race, no correlation was observed be-
tween changes in BM and BIA variations in any situation.
The lack of correlation found PRE-to-POST has been also
depicted in Gatterer et al. (2014) and Carrasco-Marginet et
al. (2017). The authors related the absence of correlation
with a decrease in BM without an effective net negative
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fluid balance as a result of exercise-related factors such as
sweat rate, respiratory water loss and oxidative water pro-
duction (Maughan et al., 2007).

The multiple regression analysis allows the study of
the bioelectrical vector’s behavior from a multifactorial
perspective. Thus, while BM does not correlate with bioe-
lectrical parameters as an isolated variable, it is selected as
an explanatory factor in the multivariate model (Table 2).
When the bioelectrical parameters were analyzed as de-
pendent variables, the changes observed in R/h and Z/h af-
ter the race were significantly explained by the behavior of
BM, the racing time and the estimated internal workload,
which makes sense. When the process was further applied
in reverse in order to add information to the multivariate
analysis, alternating the role between dependent and inde-
pendent variables, the racing time was significantly ex-
plained by the behavior of Z/h from PRE-to-POST. In the
event that, in the future, this methodology could be vali-
dated, it could be a possible indicator of the training/com-
petition load. In addition, using the multivariate analysis,
some variables (e.g., race time) could be estimated analyz-
ing the behavior of other parameters, with a certain degree
of error. Therefore, this type of analysis should be taken
into consideration both in the interpretation of certain var-
iables related to vector behavior and in future studies about
this topic. However, the limited sample analyzed in the pre-
sent study forces us to be cautious in drawing robust con-
clusions.

In relation with PRE-to-POST48h changes, the in-
dividual vectors’ migration along the major axis due to sig-
nificant decreases in R and Xc (Figure 1B) indicates fluid
accumulation (Lukaski and Piccoli, 2012), while BM val-
ues were still significantly lower than at baseline. Triath-
letes followed individual uncontrolled POST-to-POST48h
recovery strategies (nutrition, hydration, physical activity,
environmental conditions, etc.). However, the other men-
tioned factors that could affect the accuracy and reliability
of BM and BIA measurements were controlled, being PRE
and POST48h on equal terms. Thus, while BM alone does
not detect a return to basal conditions, significant bioelec-
trical decreases below basal values were observed, indicat-
ing fluid retention in comparison with PRE. This highlights
the potential advantage of BIVA in providing additional
information about hydration changes in comparison with
BM alone. However, it is important to clarify that neither
BM nor BIVA can really identify what happened to TBW.
As already mentioned, BIVA reflects changes in ECW es-
timates only. Thus, ICW may still be reduced (captured by
BM at this time point) with a migration of fluids to the
ECW space.

Fluid retention has been already reported in ultra-
endurance events (Knechtle et al., 2008a; Knechtle et al.,
2008b; Knechtle et al., 2009). As explained by Knechtle et
al. (2009), although the reasons and mechanisms for the
fluid increase are still unknown, it could be due to several
factors. One explanation for this fluid retention could be
an increase in plasma volume due to a higher activity of
aldosterone and antidiuretic hormone (Neumayr et al.,
2005). Moreover, protein catabolism with consequent fluid
shifts (hypoproteinemic edema) might occur in an ultra-en-
durance effort (Lehmann et al., 1995). Another possible

factor for the observed fluid expansion could be the in-
creased plasma protein concentration inducing an increase
in plasma oncotic pressure (Maughan et al., 1985; Mischler
et al., 2003). On the other hand, the increase of body fluids
could also be a result of the impairment of renal function
due to the rhabdomyolysis that may occur in ultra-endur-
ance events (Kim et al., 2007; Skenderi et al., 2006; Uberoi
et al., 1991), although in general, acute renal failure in an
ultra-endurance event is very rare (MacSearraigh et al.,
1979). Finally, regarding the putative factors explaining
the fluid increase 48 hours after the race, the already men-
tioned individual uncontrolled POST-to-POST48h recov-
ery strategies may have affected these findings. Therefore,
the identification of fluid retention after ultra-endurance
events through BIVA should be further studied together
with tests investigating the aforementioned mechanisms, in
order to analyze possible associations.

Regarding the behavior of Xc from PRE-to-
POST48h, the decreased values could indicate a reduction
in soft tissues, since Xc is proposed as an indicator of die-
lectric mass (membranes and tissue interfaces) in soft tis-
sues (Lukaski, 1996). As already mentioned, there is evi-
dence of muscle damage after prolonged exercise. Signifi-
cant modifications in markers of muscle damage and in-
flammation two days after the end of the event have been
reported (Carmona et al., 2015; Millet et al., 2011,
Overgaard et al., 2002). Further studies should investigate
the relationship between the behavior of Xc and muscle
damage biomarkers after completing this type of events. It
would be interesting to analyze the validity of this param-
eter (obtained from a minimally invasive method) in order
to control the muscle disruption recovery after exercise.
Nevertheless, taking into account the aforementioned lim-
itation of not controlling individual recovery strategies, it
is difficult at present to elucidate the reasons why this be-
havior occurs due to the already mentioned problems in the
interpretation of Xc when the fluid distribution changes.

Limitations of the study

In protocols measuring acute vector changes (before and
after exercise), some factors should be controlled due to
their influence in the bioelectrical signal in order to avoid
measurement errors and provide accurate and reliable re-
sults (Castizo-Olier et al., 2018). The present study at-
tempted to control all these factors. Nevertheless, in order
to respect an ecological design and due to the characteris-
tics of the sport event, the free consumption of food and
beverage was allowed. The ingestion of food or beverages
has an influence on Z, which may decrease over a 2- to 4-
h period after a meal, generally representing a change of <
3% in Z values (Kushner et al., 1996). The ultra-endurance
triathlon race started at 6:00 a.m. and lasted for many hours
(~12.5 h on average). Therefore, each participant had
her/his own nutritional strategies before competition (e.g.,
usually they have breakfast 2-3 hours before the race),
which we could not control. This could have influence the
bioelectrical values obtained pre-race. Furthermore, due to
the free consumption of food and beverage during the
race, an underestimation of ~14 Q in Z values could have-
occurred in the post-exercise bioelectrical measurements.
However, the amount of water intake at the end of the race
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should not have affected these measurements because the
recent ingestion of a meal or beverage (< 1 h from the in-
gestion to bioelectrical measurements) appears to be "elec-
trically silent" and to have a minimal effect on whole-body
Z (Evans et al., 1998).

The ecological design of the study itself implied
also certain limitations. The post-race measurement was
notably the most difficult assessment because of the multi-
ple factors that must be controlled due to their influence on
the bioelectrical signal at a moment in which athletes are
extremely tired and less motivated (after exercising for
more than 12 h). Moreover, the time at which the fluid/food
intakes were performed during the race was not registered.
On the other hand, there were no records of each individ-
ual’s recovery strategies. Although the sample size was
previously estimated (see Participants) and post-tests
power calculation was within the expected values, under-
powered sample size cannot be completely discarded,
which limit the possibility of reaching stronger inferences,
especially in the multiple regression models. Finally, no
specific triathlon tolerance ellipses exist yet to allow a
more enriching analysis.

Conclusion

A specific bioelectrical distribution was found in the pre-
sent group of triathletes in comparison with the healthy,
general reference population. This justifies the need to cre-
ate specific tolerance ellipses that could discriminate tri-
athletes of different performance level, age, sex, race, etc.
Furthermore, the relationship between basal vector posi-
tion of triathletes and performance variables should be fur-
ther investigated, since it could help to discriminate be-
tween performance levels of athletes according to the posi-
tion of their vectors. Although BIVA is not currently able
to identify type and magnitude of fluid loss, vector migra-
tion appears to be consistent with fluid loss induced by a
UET event. Furthermore, reversed vector displacement be-
yond the basal position 48 h after the race is consistent with
fluids recovery, while BM did not return to PRE values.
This highlights the potential advantage of BIVA in better
informing about hydration changes in comparison with BM
alone. Furthermore, the bioelectrical analysis seems to be
consistent to muscle disruption in the recovery period after
completing this type of events. Although with the utmost
caution, there seems to be a relationship between the be-
havior of the bioelectrical vector and certain performance
parameters. The multivariate analysis may help to better
understand the bioelectrical vector’s behavior pre- to post-
exercise. BIVA may be helpful in assessing hydration
changes in real time and could also complement the current
hydration biomarkers that require a mobile laboratory.
Nonetheless, further research must investigate the applica-
bility of BIVA as a valid and reliable biomarker of hydra-
tion status, especially regarding the behavior of Xc after
exercise.
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Key points

e BIVA shows a specific bioelectrical distribution in
a group of triathletes in comparison with the healthy,
general reference population.

e Although BIVA is not currently able to identify type
and magnitude of fluid loss, vector migration ap-
pears to be consistent with fluid loss induced by a
UET event and with fluid retention 48 h after the
race.

e BIVA seems to provide additional information
about hydration changes 48 h after the UET event
compared with BM alone. However, it is important
to highlight that neither BM nor BIVA can really
identify what happened to TBW. BIVA reflect
changes in ECW estimates only. Thus, ICW may
still be reduced (captured by BM 48h post-race) with
a migration of fluids to the ECW space.

e This method could be sensitive to different perfor-
mance levels between triathletes and to muscle dis-
ruption 48 hours after completing a UET event.
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