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Abstract: Estimating tailbeat frequency (TBF) is a crucial component of fish swimming kinematics
and performance, particularly because it provides information about energetics and behavioral
responses to environmental cues. The most commonly used technique for TBF estimation is based on
accelerometers. This paper proposes a novel approach using bioimpedance technology. This is the
first time bioimpedance has been measured in a freely moving animal. This was made possible by
implanting a flexible electrode in the back muscle of seabasses and having them in a swimming tunnel.
The experiment first demonstrates that it is possible to measure bioimpedance in an immersed fish
despite the high conductivity of seawater. An agreement analysis was then performed to compare a
video-based reference measurement of TBF with the newly proposed approach. Several bioimpedance
settings, such as the configuration and the extracted electrical parameters, were considered. Data
analysis highlights that a 4-point setup for modulus impedance measurement at frequencies over
10 kHz provides the best agreement (r > 0.98 and CCC > 0.97) with the video-based approach. These
results attest to the significant benefits of integrating bioimpedance sensors in biologgers, especially
considering the complementary parameters that can be extracted from bioimpedance measurements,
such as length, weight, condition index, and fat content.

Keywords: tail-beat frequency; swimming speed; bioimpedance

Key Contribution: The first key contribution is the first experiment consisting of measuring bioimpedance
in a moving animal. The second contribution is the tail-beat frequency estimation of seabass using
bioimpedance, and the agreement analysis using video-based technique is the golden one.

1. Introduction

Tailbeat frequency (TBF) is a key component of fish swimming kinematics and perfor-
mance. It is well established that swimming speed increases linearly with TBF in fish that
use body-caudal locomotion [1–3], and TBF can provide information about fish swimming
energetics through the relationship between swimming speed and oxygen uptake and
can also reveal behavioral responses to environmental cues. For example, estimating the
swimming speeds and spontaneous behaviors of large pelagic fishes has been a primary
objective of TBF studies (e.g., [4]).

Generally, however, monitoring TBF is performed under experimental conditions.
The initial scientific approach to estimating maximum TBF involved measuring minimum
muscle contraction times [5,6]. Current monitoring techniques include video analysis,
underwater echosounders [7], and biologgers equipped with accelerometers [8–10]. Ac-
celerometers are now the most widely used technique for the measurement of TBF in freely
swimming fish. Ref. [11], with various applications such as the following:
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• Remotely describing and identifying in situ behaviors like spawning [12], feeding [13],
escaping [13], and fast-start events [14].

• Predicting oxygen consumption [16? ] and metabolic rate [17].

Accelerometers are commonly embedded in consumer electronics like cellphones
and tablets, so they have benefited from significant industrial development, reducing
their size so that they can be integrated. Consequently, accelerometers are now included
in most commercial biologgers. However, there are some drawbacks. For instance, the
sensor often requires calibration through controlled experiments. Additionally, for speed
estimation using TBF, the fish size must be known, which limits sensor deployment in
natural conditions to short periods, assuming limited growth.

The main objective of the experimentation described in this publication is to explore the
feasability and benefits of using a new sensing technique called bioimpedance to measure
the TBF of the seabass (Dicentrarchus labrax) and to realize an agreement analysis between
this new sensing technique and a golden one based on video. The primary purpose of this
study, therefore, was to perform the first bioimpedance measurement on a moving fish in
an aggressive chemical environment for electronics, seawater. The second objective was to
assess the impact of fish activity on bioimpedance signals, in particular to investigate the
relationship between dynamic bioimpedance variations and fish TBF.

2. Bioimpedance Measurement Principle and Applications

This paper introduces a novel sensing technique for fish TBF estimation based on
bioimpedance. Bioimpedance combines the concepts of biology and electrical impedance, re-
ferring to the measurement of electrical impedance in biological tissues. Electrical impedance
is a parameter that provides information about how a conductive element impedes the flow
of electric current [18]. The basic principle of bioimpedance measurement [19] involves either
applying an electric current (I) and measuring the resulting electrical potential difference
(V), or applying an electrical potential difference and measuring the resulting current flow.
Impedance is defined as the ratio between the electrical potential difference and the electric
current flow, as provided by Equation (1).

z =
U
I

(1)

Bioimpedance can be measured using two different measurement setups, namely
2-point or 4-point measurement techniques (Figure 1). In the 2-point, both the electrical
signal generation and measurement are performed using the same contacts. In contrast,
the 4-point technique uses two pairs of contacts, one for signal generation and one for
measurement. The advantage of the 4-point over the 2-point technique is the reduced
amount of disturbance due to the limited impedance interface on the measuring contacts.

Figure 1. 4-point and 2-point bioimpedance measurement set-ups.

Electrical impedance extends Ohm’s law to alternating signals, meaning that both
the generated and measured signals are sine waves. One of the main characteristics of a
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sine wave is its frequency. Bioimpedance spectroscopy, as the name suggests, measures
over a range of signal frequencies [19]. Bioimpedance spectroscopy is significant because
the response of biological tissues to the electrical current flow depends on the frequency.
Additionally, as shown in Equation (2), impedance z is a complex number that can be
expressed in an algebraic form with a real component (Re(z)) and an imaginary component
(Im(z)). It can also be expressed in a polar form with the modulus (r = |z|) and the
argument (θ = arg(z)).

z = Re(z) + i · Im(z) = reiθ (2)

Since bioimpedance signatures can integrate all the biological processes that influence
tissue composition, the method has numerous and varied applications. Bioimpedance
was originally developed for medical applications but, over the past 20 years, its use has
expanded to veterinary applications, especially body composition analysis [18–25]. This
relies on a specific measurement setup [19], involving either an inert patient in medical
applications or an anesthetized subject in veterinary applications, with two electrodes and
two contacts at the extremities of the body. Bioimpedance data are then combined with
additional data, such as morphometric parameters, in predictive models.

There are very few applications focused on dynamic processes. In the medical domain,
impedance is used for cardiography [18] and can also be used for estimating chest move-
ment and respiratory volume [26]. To our knowledge, however, there are no examples of
dynamic bioimpedance measurement on animals.

3. Materials and Methods
3.1. Ethical Approval

Experimental procedures were approved by the ethics committee for animal experi-
mentation n° 036 of the French Ministère de l’Enseignement Superieur, de la Recherche et
de l’Innovation, with reference number APAFIS 10130-201704071516253 v3.

3.2. Materials
3.2.1. Animals

Experiments were performed on n = 8 seabass (Dicentrarchus labrax) with a mass of
approximately 600 g that were bred and reared at the Ifremer Marine Research Platform
in Palavas-les-Flots (Hérault Department, France), in indoor cylindrical tanks (vol 5 m3)
under seasonal photoperiods, provided with a flow of biofiltered and UV-treated seawater
at 21 ◦C. Fish were fed daily with commercial pellets (B-Grower Marin, Le Gouessant,
Lamballe-Armor, France www.legouessant.com) but fasted for 24 h prior to surgery.

3.2.2. Bioimpedance Measurement

Prototypes of implantable 4-contact electrodes, usable for both 2-contact and 4-contact
bioimpedance measurements, with platinum contacts on a flat leaf of semi-rigid Kapton [27]
have been used for bioimpedance measurement. The electrodes were connected to a MFIA
Zurich Instruments impedance analyzer, connected to a computer, and controlled using
Matlab 2020 software.

3.2.3. Respirometer

In order to be able to make measurements using laboratory instruments while the
seabasses were moving, we used a respirometer. The respirometer is designed to provide a
non-turbulent water flow with a uniform velocity profile in which to exercise fish at controlled
current speeds. The anterior portion of the swim section was shielded with black plastic
sheeting to avoid visual disturbance of fish, which spontaneously occupied this area.

3.2.4. Video

Fish were filmed at each speed for subsequent calculation of their TBF using a GoPro 7
(1080 p, 30 fps).

www.legouessant.com
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3.3. Methods
3.3.1. Surgery

Fish were anesthetized by immersion in 0.1 g L−1 benzocaine (Benzocaine ethyl
4-Aminobenzoate, VWR, Rosny-sous-Bois, France, www.vwr.com) in aerated seawater until
active ventilation ceased, then weighed and placed on their side on an operating table with
their gills irrigated with aerated seawater containing 0.05 g L−1 benzocaine. A one cm long
vertical incision was made in the skin, halfway between the dorsal fin and the lateral line and
at the level of the fourth dorsal fin ray, to reveal the underlying axial musculature. A blunt dis-
sector was gently advanced under the skin to free it from the musculature and create a space
into which the impedance electrode could be advanced. The electrode (cf. Figure 2A) was slid
under the skin through the incision, which was closed with sutures to hold the electrode in
place. The wires were then sutured firmly to the skin at the point of electrode insertion and
again on the back of the fish, just anterior to the dorsal fin (cf. Figure 2B). After surgery, fish
were left to recover for 24 h in a Steffensen-type swim tunnel respirometer (vol. 30 L) provided
with a flow of aerated, biofiltered, and UV-treated seawater at 21 ◦C, swimming in a current
equivalent to 0.5 body lengths per second (bl/s) (cf. Figure 2C).

Figure 2. (A) The flexible biocompatible 4-contact electrode for bioimpedance measurement; (B) Fish
after surgery for implantation of the electrode; (C) post-surgery fish recovery in the Steffensen-type
swim tunnel.

3.3.2. Respirometer

Each seabass was exposed to progressive increments of swimming speed of 0.5 bl/s
each 30 min until fatigue. Fish were considered fatigued when they rested their caudal fins
on the downstream grid for at least 10 s.

www.vwr.com
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3.3.3. Bioimpedance Measurement

For each seabass and at each speed, bioimpedance was measured several times, for
16 s each, considering two varying parameters:

• Measurement setup: 4-point (4 pts) or 2-point (2 pts).
• Bioimpedance frequencies for each measurement: 100 Hz, 1 kHz, 10 kHz, 100 kHz,

1 MHz, and 5 MHz.

This provided 12 bioimpedance plotter measurements. The sequential timing of
the measurement series at a given speed is shown in Figure 3. The upper sequence
describes the sequential progress of measurements on a fish at one speed. It comprised an
initialization phase and 12 16-s plotter measurements (6 signal frequencies from 100 Hz
to 5 MHz and 2 measurement setups: 2 and 4 pts). The lower sequence presents the three
steps performed in each of the 12 16-s plotter measurements. Each plotter measurement
includes an automated calibration of the impedance analyzer, then a 16 s measurement, then
data post-processing. Amongst the four different functions (Init, automated calibration,
measurement, post-processing), three of them had a fixed duration (Init,measurement, post-
processing). On the contrary, the automated calibration duration varied with the impedance
load variation due to fish movement and measurement frequency variation, which resulted
in approximate synchronization between video and bioimpedance measurement.

As previously mentioned, bioimpedance is a complex parameter that can be expressed
in an algebraic or polar form, resulting in four electrical parameters extracted from each
bioimpedance measurement (modulus, angle, real part, imaginary part). As a consequence,
for each fish at each speed, this resulted in 48 time series measurements.

Figure 3. Sequential timing description of one bioimpedance measurement series.

3.4. Data Analysis
3.4.1. Video

In order to synchronize video and bioimpedance measurements, the date and time on
the computer were filmed at the start of each bioimpedance measurement series. The date
and time of the computer were also stored by the Matlab 2020 program at the beginning
of each bioimpedance series. As presented in Figure 3, at each swimming speed, the
plotter measurements were performed sequentially with some known timings except
the automated instrument calibration that was done before each plotter with a timing
varying from 8 s to 9 s. Considering this unknown timing, we extracted 16 s videos for
each plotter that were approximately synchronized with it. Then, we counted the time,
in milliseconds, for the fish to perform 10 tailbeats and then resolved this into TBF in
Hz. Two fish had intermittent movements, with some time resting in the corner or at
the back of the swimming tunnel, which caused some erroneous TBF estimations. Data
from those two fish were, therefore, removed from the dataset for further analysis. Using
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the video-based TBF estimation, the stride length at each water speed was computed as
presented by Equation (3).

stridelength (bl) = water speed (bl/s)/TBF (Hz) (3)

For analysis, stride length and TBF versus water speed were plotted. Fish activity data
were exhibited as a plot of the average (± standard error) of measures done over the 12 videos
for each water speed. Stride length is a commonly estimated parameter in fish activity studies.
We aim to measure it to validate the correct operation of the experimentation.

3.4.2. Bioimpedance

As previously mentioned, for each fish and at each speed, 48 time series were extracted
from bioimpedance measurements, for a Fast Fourier Transformation (FFT) on each time
series. FFT was used to observe frequency patterns in the bioimpedance variation over
time. Then, considering the range from 1 Hz to 5 Hz band, the frequency bin with the
maximum amplitude was measured and considered to be TBF. For graphical analyses,
bioimpedance-based TBF estimations were plotted at each speed, considering a reduced
number of bioimpedance parameters (one setup, one electrical parameter, for instance).

3.4.3. Statistical Analysis

The first analysis focused on the relationship between bioimpedance-based and video-
based fish TBF measurements, considering the two bioimpedance measurement setups
and the four electrical parameters for each of these without considering the bioimpedance
frequencies. The second analysis focused on the differences between fish TBF estimations
as a function of the frequencies used to measure the bioimpedance.

For the statistical analyses, the Pearson’s correlation coefficient (r) was computed as
the ratio of covariance between the variables to the product of their standard deviations,
which depicts the linear relationship between two datasets but not their agreement or
concordance. This latter is of interest to evaluate whether measurements made by two or
more different techniques produce similar results [28,29].

A first agreement analysis was based on the Bland and Altman plot [30], a scatter plot
that displays the difference between a pair plotted on the vertical axis of the diagram against
the mean of the pair on the horizontal axis. In addition, the 95% upper and lower limits of
agreement (ULOA and LLOA, respectively) are also plotted, calculated as the average difference
± 1.96 standard deviations of the difference. However, as we analyzed the agreement between
the video-based TBF measurement and several bioimpedance-based TBF measurements, we
decided not to analyze Bland and Altman data at a graphical level but, rather, to compare means
of difference, ULOA and LLOA. To study if the mean value of the difference differed significantly
from 0, a 1-sample t-test was run to reveal the potential presence of fixed bias. These analyses
were performed in the Matlab BlandAltmanPlot package [31].

To complement our agreement analysis, we computed the Concordance Correlation Coefficient
(CCC) and its confidence interval [32]. The CCC of two variables is defined by Equation (4).

CCC =
2σ12

(µ1 − µ2)2 + σ2
1 + σ2

2
(4)

where µ1 and µ2 are the mean of the two variables and σ1 and σ2 are their standard
deviations, while σ12 is their covariance. The CCC was re-defined in relation to the Pearson’s
correlation coefficient

CCC = rCb (5)

with r as the Pearson’s correlation coefficient

r =
σ12

σ1σ2
(6)
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and Cb as the bias correction factor

C =
2σ12

(µ1 − µ2)2 + σ2
1 + σ2

2
(7)

In this way, Cb was always positive and less than 1. Its maximum value was reached
when the two variables had identical mean and standard deviation. CCC ranges from
−1 to 1, with perfect agreement at 1; it cannot exceed the absolute value of r Pearson’s
correlation coefficient. It can be legitimately calculated on as few as ten observations. The
CCC modifies the Pearson correlation coefficient by evaluating both the proximity of the
data to the best-fit line and its deviation from the perfect agreement line at 45° from the
origin. CCC equals 1 if all points align precisely on this 45-degree line, decreasing as points
and the best-fit line move away from this ideal alignment. The agreement analysis was
performed with the Matlab package f_CCC [33].

4. Results
4.1. Stride Length and Video-Based TBF versus Water Speed

Figure 4A presents the stride length averaged over the six fish at each of the five
current speeds between 1 and 2 bl/s. The stride length is presented as a plot of the average
(± standard error) stride length measured over the 12 videos for each water speed. The
stride lengths are in a range between 0.5 bl to 0.8 bl. According to these results, the measured
stride lengths are coherent with the literature [34,35], which indicates that stride length is
consistent over various speeds with an average of 0.6 bl.

Figure 4. (A) stride length (bl) versus water speed (bl/s), (B) video-based estimation of TBF (Hz)
versus water speed (bl/s) at 5 water speeds.

Figure 4B presents a video-based estimation of TBF (Hz) versus water speed (bl/s)
at five water speeds between 1 and 2 bl/s for six fishes. The TBF is presented as a plot
of the average (± standard error) TBF measured over the 12 videos for each water speed.
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Contrary to the observation made for the stride length, video-based TBF estimation is
linearly correlated with the speed. This observation indicates that it is more relevant to
focus on fish speed than stride length to study TBF.

The following section provides the first results regarding these bioimpedance-based
measurements of fish TBF.

4.2. Bioimpedance-Based TBF Estimation in Relation to Swimming Speed

Figure 5 presents the bioimpedance modulus variation during the 16-s measurement
for two fish and one measurement setup: water speed at 1.25 bl/s, bioimpedance fre-
quency measurement at 1 kHz, and for the 4 pt bioimpedance setup. For both fish, the
bioimpedance value oscillated. The mean values of the bioimpedance modulus were in
the range of 100 to 200 Ω, which is an expected value for biological tissues. In addition, the
bioimpedance values had the same oscillation as the fish’s tail. Based on these observations,
we assumed that the bioimpedance measurement variation provided some information
related to the fish’s movement, in this case the beating of the tail.

Figure 5. Plotter graph example: variation of the modulus of the bioimpedance over the 16 s
measurement for two fishes. The water speed is 1.25 bl/s, the bioimpedance measurement setup is
4 pts, and the bioimpedance frequency measurement is 1 kHz.

Figure 6 presents the water speed against the estimations of TBF based on the
4 bioimpedance measurements (modulus/4 pts, angle/4 pts, modulus/2 pts, angle/2 pts)
for one fish. The linear interpolation of the data y = x and y = 2x lines are also plotted.

This graphical presentation of representative data for one fish provides a first positive
result. Indeed, it clearly appears that there is a linear relationship between the water
speed and the fish TBF estimated using bioimpedance whatever, the water speed, the
bioimpedance parameter, and the frequency of bioimpedance measurement. To go further
in the analysis of the TBF estimation using bioimpedance measurement, some statistical
analyses are presented in the following section.
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Figure 6. Water speed versus bioimpedance-based TBF estimation for fish 2 (a) 4 pts modulus of
bioimpedance for frequency estimation; (b) 4 pts angle of bioimpedance for frequency estimation;
(c) 2 pts modulus of bioimpedance for frequency estimation, (d) 2 pts angle of bioimpedance for
frequency estimation.

4.3. Fish TBF Measurement, Video versus Bioimpedance

In order to go deeper than for individual graphical analysis of results, statistical
analysis of the whole results is presented in this section.

4.3.1. Correlation and Agreement Considering Bioimpedance Setups and Resulting
Electrical Parameters

Table 1 provides the results of the agreement analysis between video-based and
bioimpedance-based TBF estimation considering the two setups (2 pts, 4 pts) and the
four electrical parameters (modulus, angle, real component, imaginary component) of
the bioimpedance measurements. Each bioimpedance-based estimation is the mean of
the measurements for the six frequencies. The statistical parameters are: r: correlation
coefficient, µ: mean of the difference of estimations, ULOA: Bland and Altman upper limit
of agreement, LLOA: Bland and Altman lower limit of agreement, t-test h: t-test result,
t-test p: t-test p-value, CCC: Concordance Correlation Coefficient, CI1: CCC lower limit of
confidence interval, CI2: CCC upper limit of confidence interval.



Fishes 2024, 9, 399 10 of 16

Table 1. Statistical analysis results bioimpedance-based estimation of TBF for the two setups (4 pts
yellow, 2 pts red) and the four electrical parameters (mod, angle, real, imag).

Bioimpedance Setup
and Parameter r µ ULOA LLOA t-Test t-Test p CCC CI1 CI2

4 pts mod 0.97 −0.03 0.24 −0.30 1 0 0.97 0.96 0.98
4 pts angle 0.97 −0.03 0.26 −0.32 1 0.01 0.96 0.95 0.97
2 pts mod 0.95 −0.06 0.29 −0.39 1 0 0.94 0.92 0.96
2 pts angle 0.93 −0.05 0.37 −0.46 1 0.01 0.92 0.89 0.94
4 pts real 0.97 −0.03 0.24 −0.30 1 0.01 0.97 0.96 0.98

4 pts imag 0.97 −0.03 0.26 −0.32 1 0.01 0.96 0.95 0.97
2 pts real 0.97 −0.01 0.26 −0.29 0 0.32 0.97 0.95 0.97

2 pts imag 0.96 −0.02 0.29 −0.33 0 0.21 0.96 0.94 0.97

R Pearson’s correlation coefficient varies between 0.93 and 0.97, indicating that all the
bioimpedance measurements have a strong relationship with video-based TBF estimation.
Considering Bland and Altman plot parameters (µ, ULOA, LLOA), all the measurements
have a mean between −0.01 and −0.05 and a 95% limits of agreement range between
[0.37,−0.46] and [0.24,−0.30]. That is, 95% of measurements have an absolute error below
0.46 bl/s for the worst case and below 0.30 bl/s for the best case.

Comparing 4 pts and 2 pts setups, 4 pts have better results for two reasons:

• All t-tests for 4 pts setup measurements are 1 due to p < 0.01. For 2 pts setup
measurements, the t-test is equal to 0 for real parts and imaginary parts, with p-values
of 0.32 and 0.21.

• The lowest CCC (0.92 and 0.94) are for 2 pts setup for modulus and angle electrical
parameters. For 4 pts setup, CCC are over 0.96.

As the results provided in Table 1 are very good overall, we studied the results using
not only one electrical parameter but the mean of tail-beat estimations using two or four of
them. The objective was to estimate the potential benefit of using electrical parameters
that are computed on the same bioimpedance measurement. Each electrical parameter is
the average of the measurements for the six frequencies. Table 2 presents the statistical
parameter values for the agreement analysis with the following statistical parameters:
r: correlation coefficient, µ: mean of the difference of estimations, ULOA: Bland and Altman
upper limit of agreement, LLOA: Bland and Altman lower limit of agreement, ttest h: t-test
result, t-test p: t-test p-value, CCC: Concordance Correlation Coefficient, CI1: CCC lower
limit of confidence interval, CI2: CCC upper limit of confidence interval.

The results are slightly better:

• r between 0.95 and 0.98.
• 95% limits of agreements between [0.24,−0.30] and [0.31,−0.41].
• CCC between 0.94 and 0.97.

Comparing 2 pts setup to 4 pts one, it still has one t-test equal to 0 and the lowest
r (0.95) and CCC (0.94).

Figure 7 presents the p-value of the t-test for the eight cases considering 4 pts setup and
the eight cases considering 2 pts setup. The 4 pts setup always has a p-value close to 0, as for
some parameters (real part, imaginary part) and for one combination of parameters (mean
of real part and imaginary part), the p-value is over 0.2 and it consequently doesn’t pass the
test. For this reason, in the following analysis we have only considered measurements done
in a 4 pt setup. In addition, the two best electrical parameters in terms of r, 95% limits of
agreement, and CCC are 4 pts modulus and 4 pts real part. These two electrical parameters
are the only ones considered in the following analysis.
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Table 2. Statistical analysis results, bioimpedance-based estimation of TBF for the two setups (4 pts
yellow, 2 pts red), and the mean of two to four electrical parameters.

Bioimpedance Setup and
Mean of Parameters r µ ULOA LLOA t-Test t-Test p CCC CI1 CI2

4 pts mean (mod, angle) 0.98 −0.03 0.24 −0.30 1 0.01 0.97 0.96 0.98
4 pts mean (real, imag) 0.97 −0.03 0.24 −0.30 1 0.01 0.97 0.96 0.98
4 pts mean (mod, real) 0.97 −0.03 0.24 −0.30 1 0.01 0.97 0.96 0.98

4 pts mean (mod, angle, real, imag) 0.97 −0.03 0.24 −0.30 1 0.01 0.97 0.96 0.98
2 pts mean (mod, angle) 0.95 −0.05 0.31 −0.41 1 0 0.94 0.91 0.95
2 pts mean (real, imag) 0.97 −0.01 0.27 −0.30 0 0.24 0.96 0.95 0.97
2 pts mean (mod, real) 0.97 −0.03 0.24 −0.30 1 0 0.96 0.95 0.97

2 pts mean (mod, angle, real, imag) 0.97 −0.03 0.25 −0.31 1 0.01 0.96 0.95 0.97

Figure 7. t-test p-value for the 4 pts and 2 pts setups and eight combinations of electrical parameters.

4.3.2. Correlation and Agreement Considering Different Frequencies of
Bioimpedance Measurement

Table 3 presents the statistical results for the agreement analysis between video-based
and bioimpedance-based TBF estimation, considering only 4 pts setup, modulus, and
real-part electrical parameters and distinguishing the measurements according to their
bioimpedance frequency measurement values.

First of all, real part and modulus have the same results, considering r, µ, ULOA,
LLOA, t-test result, and CCC parameters. We can make several observations:

• The worst results are obtained for freq1 (100 Hz), with r = 0.93, 95% limits of agree-
ment [0.45, −0.42], t-test results equal to 0, and CCC = 0.92. Those results are even
worse than the ones presented in Tables 1 and 2.

• The best results are obtained for freq5 (1 MHz), with r = 0.99, 95% limits of agreement
[0.12, −0.20], t-test results equal to 1, and CCC = 0.99. Those results are better than
any result from Tables 1 and 2.

Figure 8 presents the p-value from the t-test according to the frequency of the bioimpedance
measurement. It clearly appears that the choice of the frequency has an impact on this result. It
must be 10 kHz or over.
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Table 3. Statistical analysis results (r: correlation coefficient, µ: mean of the difference of estimations,
ULOA: Bland and Altman upper limit of agreement, LLOA: Bland and Altman lower limit of agree-
ment, ttest h: t-test result, ttest p: t-test p-value, CCC: Concordance Correlation Coefficient, CI1: CCC
lower limit of confidence interval, CI2: CCC upper limit of confidence interval), bioimpedance-based
estimation of TBF for the two setups (4 pts yellow, 2 pts red), two electrical parameters (mod and
real) and each of the 6 bioimpedance frequencies (100 Hz, 1 kHz, 10 kHz, 100 kHz, 1 MHz, 5 MHz).

Bioimpedance Setup, Parameter
and Frequency Number r µ ULOA LLOA t-Test t-Test p CCC CI1 CI2

4 pts mod freq1 0.93 0.01 0.45 −0.42 0 0.79 0.92 0.84 0.96
4 pts mod freq2 0.98 −0.02 0.27 −0.31 0 0.44 0.97 0.94 0.98
4 pts mod freq3 0.99 −0.05 0.13 −0.23 1 0.01 0.98 0.96 0.99
4 pts mod freq4 0.98 −0.05 0.19 −0.29 0 0.06 0.97 0.94 0.99
4 pts mod freq5 0.99 −0.04 0.12 −0.20 1 0.02 0.99 0.97 0.99
4 pts mod freq6 0.99 −0.05 0.15 −0.24 1 0.03 0.98 0.96 0.99
2 pts mod freq1 0.93 0.01 0.45 −0.42 0 0.78 0.92 0.84 0.96
2 pts mod freq2 0.98 −0.02 0.27 −0.31 0 0.44 0.97 0.94 0.98
2 pts mod freq3 0.98 −0.05 0.13 −0.23 1 0.01 0.98 0.96 0.99
2 pts mod freq4 0.98 −0.05 0.19 −0.29 0 0.06 0.97 0.94 0.99
2 pts mod freq5 0.99 −0.04 0.12 −0.20 1 0.02 0.99 0.97 0.99
2 pts mod freq6 0.99 −0.05 0.15 −0.24 1 0.03 0.98 0.96 0.99

Figure 8. t-test p-value for the 4 pts setup, two electrical parameters, and six bioimpedance frequencies.

5. Discussion

This study had several purposes. The first was to perform the first bioimpedance
measurement on a moving fish. A major concern was the harsh environment. Indeed, due
to its composition, seawater has a high conductivity, between 1 S m−1 and 6 S m−1 [36],
which is much higher than nominal fish conductivity (700 µS m−1) [37]. This could have
short-circuited the bioimpedance measurement. Based on the bioimpedance values and
assuming that their variations were due to fish tailbeat activity, we can conclude that
we measured fish bioimpedance. This was because the electrode contacts were oriented
towards the inside of the muscle, and the electric field lines lost in the saltwater were
limited due to the skin, which acts as an insulator.

The second objective was to explore the use of an implanted bioimpedance electrode
to measure TBF by comparing this novel approach against video-based estimations. The
agreement analysis demonstrated that this was indeed a valid approach, and, according
to the comparative analyses, the best bioimpedance approach was the 4-point setup for
modulus impedance measurement at frequencies over 10 kHz. This can be explained by
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the fact that the 2-point setup is affected by interface impedance disturbances that were
exacerbated by fish activity. The 4-point setup is less impacted by such disturbances. Addi-
tionally, interface impedance disturbances behave like a capacitor, which has a diminishing
influence as the frequency increases. This explains the benefit of measuring impedance
over 10 kHz.

The experiment was conducted under perfectly controlled conditions, with seabasses
swimming in a respirometer at constant speeds. Additionally, bioimpedance measurements
were taken over 16 s. To further develop this new method for measurements in freely
moving fish, it is necessary to explore:

• Accuracy using shorter measurement times and more advanced data processing
techniques such as Short Time Fast Fourier Transform (STFFT).

• Response when the fish exhibits unsteady swimming with irregular tailbeats or turns.

Currently, the most widely used solution for estimating TBF in freely moving fish is
by accelerometer [8–10]. Comparing our approach to accelerometers, the constraints are
similar. Our solution requires the implantation of an electrode, while biologgers containing
accelerometers need to be implanted in the body cavity [8,10,16] or attached to the back
using invasive attachment systems [12]. One of the main reasons for the widespread use of
accelerometers is that they are embedded in most electronic tags. This has been possible
because accelerometers are commonly embedded in cellphones, making them easy to
integrate into electronic devices. The use of our proposed solution remains more difficult as
it currently relies on the use of a research-based electrode. However, regarding electronics,
it could be integrated into biologgers, as it is already integrated into smartwatches. Indeed,
integrated circuits for impedance measurement exist from research domains [38] or as
commercial products [39].

A potential advantage of using bioimpedance over an accelerometer is the reduced
amount of stored data. Indeed, an accelerometer is not a single sensor but the combination
of three sensors measuring acceleration on the three axes of a 3D orthonormal frame. By
contrast, the bioimpedance sensor measures a single data stream. To clearly evaluate the
potential to reduce memory size for bioimpedance measures compared with accelerom-
eters, it would be necessary to estimate the minimum frequency measurement required.
Assuming that the bioimpedance measurement is analyzed using FFT and that the TBF
is lower than 4 Hz, according to the Nyquist–Shannon theorem, the sampling rate must
be at least twice the bandwidth of the analyzed signal to avoid aliasing. It means that an
8 Hz sample rate would be enough to estimate TBF. Such a sampling frequency is lower
than that commonly used for accelerometers in biologgers [8,10,12]. As a consequence, we
assume that the amount of data stored using bioimpedance can be at least three times lower
than using an accelerometer.

Regarding swimming speed estimation using an accelerometer, [10] highlights a
significant drawback. Indeed, swimming speed is estimated using the TBF and the size,
which can induce significant errors in speed estimation for long-term studies where the
fish can grow significantly. One major benefit of using bioimpedance is its apparent
ability to provide a signature directly linked to fish size [40]. Consequently, in addition
to fish TBF estimation, bioimpedance measurement enables the estimation of fish length
and weight [40]. The dual parameter estimation using bioimpedance has never been
demonstrated simultaneously, but it is an exciting perspective that could revolutionize the
long-term use of biologgers. Moreover, the bioimpedance signature is strongly linked to
any biological process that affects tissue compositions, which leads to various potential
applications such as fish condition [41] or fat content [42,43].

As previously mentioned, this experiment is the first one providing bioimpedance
measurement on a moving seabass. To go further in the study of the benefits of such an
approach, some additional studies are mandatory:

• There is a need to instrument some fish with a biologger integrating a bioimpedance
sensor in order to analyze the sensor response to some various behaviors resulting
from free movements, such as burst swim and quick turn.
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• Bioimpedance is known to be sensitive to temperature variations. Regarding TBF
estimation using bioimpedance, we hypothesize that it would have only an impact on
the signal amplitude, which shouldn’t affect the signal frequency estimation. Any way,
a common solution is to integrate a temperature sensor in the electrode and calibrate
the measurement according to temperature [44,45]

• One needed analysis regarding our newly proposed application is the effect of time.
In order to be able to apply such an approach over a long time, there is a need for
highly reliable electrodes that would resist repeated bendings in a harsh environment.
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