
ISBN 978-82-326-7378-0 (printed ver.)
ISBN 978-82-326-7377-3 (electronic ver.)

ISSN 1503-8181 (printed ver.)
ISSN 2703-8084 (online ver.)

Doctoral theses at NTNU, 2023:339

Eirik Svendsen

Implantable sensing 
technologies for monitoring 
of behavioural and 
physiological dynamics in 
farmed Atlantic salmon

D
oc

to
ra

l t
he

si
s

D
octoral theses at N

TN
U

, 2023:339
Eirik Svendsen

N
TN

U
N

or
w

eg
ia

n 
U

ni
ve

rs
ity

 o
f S

ci
en

ce
 a

nd
 T

ec
hn

ol
og

y
Th

es
is

 fo
r t

he
 D

eg
re

e 
of

Ph
ilo

so
ph

ia
e 

D
oc

to
r

Fa
cu

lty
 o

f I
nf

or
m

at
io

n 
Te

ch
no

lo
gy

 a
nd

 E
le

ct
ric

al
En

gi
ne

er
in

g
D

ep
ar

tm
en

t o
f E

ng
in

ee
rin

g 
Cy

be
rn

et
ic

s





Eirik Svendsen

Implantable sensing 
technologies for monitoring 
of behavioural and physiological 
dynamics in farmed Atlantic 
salmon

Thesis for the Degree of Philosophiae Doctor

Trondheim, October 2023

Norwegian University of Science and Technology
Faculty of Information Technology and Electrical Engineering 
Department of Engineering Cybernetics



NTNU
Norwegian University of Science and Technology

Thesis for the Degree of Philosophiae Doctor

Faculty of Information Technology and Electrical Engineering 
Department of Engineering Cybernetics

© Eirik Svendsen

ISBN 978-82-326-7378-0 (printed ver.)
ISBN 978-82-326-7377-3 (electronic ver.)
ISSN 1503-8181 (printed ver.)
ISSN 2703-8084 (online ver.)

Doctoral theses at NTNU, 2023:339
ITK report: 2023-22-W

Printed by NTNU Grafisk senter



Abstract

Atlantic salmon aquaculture is a major food industry with 1.5 million tonnes
produced for worldwide consumption in 2022. However, in Norway during
the same year, current farming methods resulted in a 17.1% mortality rate
(56.7 million individuals). Not only does this reduce profitability, it also
leaves room for considerable improvement with respect to responsible marine
aquaculture. Part of the losses in Atlantic salmon farming can be attributed
to lack of objective data for the fish’s behavioural and physiological responses
and how they are related to health and welfare in different farming contexts.
The main objective of this PhD project has therefore been to enable real-
time data collection of fish parameters during full scale farming operations
by creating technologies for behavioural and physiological monitoring to
uncover their relation to stress and, by extension, welfare.

To this end, it was first shown that the connection between measured
behavioural and physiological responses and stress could be made using ex-
isting off-the-shelf implants measuring heart rate and motion and blood
sample analysis. The sensing principle of pulse oximetry was then selected
because it would add to the suite of physiological parameters possible to ob-
tain in real-time during full scale farming operations. The sensing principle
was validated by measurement of the optical properties of Atlantic salmon
blood. These measurements showed that its optical properties were such that
pulse oximeters intended for humans can be used for this species. This was
further verified by in vitro measurements of oxygenated and deoxygenated
whole blood samples using an off the shelf miniaturized pulse oximeter and
Monte Carlo simulations. Because welfare considerations indicated that sen-
sors should be implanted in fish, eight different locations within the peri-
toneal cavity of live, anesthetized Atlantic salmon were tested. The location
giving the best signals across individuals in terms of signal quality index
was then used as input to hardware design. An implant simultaneously log-
ging acceleration, rotation rates, compass heading, magnetic field strength,
temperature, electrocardiogram and photoplethysmogram was then realized

i



Abstract

using standard electronic components. The implant was then tested using
live, free swimming fish under normoxic and hypoxic conditions. Using the
collected data correction parameters were calculated and SpO2 estimated.

Based on this research it was concluded that the implant successfully
enabled simultaneous logging of data to connect behaviour and physiological
responses with the novel addition of pulse oximetry. This work, thus, added
to the toolbox for measurement and evaluation of behaviour and physiologi-
cal responses in terms of stress and animal welfare in both research and full
scale Atlantic salmon farming.
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Preface

This thesis is submitted in partial fulfilment of the requirements for the de-
gree of Philosophiae Doctor (PhD) at the Norwegian University of Science
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The focus of this thesis was directed towards development and verifi-
cation, and experimental validation of technological solutions for logging of
physiological and behavioural parameters from individual Atlantic salmon so
the connection between behavioural and physiological responses and stress
can be better understood. The research was undertaken from August 2018
to April 2023 as part of the ’SalmonInsight’ project funded by the Research
Council of Norway (RCN, project number 280864) and in kind by SINTEF
Ocean AS.
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Outline

This thesis is organized into four chapters. Chapter 1, Introduction, provides
context by presenting general aquaculture facts, the motivation behind this
work as well as a description of its belonging project. Finally the objectives
and contributions of this work are summarized. Chapter 2 presents impor-
tant background theory and principles required to understand the technolo-
gies and approaches used for feasibility testing, technology design and ex-
perimental work. Chapter 3 goes into the details of the testing, design and
experimental activities. Because each activity is written as a continuation
of the former, each section contains results as well as a discussion and con-
cluding remarks per activity. Chapter 4 contains a synthesis of the results,
presents concluding remarks and topics for further work.
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Chapter 1

Introduction

1.1 Atlantic salmon aquaculture

Marine aquaculture is a growing worldwide industry creating economic op-
portunity and advancing technology (FAO, 2020). Norway has a large coun-
trywide aquaculture industry with Atlantic salmon (Salmo salar) as the
most important species with 1.5 million tonnes produced for worldwide con-
sumption in 2022 (Directorate of Fisheries, 2023). Production is expected
to increase by 50% towards 2050 (Almås and Ratvik, 2017) provided the
growth can be realized in a responsible and sustainable manner (Ministry of
Trade, Industry and Fisheries, 2021).

Atlantic salmon farming consists of two main stages: an on-shore fresh-
water stage followed by a seawater stage. In the freshwater stage, roe from
brood stock fish farms is delivered to smolt producers and hatched into
alevins. After the alevins have consumed their yolk sac they become fry and
are moved to growth tanks with either flow-through or recirculated water.
Over the course of a few months the fish develop scales and fins and turn into
parr (Jobling et al., 2010). Using artificial lighting and functional feed, the
fish are then transitioned into seawater tolerant smolts and transferred by
wellboat to production cages in sea after approximately 18 months (Sjømat
Norge, 2023).

The following seawater stage is a growth stage so the smolts can reach
an appropriate weight before slaughter as adults. In this period, fish are
typically contained in ≈ 50m diameter cages. A widespread cage design
consists of a floating collar suspending a vertical net section reaching ≈ 20m
depth where a rigid, circular sinker tube is attached so the net retains a
roughly cylindrical shape. The volume is enclosed by a conical net section

1



1. Introduction

Figure 1.1: Example of a salmon production site with 10 cages (Tristeinen,
Tarva municipality, Norway). The frame mooring system is outlined by the
yellow buoys, and the feed barge is seen in the background. Image credit:
SINTEF ACE (SINTEF ACE, 2023).

with a weighted down apex at ≈ 40m depth. A single cage can contain up
to 200000 individuals (Lovdata, 2023). Most existing production sites are
located in nearshore, sheltered waters and typically consists of 8-10 cages
chained by a frame mooring system anchored to the seabed. A site also
consists of a feed barge including a housing unit for personnel (figure 1.1).

In the sea stage, salmon husbandry consists of a broad range of farming
operations including general farm logistics and inspection, feeding, crowd-
ing and pumping (for e.g., de-lousing or slaughter), equipment cleaning (e.g.,
nets and floating collars) and biomass monitoring (hereunder welfare eval-
uations). Atlantic salmon farming is therefore a complex affair and current
farming practices may have negative impacts on fish health and welfare
(Santurtun et al., 2018). To reduce such impacts, the mandatory manual
daily farm inspection is supplemented by different monitoring technologies
to harvest data fish farmers can use in their decision making. Such technolo-
gies may be based on sonar, passive hydro acoustic sensing and different
types of cameras and environmental sensors. Additionally, fish health and
welfare (e.g., behaviour, prevalence of injuries, lice count) are evaluated us-
ing guidelines/score cards (Noble et al., 2018) as part of inspection routines.
Interpretation of such data for decision making largely relies on the farmer’s

2



1.1. Atlantic salmon aquaculture

subjective experience. Despite these efforts, current farming methods re-
sulted in a 17.1% country wide mortality rate (56.7 million individuals) in
2022 (Sommerset et al., 2023; Grefsrud et al., 2022). Additionally, in 2020,
the ’biological’ production costs (e.g., negative welfare effects, disease and
their treatments) exceeded that of feed, thus, constituting ≥ 41% of the to-
tal production cost (Misund, 2022; Directorate of fisheries, 2023). Not only
does this reduce profitability, it also calls the industry’s farming practices
into question. In combination with exhaustive use of suitable farming areas
and conflicting interests with, e.g., fisheries, fairways and preservation of
nature diversity, the industry’s desired expansion using existing production
methods and sites is limited.

To address this limitation, novel containment systems have in recent
years been developed for Atlantic salmon farming in more exposed locations
further from land (Føre et al., 2022). It is postulated that this approach
can improve welfare, accelerate growth, while giving access to additional
locations (Misund and Thorvaldsen, 2022; Morro et al., 2022). Novel con-
tainment systems in exposed locations, however, come with their own set
of challenges because larger containment volumes make the biomass harder
to observe, while the effects of exposed environments on animal health and
welfare remain uncertain (Hvas et al., 2021; Morro et al., 2022).

A supplementary contribution to increase yield besides expanding pro-
duction to exposed locations can be to ensure that more fish survive for
slaughter. Irrespective of whether production is increased by adapting new
locations and containment systems or by reducing mortality (or both), our
understanding of aquaculture operations effect on animal welfare must be
improved to succeed, both in terms of profitability and ethical, sustainable
Atlantic salmon production.

To this end, the ’Precision Fish Farming’ (PFF) framework was coined
in 2017 by Føre et al., to improve production control and animal health and
welfare in aquaculture. The framework advocates using a feedback loop con-
sisting of four steps: observe, interpret, decide and act. By re-iterating these
steps using objective inputs and model-based data interpretation methods,
farming operations can be continuously adapted to the present farming
states. To realize this framework, it must first be made possible to collect
relevant data in different farming contexts so operations do not negatively
impact fish beyond their tolerances. Thus, suitable technologies must be de-
veloped to collect objective data for behavioural and physiological responses,
and knowledge obtained on how such data relate to stress and, by exten-
sion, animal health and welfare. To obtain such data individual fish can

3



1. Introduction

Figure 1.2: Relation between behaviour, physiology and technology in
SalmonInsight. Ill: Hans Vanhauwaert Bjelland, SINTEF Ocean AS.

be equipped with a miniaturized, electronic sensor package (i.e., a ’tag’)
which may require surgery for attachment or implantation (Adams et al.,
2012; Thorstad et al., 2013). If novel sensing principles (e.g., pulse oximetry)
can be successfully adapted for Atlantic salmon, such solutions can support
the industry’s increasing focus on animal health and welfare while making
production more profitable, sustainable and responsible.

1.2 Scope and objectives

1.2.1 SalmonInsight

The SalmonInsight project1 was established in 2018 as an effort to realize
PFF in Atlantic salmon farming. The project’s main objective was to enable
real-time data collection of fish parameters during full scale farming opera-
tions by creating technologies for behavioural and physiological monitoring
to uncover their relation to stress and, by extension, welfare (figure 1.2).
This is important because current methods to quantify stress as a proxy for
welfare involves handling fish to obtain blood samples for stress hormone
analysis. This limits the contexts in which stress can be evaluated. A blood
sampling approach also introduces handling and sampling stress and it may
be difficult to determine if stress hormones present in the sampled blood
are caused by the (experiment) stressor or as a consequence of handling and
sampling. If behavioural and physiological stress proxies can be measured
using sensors, new possibilities to investigate stress responses open which,
in turn, may improve animal welfare.

The project consisted of three interrelated work packages (WP) (figure
1.3). WP1 was aimed at identifying the relationship between the physi-
ological condition and stress levels of Atlantic salmon and swimming ac-

1The Research Council of Norway project number 280864
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1.2. Scope and objectives

Figure 1.3: SalmonInsight work packages and their relationhips.

tivity/behavioural parameters observable with state-of-the art logging and
telemetry sensors. This was realised by swim tunnel trials and a controlled,
experimental crowding event using fish in tanks where crowding was sim-
ulated by increasing fish density to induce crowding stress. In both trials,
fish were equipped with sensors, and blood samples obtained analysed to
investigate links between data sets. This was used as input to WP3.

WP2 sought to apply the knowledge from WP1 by demonstrating a
telemetry solution for commercial production settings, and verify the ap-
proach in a mesoscale field trial with crowding induced stress. Individual
physiology and behavioural data was collected using loggers to demonstrate
the ability to measure and, thus, link and monitor indicators for physiolog-
ical condition (i.e., stress) quantified using blood samples.

WP3 was the project’s PhD activity specifically focusing on technology
development to achieve SalmonInsight’s main objective.

5



1. Introduction

1.2.2 PhD work package objectives

The main objective for the PhD project (section 1.2.1) was to develop novel
technologies to measure behavioural and physiological responses for individ-
ual fish. This was addressed by sub objectives defined as:

O.1 - Investigate if physiological and behavioural data can be linked to
stress in Atlantic salmon.

O.2 - Select and test an appropriate sensing technique to add to the list of
(physiological) parameters possible to measure in full scale Atlantic salmon
production settings.

O.3 - Design and implement a new multi sensor solution to enable concurrent
measurement of behavioural and physiological responses for Atlantic salmon.

O.4 - Test the sensor solutions in relevant (experimental) settings and eval-
uate its performance.

1.3 Contributions - Implant development

This thesis addresses the SalmonInsight PhD work package objectives (sec-
tion 1.2.2) by developing a novel implant for concurrent logging of be-
havioural and physiological parameters from individual Atlantic salmon. To
this end it was first demonstrated that behavioural and physiological pa-
rameters can be linked to stress using existing off-the-shelf implants. Then,
pulse oximetry was selected as a novel sensing principle and tested for At-
lantic salmon. Based on these tests, a pulse oximetry implant simultane-
ously logging other common behavioural and physiological parameters was
designed and tested using both anesthetized and free-swimming Atlantic
salmon. These contributions are detailed in the following included papers:

Paper A (published)

Svendsen, E., Føre, M., Økland, F., Gräns, A., Hedger, R. D., Alfredsen,
J. A., Uglem, I., Rosten, C. M., Frank K., Erikson, U., Finstad, B., 2021.
Heart rate and swimming activity as stress indicators for Atlantic salmon
(Salmo salar). Aquaculture, 531, p.735804.

Paper B (published)

Føre, M., Svendsen, E., Økland, F., Gräns, A., Alfredsen, J. A., Finstad,
B., Hedger, R. D. and Uglem, I., 2021. Heart rate and swimming activity as
indicators of post-surgical recovery time of Atlantic salmon (Salmo salar).
Animal Biotelemetry, 9, pp.1-13.

6
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Paper C (published)

Svendsen, E., Økland, F., Føre, M., Randeberg, L. L., Finstad, B., Olsen,
R. E. and Alfredsen, J. A., 2021. Optical measurement of tissue perfusion
changes as an alternative to electrocardiography for heart rate monitoring
in Atlantic salmon (Salmo salar ). Animal Biotelemetry, 9(1), pp.1-12.

Paper D (published)

Svendsen, E., Føre, M., Randeberg, L. L. and Alfredsen, J. A., 2021. Design
of a novel biosensor implant for farmed Atlantic salmon (Salmo salar ). IEEE
Sensors 2021, pp. 1-4.

Paper E (published)

Svendsen, E., Randeberg, L.L., Føre, M., Finstad, B., Olsen, R.E., Bloecher,
N. and Alfredsen, J.A., Data for Characterization of the Optical Prop-
erties of Atlantic Salmon (Salmo salar) Blood. Journal of Biophotonics,
p.e202300073.

Paper F (published)

Svendsen, E., Føre, M., Randeberg L. L., Olsen R. E., Finstad, B., Remen,
M., Bloecher, N., Alfredsen, J. A., 2023. ECG Augmented Pulse Oximetry
in Atlantic Salmon Salmo salar - A Pilot Study. Computers and Electronics
in Agriculture, 212, p.108081.

During the course of this research, contributions to related work have
been made with respect to data processing for experiments aiming to connect
physiological and behavioural data to stress responses in larger scale, as well
as tail beat frequency extraction using acceleration data. These contributions
are detailed in the following papers (not included in this thesis):

Paper R.A (in review)

Bloecher, N., Finstad, B., Føre, M., Hedger, R., Olsen, R. E., Rosten, C.,
Svendsen, E., 2023. Assessment of activity and heart rate as stress indicators
for Atlantic salmon in field tests. Aquaculture. In review.

Paper R.B (accepted)

Morgenroth, D., Kvaestad, B., Økland, F., Finstad, B., Olsen, R. E., Svend-
sen, E., Rosten, C., Axelsson, M., Bloecher, N., Føre, M., Gräns, A., 2023.
Under the Sea: How can we use heart rate and accelerometers to remotely
assess fish welfare in aquaculture? Aquaculture. Accepted.

Paper R.C (published)

Warren-Myers, F., Svendsen, E., Føre, M., Folkedal, O., Oppedal, F. and

7



1. Introduction

Hvas, M., 2023. Novel tag-based method for measuring tailbeat frequency
and variations in amplitude in fish. Animal Biotelemetry, 11(1), pp.1-13.

The scientific papers and how they relate to technology, behaviour and
physiology within the context of SalmonInsight is illustrated in figure 1.4.

Figure 1.4: Scientific papers and their relation to technology, behaviour and
physiology in SalmonInsight (section 1.2.1).
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Chapter 2

Background

2.1 Electronic tagging and tracking tools

Electronic tagging and tracking tools (E3Ts) is a common denominator for
biologging and biotelemetric approaches to obtain behavioural and physio-
logical parameters from roaming animals (Cooke et al., 2021). E3Ts come in
two main varieties: Archival (data storage) and transmitter tags. The former
stores raw or processed data in an internal memory. Such tags generally offer
high sampling rates but must be retrieved for data download and further
processing. Transmission tags on the other hand, process measured data and
transmit the result to receivers thereby providing near real-time access to
data. In fresh water, data can be transmitted by radio or acoustic signalling.
In sea water, however, data transfer is limited to acoustics due to sea water’s
impermeability to radio signals.

Several manufacturers of archival and transmitter tags considered suit-
able for full scale aquaculture operations exist and offer measurement of
several behavioural, physiological and environmental parameters (table 2.1).
The majority of available parameters are currently related to behaviour and
the environment, while physiological parameters are limited to electrocar-
diogram (ECG) for heart rate estimation. Additional physiological parame-
ters, e.g., electroencephalogram (Robb et al., 2000), electromyogram (EMG)
(Thorstad et al., 2000), blood pressure (Morgenroth et al., 2019), cardiac
output (Brodeur et al., 1999) and a range of blood parameters using dorsal
aorta cannulation (Eliason et al., 2013) are possible to measure in fishes.
Obtaining such parameters, however, requires advanced and invasive sur-
gical procedures and are therefore not well suited for contexts outside the
laboratory.

9



2. Background

Manufacturer Acc. Gyr. Comp. Press Temp. ECG Pos. Other

ATS - - - - - - X -
Biologging Solutions - - - - X - X Video, sound
Cefas X - - X X - - -
Innovasea X - - X X - X Predation
Lotek X - - X X - X -
Sonotronics X - - - - - X -
Star-Oddi X - X X X X - Salinity
Technosmart X X X X X - X Light
Thelma Biotel X - - X X - X Salinity

Table 2.1: A non-exhaustive overview of implant / tag manufacturers and
parameters on offer. Acc. - Acceleration (multi purpose, e.g., activity, tilt,
tailbeat activity (and frequency), mortality etc.), Gyr. - gyroscope (i.e., ro-
tation rates), Comp. - Compass, Press. - Pressure (for depth estimation),
Temp. - temperature, ECG - Electrocardiogram, Pos - Position/acoustic
tracking.

Figure 2.1: Examples of archival and transmission tags. From left to right:
Star-Oddi Milli temperature and depth archival tag, Star-Oddi Centi heart
rate and activity archival tag, Technosmart AGM acceleration, magnetome-
ter, gyro and temperature archival tag, Technosmart Axy 5 XS acceleration,
magnetometer and temperature archival tag, Innovasea HTI-LD acoustic
transmitter, Cefas C7 acceleration archival tag, Thelma Biotel ID-MP13 ac-
tivity acoustic transmitter tag

10



2.2. Sensing principle candidates

Existing tags come in a variety of implementations depending on their
use and capability. To reduce the risk of tag loss and to avoid negative
welfare impacts associated with external tagging methods (e.g., chafing and
tag loss) (Jepsen et al., 2015), E3Ts for fish usually come in the form of
intraperitoneal implants (figure 2.1).

Tags have seen extensive use in research (Adams et al., 2012; Thorstad
et al., 2013), and have repeatedly been demonstrated in different aquacul-
ture production contexts for measurement of, e.g., activity, swimming depth,
temperature and swimming speed (Føre et al., 2011, 2017a; Hassan et al.,
2022), position (Hassan et al., 2019; Muñoz et al., 2020) and heart rate
(Brijs et al., 2018). Such studies provide interesting information on the be-
haviour and environmental preferences within the production environment
for individual fish. However, due to the parameters possible to measure, such
studies offer limited insight into connection with stress and welfare. The need
to measure additional physiological parameters is therefore evident and is
underscored by on-going research to realize, e.g., online glucose and corti-
sol measurements (Wu et al., 2019; Zimmer, 2023) and EMG (Yang et al.,
2021). Additional sensing principles to further expand the growing list of
physiological parameters which can be measured in aquaculture production
contexts were therefore evaluated for inclusion in an implant for deployment
in such contexts.

2.2 Sensing principle candidates

As described in section 2.1, several implants already exist which offer a range
of parameters (table 2.1). With this in mind, technology readiness level for
new sensing principles was reviewed with respect to miniaturization level
and power efficiency. These considerations limited the number of sufficiently
mature technologies lending themselves to tag integration and simple de-
ployment. Candidate technologies for physiological parameters were e.g.,
photonic hydrogel (Yetisen et al., 2016; Tavakoli and Tang, 2017) and elec-
trochemical sensors.

Photonic hydrogels change measurable properties when interacting with
an analyte. This interaction depends on the possibility to synthesize a poly-
mer network sensitive to the desired analyte. Because this research aimed
to use off the shelf electronic components and sensors, realizing a photonic
hydrogel sensitive to some selected analyte simultaneously suited for inte-
gration in an implant was considered outside the scope of SalmonInsight
(section 1.2.1).

11



2. Background

Within the domain of electrochemical sensors applicable to fishes, ongo-
ing research efforts aim to develop implantable electrochemical glucose and
cortisol sensors (Wu et al., 2019; Zimmer, 2023). Such efforts were, thus, left
to these research groups.

Because heart rate (ECG), already existed as an implantable data stor-
age tag supplied by Star-Oddi (Star-Oddi, 2023), a remaining candidate was
pulse oximetry, an optical sensing technique providing a measure of arterial
blood oxygen saturation (SpO2) as well as a heart rate estimate. Develop-
ment of miniaturized pulse oximetry sensors has in recent years been driven
by the emergence of mobile medical equipment, smart phones and exercise
watches (Steinhubl et al., 2015; Fahlman et al., 2021). This sensing tech-
nique was therefore considered the best candidate and was, thus, selected
for further testing, not only due to its technology readiness level, but also be-
cause heart rate is likely linked to stress. Arterial blood oxygen saturation
dynamics was also expected to increase insight into the physiological re-
sponses of Atlantic salmon in farming contexts with variations in dissolved
oxygen (Alver et al., 2022) and, potentially, hypoxic conditions (Oldham
et al., 2017).

2.3 Pulse oximetry

The ultimate goal of pulse oximetry (PO) is to determine the oxygen sat-
uration in arterial blood (SpO2), i.e., the percentage of oxygen carrying
hemoglobin in arterial blood given by

SpO2 =
(CHbO)

(CHb + CHbO)
· 100%, (2.1)

where CHbO and CHb are the concentrations of oxyhemoglobin (oxygen
carrying hemoglobin, HbO) and deoxyhemoglobin (non oxygen carrying
hemoglobin, Hb), respectively. PO is divided into two main approaches, i.e.,
’transmission’ or ’reflection’ PO. In transmission PO, the light emitters are
placed so they shine through tissue towards the photo detector. In reflection
PO, the light emitters are co-located with the photo detectors on the same
side of the illuminated tissue (figure 2.2).

PO is based on the Beer-Lambert law (BLL) (Swinehart, 1962) stating
that the intensity, I of light with a wavelength, λ, decays exponentially with
absorption, A, and travel length, l, so
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2.3. Pulse oximetry

Figure 2.2: Illustration of transmission and reflection oximetry. In the case of
reflection oximetry, photons travel from emitter to detector along a curved
path referred to as the ’photon banana’.

Figure 2.3: Illustration of the (measured) PPG value (red) and transmitted
light intensity (blue), and their relationship with the cardiac cycle for a given
wavelength, λ.

Iλ = I0,λe
−Aλ = I0,λe

ελClλ = I0,λe
µa,λlλ , (2.2)

where I0,λ is the emitter intensity, ελ the wavelength and chromophore-
dependent molar extinction coefficient, C the concentration of the chro-
mophore and µa,λ = ελC the absorption coefficient.
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2. Background

PO is based on the assumption that absorption changes with the cardiac
cycle due to changes in perfusion (i.e., the blood volume fraction) (figure
2.3). During diastole (heart relaxation), perfusion is low. Thus, less light
is absorbed and detected light intensity reaches its maximum value, Id,λ.
During systole (heart contraction) arterioles and capillaries expand and per-
fusion increases. Thus, more light is absorbed and detected light intensity
reaches its minimum value, Is,λ. This creates a pulsatile ’AC’ component in
the measurement synchronous with the heart beat and uniquely associated
with arterial blood. Because light is not only absorbed by arterial blood but
also by other tissues, the PO measurement includes a near constant ’DC’
component. The resulting curve is referred to as a ’photoplethysmogram’
(PPG).

In real-world applications, I0,λ and lλ are unknown but the dependence
upon these quantities can fortunately be removed. I0,λ is eliminated by first
applying (2.2) to the measured light intensities for the AC and DC compo-
nents to obtain

IDC,λ = I0,λ · e−µa,DC,λ·lDC,λ (2.3)

and

IAC,λ = IDC,λ · e−µa,AC,λ·lAC,λ . (2.4)

The concept of transmittance defined by

Tλ =
Iλ
I0,λ

, (2.5)

i.e., the ratio between emitted and received light intensities, must now be
introduced. By solely considering the AC component (figure 2.3), its trans-
mittance is defined by

TAC,λ =
IAC,λ

IDC,λ
(2.6)

Now, substitution of (2.3) for IDC,λ in (2.4) gives

IAC,λ = I0,λ · e−µa,DC,λlDC,λ · e−µa,AC,λlAC,λ . (2.7)

Inserting (2.7) for IAC,λ and (2.3) for IDC,λ in (2.6), we get
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2.3. Pulse oximetry

TAC,λ =
I0,λ · e−µa,DC,λ·lDC,λ · e−µa,AC,λ·lAC,λ

I0,λ · e−µa,DC,λ·lDC,λ
. (2.8)

The term I0,λ · e−µa,DC,λ·l can then be cancelled giving

TAC,λ = e−µa,AC,λ·lAC,λ . (2.9)

Thus, TAC,λ can be described independently from light source intensity.

The optical path length, lAC,λ in (2.9), can now be eliminated by taking
the logarithm of both sides giving

ln(TAC,λ) = ln(e−µa,AC,λlAC,λ) = −µa,AC,λlAC,λ. (2.10)

Measuring TAC,λ using two wavelengths, λ1 and λ2, results in

ln(TAC,λ1) = −µa,AC,λ1lAC,λ (2.11)

and

ln(TAC,λ2) = −µa,AC,λ2lAC,λ. (2.12)

Solving for lAC,λ in (2.12) and substituting in (2.11), gives

ln(TAC,λ1) = −µa,AC,λ1
ln(TAC,λ2)

−µa,AC,λ2
. (2.13)

Thus, the transmittance ratio, which equals the absorption coefficient ratio
for the AC PPG component is obtained as

ln(TAC,λ1)

ln(TAC,λ2)
=
µa,AC,λ1

µa,AC,λ2
. (2.14)

Now that both I0,λ and lλ have been eliminated, (2.14) must be writ-
ten in terms of the measured PPG signal. This is necessary because pulse
oximeters do not measure transmitted light intensity per se, but rather a co-
incident digitized voltage (i.e., ’PPG value’ in figure 2.3). Figure 2.3 shows
that the PPG AC component can be written as the transmitted intensities
so IAC,λ = ∆Iλ = Id,λ− Is,λ, and IDC,λ = Is,λ. Substituting for TAC,λ in the
nominator or denominator in (2.14) gives
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ln(TAC,λ) = ln

(
IAC,λ

IDC,λ

)
= ln

(
Is,λ −∆Iλ

Is,λ

)
= ln

(
1− ∆Iλ

Is,λ

)
. (2.15)

Approximating (2.15) by a Maclaurin series expansion (Kreyszig, 2011) and
ignoring higher order terms, (2.15) becomes

ln(TAC,λ) = ln

(
1− ∆Iλ

Is,λ

)

= −∆Iλ
Is,λ

− (∆Iλ/Is,λ)
2

2
− (∆Iλ/Is,λ)

3

3
− (∆Iλ/Is,λ)

4

4
· · ·

≈ −∆Iλ
Is,λ

.

(2.16)

Ignoring the higher order terms of the Maclaurin series expansion is justified
by the fact that in PO, Is,λ >> ∆Iλ (figure 2.3). Thus, ∆Iλ/Is,λ << 1 and
becomes negligible when raised to the power of two and above in (2.16).
Substituting (2.16) for both wavelengths in (2.14), the equation known as
the ’ratio of ratios’ is obtained as

R =
ln(TAC,λ1)

ln(TAC,λ2)
≈ (−∆Iλ1/Is,λ1)

(−∆Iλ2/Is,λ2)
=

∆Iλ1/Is,λ1
∆Iλ2/Is,λ2

. (2.17)

Normalizing the PPG for both wavelengths by their DC components, (2.17)
becomes

R ≈
∆Iλ1/Is,λ1

Is,λ1

∆Iλ2/Is,λ2
Is,λ2

=
∆Iλ1
∆Iλ2

=
Id,λ1 − Is,λ1
Id,λ2 − Is,λ2

=
PPGmax,λ1 − PPGmin,λ1

PPGmax,λ2 − PPGmin,λ2
,

(2.18)

which is known as the ’modulation ratio’ and is mapped to SpO2.

In human PO, (2.18) is mapped to SpO2 via empirical calibration by
having volunteers breathe a desaturated gas mixture while equipped with
both a reference oximeter and the oximeter for calibration. The modulation
ratio, (2.18), can then be mapped to the reference’s SpO2 estimate. This
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2.3. Pulse oximetry

is to account for tissue inhomogeneity and light scattering which must be
dealt with in real world PO applications.

Because PO in fishes was an unexplored area, no reference oximeter
was available for empirical mapping. As an alternative, (2.2) was modified to
account for scattering. In the scattering case for reflection oximetry, photons
travel from the emitter to the detector along an optical path referred to as
the ’photon banana’ (figure 2.2) (Bigio and Fantini, 2016; Bhatt et al., 2016),
given by

l̄λ = DPFλ · ρ, (2.19)

where DPFλ is a wavelength dependent constant known as the ’differen-
tial path length factor, and ρ the emitter-detector distance. Because the
measured PPG (i.e., ’PPG value’ in figure 2.3) is subject to scattering, the
relationship between the modulation ratio, (2.18), and the absorption coef-
ficient ratio, (2.14), can be written as

PPGmax,λ1 − PPGmin,λ1

PPGmax,λ2 − PPGmin,λ2
=
µa,AC,λ1

¯lλ1

µa,AC,λ2
¯lλ2
. (2.20)

By inserting (2.19) into the nominator or denominator in (2.20) we obtain

PPGmax,λ − PPGmin,λ = µa,AC,λDPFλρ. (2.21)

For i chromophores, we then get

PPGmax,λ − PPGmin,λ =
∑

i

µa,i,λ ·DPFλ · ρ =

∑

i

εi,λCi ·DPFλ · ρ,
(2.22)

which is known as the modified Beer-Lambert law. Expanding (2.22) for two
chromophores (oxyhemoglobin, HbO, and hemoglobin, Hb) results in

PPGmax,λ − PPGmin,λ = (ελ,HbO · CHbO + ελ,Hb · CHb)DPFλ · ρ. (2.23)

Equation (2.23) can now be related to SpO2 by first solving (2.1) for CHb

which gives
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CHb = (1− SpO2) · (CHb + CHbO). (2.24)

By substituting (2.24) for CHb in (2.23) we obtain

PPGmax,λ − PPGmin,λ =

[εHbO,λ · CHbO + εHb,λ · (1− SpO2) · (CHb + CHbO)] ·DPFλ · ρ. (2.25)

Inserting (2.25) into (2.20) we get

R =
PPGmax,λ1 − PPGmin,λ1

PPGmax,λ2 − PPGmin,λ2
=

[εHbo,λ1 · CHbO + εHb,λ1(1− SpO2)(CHb + CHbO)] ·DPFλ1 · ρ
[εHbo,λ2 · CHbO + εHb,λ2(1− SpO2)(CHb + CHbO)] ·DPFλ2 · ρ

.

(2.26)

Solving (2.26) for SpO2 results in

SpO2 =
R · Γ · εHb,λ2 − εHb,λ1

R · Γ · (εHb,λ2 − εHbO,λ2) + (εHbO,λ1 − εHb,λ1)
· 100%, (2.27)

where Γ = DPFλ2/DPFλ1. Thus, if a value for Γ can be obtained, SpO2

compensated for scattering can be calculated.

2.4 Optical properties of tissue

Before attempting to obtain a value for the tissue inhomogeneity and light
scattering compensation parameter, Γ in (2.27), it is useful to consider the
optical properties of the tissues which may be present within the PO sensing
volume. Adult Atlantic salmon relevant for implantation in this work, are
torpedo shaped fish with an anterior center of gravity offset to improve
directional stability when migrating large distances. They have a dark dorsal
side, a light ventral side and spotted mirror right and left sides. Atlantic
salmon have paired pectoral and pelvic fins, one anal fin, one dorsal fin, a
homocercal (i.e., equal lobed) caudal fin and a fleshy adipose fin between
the dorsal and caudal fins unless clipped for identification purposes. Other
characterizing features are the mouth, nostrils, eyes and opercula on the
head and the lateral line along both sides (figure 2.4).
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2.4. Optical properties of tissue

Figure 2.4: Atlantic salmon external gross anatomy. Arrow a - nostrils, b -
eyes, c - opercula, d - dorsal fin, e - adipose fin, f - caudal fin, g - anal fin,
h - pelvic fins, i - lateral line, j - pectoral fins and k - mouth.

In the context of implants for physiological measurements the internal
anatomy is of greater interest. Starting anteriorly, the head contains the buc-
cal cavity, brain and gills. Posterior from the buccal cavity is the pericardial
cavity containing the heart. The peritoneal cavity is located posterior from
the pericardial cavity and contains the viscera, the major parts of which
are the liver, stomach, intestines, pyloric caeca, gall bladder, spleen, kidney,
swim bladder and gonads. Some of these parts can be seen in figure 2.5.

The circulatory system is distributed throughout the entire body of
the fish and consists of a primary system supplying e.g., the brain, viscera
and muscles, and a secondary circulation system with high volumes but low
exchange rates supplying e.g., the skin, scales and the fish’s internal surfaces
(Bone and Moore, 2008).

Atlantic salmon has three types of muscle, i.e., smooth, heart and skele-
tal. Smooth muscle is found in, e.g., the intestines, blood vessels and the eyes.
Heart muscle is only found in the heart, while muscles for, e.g., swimming, fin
and opercular movement consist of skeletal muscle. The majority of muscles
is the lateral swim muscles arranged along both sides as W-shaped segments
(myotomes) (Bone and Moore, 2008; Kryvi and Poppe, 2016).

The skeleton provides mechanical strength, consists mainly of bone and
can be divided into the cranium, fin and axial skeleton. The cranium makes
out the scull, opercula, jaws and gill arches. The fin skeleton consists of
external rays and internal knuckles, while the axial skeleton consists of a
series of connected vertebrae to make the spine (Kryvi and Poppe, 2016).
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2. Background

Figure 2.5: Atlantic salmon internal anatomy. Arrow a - PO tag as implanted
using the techniques described herein, b - liver, c - visceral fat, d - pylorus
caeca, e - spleen, f - intestine and g - myotomes.

Because tissues are unequally distributed, perfusion and the (tissue de-
pendent) optical properties within a PO sensing volume will vary depending
on the sensor’s placement. In the case of intraperitoneal implantation, the
sensing volume will be inhomogeneous and likely dominated by highly scat-
tering tissues such as blood, fat, muscle and bone.

In terms of optical properties, blood is a highly scattering tissue con-
sisting of white blood cells (e.g., neutrophils, monocytes and lymphocytes),
platelets (thrombocytes) and red blood cells (RBC) (erythrocytes and retic-
ulocytes) suspended in plasma Härdig and Höglund (1983); Sandnes et al.
(1988). With respect to gross composition, Atlantic salmon blood shares
commonalities with mammalian blood. There are, however, significant dif-
ferences related to the number and ratio of the different cell types as well
as their sizes. For the latter, Atlantic salmon RBCs are large ovoids with
nuclei compared to the smaller, doughnut shaped mammalian RBCs with-
out nuclei. RBCs completely dominate in terms of the number of cells per
litre and will therefore be the dominating optical scatterer in whole blood,
and a major contributor to scattering in a PO sensing volume containing
several tissues. The optical absorption of blood is mainly due to hemoglobin,
which absorbs light in the visible and near infrared wavelength range. The
scattering of light by blood cells decreases as wavelength increases (Friebel
et al., 2009).
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Fat is a relatively transparent tissue in the visible and near-infrared
regions of the electromagnetic spectrum. This is due to the low absorption
coefficient of fat in these regions (Jacques, 2013). Fat does scatter light,
however, with scattering decreasing as wavelength increases.

Muscle tissue has relatively high absorption in the visible and near-
infrared regions of the electromagnetic spectrum due to the presence of myo-
globin. The degree of absorption depends on the oxygenation of the muscle
tissue. Muscle tissue scatters light, with the degree of scattering decreasing
with increasing wavelength (Jacques, 2013).

Bone is a highly scattering tissue due to the presence of mineralized
collagen. Absorption in bone is relatively low with near constant scatter-
ing in the visible and near-infrared regions of the electromagnetic spectrum
(Ugryumova et al., 2004).

These absorption and scattering considerations are general and largely
based on published data for human tissues due to the scarcity of such data for
fishes. Care should therefore be exercised when assigning optical properties
to fish tissues. To reduce these uncertainties, light propagation in scattering
tissues can be modeled mathematically and simulated using a Monte Carlo
approach. When combined with measurements, the optical properties of the
sensing volume can be evaluated.

2.5 Monte Carlo simulations

The Monte Carlo (MC) method is an extensive class of algorithms for simu-
lation of physical systems which can be represented by randomized changes
in each simulation step (Bigio and Fantini, 2016; Prahl, 1989; Chatterjee
et al., 2018; Reuss, 2005).

An MC simulation environment for light propagation in tissue is com-
monly defined in terms of a finite or infinite layered (slab) geometry where
each layer is characterized by its absorption and scattering coefficients, its
refractive index and thickness (Reuss, 2005). Super individuals referred to
as ’photon packets’ are initialized with a starting point, initial propagation
angles (azimuth, ψ, and pitch, θ) from which direction cosines are calculated,
an initial layer designation, a weight, w = 1, and a number of photons. The
packet is then launched into the environment. For each simulation step, the
packet propagation distance, ∆s, is determined by

∆s =
−ln(ξ1)
µ′t

=
−ln(ξ1)

(µa + µs(1− g))
, (2.28)
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where ξ1 ∈ [0, 1] is a random number, µ′t the current layer’s reduced total
scattering coefficient, µa the attenuation coefficient, µs the scattering coeffi-
cient and g the anisotropy coefficient. The photon packet is then propagated
to its new coordinates using

x′ = x+ µx∆s, (2.29)
y′ = y + µy∆s, (2.30)

and

z′ = x+ µz∆s, (2.31)

where µx µy and µz are the direction cosines. The incremental change in
propagation angles are then updated by

θ = arccos(G) (2.32)
ψ = 2πξ2, (2.33)

where ξ2 ∈ [0, 1] is a random variable. The (randomized), tissue-dependent,
scattering angle cosine G, in (2.32) is determined by the Henyey-Greenstein
phase function given by

G = cos(θ) =
1

2g

{
1 + g2 −

[
1− g2

1− g + 2gξ3

]2}
, (2.34)

where, ξ3 ∈ [0, 1] is a random variable and g the anisotropy coefficient for
the (tissue) layer in which the photon packet is currently within (Binzoni
et al., 2006). The next-step (new) direction cosines are given by

µ′x =
sin(θ)√
1− µ2z

(µxµzcos(ϕ)− µysin(ϕ)) + µxcos(ϕ), (2.35)

µ′y =
sin(θ)√
1− µ2z

(µyµzcos(ϕ)− µxsin(ϕ)) + µycos(ϕ), (2.36)

and
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µ′z = −sin(θ)cos(ϕ)
√

1− µ2z + µzcos(θ). (2.37)

If the photon packet travels close to the vertical (e.g., |µz| > 0.99999) the
next-step direction cosines are given by

µ′x = sin(θ)cos(ϕ) (2.38)
µ′y = sin(θ)sin(ϕ) (2.39)

and

µ′z =
µz
|µz|

cos(ϕ). (2.40)

In each simulation step, a fraction of the photons, Fa, in a photon packet
is absorbed according to

Fa =
µa
µ′t

= 1− µs(1− g)

µa + µs(1− g)
= 1− a, (2.41)

where a is referred to as the photon packet’s albedo. The new packet weight,
w′ is calculated as

w′ = w · a. (2.42)

A photon packet is terminated when its number of photons reaches 0 or
its weight falls below a preset threshold, α (e.g., 0.001, Prahl, 1989). The
motivation for the latter is evident when reviewing (2.42) for calculation of
the photon packet weight which will never reach 0. To avoid violation of
energy conservation, a roulette approach is employed by which a random
number ξ4 ∈ [0, 1] is generated and compared to the threshold α. If ξ4 < α
the photon packet is terminated, otherwise it is propagated.

Whether a packet is transmitted or reflected when crossing a boundary
is determined by first calculating the Fresnel reflection coefficient Jacques
(2010) given by

R(θi) =
1

2

[
sin2(θi − θt)

sin2(θi + θt)
+
tan2(θi − θt)

tan2(θi + θt)

]
, (2.43)
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where θi and θt are the photon packet’s incident angle to the vertical
(i.e., z-direction) and transmission angles, respectively. The incident and
transmission angles are related by Snell’s law as

n1sin(θi) = n2sin(θt), (2.44)

where θi is given by the z-direction cosine, i.e., θi = arccos(µz).

A random number ξ5 ∈ [0, 1] is then sampled. If ξ5 < R(θi) the packet
is reflected at an angle θ = arccos(−µz), otherwise it is transmitted into
the next layer at an angle θt obtained directly from (2.44). If n1 > n2 (2.44)
cannot be solved for θi ≥ θcrit, where

θcrit = arcsin

(
n2
n1

)
. (2.45)

In this case, total internal reflection occurs and the photon package is re-
flected back into the originating layer at an angle defined by θ = arccos(−µz).

By defining an appropriate simulation environment in terms of geometry
and optical properties, light propagation in tissues can be simulated and
analyzed.
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Chapter 3

Experimental work

To realize a PO implant for Atlantic salmon, a series of experiments were
conducted. First, the optical properties of Atlantic salmon blood were in-
vestigated by spectral analysis to evaluate if PO sensors were likely to be
sensitive to changes in SpO2. This was then supported by in vitro measure-
ments of oxygenated and deoxygenated blood samples using a commercially
available PO sensor. Results from the in vitro measurements were then re-
produced in MC simulations, thus supporting the measured optical prop-
erties for Atlantic salmon blood. Confident that PO would be sensitive to
changes in SpO2, principal tests were conducted to see if PPGs could be ob-
tained from live fish at all and where they should be recorded in this species.
With this information, a PO implant was realized and tested in vivo using
both anesthetized and free-swimming fish under normoxic and hypoxic con-
ditions. The in vitro MC simulation was then expanded to represent the in
vivo sensing case to support synthesis of all results.

3.1 Ethical statement

All animal experiments were approved by the Norwegian Animal Research
Authorities (NARA) and explicitly linked to the thesis objectives (table 3.1).
The experiments were conducted either at NINA’s research facilities in Ims,
Sandnes municipality, Rogaland, Norway (Norwegian Institute for Nature
Research, 2023) or at NTNU / SINTEF SeaLab in Trondheim municipality,
Trøndelag, Norway (NTNU, 2023; SINTEF Ocean AS, 2023). Both facilities
had approved holding tanks suitable for Atlantic salmon.

Tanks at Ims were outdoors, square with rounded corners with approx-
imate volume of 5.6m3 (figure 3.1). All tanks had adjustable water inlets
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Table 3.1: Overview of NARA permits issued for the animal experiments.

Description / title NARA ID Objective Paper

SalmonInsight Mesocosm 18431 O.1 A, B
Test av pulsoksimetri for opp-
drettslaks
(Test of pulse oximetry for
farmed salmon)

20129 O.2, O.3 C, D

Stressforsøk til undervisningsfor-
mål
(Stress trials for teaching pur-
poses)

26085 O.2 E

Pilotforsøk for test av pulsok-
simetri for oppdrettslaks
(Pilot experiment for test of pulse
oximetry for farmed salmon)

19909 O.2, O.3 F

Videreføring - Pilotforsøk for
test av pulsoksymetri for opp-
drettslaks
(Continuation - Pilot study for
test of pulse oximetry for farmed
salmon)

24907 O.3, O.4 F

Pilotforsøk til test av implantat
til sanntidsberegning og logging
av haleslagsrate for oppdrettslaks
(Pilot study for implant testing
for real-time calculation and log-
ging of tail beat frequency for
farmed salmon)

27675 O.4 F
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Figure 3.1: Experimental facilities at Ims showing the outdoor tanks.

(flow and direction) from a shared manifold and were equipped with sen-
sors for temperature measurement and an oxygenation system to control
dissolved oxygen.

Tanks at NTNU / SINTEF SeaLab were indoors, square with cut cor-
ners and an approximate volume of 6m3 (figure 3.2). Tanks were supplied
with filtered seawater and were equipped with a Sterner Oxyguard oxy-
genation system maintaining oxygen saturation. A water circulation pump
(EMAUX Super-Power) was mounted to the tanks to achieve and maintain
a current speed up to approximately 40 cm · s−1 at the tank periphery.

Both locations had all necessary auxiliary infrastructure required for
surgery (i.e., anesthesia and tag implantation) and euthanasia compliant
with applicable regulations (Lovdata, 2015).

3.2 Linking physiology to tag data
(Objective O.1, paper A, B)

The main purpose of SalmonInsight was to investigate the link between
behavioural and physiological responses and stress (section 1.2.1). Because
activity (behaviour) and heart rate (physiology) could be measured using
existing implants, an experiment was conducted at NINA’s research facilities
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Figure 3.2: Experimental facilities at NTNU / SINTEF SeaLab showing the
indoor tanks.

in Ims to this end. This particular connection is relevant for PO because the
measured change in perfusion coincides with the cardiac cycle. The PPG
can, thus, be used to estimate heart rate and then stress based on their
mutual relationship.

3.2.1 Heart rate and activity as stress proxies

To identify the mutual relationship between heart rate, activity and stress,
heart rate and activity tags from Star-Oddi and Thelma Biotel were im-
planted into twelve fish divided between four tanks including four untagged
co inhabitants. Two additional tanks contained sixteen untagged individuals
each for control.

After a recovery period of 14 days following surgery, stress was inflicted
on all fish by simultaneously and repeatedly lowering the water level in the
tanks. Using fish from the control groups as proxies, blood was sampled be-
fore, during and after stressing and analysed to obtain parameters associated
with stress (cortisol, lactate, glucose and osmolality). These parameters were
then co evaluated with tag data to identify if activity (behaviour) and/or
heart rate (physiology) correlated with stress (paper A). Using the same tag
data set, evaluations were made to evaluate the recovery time for the fish
by assuming that trends in heart rate and activity would diminish over time
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as the fish recovered (paper B).

The results from these studies revealed that heart rate increased with
stress markers in the blood samples. The same applied to activity although
delayed in time compared to the stressing events. One explanation for this
result was that the activity proxy was tail beat dominated. Thus, when
a tank’s water level was reduced to it’s minimum, the fish may not have
been able to express its stress in the form of movement (i.e., behaviour)
encapsulated by the activity proxy. An additional explanation may have
been that the repeated stressing events drove the fish to exhaustion. The
fish may therefore have needed some time to recover before they started
moving in a way which resulted in quantifiable changes in activity.

The results, however, led to the conclusion that heart rate and activity
were both related to stress but that heart rate may be a more reliable proxy
in this regard. With respect to recovery time, it was concluded that observed
trends in the tag data subsided after an average of four days. Although this
gave an indication that the fish had recovered from surgery, the recovery
time very much depends on, e.g., the surgical procedure and the skill of the
surgeon, the physiological state of the fish and water temperature. The four
day recovery time for the fish in question should therefore not be thought of
as a generalized recovery time after surgery for Atlantic salmon. The details
for both studies can be found in paper A (linking behaviour and physiology)
and B (recovery time).

3.3 Testing pulse oximetry for Atlantic salmon
(Objective O.2, paper C, D and E)

PO relies on the sensor’s ability to respond to change in blood oxy-
genation level. Because pulse oximeters are designed with human blood in
mind, it had to be validated that Atlantic salmon was sufficiently similar
to that in humans for PO to work for this species. In the following sections
efforts made to obtain this validation are described to justify that PO was
an applicable sensing principle for Atlantic salmon and that pulse oximeters
designed for humans can be used for this purpose.

3.3.1 Optical properties of Atlantic salmon blood
constituents

As an initial step towards PO in Atlantic salmon, spectral analysis of blood
constituents was done to quantify and compare their optical properties in
terms of absorption and scattering to those published for human blood. Ob-
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taining the optical properties of Atlantic salmon blood was initially thought
to be a straightforward task. By using blood samples from fish kept at
NTNU / SINTEF SeaLab, blood cells could be separated from plasma by
centrifuging. Blood cells could then be hemolyzed to get hemoglobin. Thus,
cell suspensions, plasma and hemoglobin dilutions could be obtained. By
exposing the different samples to air, close to 100% oxygenation was ex-
pected to be achieved. 0% oxygenation was expected to be achieved by
adding sodium dithonite. Different blood constituents in different dilutions
at these extreme levels of oxygenation could then be measured using a photo
spectrometer. It was soon realized, however, that Atlantic salmon blood was
difficult to work with for this purpose.

From a blood sampling point of view, using the most practical blood
sampling method (i.e., Vacutainers pre dosed with anti coagulant) could
not be used reliably due to haemolysis (i.e., cell rupturing) turning plasma
red. An alternative method using heparin coated syringes had to be used to
minimise this phenomenon.

Batch processing of multiple samples was effectively ruled out due
to sample coagulation and haemolysis over time. Coagulation likely oc-
curred because the coagulation cascade was triggered when samples slowly
haemolyzed so the amount of anti coagulant eventually became insufficient.
Simply adding more anti coagulant was not a good option because it would
have diluted the samples. This was also observed when diluting washed
blood cells. The solution to these challenges was to add a calcium blocker
(K2EDTA) to stop the coagulation cascade and to process each consecutive
sample immediately. It was also discovered that using common centrifuge
speeds (≥ 1500g) resulted in a cell pellet too dense for consistent pipetting.
Speed, thus, had to be reduced at the cost of time and increased risk of
haemolysis.

Furthermore, the assumptions that 100% and 0% oxygenation levels
could be reliably achieved by air exposure and sodium dithionite addition,
respectively, were inaccurate. Air exposure for oxygenation did not give con-
sistent results, while adding sodium dithionite made hemoglobin dilutions
oxidize into methemoglobin judging the samples by their colour (brown as
opposed to the expected deep red). This was addressed by making a system
for oxygen and nitrogen bubbling.

After five repeated attempts, a method giving consistent results was
achieved, and optical properties were measured using a FLAME-T-VIS-NIR-
ES (350 nm to 1000 nm) photo spectrometer with a 360-2000 nm HL-2000-
LL tungsten-halogen light source, both from Ocean Insight, Duiven, The
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Netherlands. The measurements were supported by cell size measurements
using a Coulter counter (Multisizer 4, Beckman Coulter, South Kraemer
Boulevard, Brea, California 92821-6232) with a 100 µm aperture.

The measurements showed that Atlantic salmon hemoglobin was similar
to human hemoglobin with respect to its optical absorption properties. Thus,
sensors originally intended for human PO could be adapted for this species.
Measurements also showed that Atlantic salmon blood cells are highly scat-
tering, while plasma contributes little in terms of absorption and scattering
for wavelengths relevant for PO. Details on the final blood sampling and
processing results can be found in paper E.

3.3.2 In vitro whole blood measurements

The optical properties of Atlantic salmon blood constituents (section 3.3.1),
indicated that PO using sensors intended for humans could be used. To
investigate if a likely sensor candidate (MAX86150, Analog Devices, 2018b)
was sensitive to different SpO2 levels in Atlantic salmon whole blood, in vitro
tests were conducted to support further development.

Because only whole blood was needed for these measurements, samples
from five fish kept at NTNU / SINTEF SeaLab were obtained using purple
cap Vacutainers with K2EDTA anti coagulant (i.e., a calcium blocker) and
a 21G (0.8mm × 38mm) needle (figure 3.3) for practical reasons. All Va-
cutainers were turned eight to ten times by hand for mixing with the anti
coagulant (K2EDTA) before being placed on a rocker (Molek MiniMix XL)
for continuous agitation inside a Styrofoam container with cooling elements
for temperature control. After blood sampling the fish was euthanized.

Blood samples were oxygenated by extracting approximately 3mL from
a Vacutainer using a 10mL syringe equipped with a 21G needle (0.8mm×
50mm). Using a gas sample bag with a needle diaphragm, 5mL of oxygen
(purity ≥ 99%) was drawn into the syringe containing the sample. Following
removal of the used needle and capping, the syringe was placed on the rocker
for agitation/mixing for ≥ 10min.

Because whole blood was used for these measurements, the samples
could be consistently deoxygenated by pipetting 3mL blood into a test tube
containing 7.5mg sodium dithionite and then mixed using the rocker (Molek
MiniMix XL) for ≥ 30min (Briely-Sabo and Bjornerud, 2000). Then in
turn, 2mL oxygenated or de-oxygenated whole blood was pipetted onto a
hardwired MAX86150 biosensor glued into a cylindrical 15mL test tube
covered with opaque tape (figure 3.4). This resulted in a sample thickness
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Figure 3.3: Blood sampling from caudal vein/artery using vacutainer.

of 1.2 cm on top of the sensor.

Emitter (660 nm and 880 nm) output power was set to 10mA (10mA
to 100mA allowed) to minimise light interaction with the test tube. The
biosensor’s sampling rate was set to 200Hz. Software was written using
Anaconda’s Python 3.8 distribution (Anaconda Inc., Austin, Texas, USA)
to accept and store the biosensor’s raw data stream, and ≈ 2min data stored
for each oxygenated and de-oxygenated blood sample. Using the raw data,
the first minute mean was calculated and used as the measurement result.
Note that these values represent ’extinction’, i.e., the combined effect of
absorption and scattering.

The results (table 3.2) showed that the standard deviations for the
deoxygenated samples were smaller compared to those for the oxygenated
samples. This suggested that for whole blood, deoxygenation using sodium
dithionite gave more consistent results compared to oxygenation by oxy-
gen mixing. An alternative oxygenation approach for whole blood, e.g., by
oxygen bubbling, should therefore be considered. Oxygen bubbling was at-
tempted during one of the (failed) attempts to measure the optical properties
of Atlantic salmon blood constituents (section 3.3.1) but the approach was
abandoned due to challenges with making a closed system for small sam-
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Figure 3.4: In vitro whole blood measurement set up.

Table 3.2: In vitro extinction measurement results for oxygenated (HbO)
and deoxygenated (Hb) whole blood.

Sensing case S1 S2 S3 S4 S5 mean± sd

660 nm HbO 33535 35080 29836 31382 44474 34861± 5130
660 nm Hb 9768 11762 11905 10344 9962 10748± 906
880 nm HbO 26625 25871 27020 23948 37610 28215± 4815
880 nm Hb 28879 32424 31740 28395 29379 30163± 1612

ple volumes using available equipment and materials. This approach should
nevertheless be tested if an appropriate oxygen bubbling set up for whole
blood can be made for such tests in the future.

When reviewing the mean extinction values in the context of human
hemoglobin absorption (figure 3.5), they changed as expected. For 660 nm,
HbO absorption was low while Hb absorption was high. Thus, the lower
HbO absorption means more light reached the detector compared to the
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Figure 3.5: Human hemoglobin absorption spectra. Data adapted from Prahl
(1998). The black vertical lines indicate 660 nm and 880 nm wavelengths.

opposite for Hb. For 880 nm, the situation was reversed resulting in higher
measured values for Hb compared to HbO. It was, thus, concluded that the
MAX86150 was sensitive to changes in oxygenation level in Atlantic salmon
whole blood.

3.3.3 In vitro Monte Carlo simulations

Monte Carlo simulations (section 2.5) were now implemented to support and
better understand the optical properties of Atlantic salmon whole blood.
Using an iterative approach, simulation results were matched to the in vitro
extinction measurements. This matching made it possible to assign a value to
the attenuation scaling factor, Qa (Flock et al., 1989), to obtain the effective
attenuation given by

µa,eff = µa ·Qa, (3.1)

for Atlantic salmon blood. In (3.1), Qa > 0 is a scaling factor depend-
ing on several real-world uncertainties, e.g., the (actual) oxygenation level,
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Table 3.3: Simulation geometry parameters for the in vitro simulation case.

Parameter Cover glass Blood Air

xmin -0.75 -0.75 -0.75
xmax 0.75 0.75 0.75
ymin -0.75 -0.75 -0.75
ymax 0.75 0.75 0.75
zmin 0.0 0.017 1.217
zmax 0.017 1.217 ∞

hemoglobin concentration (i.e., hematocrit), the wavelength-dependent in-
teraction between light and blood cells and the effect of other absorbers in
the sample being simulated. Qa was selected so the average of ten simula-
tions matched the average in vitro measurement results (table 3.2) within
one standard deviation.

The simulations duplicated the in vitro case geometry (figure 3.4) by
defining a cylindrical three layer stack model geometry with a with radial
limit of 7.5mm consisting of the sensor’s cover glass followed whole blood
and then air (table 3.3). The sensor was simulated with a point emitter
source with a 60° opening angle and a emitter detector distance of 2.65mm.
The detector area was set to 2.5mm×3.3mm as per the MAX86150 package
outline.

Because Atlantic salmon hemoglobin was shown to be similar to human
hemoglobin (section 3.3.1) the molar extinction coefficients, ε, for Hb and
HbO for 660 nm and 880 nm, were obtained from published, tabulated data
for hemoglobin (Prahl, 1998). The hemoglobin concentration, C, was calcu-
lated using the published average amount of hemoglobin per litre, Qhb, for
Atlantic salmon blood (Sandnes et al., 1988) divided by hemoglobin’s molar
mass, M = 64500 (Prahl, 1998), so

C =
Qhb

M
=

96

64500
= 1.49 · 10−3. (3.2)

The absorption coefficient, µa, was then calculated according to (2.2), so

µa = ελ · C (3.3)

The effective attenuation could then be calculated as in (3.1). The scat-
tering parameter, µs, for Hb and HbO was estimated using blood samples
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and a Mie scattering calculator (Prahl, 2018) as described in paper E. The
anisotropy coefficient, g, and refractive index, n, were assumed to be similar
to values published for human tissues (Meinke et al., 2007; Liu et al., 2019).

The MAX86150 biosensor had a PPG resolution of 219 bit. For the MC
simulations it was assumed that detection of a photon packet using 100%
emitter output power (100mA) without any transmission loss would result
in a detected value of 219 = 524288 (i.e., emitter-detector matching, Pin-
tavirooj et al., 2021). During the in vitro measurements the emitter output
power was set to 10mA (section 3.3.2), i.e., 10% of the maximum value. The
highest possible value for photon packet detection without transmission loss
was therefore 524288 · 0.1 = 52429. Photon packets were, thus, initialized
using this value and a randomized injection angle ±60° from the vertical to
emulate the emitter’s light cone. Using these parameters, cases were sim-
ulated for 660 nm and 880 nm HbO and Hb, respectively. The simulations
were terminated when the standard error of a simulation’s mean was less
than a predetermined percentage of the mean (Flegal et al., 2008), in this
case 1%. Simulations were repeated ten times and their mean and standard
deviation used as the final result.

Results from the simulations (table 3.5) showed that the model came
close to duplicating the results from the in vitro blood measurements (ta-
ble 3.2). Because MC models are designed to mimic light propagation, the
matching results for extinction between simulations and measurements in-
dicated that the MC model parameters were reasonable. This supported
the conclusions from the in vitro measurements (section 3.3.2) that Atlantic
salmon and human hemoglobin was similar and that the scattering coeffi-
cients identified using Coulter counter measurements (section 3.3.1, paper
E) were reasonable.

The simulations resulted in a measure for the photon banana (figure
2.2). The accuracy of this result strongly depended on the sensor geome-
try obtained from the package outline schematic for the sensor which was
scarce in detail. Even though the photon banana values seemed reasonable
they could not be validated experimentally and was, thus, assumed to be
inaccurate.

3.3.4 External PPG measurements

Although the optical properties of Atlantic salmon blood (section 3.3.1),
in vitro whole blood measurements (section 3.3.2) and their corresponding
Monte Carlo simulations (section 3.3.3) implied that PPG measurements
could be possible for Atlantic salmon, a necessary next step was to investi-
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Table 3.4: Layer parameters for the in vitro simulation cases. WBO - oxy-
genated whole blood, WBDO - deoxygenated whole blood.

Layer Parameter 660 nm 880 nm Comment / ref.

Cover
glass

ε 0.0 0.0 -
Ci 0.0 0.0 -
µa 0.0 0.0 -
Qa 0.0 0.0 -
µa,eff 0.0 0.0 -
µs 0.0 0.0 -
g 1.0 1.0 -
n 1.52 1.52 Agar Scientific (2022)

WBO

ε 320 1154 Prahl (1998)
Ci 1.49 · 10−3 1.49 · 10−3 (3.2)
µa 0.47 1.72 (3.3)
Qa 1.118 0.55 -
µa,eff 0.53 0.95 (3.1)
µs 1887 2207 paper E
g 0.95 0.95 Meinke et al. (2007)
n 1.34 1.34 Liu et al. (2019)

WBDO

ε 3227 726 Prahl (1998)
Ci 1.49 · 10−3 1.49 · 10−3 (3.2)
µa 4.80 1.08 (3.3)
Qa 1.0 0.74 -
µaeff 4.80 0.80 (3.1)
µs 1887 2207 paper E
g 0.95 0.95 Meinke et al. (2007)
n 1.34 1.34 Liu et al. (2019)

Air

ε 0.0 0.0 -
Ci 0.0 0.0 -
µa 0.0 0.0 -
Qa 0.0 0.0 -
µa,eff 0.0 0.0 -
µs 0.0 0.0 -
g 1.0 1.0 -
n 1.0 1.0 -
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Table 3.5: Aggregated results for all ten in vitro Monte Carlo simulations.
’Simulated extinction’ is the average number of photons in the detected
packets, ’Packets detected’ is the average number of detected photon packets,
’Packets launched’ is the number of photon packets launched before the
simulation stop criterion was reached and ’Photon banana’ is the average
photon packet travel distance in cm.

Simulation
case

Simulated
extinction

Packets
detected

Packets
launched

Photon
banana

660 nm HbO 34899± 284 745± 209 30978± 2059 0.91± 0.02
660 nm Hb 10721± 111 2859± 604 294706± 9870 0.41± 0.003
880 nm HbO 28156± 178 1380± 37 49072± 1478 0.80± 0.01
880 nm Hb 30078± 287 1253± 59 43577± 2229 0.85± 0.02

gate if such measurements could be obtained from live fish. This was done by
a set of simple external measurements where a PPG sensor was held against
the skin on several sensing locations.

Based on the assumption that light could penetrate the skin so perfu-
sion changes could be detected, a proof of concept test was performed using
a MAX30102 (Analog Devices, 2018a), the predecessor of the MAX86150
using identical wavelengths. The MAX30102 was preassembled on a printed
circuit board containing all the peripheral circuitry required for control and
communication. The circuitry was protected against fluid ingress using con-
formal coating and self vulcanizing tape.

Using real time logging software by Maxim Integrated, data were logged
from seven fish by holding the sensor against the fish’s skin at different lo-
cations where perfusion changes were expected to be high, i.e., the posterior
wall of the buccal cavity, gill filaments and branchial arches, thorax area
and red muscles along the lateral line.

The PPGs obtained by this exploratory approach were generally noisy
and intermittent and could only be obtained from the thorax area (figure
3.6), likely due to challenges related to keeping the sensor in place and
sufficiently still at other locations. Although no further signal processing
was done using these data, the tests were encouraging and indicated that
PPGs could be obtained from live Atlantic salmon.
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3.3. Testing pulse oximetry for Atlantic salmon

(a) (b)

Figure 3.6: External measurements in the thorax area, (a), and example
PPG data, (b), where red is 660 nm and blue is 880 nm.

3.3.5 In vivo PPG measurements - Sensing volume

At this point it was clear that pulse oximeters intended for human use were
sensitive to SpO2 changes in Atlantic salmon blood and that PPGs could
be obtained from live fish. Because animal welfare considerations (section
2.1) indicated that an implant had to be designed, an experiment was con-
ducted to identify sensing volumes where perfusion changes could be reliably
measured inside the fish.

For this purpose, a MAX86150 biosensor was cast in epoxy and mounted
to the end of a metal rod with orientation marks. Electrical wires penetrated
the cast for power and data streaming. Using anesthetized fish placed ventral
side up in a surgery tray, ECG electrodes were placed close to the fish’s heart.
An incision was then made along the saggital line in the posterior part of the
peritoneal wall. Using a holder attached to the metal rod, the MAX86150
was inserted horizontally into the peritoneal cavity and fixed in place. With
the aid of the orientation marks on the metal rod, PPG and ECG were
simultaneously collected for four sensor orientations with a 90° orientation
interval. After data were collected in the horizontal orientation, a second
incision was made along the saggital line in the anterior part of the peritoneal
wall and the MAX86150 inserted vertically. Data were then collected from
four orientations 90° apart. PPG data from the different orientations were
then analyzed with respect to the signal quality index (SQI) (Elgendi, 2016)
and PPG heart rate compared to that obtained using ECG. This procedure
was repeated for eight fish.

39



3. Experimental work

This experiment demonstrated that PPGs could be obtained from all of
the tested sensing volumes but with differences in SQI between them. Based
on these data it was concluded that PPG was correlated with heart rate
(i.e., changes in perfusion) and that such signals should be collected using
a sensing volume in the anterior part of the peritoneal cavity and a sensing
direction parallel with the saggital line towards the head (i.e., not towards
the sides or the intestines). Full details and results from this experiment are
found in paper C.

3.4 Designing the implant
(Objective O.3, paper D)

Based on the PO tests (section 3.3) it was considered likely that PO
could work for Atlantic salmon. An implant to measure PPGs from the
sensing volume anterior in the peritoneal cavity (section 3.3.5) was, thus, de-
signed and implemented. In addition to the novelty of PO, the implant was
designed for simultaneous logging of acceleration, rotation rates, compass
heading, temperature, magnetic field strength and ECG, thereby combin-
ing the capabilities of several existing implants (table 2.1) into one. When
designing the implant, use cases and functional descriptions were first de-
fined followed by hardware selection and realization, firmware implementa-
tion and, finally, testing.

3.4.1 Use cases and requirements

The main intended use cases for the implant were laboratory scale data col-
lection experiments (i.e., tank or swim tunnel experiments). In such settings
the environment can be controlled allowing shorter tests with higher data
sampling rates and more accurate time control both of which are important
for subsequent data evaluations and processing.

Motivated by the typical duration of swim tunnel trials where rapidly
changing signals such as ECG must be accurately captured, the battery was
required to last at least 30 minutes when continuously storing raw data with
a minimum sampling frequency of 200Hz. Moreover, to enable longer lasting
trials in tanks, a requirement was that it should be possible to log data for
at least 5 days (120 hours) by duty cycling data capture and storage. This
would also facilitate future testing in meso and full scales (i.e., Atlantic
salmon production settings).

To minimize (future) unit cost and facilitate design flexibility, it was
required that the implant consisted of standard electronic components (i.e
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not application specific integrated circuits). Since the implant had to be
placed inside fish with minimum impact on its behaviour and performance,
it needed to be as small and lightweight as possible. Memory had to be non-
volatile to retain data should the battery become exhausted. Furthermore,
the implant was required to be re-programmable and the battery replaceable
for implant re-use.

The implant encapsulation was required be biologically inert (i.e., non-
toxic) and as smooth as possible to prevent chafing or irritation/damage to
surrounding tissues. It was also required to have a suture canal so it could
be fixed in place during surgery both to obtain as stable sensing conditions
as possible, and to enable data collection from comparable PPG sensing
volumes between different fish.

3.4.2 Hardware

The implant’s main components (figure 3.8 a)) were the micro controller
(EFM32TG11, Silicon Labs, Austin, Texas, USA), the non-volatile memory
(MX25R64F, Macronix Internatinal, Hsinchu, Taiwan), temperature sensor
(TMP117, Texas Instruments, Dallas, Texas, USA), the hall-effect sensor
(SI7210, Silicon Labs, Austin, Texas, USA) and inertial motion unit (IMU)
(ICM-20948, TDK InvenSense, San Jose, California, USA). These compo-
nents were selected based on their intrinsic processing capacities, market
availability, package size, ease of integration and favourable power consump-
tion.

Due to the novelty of PO for Atlantic salmon, particular attention was
devoted to selection of this component. The PPG sensor should be as small
as possible with the lowest possible power consumption. The sensor should
be configurable to optimize signal quality. A non-exhaustive overview of
sensors available at the time (2019) is given in table 3.6.

When comparing alternatives from Maxim Integrated and Osram, it was
clear that only Maxim Integrated offered a highly integrated package which
included on-board signal processing and a communications interface. The
sensors from Osram only contained the LEDs and a photo detector which
had to be completely controlled by external circuitry, thus requiring a larger
printed circuit board (PCB) footprint. Other solutions also existed such as
the MIKROE-3102 by Mikroelektronika. This was also a pulse oximeter but
far less integrated compared to the alternatives. The same applied to the
products from Texas Instruments which were mainly analog front ends (e.g.,
TI AFE4410) facilitating implementation of pulse oximeters.
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Figure 3.7: Hardware block diagram.

Because of their availability and favourable capabilities, the MAX30102
and MAX86150 were selected. The former was initially used for external
PPG measurements (section 3.3.4), and replaced upon release of the MAX86150.
This was motivated by the fact that the MAX86150 could provide ECG in
addition to PPG, an advantage when combined for SpO2 estimation.

In addition to the main components, the electrical design included pe-
ripheral circuitry (i.e., voltage regulators, communication level translators
and connectors) as specified by the main component’s reference circuits (fig-
ure 3.8 a)). The electronic components were divided between two PCBs with
all components except the MAX86150 placed on a ’primary module’. The
latter was placed on a ’secondary module’ for proper (physical) orientation
with respect to sensing direction, but also to facilitate future replacement
by a different pulse oximeter or, perhaps, a different biosensor if relevant
(figure 3.7).

To enable data download and battery replacement a flexible PCB with
exposed connection pads was soldered to the main component PCB (figure
3.8 b)). The battery could then be connected using a removable conductive
adhesive. The encapsulation measured 47mm × 13mm and was made using
a Prusa SL1 3D printer and 3Dresyn Biotough D80 MF ULWA Monomer
Free Ultra Low Water Absorption resin. This resulted in a non toxic, bio
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Figure 3.8: a) Implant internal PCB, b) flexible PCB for programming/data
download and battery connection, c) encapsulation and ECG electrodes and,
d), encapsulation with suture canal.

compatible design with sufficiently high spatial accuracy to accommodate
openings for 14 ct gold ECG wire electrodes (figure 3.8 c)) and a suture
canal (3.8 d)). Fully assembled, the implant weighed 9.4 g in air including
battery.

Two different versions of the implant was made. One with an electrical
wire interface for continuous data streaming for in vivo data collection using
anesthetized fish, and a battery powered stand alone version for implantation
in free swimming, conscious fish. Of the former, 2 pieces were made, and 5
of the latter.

3.4.3 Firmware

Because the implant could be reprogrammed, different firmware versions
with functionality to cover different use cases were developed. With the C
programming language (Kernighan and Ritchie, 1988) and Simplicity Studio
(V. 4.1.14, Silicon Labs) firmware to cover use cases for

1. Continuous data streaming for in vivo operation (section 3.5.1).
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2. Duty cycled data capture and storage with long start delay for tank
operation (section 3.5.2).

3. Continuous data capture and storage with short start delay for swim
tunnel operation (section 3.5.3).

was written. A notable difference between the data streaming and data log-
ging firmware versions was that the latter had automatic gain control func-
tionality which adjusted emitter output to prevent PPG saturation. This
was not required for the data streaming version because raw data could not
be continuously inspected and emitter output manually adjusted. Following
download, data were post processed and analyzed using Anaconda’s Python
3.8 distribution (Anaconda Inc., Austin, Texas, USA).

3.5 Implant testing
(Objective O.4, paper F)

An implant was now available and had to be tested to evaluate its abil-
ity to capture data of sufficient quality using live fish with focus on capture
of PPGs to estimate SpO2. To validate the implant’s intended function,
three experiments were conducted at NTNU / SINTEF SeaLab. The first
experiment used anesthetized fish under hypoxic conditions and the wired
implant version, while the second and third experiments used implanted,
free swimming fish under normoxic and hypoxic conditions. Based on these
experiments a motion artifact (MA, i.e., signal noise caused by motion)
reduction approach was developed, and a light scattering compensation pa-
rameter calculated for use in (2.27) to obtain SpO2.

3.5.1 In vivo oxygen challenge test

The purpose of the in vivo oxygen challenge test test was to validate that
PPGs obtained by the MAX86150 could be used to estimate changes in
SpO2. Three fish were subsequently captured from their holding tank and
transferred to a tub containing knock-out anesthetic (70mg/L, Benzoak
Vet). When the fish was judged to have reached level 3 anesthesia (Coyle
et al., 2004), the fish was placed ventral side up in a surgical tray. A tube
was inserted into the fish’s buccal cavity to circulate water with maintenance
anesthetic (35mg/L, Benzoak Vet) over its gills. A 2 cm incision was made in
line with the sagittal plane anterior from the pelvic fins. The wired implant
version was then inserted into the peritoneal cavity of the fish and placed
towards the sensing volume expected to give the best signal quality (paper
C) (figure 3.9).
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Figure 3.9: In vivo data collection. Note the black cable bundle entering
the fish’s peritoneal cavity where the biosensor was placed anterior in the
peritoneal cavity.

Data collection was then started, and the water supplied to the buc-
cal cavity switched to deoxygenated water (≤ 2mg/L, nitrogen purged)
with maintenance anesthetic (35mg/L, Benzoak Vet). Dissolved oxygen in
the water presented to the fish was measured using a temperature compen-
sated Neofox optical probe kit (OceanInsight, Diuven, The Netherlands).
The deoxygenated water supply was maintained for approximately 10min
before being switched back to aerated water for 5 minutes. This cycle was
repeated 3 times per fish to see if concurrent changes in SpO2 could be
observed. Because the fish was anestethized, no motion artifacts were ex-
pected. Therefore, high-pass filtered raw data were used to obtain calculate
the modulation ratio. (2.18). When this experiment was conducted, scat-
tering compensation was not yet investigated. Thus, only changes in the
modulation ratio, R was plotted since any change in R would be directly
associated with change in SpO2

During this experiment, live PPG data were streamed to a monitor for
evaluation. PPGs should consist of a salient pulsatile component. This was
not always the case for these fish, where PPGs were sometimes distorted
and generally diminished in amplitude over time. These phenomena may
have been the result of the prolonged exposure to the anesthetic which may

46



3.5. Implant testing

Figure 3.10: Co-variation of modulation ratio, R, (normalized to [0, 1], arbi-
trary units) with dissolved oxygen in water (normalized to [0, 1], arbitrary
units).

have affected the circulatory system and blood pressure. To adhere to 3R
principles (Norecopa, 2023), this experiment was abandoned after three fish
since data quality was judged to be low. Out of these, a single data set was
obtained where PPGs remained relatively stable throughout the test so the
modulation ratio, R, could be reliably calculated (figure 3.10).

Although this experiment was not as successful as initially hoped, all
results combined confirmed that the implant was able to collect data. The
results also indicated that the modulation ratio, R changed with SpO2 and,
thus, that PO could be possible. It was concluded, however, that such tests
should be conducted using conscious, free-swimming fish. This would intro-
duce the additional challenge of PPG motion artifacts (MA) which could
prevent SpO2 estimation. The next step therefore became to investigate the
influence of motion on PPGs obtained from the sensing volume anterior in
the peritoneal cavity using live, free swimming fish.
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3.5.2 Tank experiment

Motion artifacts are a persistent challenge in PO (Chan et al., 2013). Such
artifacts are generally caused by motion induced perfusion changes and dis-
tort the PPG shape. Because PO assumes a salient pulsatile PPG component
solely contributed by arterial blood, such distortions will negatively affect,
and potentially inhibit, SpO2 estimation. To investigate the influence of mo-
tion on Atlantic salmon PPGs, an experiment using live, free swimming fish
in a tank setup was implemented. The experiment was conducted under the
assumption that SpO2 was 95% to 100% for healthy individuals under nor-
moxic conditions. This assumption allowed testing of an MA compensation
approach and estimation of a light scattering compensation parameter for
use in (2.27).

During this experiment, five randomly captured fish were implanted and
placed in a test tank at SeaLab (section 3.1) on day one. Implantation first
involved anesthesia (Benzoak Vet, 70mg/L knock-out solution until level 3
anesthesia (Coyle et al., 2004) was reached, and 35mgL maintenance anes-
thetic during surgery) followed by making an incision along the sagittal plane
slightly more than one tag length posterior from the septum transversum.
A plastic spatula was then inserted through the incision until it reached the
septum. With the spatula in place, a needle was inserted through the peri-
toneal wall until it hit the spatula. By simultaneously pushing the needle
and withdrawing the spatula the needle point was brought to the incision. A
sterile monofilament was then threaded through the implant’s suture canal
(figure 3.8 d)) and inserted into the tip of the needle (figure 3.11). The needle
was then withdrawn to pull the monofilament out through the needle’s pen-
etration point in the peritoneal wall while using the spatula to protect the
viscera. This procedure was then repeated on the other side of the sagittal
plane. The implant was then inserted through the incision, pulled into posi-
tion using both ends of the monofilament and then anchored in place by an
(external) surgical knot. The incision was then closed using 3 - 4 interrupted
sutures. On average, surgery lasted 14min and 35 s. Following surgery, the
fish was placed in a recovery tank with circulating seawater where it was
kept until it regained consciousness and then transferred to the test tank.

After a recovery period of 18 h to 20 h at ≈ 15 cm/s water current,
all implants simultaneously started logging PPG, ECG and motion data at
09:00 on day two. Data were logged with a duty cycle of 1:2 and a sampling
rate of 200Hz. After 30min, water current was increased to ≈ 40 cm/s at the
tank periphery. Data logging continued for another 36min before the implant
memories were full, the experiment terminated, and the fish removed from
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Figure 3.11: Tag implantation surgery. Note the yellow spatula exiting the
incision protecting the viscera from the needle used to extract the monofil-
ament through the peritoneal wall.

the tank for euthanization. The implants were then retrieved and their data
downloaded for processing.

To suppress MA, a synthetic PPG reference was constructed using
ECG. Using the synthetic reference, PPGs were filtered using a least mean
squares adaptive filter. Using the motion artifact compensated PPGs, an
average scattering compensation parameter, Γavg, was calculated by assum-
ing SpO2 = 100% and solving (2.27) for Γ to obtain a correction factor of
0.35 (paper F). SpO2 was then estimated using (2.27) including the value
for Γavg and compared to the expected range of 95% to 100% for both
water current speeds. With this approach, average SpO2 was estimated to
96.98 ± 0.08 and 96.44 ± 0.09 for low and high water current speeds, re-
spectively. The full details and discussion for this experiment can be seen in
paper F.
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Figure 3.12: Blazka swim tunnel during the swim tunnel oxygen challenge
experiment. Note that the cylindrical shape of the tunnel distorted the shape
of the fish as seen from outside the tunnel.

3.5.3 Swim tunnel oxygen challenge experiment

Due to the challenges encountered during the in vivo oxygen challenge test
(section 3.5.1), a similar but more comprehensive oxygen challenge experi-
ment was conducted using conscious, free swimming fish. This was possible
because viable approaches for motion artifact and light scattering compen-
sation were obtained using data from the tank experiment (section 3.5.2).

In this experiment, eight fish were subsequently implanted using the
method described in section 3.5.2, and placed in a Blazka type swim tunnel
(116 cm length X 24 cm diameter, 55L volume) instrumented with a tem-
perature compensated dissolved oxygen sensor (NEOFOX, Ocean Insight,
Duiven, The Netherlands), and connected to a sea water supply (figure 3.12).
After a short recovery time (30min to 40min depending on the time required
for surgery and anesthesia), data logging (ECG, PPG and IMU at 200Hz
sampling rate) started automatically and lasted for 33min.

The first fish was unchallenged (i.e., no hypoxia) for the entire duration
of the data logging period to act as control. For the other seven fish, sea water
exchange was temporarily closed after 3min (pre hypoxia period), and a
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portion of the water inside the tunnel replaced with sea water de-oxygenated
using instrument nitrogen. This effectively created hypoxic conditions under
which the fish remained for the next 25min (hypoxia period) before sea
water circulation was resumed. After another 5min (post hypoxia period),
data logging stopped. The fish was then extracted from the swim tunnel,
euthanized, and the implant retrieved for data download. Using the motion
artifact reduction approach and light scattering compensation parameter
from the tank experiment (section 3.5.2), SpO2 was estimated using (2.27)
and relative changes in SpO2 evaluated.

The control fish had a median SpO2 of 100.7% and a min-max variation
of 4.53%. The average median / min-max variation for the seven test fish
were 97.18% / 2.41%, 97.27% / 4.75% and 97.43% / 2.25% for the pre
hypoxia, hypoxia and post hypoxia periods, respectively. Results from the
test fish, thus, showed greater variation during the hypoxia period compared
to the pre and post hypoxia periods and were similar to the values estimated
using data from the control fish. Fitting a linear curve (figure 3.13) to the
(compensated) modulation ratios, R, used to estimate SpO2 (2.27) resulted
in a mapping of

SpO2 = −10.0R+ 107.4. (3.4)

It was, thus, concluded that changes in SpO2 could be detected using a pulse
oximeter implanted in Atlantic salmon. The full details and discussion for
this experiment can be seen in paper F.

3.6 Monte Carlo simulations with multiple tissues
(Objective O.4)

In the actual sensing situation it was expected that multiple tissues would
be present within the sensing volume. Because animal welfare motivated
designing an implant (section 2.1), an in vivo simulation case building on the
in vitro simulation case (section 3.3.3) was implemented to support the data
from the tank (section 3.5.2) and swim tunnel (section 3.5.3) experiments.

3.6.1 In vivo Monte Carlo simulations

For the in vivo case it was assumed that the sensing volume could be ap-
proximated by a cylindrical slab (table 3.7) of a generalized high-fat tissue
(Jacques, 2013). A post mortem inspection (figure 2.5) of the sensing vol-
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Figure 3.13: Linear fit to all swim tunnel data.

Table 3.7: Simulation geometry parameters for the in vivo simulation case.

Parameter Cover glass Perfused fat

xmin -0.75 -0.75
xmax 0.75 0.75
ymin -0.75 -0.75
ymax 0.75 0.75
zmin 0.0 0.017
zmax 0.017 ∞

ume with the highest SQI (paper C) using an endoscope supported using
this approximation (figure 3.14).

The generalized tissue added to both absorption and scattering. Values
for total attenuation (µa,tot) and scattering (µs,tot) were obtained by adding
the corresponding values for the generalized tissue to those in table 3.3. The
anisotropy factor, g, was assumed to be close to reported values for human
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Figure 3.14: Internal view of sensing volume as captured using an endoscope
showing a sensing volume consisting of perfused fat.

adipose tissue (i.e., fat) (Jacques, 2010), while the refractive index, n was
increased to account for the increase in density compared to blood only
(Yanina et al., 2018). Similarly, the anisotropy factor, g was reduced to ac-
count for the expected increase in back scattering. Maximum and minimum
PPG values (figure 2.3) to use in (2.18) were determined by simulating cases
using concentrations (i.e., perfusion) of 2% and 10%. Using these settings
(table 3.8) cases for 660 nm and 880 nm HbO and Hb, were simulated. The
simulations were terminated when the standard error of a simulation’s mean
was less than a predetermined percentage of the mean (Flegal et al., 2008),
in this case 1%. Simulations were repeated ten times and their mean and
standard deviation used as the final result.

Using the simulated results (table 3.9), the modulation ratios for HbO
and Hb were calculated using (2.18) to obtain

RHbO =
PPGlc,660 − PPGhc,660

PPGlc,880 − PPGhc,880

∣∣∣∣
HbO

=
44566− 42933

43478− 41498
= 0.82, (3.5)
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Table 3.8: Layer parameters for the low concentration (lc) and high concen-
tration (hc) in vivo simulation cases.

Layer Parameter 660 nm 880 nm Comment / ref.

Cover
glass

µa 0.0 0.0 -
µs 0.0 0.0 -
g 1.0 1.0 -
n 1.52 1.52 Agar Scientific (2022)

Perfused
fat

/ HbO

ε 320 1154 Prahl (1998)
µa,eff 0.53 0.95 table 3.4
Clc 0.02 · Ci 0.02 · Ci table 3.4
µa,gt,lc 0.18 0.20 Jacques (2013)
µa,tot,lc 0.19 0.22 -
Chc 0.1 · Ci 0.1 · Ci table 3.4
µa,gt,hc 0.18 0.1767 Jacques (2013)
µa,tot,hc 0.23 0.27 -
µs 1187 · Ci 2207 · Ci table 3.4
µs,gt 800 600 Jacques (2013)
µs,tot 838 644 -
g 0.95 0.95 Jacques (2013)
n 1.45 1.45 Yanina et al. (2018)

Perfused
fat

/ Hb

ε 3227 726 Prahl (1998)
µa,eff 4.80 1.08 table 3.4
Clc 0.02 · Ci 0.02 · Ci table 3.4
µa,gt,lc 0.18 0.20 Jacques (2013)
µa,tot,lc 0.28 0.22 -
Chc 0.1 · Ci 0.1 · Ci table 3.4
µa,gt,hc 0.18 0.166 Jacques (2013)
µa,tot,hc 0.66 0.25 -
µs 1187 · Ci 2207 · Ci table 3.4
µs,gt 2687 2807 Jacques (2013)
µs,tot 1927 2237 table 3.4
g 0.95 0.95 Jacques (2013)
n 1.45 1.45 Yanina et al. (2018)
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Table 3.9: Aggregated results for all ten in vivo Monte Carlo simulations.
’Simulated extinction’ is the average number of photons in the detected
packets, ’Packets detected’ is the average number of detected photon packets,
’Packets launched’ is the number of photon packets launched before the
simulation stop criterion was reached, ’Photon banana’ is the average photon
packet travel distance in cm, ’LC’ denotes low concentration, and ’HC high
concentration.

Simulation
case

Simulated
extinction

Packets
detected

Packets
launched

Photon
banana

LC

660 nm HbO 44566± 288 150± 19 11952± 2207 0.92± 0.04
660 nm Hb 41667± 259 275± 34 22796± 2910 0.91± 0.03
880 nm HbO 43478± 322 191± 33 21814± 3897 0.92± 0.04
880 nm Hb 43341± 257 194± 16 21029± 1880 0.94± 0.03

HC

660 nm HbO 42933± 229 238± 28 16399± 2392 0.95± 0.06
660 nm Hb 31722± 266 1073± 55 73112± 3854 0.90± 0.02
880 nm HbO 41498± 339 302± 31 24697± 3192 0.95± 0.04
880 nm Hb 42560± 204 234± 17 19597± 2507 0.92± 0.02

and

RHb =
PPGlc,660 − PPGhc,660

PPGlc,880 − PPGhc,880

∣∣∣∣
Hb

=
41667− 31722

43341− 42457
= 11.25. (3.6)

The slope and intersect were then calculated as

slope =
100

RHb −RHbO
=

100

11.25− 0.82
= −9.6, (3.7)

and

intersect = 100− slope ·RHbO = 100− (−9.6) · 0.82 = 107.9. (3.8)

The average simulated function mapping R to SpO2, thus, became

SpO2 = −9.6R+ 107.9. (3.9)

An estimate for the correction parameter, Γ in (2.27) could now be obtained
as described in paper F so
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Γavg =
εHBO,660

RHbO · εHbO,880
=

320

0.82 · 1154 = 0.34. (3.10)

For these simulations, parameters were chosen so the mean of 10 sim-
ulations matched the in vivo measurements (section 3.5.2 and 3.5.3) within
one standard deviation. Although several of the simulation parameters were
considered relatively certain (e.g., the hemoglobin extinction coefficients),
some were not. For instance, the lowest perfusion (and, by extension, the
change in concentration) was based on a general value for fatty tissues (Bigio
and Fantini, 2016) which may be inaccurate for fish. This assumption should
therefore be validated in future activities by in vivo spectral measurements
for the sensing volume. The highest perfusion value of 10% resulted from
trial and error, and other values resulted in a mismatch with the in vivo
measurements.

Similarly, there was uncertainty related to the effect of the generalized
fatty tissue with respect to absorption and scattering. By assuming Mie
dominant scattering, values for scattering were obtained from Jacques (2013)
(table 3.4). The uncertainty related to scattering would have had limited
effect on the final simulation result because the reduced scattering coefficient
was used in the MC model. Thus, the scattering coefficient was multiplied
by 1 − g = 0.05 before being used to calculate step length (2.28) and the
fraction of photons absorbed in each simulation step (2.41).

The effect on absorption (µa,gt,lc and µa,gt,lc), however, was a different
matter. In practice these values were treated as tuning parameters similar
to effective attenuation in the in vitro simulation case (section 3.3.3). It
was noted, however, that all values for µa,gt were within the range for Mie
scattering dominated tissues (Jacques, 2013). Thus, the values for added
absorption were considered reasonable.

As expected, the simulated photon bananas were similar across simu-
lation cases because (blood) concentration was low. Because the low and
high concentration cases were used to represent maximum and minimum
PPG values, respectively, (2.19) was used to calculate the DPF for 100%
SpO2. With an emitter-detector distance of 0.265 cm, the DPF ratio, i.e.,
Γ, in (2.27) was then obtained as 0.99, while Γ obtained experimentally was
0.35 (section 3.5.3). This deviation supports the assumption that the best
available information for the sensor geometry given in its package outline
was too scarce for accurate simulation of the photon bananas (section 3.3.3)
and suggests that simulations should be repeated if accurate data for the
sensor geometry can be obtained.
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The simulations were, however, successful with respect to absorption
and indicated that light propagation using a perfused, fatty, generalized
tissue could be simulated to resemble the sensing volume for the implant lo-
cation which gave the best SQI in paper C. When matched to data measured
in vivo, the simulations indicated that this location had an average change in
perfusion between individuals of 8%, and that the mapping between SpO2

and R could be expressed as in (3.9).
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Chapter 4

Concluding remarks

4.1 Synthesis

In this work it has been demonstrated that physiological and behavioural
data can be linked to stress (objective O.1) in Atlantic salmon by comparing
an activity proxy and heart rate to changes in blood chemistry. Based on
this demonstration an appropriate sensing technique was selected and tested
to expand the scope of this possibility (objective O.2). Using the selected
sensing technique, an implantable multi sensor solution for simultaneous
logging of both common (ECG, acceleration, temperature) and new (PPG,
rotation rates, compass direction, magnetic field strength) data types was
designed and implemented (objective O.3) to further facilitate the possibility
to uncover the relationships between behaviour and physiology. The implant
was then tested in relevant experimental settings (objective O.4) in the form
of in vivo, tank and swim tunnel experiments (sections 3.5.1, 3.5.2 and 3.5.3)
to develop motion artifact and light scattering compensation strategies so
a mapping between the PPG modulation ratio (2.18) and SpO2 (3.4) could
be obtained. This result was supported by Monte Carlo simulations which
resulted in a similar mapping (3.9). With all experimental and simulation
results available, a linear fit to both tank and swim tunnel data was made
resulting in a mapping of

SpO2 = −9.6R+ 106.9. (4.1)

A composite representation of all results was then made for comparison (fig-
ure 4.1) showing that both experimental and simulated results align. Fur-
thermore, the tank experiment (section 3.5.2) and in vivo MC simulations
(section 3.6) independently resulted in light scattering compensation param-
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Figure 4.1: Composite representation of experimental and simulated results.

eters, Γavg of 0.35 (paper F) and 0.34 (3.10) using experimental data and
simulated values, respectively. This makes it probable that PO is possible
using PPGs obtained from Atlantic salmon. It is, thus, concluded that by
successfully addressing the objectives (section 1.2.2), the developed implant
enables concurrent logging of data to connect behaviour and physiological
responses with the novel addition of PO.

4.2 Further work

4.2.1 Improving pulse oximetry accuracy

Although a mapping between the modulation ratio, R, and SpO2 was iden-
tified (4.1), further experimentation to confirm this mapping should be con-
sidered. The in vivo oxygen challenge experiment (section 3.5.3) could be
refined using dorsal aorta cannulated fish. An oxygen sensor can then be
inserted through the cannula (Lennox et al., 2018) for an independently
measured baseline under hypoxic conditions for comparison and calibration.
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Alternatively, an independent baseline can be obtained using blood sam-
pled from the cannula for blood gas analysis (paper R.B). An empirical
mapping between R (2.18) and SpO2 can then be made. During such an
experiment obtaining an empirical mapping for a greater induced change in
SpO2 should be attempted provided such a trial can be sanctioned by the
Norwegian Animal Research Administration.

4.2.2 Implant design improvements

During the course of this work, five stand alone implants were made (section
3.4.2). Although well suited for the purposes of this work, future implemen-
tations should implement several design improvements.

When in use, the implants were sealed using cast silicone plugs friction
fit to the inner wall of the 3D printed encapsulation. Despite fitting snugly,
these plugs had a tendency to move outwards during data collection, possibly
due to being in tension with the battery and/or because the small amount
air inside the implant was compressed when the plug was installed. The
resulting gap between the plug and encapsulation sometimes led to fluid
ingress (but not tag failure). At most, the implants were placed inside fish
for 18 h to 20 h, and longer implantation times must be expected in future
experiments. Therefore, an improved seal to reduce the risk of fluid ingress
causing tag failure should be prioritized. One way to address this may be
to implement a spring loaded bayonet style end cap with integrated battery
connection similar to that found in flashlights.

The flexible PCB for battery connection and programming / data down-
load (figure 3.8 b)) was designed to wrap around the edge of the PCB for
soldering. This puts the wrap in tension and it was suspected that this
caused power connection issues in one of the implants. This solution should
be made more robust by, e.g., designing two separate flexible PCBs and
soldering these to each side of the PCB thereby eliminating the wrap.

The ECG electrodes were implemented as 14 ct gold wires coiled and
glued to the outside of the encapsulation. Excess glue was sanded down to
make the surface as smooth and conform as possible with the encapsula-
tion profile. This solution should be changed to make the electrodes even
smoother and completely flush with the surrounding surface by using e.g.,
low profile gold foil or graphene electrodes.

Although the anterior part of the peritoneal cavity provided the best
data in terms of signal quality index, valid PPG data were obtained from
all tested sensing volumes (paper C). Other sensing volumes may, perhaps,
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require more power during data collection, but offer less variation in sens-
ing volume tissue composition across individuals. This may result in more
consistent PPGs and, thus, more robust signal processing and analysis. The
sensing volume considered most relevant in this respect is the large muscles
on each side of the peritoneal cavity. The pulse oximeter could then be placed
in contact with the peritoneal wall level with the lateral line. This placement
can be achieved by implementing the electronics on a flexible PCB cast in
bio compatible silicone. The resulting wafer-shaped circuit can then be slid
into position along the peritoneal wall. This be combined with a modular
approach with larger components such as the battery and acoustic trans-
mitter being in interconnected separate modules. Although this approach
has not been tested, it is thought to have several benefits such as requiring
a smaller incision during surgery and, perhaps, being less obstructive com-
pared to rigid, cylindrical implants, thereby reducing the potential negative
impact of implantation (Virtanen et al., 2023).

Irrespective of the future physical implementation, on-board data pro-
cessing for extended operation and acoustic wireless data communication
should be part of future designs to facilitate experiments in tanks or sea
cages. For swim tunnel / raceway experiments the short distance to the
tagged fish can make it possible to inductively power an implant and con-
tinuously stream data via radio. The latter, however, will likely take some
development, but create room for swim tunnel studies of indefinite duration
with high data resolution.

As a final note, it is mentioned that multispectral pulse oximeters are
expected to become commercially available in the future. Replacing the
MAX86150 with such sensors may enable more advanced compensations
based on the additional wavelengths to further improve accuracy (Von Chong
et al., 2019).

4.2.3 Data analysis

In paper F a least mean squares adaptive filter was used to suppress motion
artifacts before SpO2 estimation. This approach only works if ECG is avail-
able to generate the filter’s synthetic reference. To increase knowledge about
the characteristics of motion artifacts in Atlantic salmon PPGs, developing
a method that does not require ECG should be considered. Because motion
data (i.e., IMU) are measured by the implant, preliminary tests using such
data for motion artifact reduction were conducted using methods developed
for motion corrupted PPG data obtained from human test subjects (e.g.,
Zhang et al., 2014). The efficacy of such IMU based motion artifact meth-
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ods rest upon the assumption that motion artifacts are separate from the
PPG in either the time and/or frequency domain (i.e., they must be distin-
guishable from the PPG in either time and/or frequency). This is generally
the case for humans running or swimming. Inspecting PPG and IMU data
from the tank (section 3.5.2) and swim tunnel (section 3.5.3) experiments, it
was clear that motion artifacts were difficult to suppress using such methods
as they were sometimes weak and not easily distinguishable in time or fre-
quency. This was likely caused by the oscillatory movements of the fish’s tail
or opercula. Future work should therefore explore, adapt and evaluate such
methods to improve motion artifact suppression in Atlantic salmon PPGs.

Provided motion artifacts can be effectively reduced in future data pro-
cessing approaches, more accurate knowledge of the PPG shape for Atlantic
salmon can be obtained. In humans, different PPG parts and their morphol-
ogy are associated with various physiological responses. For instance, PPG
amplitude and baseline wandering are associated with perfusion, blood pres-
sure and stroke volume (Park et al., 2022), while the pulse transit time (i.e.,
the time difference between ECG and PPG peaks) is associated with ar-
terial stiffness (Safavi et al., 2020). If accurate knowledge of the Atlantic
salmon PPG shape can be obtained, similar associations can be investigated
to further our understanding of the physiological responses (e.g., how At-
lantic salmon adjusts stroke volume by the Frank-Starling mechanism) of
this species in different contexts.

3D acceleration data obtained from fish can be used to derive the fish’s
tail beat frequency and activity. This is traditionally achieved by band pass
filtering motion signals to suppress gravity effects followed by frequency
analysis to obtain tail beats, and by applying a 30 s rolling window to the
3D L2 acceleration norm to represent activity. These approaches have the
downside that they can filter out information associated with body motion
other than the tail beat.

In a recent attempt to avoid this (paper R.C), tail beat frequency and
relative changes in tail beat amplitude were calculated by first levelling the
accelerometer axes by mathematical rotation before subtracting gravity in-
stead of filtering the gravity component based on assumed filtering criteria.
The resulting (rotated) signal contained not only the tail beat contributions
but also other motion contributions by the fish. Because the implant not
only measures acceleration but also rotation rates, an additional parameter
to analyze motion (i.e., behaviour) is available. As opposed to acceleration,
rotation rates are not affected by the same disturbances such as gravity. It
is expected that rotation rates contain tail beat frequency data and can be
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used for this purpose. The rotated acceleration data containing all motion
contributions from the fish can then be used to represent activity. Accel-
erations and rotation rates measured during the tank experiment (section
3.5.2) should therefore be used to investigate these options for comparison.

4.2.4 The future of E3Ts in Atlantic salmon farming

In recent years, the scope and performance of E3Ts have expanded to include
smaller devices with ever improving performance and ability to measure new
data types. E3Ts, thus, have potential to provide Atlantic salmon farmers
with objective data for animal welfare related decision making. This can only
happen if the data can be interpreted to accurately represent the animal’s
physiological status and their tolerance limits are known. Currently there is
no replacement when it comes to measuring the responses of an animal as
a ’whole’. Thus, animal experiments are currently unavoidable. As should
be the case, such research is strictly regulated (Lovdata, 2015) to enforce
ethical compliance and adherence to the principles of reduction, replacement
and refinement (3R, Smith, 2021). However, because all animal tagging falls
under the animal experiment regulations, its restrictive enforcement, stalls
introduction of E3Ts in Atlantic salmon farming, thus, upholding the extent
of animal mortality currently taking place (Sommerset et al., 2023; Grefsrud
et al., 2022) and is accepted under different regulations existing to ensure
animal welfare (Lovdata, 2010, 2023).

In the future, this admittedly complex topic, should be the subject of
a discussion including e.g., researchers, technology developers, fish farmers,
animal rights representatives and authorities with the aim to establish an
accepted practice for the use of E3Ts in Atlantic salmon farming. Provided
such a practice can be established, E3Ts, could become an integrated part of
intensive fish farming (Brijs et al., 2021), for instance in the form of tagged
’sentinel fish’ (Føre et al., 2017a) acting as representatives for the biomass
as a whole. Even further into the future when a more refined understanding
of which crucial data types to measure to ensure animal welfare becomes
available, it can be envisioned that specialized sub miniature sensors for this
purpose can be injected in a large number of fish, e.g., during vaccination.

Irrespective of how behavioural and physiological data are obtained,
the opportunities offered by the increasing number of tools for this purpose
should be welcomed both to uncover the link between behavioural and phys-
iological parameters and stress, and as tools to support the Atlantic salmon
farming industry’s increasing focus on animal health and welfare thereby
making production more profitable and responsible.
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A B S T R A C T

We investigated the relationship between telemetry measurements of heart rate and swimming activity and the
physiological status in farmed Atlantic salmon (Salmo salar) to assess the potential to use telemetry measure-
ments as proxies for stress. Sensor tags measuring heart rate and swimming activity were surgically implanted
into the peritoneal cavity of Atlantic salmon individuals kept in tanks. Four tanks were stocked with three tagged
fish and four untagged cohabitants, while two additional tanks containing 16 untagged fish were used as re-
ference groups. Following surgery, tagged fish were kept undisturbed for 14 days as acclimation period. All fish
were then subjected to physical stress by reducing the tank water level in 4 consecutive rounds, after which they
were left undisturbed for another ten days before the experiment ended. Plasma cortisol, glucose, lactate and
osmolality were measured to assess stress levels from fish in the reference groups before and after being sub-
jected to stressing and from all fish at the end of the experiment. Both heart rate and swimming activity rose after
the stress treatment, remaining elevated for 24.5 and 16.2 Hrs respectively. Glucose, plasma cortisol, lactate and
osmolality levels were significantly greater when measured immediately after stress. Results from the experi-
ment indicate that heart rate and swimming activity can be used as proxies for fish stress, thus opening the
possibility for on-line stress monitoring in full scale production.

1. Introduction

Atlantic salmon (Salmo salar) farming is a growing global industry
(Directorate of Fisheries, 2019) responding to increased global need for
ocean-based protein production (Olafsen et al., 2012). The industry
faces challenges regarding fish welfare and is under pressure to improve
production methods and farm operations. Operations involving fish
handling (e.g. crowding using sweep-nets followed by pumping and
treatment against sea lice (Lepeophtheirus salmonis) or disease) are
common in Norwegian aquaculture and detrimental to fish welfare
(Hjeltnes et al., 2018). To increase production volumes efforts are made
to develop larger, higher capacity production systems at more exposed
locations (Bjelland et al., 2015) which will entail that such operations
must handle fish in larger groups and under more challenging condi-
tions. Handling related welfare hazards are believed to be major con-
tributors to the annual mortality in salmon production (Bleie and

Skrudland, 2014). With a mortality of 14.7% for the sea stage in 2018
(Norwegian Food Safety Authority, 2018), this highlights the need for
better control of how operations are conducted and their impact on fish
welfare.

Monitoring fish welfare during aquaculture operations is a chal-
lenge and extensive resources and research efforts have been allocated
over the last decades to developing new methods to monitor and reduce
negative welfare effects of common aquaculture practices on fish.
Existing tools to evaluate fish welfare are typically referred to as
Operational Welfare Indicators (OWIs) derived from an extensive lit-
erature review (Noble et al., 2018). Most state-of-the-art methods fish
farmers employ to evaluate fish welfare and quantify OWIs in an in-
dustrial production setting are based on visual observations from e.g.
sampling of fish or various camera feeds. However, the outcomes of
these may rely on the personal experience of the observer and can thus
be influenced by subjective observation bias. In addition, with each sea
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cage being up to 50 m deep and containing up to 200,000 fish, only a
fraction of the individuals can be observed from the surface at any
given time making the total population difficult to monitor through
surface observations. Underwater cameras are therefore often used to
supplement such methods as they enable data collection from a larger
part of the cage volume, essentially making more of the total population
observable. However, placing cameras within sea-cages may conflict
with cage operations and be of limited use because low visibility and
high biomass densities (e.g. during crowding) may prevent a suffi-
ciently wide field of view to extract useful information (Shieh and
Petrell, 1998). Other instruments such as active hydroacoustic instru-
ments (e.g. sonars and echo sounders) may provide additional insight
into the distribution and behaviour of the fish but are of limited use
when biomass density exceeds a certain threshold as signal saturation
makes fish density estimates uncertain. Because of these technological
limitations, visual inspection and subjective evaluation of relevant
welfare indicators remain the most common fish welfare monitoring
methods (Føre et al., 2018a).

The observability of the fish in aquaculture can be improved by
equipping individual fish with electronic devices (“tags”) containing
sensors that can measure various parameters in or near the fish
(Thorstad et al., 2013). Using tags will result in individual data histories
for the tagged fish, which is complementary information to that ob-
tained through e.g. cameras, echo sounders and direct observations.
Acoustic telemetry is a type of biotelemetry where tags contain a
transmitter and data are transferred wirelessly to the user in real time
using acoustic signals. This method has recently been shown to be vi-
able for individual based data collection in commercial salmon cages
(e.g. Føre et al., 2017; Stehfest et al., 2017). Data Storage Tags (DSTs)
represent a different branch in biosensing where the tags store data
internally and thus must be retrieved for the user to access the data.
This method has been employed to log e.g. swimming depth and tem-
perature for individual salmon in aquaculture production cages
(Johansson et al., 2009). Since DSTs are not limited by acoustic band-
width, this method may result in higher data density than the acoustic
counterpart but faces challenges related to tag retrieval in commercial
size fish populations in addition to data being available only for ret-
rospective analysis.

Recent studies have used acoustic telemetry to study the swimming
activity of salmon during crowding and delousing (Føre et al., 2018)
and DSTs to study the effects of crowding and transport on heart rate in
rainbow trout (Oncorhynchus mykiss) (Brijs et al., 2018). These studies
imply that swimming activity and heart rate may be useful indicators of
welfare during such operations and demonstrate that these parameters
can be measured in industrially relevant situations. If the characteristics
in these parameters during welfare critical operations in fish farms
could be detected and linked to stress, they can potentially serve as
OWI's.

Stress as defined within the context of biology is the non-specific
bodily response to demands for change (Selye, 1973). The first step in
identifying the link between stress and measurable physiological
parameters is to conduct laboratory studies through which it is possible
to collect detailed data under controlled conditions. In this study we
investigate the links between variables that can be measured using
existing sensor tags (heart rate, swimming activity) and the stress level
of the fish quantified by blood analysis. This included a laboratory
study where off-the-shelf sensors measuring heart rate and swimming
activity were implanted into fish which were then subject to stress.
Blood was sampled and analysed at different times during the experi-
ment to determine the actual stress level of the fish and to evaluate if
the data from the implants provided valid proxies for stress based on
the hypothesis that heart rate and swimming activity are affected by
and linked to stress.

2. Materials and methods

2.1. Ethical statement

All fish handling and surgery was done in compliance with the
Norwegian Animal Welfare Act (2009). The experiment was approved
by the local responsible laboratory animal science specialist under the
surveillance and approval of the Norwegian Animal Research Authority
(NARA) (ID 18/18431). The fish were allowed to habituate to the ex-
perimental tanks for a month before surgery. During this period, in-
spection and feeding operations were limited to once per day to mini-
mize the potential stress induced upon the fish. Several experimental
refinement strategies were applied in the trials, including fish sampling
using a knotless dip net, immediately transferring sampled fish to an
anaesthetic bath to minimize stress, and continuously irrigating the gills
with aerated water containing maintenance anaesthetic and covering
the heads of all fish with a moist cloth during surgery. Mortality after
surgery was 0%.

2.2. Experimental animals, housing and husbandry

The experiment was conducted between January 1st and March 3rd,
2019, at the Norwegian Institute for Nature Research's (NINA) Aquatic
Research Station, Ims (Sandnes municipality, Norway). Sixty Atlantic
salmon (55.5 ± 5.7 cm fork length) of the Aqua Gen genetic strain
were randomly selected from a holding tank and distributed between
the six experimental tanks (hereafter denoted Tank 1 - Tank 6). The
tanks were square with rounded corners, had a volume of approxi-
mately 5.6 m3, and were equipped with adjustable (flow and direction)
seawater inlets from a shared manifold, overflow outlets, sensors for
temperature and dissolved O2 (DO) and oxygenation equipment to
ensure a stable and controlled environment. Water temperatures and
DO levels registered during the experimental period were 4.2 ± 0.2 °C
and 97.7 ± 0.2% respectively. Husbandry was carried out by on-site
personnel trained in handling experimental fish and entailed daily
feeding and general supervision.

2.3. Study design and timeline

The experiment animals were distributed such that Tanks 1–4 each
contained three tagged fish and four untagged fish. Tanks 5 and 6 each
contained a reference group of 16 untagged fish. All tagged fish were
equipped with DSTs (Centi HRT, Centi HRT ACT and Milli HRT, Star
Oddi LTD, Gardabaer, Iceland) all of which registered heart rate, and
some also registered tri-axial acceleration at 1 Hz (Centi HRT ACT).
These are the same tags employed by Brijs et al. (2018), ensuring
comparability with that study. The Centi HRT and Centi HRT ACT tags
logged data with a sampling interval of 2 min for 25 days. Due to a
lower internal storage capacity, the Milli HRT tags were set with a
longer sampling interval of 10 min, which was reduced to 2 min be-
tween March 3rd 08:00 and March 6th 08:00 to achieve higher data
resolution during and after stressing. Two fish in both Tanks 1 and 2
were also equipped with acoustic telemetry tags of the type A-MP 9
(Thelma Biotel AS, Trondheim, Norway) containing a three-axis ac-
celerometer with a range of 0–2.1 m/s2 sampling at 5 Hz. The tags were
set to sample accelerations in consecutive 30 s windows from which the
average Euclidean norm was calculated as in Føre et al. (2018), but
with a lower maximum value for swimming activity (2.1 m/s2) to ob-
tain higher output resolution. The resulting swimming activity in-
dicator was transmitted every 40s, providing a higher data density for
this parameter than in Føre et al. (2018). Two acoustic receivers
(Thelma Biotel TBR700 and TBR700-RT) were installed in each of the
tanks containing acoustic telemetry tags (Tanks 1 and 2) for redundant
data capture and storage. The distribution of fish and tags between
tanks is illustrated in Fig. 1.

Tags were surgically implanted into the peritoneal cavity while the
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fish were anaesthetised using Benzoak Vet (70 mg/L knock-out solution
and 35 mg/L maintenance dosage during surgery). The DSTs were
implanted using a procedure similar to that of Brijs et al. (2018), where
the tag was inserted through an incision in the abdomen. An extra step
was taken in this study to prevent tag movement relative to the heart by
anchoring the heart rate tags to the peritoneal wall using an anterior
suture close to the peritoneal septum. For fish equipped with two tags,
both were inserted through the same incision. After tag implantation,
the incision was closed with 3–4 interrupted sutures. The tagged fish
was then transferred to a recovery tank with circulating sea water
where it was kept until it had regained full consciousness, upon which it
was transferred back to the tank it had been collected from. These
procedures and their potential impact on the fish are described and
discussed in greater detail in Føre et al. (2019).

Surgery was conducted on February 18th and was followed by a
fourteen-day recovery period until March 3rd, when the fish were
subjected to stress by repeated draining of the water levels in all tanks
simultaneously. Following this, the fish recovered for ten days until
March 14th, when the experiment was concluded by euthanising all
fish. Tag data were collected throughout the entire experimental period
and blood samples were taken after surgery (February 18th), before and
after stressing (March 4th), and prior to euthanasia (March 14th). In the
periods between the main experimental events the fish were kept un-
disturbed in their tanks except for daily hand feeding and visual welfare
evaluations. After conclusion of the study, data from the DSTs was
downloaded using the proprietary base stations and software (Mercury
v5.20) from Star Oddi, while data from the Thelma tags were down-
loaded from the TBR700-units using a native Bluetooth interface and
software (ComPort v3.0.0).

2.4. Experimental procedures

Stressing of the fish was done by reducing tank water levels until the
dorsal region of the fish was exposed to air (Fig. 2) in four iterations
with different durations. For all iterations, lowering the water level
took approximately 1 min. For the first iteration, the water level was
restored immediately. For the second iteration the water level was kept

low for 1 min. For the third and fourth iterations, the water level was
kept low for 5 min. During the last iteration, the stressing also included
chasing the fish around the tank with a dip net until fish exhaustion. For
all iterations, re-filling the tanks took approximately 10 min. Each
iteration was started on the hour, so the time between iteration was
49 min, 47 min, 42 min and 35 min respectively. The stress procedure
was conducted simultaneously for all tanks so that all fish were subject
to the same treatment. Four people participated when stressing the fish
to ensure similar operations on all tanks.

Blood was sampled from fish in the reference groups and involved
opening the tank lid, netting a random fish from the tank as quickly as
possible using a knotless dip net, and placing it in an anaesthetic knock-
out solution (Aqui-S, > 80 mg isoeugenol/L water). Blood was sampled
from the caudal artery using heparinized syringes immediately after
loss of consciousness. The fish was thereafter euthanized by a powerful
blow to the head. Blood samples were centrifuged, and plasma was
collected for analysis.

2.5. Data processing

2.5.1. Heart rate
Heart rates were derived from on-board, proprietary signal proces-

sing methods and stored in the DSTs. Outliers due to measurement
errors were removed using the Median Absolute Deviation (MAD) ap-
proach (Huber, 1981; Leys et al., 2013). The MAD decision criterion
was set to 3 (very conservative according to Miller (1991)) to exclude
heart rate values outside published heart rate ranges (15 < HR < 80)
for Atlantic salmon (Lucas, 1994) and comparable species (Brijs et al.,
2019). Heart rate periodicity was evaluated by calculating the real, one-
sided Fast Fourier Transform of the average of all heart rate time series
collected in the 7 days before stressing.

2.5.2. Swimming activity
When using accelerometers to measure fish swimming activity, the

gravity vector will introduce a slow varying gravity component con-
volved with both the low frequency fish attitude component and the
high frequency motion component induced by fish motion. The impact

Fig. 1. Study design: Fish and tag distribution between experiment tanks. The red circles for tanks 1 and 2 denote the location of the hydroacoustic receivers. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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of this effect on the three sensing axes depends on the relative or-
ientation between the tag and the fish's orientation relative to the
earth's gravity vector (Fig. 3). In the Thelma Biotel tags, this effect is
countermanded by low pass filtering the raw data and subtracting the
resulting low frequency (LF) component from the raw signal, resulting
in a high frequency (HF) component representing the swimming ac-
tivity of the fish. A swimming activity proxy is achieved by calculating
the magnitude (Zwillinger, 2007) of the HF signal and applying a
moving average with a 30 s time window. To ensure that swimming
activity values measured using the Centi HRT ACT could be compared
to data collected by Thelma tags, a similar signal processing approach
was applied to the raw acceleration data measured by the Centi HRT
ACT tags. Low pass filtering was achieved using a Butterworth low pass
filter with a cutoff frequency of 0.2 Hz. The resulting LF component was
subtracted from the raw values for each axis, and the magnitude of the
HF signal (swimming activity) was calculated as given in Eq. (1).= + +activity X Y Z| | | | | |2 2 2 (1)

The result was then smoothed by calculating the moving average
over a 30 s time window. Although this results in swimming activity

proxies with the same unit (m/s2), measured accelerations differed
between the Thelma and the Star-Oddi tags due to differences in ac-
celerometer properties and intraperitoneal placement. To reduce the
impact of these effects, swimming activity data were normalized to a
mean of zero and a standard deviation of one (the effect of this pro-
cedure is demonstrated for Fish 2 in tank 2 during the first six days of
the experiment in Fig. 4.

2.5.3. Blood sample analysis
Sampled blood was centrifuged at 3250 g for 5 min and plasma was

removed and stored in cryo tubes at −36 °C until analyses were per-
formed. A Freestyle Freedom Lite™ (Abbott Diabetes Care Inc.) hand-
held blood glucose measuring device for people with diabetes which
registers concentrations from 1,1–27,8 mmol/L (mM) and uses a dosage
of 0.3 μL per reading was used. A study by Wells and Pankhurst (1999),
confirms that the use of such a device in animal glucose evaluation is
adequate. A Lactate Scout+™ (EKF Diagnostics for life) handheld blood
lactate measuring device was used which registers concentrations of
0.5–25,0 mmol/L (mM) and uses a dosage of 0.2 μL per reading. A study
by Wells and Pankhurst (1999) as well as EKF Diagnostics for life

Fig. 2. Photograph of low-water stress imposed on the fish. Water level was lowered until the dorsal fins remained in air for up to 5 min (photo: Bengt Finstad).

Fig. 3. DST and fish orientation relative to gravity vector. The gravity vector always points towards the centre of the earth. Hence the contribution from the gravity
vector will depend on the orientation of the tag and the fish. The X, Y and Z axes denote the alignment of the accelerometer's sensing axes.
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confirm that the use of such a device in animal lactate evaluation is
adequate. A radioimmunoassay technique was used to measure plasma
cortisol concentrations as described by Iversen et al. (1998). Plasma
osmolality was analysed using a Wescor 5500 osmometer (Wescor™,
Elitech Goup, Salon-de-Provence, France).

2.6. Statistical methods

A binary recursive partitioning approach (Vignon, 2015) was em-
ployed to identify systemic changes in heart rate and swimming activity
that could result from stressing. This approach recursively splits the
explanatory variable (time in this case) into distinct segments such that
the response variable values (heart rate or swimming activity) in each
segment are maximally different from one another. The recursive ap-
proach means that the most significant split (in terms of deviance be-
tween the two segments) is identified first, and splits of lesser sig-
nificance are subsequently identified in a recursive procedure. Binary
recursive partitioning may overfit data, so some smoothing of the input
data and/or simplification of the fitted model may be required. The
procedure used was therefore as follows:

1) Time-series were processed to remove features that were not evident
of systematic trends in physiometry related to stress. For heart rate,
circadian trends in time-series were removed. For swimming ac-
tivity, the scaled (mean = 0; SD = 1) time-series were smoothed
using a kernel smoother (using the ksmooth function in R; band-
width = 1 h, kernel type =” box”) to remove short-peaks in
swimming activity.

2) Time-series were then partitioned using the rpart function of the
rpart library in R. After an initial partitioning, fitted models were
simplified using cost-complexity pruning (using the prune.rpart
function). The optimal model was that with the largest number of
partition breaks where the cross-validated error was at least one SD
greater than the minimum cross validated error of the full model.
Differences in mean rank blood parameters (plasma cortisol, glu-
cose, lactate and osmolality) between the start, pre-stressing, post-
stressing and recovery samples were determined using Kruskal-
Wallis tests. Post-hoc analysis was done using pairwise Wilcoxon
tests.

3. Results

The FFT analysis revealed a dominating variation in heart rate with
a period of 24.0 h, showing a circadian variation with a peak to peak
difference in heart rate of 4.53 beats per min (BPM) between day and
night in the 7 days preceding stressing (Fig. 5). A similar circadian
pattern was identified for the 7-day period before the end of the ex-
periment, with a period of 24.0 h and a peak to peak day/night heart
rate difference of 5.19 BPM.

The average baseline heart rate for all fish equipped with heart rate
DSTs (N = 12) in the 48 h prior to stressing was 24.2 BPM (SD = 2.3
BPM), while the average baseline swimming activity for all fish
equipped with swimming activity DSTs (N = 4) before normalization
was 0.48 m/s2 (SD = 0.12 m/s2). Binary recursive partitioning showed
that there were systematic changes in the average heart rate and
swimming activity of the tagged fish throughout the study (Fig. 6). An
immediate increase in heart rate occurred on initiation of the stressing
period. From there, heart rate remained at an elevated level for 24.5 h,
before returning to a level similar to that pre-stressing. There was not,
however, a systematic increase in mean swimming activity immediately
on commencement of the stressing period. Rather, mean swimming
activity remained low for 2.4 h before showing a systematic increase.
Mean swimming activity remained high for 16.2 h, before returning to a
level similar to that pre-stressing. Heart rate remained at a system-
atically elevated level for 1.9 h after swimming activity has returned to
a level similar to that pre-stressing. During the stress period four peaks
in swimming activity corresponding to the points in time when stressing
was initiated could be seen in the raw data for all fish equipped with
activity tags as shown in Fig. 7.

Significant differences in blood parameter levels (Kruskal-Wallis
test, p < 0.05) existed according to when they were measured (Fig. 8).
All measured blood parameters (plasma cortisol, lactate, glucose and
osmolality) rose from initial low levels at the start of the experiment
(Feb 18th) and pre-stressing (10:54 Hrs March 4th) to reach maximum
levels immediately post-stressing (15:38 Hrs March 4th) (Table 1).
Significant differences between pre- and post-stressing samples were
observed for all parameters (Wilcoxon-test p < 0.05), indicating a
physiological response to treatment. Blood parameter levels sampled at
the end of the experiment in the recovery period (March 14th) had

Fig. 4. Before (top) and after (bottom) Star-Oddi data processing.
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fallen to levels similar to those at the start and pre-stressing samples
(Table 1), indicating a physiological recovery.

4. Discussion

The results from this experiment demonstrate that there are changes
in heart rate and swimming activity in response to stress events that are
consistent with blood proxies for stress levels in Atlantic salmon. The
physiological responses of plasma cortisol, lactate, glucose and osmol-
ality followed the treatment timeline by increasing post-stress and le-
velling off during recovery. The data types measured in this study are
therefore candidates for indirect stress monitoring in free-swimming
salmon. Since both tag types applied in the experiment have been used
in industrial settings (Føre et al., 2018; Brijs et al., 2018), their appli-
cation in commercial facilities might be considered a more objective
and operational tool for monitoring fish stress than conventional ap-
proaches involving manual observation and blood sampling.

Several blood parameters were included in the analysis both to
evaluate stress levels and how they can be related to heart rate and
swimming activity.

Plasma cortisol measurements can provide useful information on
the primary stress response in fish. Studies carried out by Iversen and
Eliassen (2012) reported a link between high resting levels of plasma
cortisol during commercial smolt production and mortality at plasma
cortisol levels above 50 nM after transfer to seawater. Similar studies
have shown that the normal resting levels of plasma cortisol in fish can
be as low as 13.8 nM, while fish with a chronically activated stress
response can have a resting level > 27.5 nM (Maule et al., 1987;
Pickering and Pottinger, 1989; Van Zwol et al., 2012; Noble et al.,
2018). Similar to glucocorticoids (mainly cortisol), catecholamines (i.e.
adrenalin and noradrenalin) also play a role in the primary stress re-
sponse. But due to the difficulties associated with interpretation of ca-
techolamines caused by their short half-life in circulation, they are of
limited use as indicators of the primary stress response (Bonga, 1997,

2011) and have therefore been omitted from this study.
Lactate is produced by anaerobic ATP production (glycolysis) when

oxygen is not available in sufficient amounts for the cells to utilise
aerobic metabolism. The drivers behind this could be decreased oxygen
levels in the water (Remen et al., 2012) or heavy physical exercise
(Milligan and Girard, 1993). As lactate is primarily produced in muscle
cells, it takes some time before it appears in blood and the response is
delayed by a few hours after the event. In most cases the animal will
recover after 6–12 h (Hatløy, 2015). The peak of plasma lactate during
stressors such as transport and handling ranges from 6.4 to 13.3 mM
(Hatløy, 2015; Iversen et al., 2003; Noble et al., 2018). Pre-stress levels
of plasma lactate are normally between 3 and 5 mM (Carey and
McCormick, 1998; Iversen et al., 2005). Elevations in plasma cortisol
stimulate glycogenolysis which is the conversion of glycogen stored in
the tissue to glucose released into the blood (Barton and Iwama, 1991).

Increased plasma glucose in the blood is a relatively slow response
to a stressor and peaks after around 3–6 h in salmon (Olsen et al.,
2003). In salmon, plasma glucose levels can increase to twice that of
baseline levels 4 h after acute stress but can return to baseline levels
much faster (2 h) in fasted fish than in fed fish. Pre-stress levels of
plasma glucose are normally between 3.7 and 4.6 mM (Carey and
McCormick, 1998; Skjervold et al., 2001).

In general, teleosts attempt to keep an osmolality of between 290
and 340 mOsm regardless of the surrounding salinity. Deviations from
these levels for prolonged periods will result in mortality (McCormick
et al., 2013). Arnesen et al. (1998) reported that typical osmolality in
freshwater was approximately 320 mOsm, while osmolality ranged
from 325 to 345 mOsm in seawater adapted Atlantic salmon. The se-
lected blood parameters are therefore relevant when evaluating stress
levels in fish.

Heart rate data showed an immediate response to induced stress
through a significant increase that coincided with the stressing period
implying that heart rate could serve as a sensitive and immediate stress
indicator for salmon. In contrast, the swimming activity derived from

Fig. 5. Average heart rate (top) and the corresponding real, one-sided Fourier transform (bottom). For the average heart rate, night (18:00–06:00) is shaded grey. For
the Fourier transform, frequency along the x-axis given in micro-Hertz (μHz). The highest peak (indicated by the vertical red line) resulting from the Fourier
transform places the dominating variation in heart rate at 24.0 h (i.e. circadian). (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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the accelerometers was low immediately after water levels were re-
stored after stressing, a situation that lasted 2.4 h before swimming
activity increased significantly to levels higher than before the stress
period (Fig. 6). This was an unexpected result, as a previous study
where salmon were subjected to crowding and delousing in a com-
mercial cage found a gradual increase in swimming activity while the

fish were subjected to the stressor, and an immediate drop to lower
levels as soon as they were released (Føre et al., 2018). A possible ex-
planation for these dissimilar results could be that the four consecutive
stress events in the present study drove the fish to a more complete state
of exhaustion than the earlier cage-trials. The low swimming activity
period could therefore represent a restitution period where the fish had

Fig. 6. Mean heart rate and mean activity partitions. Time-series are shown by dotted lines; partitions are shown by thick lines; the stress period is shown by the grey
bar; the times of pre- and post-stressing blood samples in the reference group tanks are shown by dashed vertical lines. Time-series of heart rate have had circadian
trends removed; time-series of activity have been smoothed and scaled.; time-series of heart rate have had circadian trends removed.

Fig. 7. Activity data for all fish during and post stressing with average activity shown by the solid black line. The vertical lines indicate the start time for each
stressing.
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to recover physiologically before being able to express their beha-
vioural/flight response to the stressors.

Results from this experiment were robust because all attempts were
made to remove extraneous factors that could influence the results. The
experimental tanks were located outdoors, meaning that external dis-
turbances such as noise from local traffic, fauna and weather could be
suspected to influence the data in inducing responses in the fish.
However, it is unlikely that this had a strong effect on stress levels since

all fish used in these experiments had been reared in outdoor tanks at
the same site from fry to adult fish and thus were likely accustomed to
local ambient sounds. Furthermore, the crew on site ensured that reg-
ular tasks such as feeding and daily husbandry were conducted at ap-
proximately the same times each day and with the same duration
thereby reducing the chance that they could affect the stress levels.
Furthermore, the homogeneity in the diurnal cycle throughout the ex-
periment (outside the stress period), indicates that the fish were well

Fig. 8. Blood properties (cortisol, lactate, glucose and osmolality) measured from fish at the start of the experiment (Start, N = 6), pre-stressing (Pre, N = 6), post-
stressing (Post, N = 6) and in recovery (Rec, N = 40). Note that the total number of blood samples are 58 and not 60 as in the total number of fish due to the two
males with agonistic behaviour dying the day before the conclusion of the experiment.

Table 1
Blood property values.

Date Handling Fish length (cm) Plasma cortisol (nM) Lactate (mM) Glucose (mM) Osmolality (mOsm)

February 2nd Start 56.1 ± 5.9 (6) 8.5 ± 16.7 2.0 ± 1.0 5.9 ± 1.1 345.7 ± 64.3
March 4th Pre-stressing 58.3 ± 4.3 (6) 1.7 ± 0.0 2.6 ± 1.1 4.7 ± 0.8 318.2 ± 11.0
March 4th Post-stressing 58.9 ± 4.4 (6) 824.4 ± 702.1 9.1 ± 5.0 7.3 ± 1.2 340.8 ± 10.6
March 15th Recovery 56.4 ± 3.1 (6) 27.0 ± 62.0 1.9 ± 0.7 5.4 ± 1.4 318.5 ± 11.2
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habituated to their environment.
About half of the experimental fish reached sexual maturity during

the trials. Two male fish kept in tank 3 (one tagged and one untagged
individual) exhibited agonistic behaviour throughout the experimental
period until they died the day before the conclusion of the experiment.
Apart from this, the response patterns in the sensor measurements were
similar across tanks, suggesting that the chosen data types are robust
indicators of stress in salmon.

An approved anaesthetic was used for surgery and used in the re-
commended dosage by experienced personnel. As shown by Føre et al.
(2019), the heart rate and swimming activity levels for fish having
undergone surgery stabilises after 6 days. It is therefore likely that no
adverse effects were introduced by either anaesthesia or surgery.

Due to the low temperature during the study (4.2 ± 0.2 °C), it was
expected that all biological processes were slower than they would have
been compared to higher temperatures. This may have had an impact
on e.g. the fish's timely response to the stressors. Blood properties
(Table 1), however, show the expected changes to stress. Posthumous
examination and dissection revealed no signs of poor wound healing or
infection. Hence, the impact of water temperature on the overall results
could be negligible.

The carefully controlled conditions caused similar responses among
tagged individuals, such that it was possible to identify the effect of
stress despite the small sample size. Heart rate and activity responses
were consistent across most tags, involving an immediate increase in
heart rate and a delayed increased in activity, followed by a period of
high heart rate and activity, after which levels declined to those pre-
stress. This pattern was absent in only one heart rate tag (Fish 7,
1CHL0310; Fig. 11 in supplementary material) and one activity tag
(Fish 11, 1CAL0165, Fig. 15 in supplementary material). Likewise, the
controlled conditions allowed for identification of significant differ-
ences in blood parameter levels according to sample period. It is pos-
sible that an increased sample size will have provided a better indica-
tion of changes in blood parameters. For example, no significant
difference in either glucose or osmolality was identified between the
blood samples taken at the start of the experiment and those taken post-
stressing. This lack of a significant difference was caused by a single
outlier value for each of glucose and osmolality, and a greater sample
size would have helped identify whether there was a systematic dif-
ference in parameter values between these sample periods.

The main reason for the slight variations in the swimming activity
results between co-located Thelma Biotel and Star-Oddi tags (Fig. 7)
was probably that the tags were located in different positions within the
peritoneal cavity and would thus have experienced different accelera-
tions due to fish movements. For the Thelma tags, which were not
anchored using a suture (Føre et al., 2019), shifts in the tag's position
within the peritoneal cavity could also result in transients not seen in
Star-Oddi data. An additional source for these differences between tag
types may also lie in that key components in the tags (e.g. the accel-
erometer) were not identical between types.

To further investigate the links between heart rate, swimming ac-
tivity and stress response, at least two options for further work are
considered. One is to gain a more detailed understanding of the re-
sponses by doing swim respirometer trials with cannulated fish in
controlled laboratory conditions. The other is to increase scale and
repeat the experiment in meso- or full scale to approach an industrial
setting and application.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.aquaculture.2020.735804.
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TELEMETRY CASE REPORT

Heart rate and swimming activity 
as indicators of post‑surgical recovery time 
of Atlantic salmon (Salmo salar)
M. Føre1,2*  , E. Svendsen1,2, F. Økland3, A. Gräns4, J. A. Alfredsen2, B. Finstad3,5, R. D. Hedger3 and I. Uglem3

Abstract 

Background:  Fish telemetry using electronic transmitter or data storage tags has become a common method for 
studying free-swimming fish both in the wild and in aquaculture. However, fish used in telemetry studies must be 
handled, anaesthetised and often subjected to surgical procedures to be equipped with tags, processes that will shift 
the fish from their normal physiological and behavioural states. In many projects, information is needed on when the 
fish has recovered after handling and tagging so that only the data recorded after the fish has fully recovered are used 
in analyses. We aimed to establish recovery times of adult Atlantic salmon (Salmo salar) after an intraperitoneal tag-
ging procedure featuring handling, anaesthesia and surgery.

Results:  Based on ECG and accelerometer data collected with telemetry from nine individual Atlantic salmon during 
the first period after tagging, we found that heart rate was initially elevated in all fish and that it took an average of 
≈ 4 days and a maximum of 6 days for heart rate to return to an assumed baseline level. One activity tag showed no 
consistent decline in activity, and two others did not show strong evidence of complete recovery by the end of the 
experiment: baseline levels of the remaining tags were on average reached after ≈ 3.3 days.

Conclusion:  Our findings showed that the Atlantic salmon used in this study required an average of ≈ 4 days, with 
a maximum interval of 6 days, of recovery after tagging before tag data could be considered valid. Moreover, the 
differences between recovery times for heart rate and activity imply that recovery time recommendations should be 
developed based on a combination of indicators and not just on e.g. behavioural observations.

Keywords:  Fish telemetry/biologging, Atlantic salmon, Post-tagging recovery, Heart rate, Swimming activity

© The Author(s) 2021. This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material 
in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material 
is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the 
permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creat​iveco​
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zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Background
Fish telemetry/biologging is a method of monitoring free-
swimming fish where individual animals are equipped 
with electronic tags that often contain sensors for collect-
ing data on the conditions within or near the fish [1, 2]. 
Such tags may either be transmitter tags transferring data 
wirelessly to the user (see [3] for details on the structure 
of an electronic transmitter tag) or data storage/archival 

tags (DSTs) that store data in internal storage mediums 
accessible only after the fish (and tag) has been recap-
tured [2]. Irrespective of tag type, most studies using such 
methods aim to assess the status of wild fish in ecologi-
cal settings (e.g. [4, 5]), to evaluate how fish communities 
respond to man-made structures (e.g. [6]), or as a tool to 
provide knowledge for fisheries management (reviewed 
by [7]). The interest in using this approach in aquaculture 
is also increasing, both because ongoing technological 
advances are rapidly expanding the possibilities [8], and 
because new production philosophies such as Precision 
Fish Farming promote monitoring at an individual level 
[9]. Example uses of telemetry/biologging in aquaculture 
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include studies to assess fish responses during welfare-
critical operations such as crowding (e.g. [10]) and 
transport (e.g. [11]), and responses to environmental var-
iability such as temperature variations (e.g. [12]).

In animal monitoring, it is essential to ensure that 
the observed animals are representative of the targeted 
population. When using telemetry, the fish selected for 
tagging must therefore be representative both before 
and after the tags are deployed. Ideally, this means that 
the selection of fish should be truly random and repre-
sentative and that the tags do not influence physiology or 
behaviour in such a way that the tagged fish differ signifi-
cantly from untagged fish (e.g. [13]). In addition, tagging 
procedures include several steps (e.g. handling, anaes-
thesia and surgical procedures) that may induce stress, 
that in turn may lead to physiological and/or behav-
ioural changes in the fish [2, 14–17]. Acute (short term) 
followed by chronic (long term) stress in farmed fish 
may lead to undesirable effects such as reduced disease 
resistance, reduced growth rates, impaired health, and 
increased mortality [18–21]. Stress responses in fish are 
described by primary responses that include the release 
of stress hormones such as catecholamines and corti-
sol into the circulation system, followed by secondary 
responses such as changes in glucose levels, electrolyte 
balance and heart rate and, finally tertiary (whole ani-
mal) responses. If the fish is unable to acclimate to the 
stressor at this stage, effects such as behavioural changes, 
decreased reproductive capacity and growth may occur, 
sometimes even resulting in that the animal dies (see [22] 
and references therein). If such changes are chronic, the 
fish cannot be considered representative of the popula-
tion and should be excluded from further analyses [1, 23]. 
Conversely, if the changes are transient, the fish may be 
considered fully recovered once the response patterns 
return to those expected from an untagged fish. This 
means that tagged fish can be used in analyses if the data 
from the period of recovery are excluded. However, this 
also raises the question: how can we define when a fish is 
properly recovered after a tagging procedure?

Jepsen et  al. [16] sought to identify the duration of 
post-surgery recovery for Chinook salmon (Oncorhyn-
chus tshawytscha) by studying changes in commonly 
used blood indicators of the primary (cortisol) and 
secondary (glucose and lactate) stress responses in tel-
eosts. The authors found that all measured parameters 
decreased from initially elevated levels to within nor-
mal ranges within 7  days post-surgery, with glucose 
and lactate (substrate and by-product, respectively, of 
elevated anaerobic metabolism) normalising during 
the first 24  h, a recovery time resembling that seen in 
several studies (e.g. [24, 25]). Coping with stress is also 
an energy-demanding process [26] and one of the most 

common indicators of metabolic effects due to stress is 
the increase in plasma glucose concentration [22]. Such 
changes have recently been shown to lead to increased 
heart rates also in fish [27]. Other studies have aimed 
to evaluate post-surgery recovery by comparing the 
behaviour of the tagged fish to their behaviour before 
surgery or in untagged cohabitant fish. This method 
has for instance been applied in laboratory experiments 
with tilapia (Tilapia sp.) who appeared fully recovered 
24  h post-surgery after displaying loss of equilibrium 
and reduced swimming activity and feeding just after 
tagging [17]. Swimming activity was then assessed by 
measuring the posture of the fish, and presented as the 
percentage of the time the fish was resting (assuming 
an oblique angle with the snout towards the surface) 
or actively swimming (horizontal orientation or snout 
pointing toward the bottom).

Recovery after tagging may also be studied with sen-
sor telemetry. The information conveyed by the tag must 
then reflect the state of the fish, and typical sensor val-
ues for unstressed fish should be available as a baseline 
for comparison. Previous studies using this approach 
include using heart rate tags to compare tagging methods 
for black cod (Paranotothenia angustata, [14]), and more 
recently to study post-surgery stress-responses [28] and 
potential effects of antibiotics on post-surgical recovery 
[29] in rainbow trout (O. mykiss). While Brijs et al. [28] 
implied a recovery from surgical implantation > 72  h, 
Hjelmstedt et  al. [29] demonstrated a decrease in heart 
rate to within baseline levels 72–96  h after anaesthe-
sia and surgery. Other sensor measurements that could 
potentially be used in this way include tri-axial accel-
erometers, as previous studies have identified links 
between accelerometer-based activity proxies that are 
particularly sensitive to tail beat frequency and amplitude 
and orientation changes, and stress in salmon [10, 30].

Although Atlantic salmon (Salmo salar) has been fre-
quently studied using telemetry, there is still a lack of 
detailed quantitative information on the post-surgery 
recovery of this species. We, therefore, sought to identify 
the recovery time of Atlantic salmon after intraperitoneal 
tagging. This was done using heart rate and acceleration 
data collected using intraperitoneally implanted elec-
tronic tags, meaning that data could be collected with-
out introducing the additional handling stress that would 
accompany other methods such as blood sampling. The 
parameters were chosen because they have previously 
been found to be linked with stress (e.g. [10, 28, 31]) and 
welfare [32] in salmonids and are commercially available 
in archival and telemetry tags. The data were collected 
in a controlled experiment in tanks studying how stress 
responses in Atlantic salmon can be measured using 
state-of-the-art technology. The stress response part of 
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this experiment is described in greater detail by Svendsen 
et al. [27].

Materials and methods
Experimental site and fish
The experiments were conducted at the NINA Ims 
Research Station near Stavanger, Norway, between 
January and March 2019, using 60 hatchery-reared 
adult Atlantic salmon of the Aqua Gen strain (mean 
55.5 ± stdev 5.7  cm fork length, mean weight 2100  g). 
The experiment started on January 28th by stocking 
four square tanks (tank 1–4, 215 cm side, 122 cm depth, 
5600 L) with seven fish each. The fish were then allowed 
to habituate to the tanks for a period of 21  days until 
February 18th when three fish in each of tanks 1–4 were 
selected at random and equipped with tags, resulting in 
12 tagged fish in total (Table 1).

The tanks were set up with flow-through configura-
tion, with filtered fresh water from the nearby Imsa river 
mixed with small amounts (3–6  ppt, average 5  ppt) of 
seawater supplied from seawater inlets at 30  m depth 
to ensure a stable and homogeneous water quality and 
avoid the introduction of parasites and pathogens to the 
tanks. Consequently, tank water properties followed the 
ambient conditions in the river, temperatures increas-
ing from 3.9 to 5.0 °C and with DO varying between 93.8 
and 101.2% between the start and end of the experiment 
(March 15th). Oxygen sensors and oxygenation were also 
used to prevent unfavourable DO levels. The fish were 
fed once per day between 08:00 and 10:00 in the morn-
ing throughout the entire experimental period, with each 
meal consisting of 2  dL  tank−1 (Skretting Røye Vitalis 

600-60A 7  mm pellets). The fish were not subjected to 
any fasting during the experiment period.

Biotelemetry/logging systems and surgical procedures
All 12 tagged fish (Table  1) were equipped with one 
of three different types of heart rate monitoring Data 
Storage Tags (DSTs, Star Oddi Ltd.): 4 × DST milli-
HRT (39.5 × 13  mm, 11.8  g in air); 4 × DST centi-
HRT (46 × 15  mm, 19  g); 4 × DST centi-HRT ACT 
(46 × 15 mm, 19 g). Using different DST types rather than 
equipping all fish with the same tag types allowed us to 
also investigate whether all three tag varieties would be 
suitable for experiments with Atlantic salmon, which is 
relevant because this is one of the first applications of this 
technology on this species. Furthermore, since all three 
tag types were from the same provider, contained the 
same type of heart rate sensor and comparable sampling 
frequencies (80  Hz over 7.5  s per HR sample point for 
the centi tags and 100 Hz over 15 s per HR sample point 
for the milli tags), and applied the same post-processing 
methods to the resulting data, they provided heart rate 
data sets that were comparable among tags. The milli-
HRT type was set with a higher sample storage interval 
(10  min) than the others (5  min) as they used more of 
their internal storage medium for raw ECG traces. All 
data were timestamped using the tag internal clocks to 
facilitate comparison, and eventual clock drift between 
individual clocks was negligible compared to the time 
scale of the experiment. One tag type (DST centi-HRT 
ACT) also measured activity using an embedded tri-axial 
accelerometer (1 Hz sampling rate).

In addition to the DSTs that were applied, a total of 4 
tagged fish (two fish each from tanks 1 and 2, Table  1) 

Table 1  Information about the tagged individuals used in the study

Individual body weight was not measured and was hence estimated using an allometric model ( W = aL
b ) with a = 0.0142 and b = 2.9401

Fish # Body length 
(cm)

Est. body 
weight (kg)

Tank DST type Acoustic tag Time 
anaesthesia 
(mm:ss)

Time surgery 
(mm:ss)

Sex Mature

F1 59.5 2.3 1 centi HRT X 08:00 08:03 F

F2 52 1.6 1 centi HRT X 08:20 08:12 F

F3 57 2.1 1 milli HRT 08:45 06:31 F

F4 63 2.8 2 centi HRT ACT​ X 08:06 06:30 M x

F5 53 1.7 2 centi HRT ACT​ X 08:30 06:50 F x

F6 53 1.7 2 milli HRT 07:30 06:00 M

F7 74 4.5 4 centi HRT ACT​ 07:40 07:00 F

F8 67 3.3 4 centi HRT ACT​ 08:00 06:30 M x

F9 55 1.9 4 milli HRT 08:10 08:00 M

F10 62.5 2.7 3 centi HRT 05:30 07:00 M x

F11 61.5 2.6 3 centi HRT 07:00 06:30 F

F12 55 1.9 3 milli HRT 07:00 06:50 F x
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were fitted with acoustic tags (A MP-9, 24.4 × 9  mm, 
3.6 g; Thelma Biotel AS) that contained tri-axial acceler-
ometers (5  Hz sampling rate) and transmitted an activ-
ity proxy derived from the accelerometer measurements 
every 40  s. These tags compute the proxy by first high 
pass filtering the accelerations from all three axes using 
a cutoff frequency of 0.2  Hz to remove low-frequency 
acceleration components due to gravity and body orien-
tation. The remaining high-frequency components then 
mainly contain accelerations caused by features related 
to bodily movement that are of interest when evaluating 
activity levels, such as tail beats (frequency and ampli-
tude) and rapid changes in attitude/orientation. The 
Euclidian norm of the three high pass filtered acceler-
ometer axes is then computed to yield the magnitude of 
the total high pass filtered 3D acceleration sensed by the 
accelerometer. Although Føre et  al. [10] used the same 
activity proxy with a maximum value of 3.465 m s−2, we 
chose to limit the proxy to 0–2.1  m  s−2 in our study as 
this gave us a higher resolution and hence precision for 
the activity measures. Moreover, Føre et al. [10] observed 
very few activity values above 2 m s−2 in Atlantic salmon 
during stressing, implying that using a lower range would 
not compromise the ability to capture the dynamics 
associated with salmon swimming activity. To be com-
parable with the data from the acoustic tags, the activ-
ity data from the centi-HRT ACT DSTs were analysed 
similarly by applying filtering and computing the Euclid-
ian norm as explained for the acoustic tags (see [27] for 
more details). Adding the acoustic tags thus allowed us 
to compare their activity proxies with those based on the 
acceleration data from the DSTs and resulted in that the 

experiment produced 12 data sets on heart rate, and 8 
data sets on swimming activity. With mean fish weight 
being 2100 g and a maximum total tag weight carried by 
an individual at 22.6  g (DST centi-HRT + A MP-9) the 
tag vs. fish weight ratio of all fish were well within the 
informal rule of thumb of 2% for maximum tag mass rela-
tive to fish mass [2].

Each tag implantation was started by capturing a ran-
dom fish from an experiment tank using a knotless dip 
net and immediately transferring it to an anaesthetic bath 
(Benzoak Vet, 70 mg/L) where the fish was kept until it 
lost its equilibrium and stage III anaesthesia [33] was 
reached (average time 7.7 min). The fish was then care-
fully placed with its ventral side up on a specialised sur-
gical table with a v-shaped mid-section designed such 
that the head of the fish was immersed in water through-
out the whole procedure. A hose circulating anaesthetic 
(Benzoak Vet, 35 mg/L) through the orobranchial cavity 
of the fish was inserted into its mouth and the head was 
covered by a moist cloth (Fig. 1).

A 2–3  cm incision was made along the sagittal plane 
starting slightly more than one tag length (i.e. the length 
of the tag to be implanted) posterior from the transverse 
pericardial septum.

A finger was inserted through the incision to locate 
the transverse pericardial septum. While retaining the 
finger inside the peritoneal cavity for support, a needle 
was positioned in the skin just posterior to the trans-
verse septum and slightly laterally from the sagittal plane. 
The finger was withdrawn, and a smooth plastic spoon 
inserted through the incision until it was just below the 
needle insertion point. The needle was then pushed 

Fig. 1  Fish in the surgical table with anaesthetic circulation tube and head cover, indicating approximate locations of DSTs (white tag) and acoustic 
tags (black tag) after implantation
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through the peritoneal wall while simultaneously with-
drawing the spoon to extract the needle out through the 
incision while protecting the viscera. One end of a suture 
threaded through the end of the tag was inserted into the 
tip of the needle. The needle was then withdrawn to pull 
the suture out through the needle’s entry point. This pro-
cedure was then repeated on the other side of the sagit-
tal plane. The tag was then inserted through the incision 
and anchored anteriorly in the peritoneal cavity using the 
suture and an (external) surgical knot. For the four fish 
also equipped with separate acoustic tags, the second 
tag was inserted into the peritoneal cavity through the 
same incision. Finally, the incision was closed using inter-
rupted sutures. The fish was then transferred to a recov-
ery tank with circulating seawater where it was kept until 
it regained consciousness, upon which it was transferred 
back into the tank it was collected from. See Table 1 for 
anaesthesia bath and surgery durations for all tagged fish.

Timeline and experimental design
Since the present study focused on investigating the post-
tagging recovery, the analyses only included data from 
the 2  weeks following tagging. To avoid inducing other 
stress effects that could disturb their recovery, the fish 
were sheltered from all potential stress factors except 
those necessary to feed and provide for the fish in this 
period.

None of the fish exhibited signs of adverse health after 
tagging or during the trials, and all fish were euthanised 
after the conclusion of the experiment. Posthumous 
pathology of all remaining experimental fish at the end 
of the experiment (19 female, 23 male) revealed that 
about one-third of these fish (14 in total, 8 F, 6 M) exhib-
ited signs of sexual maturation through the experimen-
tal period, including 5 of the tagged individuals (Table 1). 
Although this appeared to have a little direct impact on 
the fish in three of the tanks, the data from the fish in one 
of the tanks (tank 3) were excluded from the statistical 
data analyses due to perpetual inter-individual aggression 
between two matured males in that tank throughout the 
experimental period. This left nine fish tagged with DSTs 
measuring heart rate, six of which also measured activ-
ity. Since two of these fish contained both a DST and an 
acoustic tag measuring activity, this resulted in a total of 
eight time-series of activity.

Data processing and statistics
Heart rate data were used as downloaded from the 
DSTs. Outliers were removed using the Median Abso-
lute Deviation (MAD) approach [34], using a MAD 
decision criterion of 3, which is a conservative value 
(see [35]). The MAD decision criterion denotes the 
standard deviation from the dataset’s sample average 

above which samples are rejected. The MAD decision 
criterion typically ranges from 2 (poorly conservative) 
to 3 (very conservative). In this study, the choice of 3 is 
justified by the measured heart ranges compared to typ-
ical heart rates published in the literature (15 < HR < 80) 
for Atlantic salmon and comparable species [28, 36]. 
Activity data from the DST centi-HRT ACT tags were 
downloaded as raw acceleration values along all three 
axes and then subjected to similar post processing as 
that used to compute the activity proxy in the A MP-9 
acoustic transmitter tags to yield a comparable measure 
of activity between the two tag types.

In a non-decomposed time-series, circadian vari-
ation (that between day and night) and irregular vari-
ation (that other than circadian of long-term) had the 
potential to obscure long-term trends in heart rate and 
activity. Time-series of heart rate and activity were 
therefore first decomposed into circadian, long-term 
trend, and irregular components. Decomposition, and 
subsequent removal of the circadian and irregular com-
ponents of the time-series, leaving a long-term com-
ponent (that showed the long-term growth or decline 
of the time-series values over the temporal extent of 
the series), allowed for the examination of the form of 
the long-term trends towards recovery. To decompose 
each time-series, it was first binned into 15 min inter-
vals (each 15  min interval showing a mean heart rate 
or intensity over that interval) and then converted into 
a time-series object [R function ts {stats}; Becker et al. 
[37]]. Time-series objects were then decomposed using 
the Seasonal Decomposition of Time Series by Loess R 
function stl {stats} (B. D. Ripley; Fortran code by Cleve-
land et  al. [38] from “netlib”). Long-term trend com-
ponents were then analysed for a systematic change 
in heart rate or activity that could be indicative of a 
post-surgery recovery by first modelling the temporal 
relationship and then compartmentalising this into pre- 
and post-recovery phases.

The relationship between the long-term trend compo-
nent of heart rate or activity (y) and time post-tagging 
(t) was modelled using an exponential decay model:

where α defines the decay constant from y0 (at 
time zero) to yp, the model plateau. Models were fit-
ted with the nls {stats} R function (D. M. Bates and S. 
DebRoy: D. M. Gay for the Fortran code used by algo-
rithm = "port"), using the self-starting asymptotic 
regression function SSasymp {stats} (J. Pinheiro and D. 
M. Bates). Most trend components followed an expo-
nentially decaying pattern, ensuring model conver-
gence, but some included parts that were inconsistent 

y(t) = yp +
(
y0 − yp

)
e−αt ,
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with an exponential decay. First, some tags (three 
heart-rate tags and four activity tags) showed a short 
initial post-surgery increase in registered values at the 
beginning of the experiment. Secondly, some tags (one 
heart rate and two activity tags) showed an increase in 
registered values after ≈ 5–6 days. This late increase in 
activity or heart-rate was likely a result of a separate, 
post-recovery change in behaviour of these individuals. 
To ensure model convergence, these parts of the long-
term trend components were removed prior to model 
fitting. That is, the exponential model was only fitted 
to parts of the long-term trend component that were 
consistent with a post-surgery exponential decline. One 
activity tag (fish F4 in tank 8) did not show an expo-
nential decline with time and was thus not fitted with 
a model.

Identification of breakpoints between pre- and post-
recovery phases was done on an individual basis. The 
breakpoint between pre- and post-recovery for each tag 
was set where the heart rate or activity reached a recov-
ery threshold, defined as the heart rate or activity level 
delimiting those pre- and post-recovery. A recovery 
threshold was defined for each tag as the mean + 2SD of 
the long-term trend component values calculated from 
the final 3  days of the fitted series. Inspection of the 
tags showed that trend components were approaching 

asymptotes in the final 3  days, so it was reasonable to 
assume that values from these days represented post-
recovery signature. Thresholds were established on an 
individual basis to allow for post-recovery heart rate or 
activity to change according to individuals.

Results
Post‑surgery recovery
Daily heart rate significantly declined from a mean of 
36.0 bpm (range = 24.6–45.6, SD = 5.6, n = 9) on the day 
of surgery to a mean of 22.3  bpm (range = 17.5–26.6, 
SD = 2.6, n = 9) 13 days later (one-sided Wilcoxon’s rank 
test, V = 45, p = 0.002) (Fig. 2a; raw data for all tags shown 
in). Daily activity significantly declined from a mean of 
0.57  m  s−2 (range = 0.26–0.92, SD = 0.23, n = 8) on the 
day of surgery to a mean of 0.33  m  s−2 (range = 0.27–
0.41, SD = 0.06, n = 8) 13  days later (one-sided Wil-
coxon’s rank test, V = 45, p = 0.008) (Fig.  2b). However, 
individual variation in activity was high (Fig.  2b). Both 
heart rate and activity displayed circadian variation. 
Heart rate was greater during daytime (mean = 25.8 bpm, 
range = 22.2–26.7, SD = 1.9, n = 9) than during night 
(mean = 22.7  bpm, range = 19.6–24.9, SD = 1.9, n = 9) 
(Fig. 2a; raw data for all tags shown in Additional file 1: 
Figures  S1, S2). In contrast, activity was greater during 
night (mean = 0.47  m  s−2, range = 0.32–0.60, SD = 0.11, 

Fig. 2  Average a heart rate and b activity values (blue line) from all fish in tanks 1, 2 and 4 (tank 3 was excluded because of aggressive behaviour 
between two males) for the first 2 weeks post tagging. The light-blue envelope shows the range in heart rate values of all individuals
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n = 8) than during daytime (mean = 0.34  m  s−2, 
range = 0.25–0.43, SD = 0.06, n = 8) (Fig.  2b; raw data 
for all tags shown in Additional file  1: Figures  S3, S4). 
Circadian differences were present throughout the 
experiment. However, the circadian difference in activ-
ity declined throughout the experiment. This circadian 
variation was shown by all individuals, as revealed by the 

circadian components from the time series (Additional 
file 1: Figures S5, S6). There was generally greater activ-
ity during the evening than during morning (Additional 
file 1: Figure S6).

The heart rate trend component showed a decline 
that could be modelled with an exponential decay 
function (Fig.  3). However, the trend component still 

Fig. 3  Long term trend in heart rate. Each panel represents data from one individual fish. The continuous black line shows the long-term trend 
component; the continuous blue line shows the fitted exponential decay model. The dashed horizontal line shows the threshold used to define 
a structural change; the dashed vertical line shows the breakpoint indicating when the structural change occurs between classified pre- and 
post-recovery phases
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showed considerable temporal variation, depending 
on the tagged individual. For example, the trend com-
ponent for fish F4 showed a sharp decline during the 
first day after tagging, but this then fluctuated for the 
remainder of the 2-week post-tagging period. The activ-
ity trend component also showed a pattern consistent 

with an exponential decay (Fig.  4), except for one fish 
(fish F8) where an exponential decay model could not 
be fitted due to the activity trend component peaking 
≈ 7 days after tagging. Two fish (fish F1 and F2) showed 
an exponential decline in activity but did not reach a 

Fig. 4  Long term trend in activity. Each panel represents data from one individual fish. The continuous black line shows the long-term trend 
component; the continuous blue line shows the fitted exponential decay model. The dashed horizontal line shows the threshold used to define 
a structural change; the dashed vertical line shows the breakpoint indicating when the structural change occurs between classified pre- and 
post-recovery phases. It was not possible to fit an exponential decay model to the long-term trend component of fish F8. Thresholds and 
breakpoints were not established for fish F1 and F2 where the exponential model did not plateau. Tag type (DST = Data Storage Tag; Aco = Acoustic 
tag) is shown in parentheses following the fish ID
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plateau during the study period, suggesting that these 
fish has not fully recovered in terms of activity.

Time to recovery (as defined by the location of the 
breakpoint between pre- and post-recovery phases) var-
ied between individuals, and the metric used (heart rate 
or activity, Figs. 3, 4, Table 2). The mean threshold value 
for heart rate in a ‘recovered’ individual was 23.8  bpm 
(range = 21.2–26.0, SD = 1.18, n = 9). The mean time to 
reach this threshold (i.e. breakpoint between pre-recov-
ery and post-recovery) was 4.1  days (range = 1.3–5.8, 
SD = 1.7, n = 9). The threshold for activity recovery was 
greater for the acoustic tags (mean = 0.44  m  s−2, n = 2) 
than the DSTs (mean = 0.29 m s−2, n = 3), reflecting the 
higher activity values registered by the acoustic tags. For 
the activity tags where there was evidence of recovery, 
the mean time taken to reach the threshold was similar to 
that for the heart rate tags (mean 3.3 days, range = 2.1–
5.7, SD = 0.09). For the two individuals that were each 
tagged with two activity tags, the identified breakpoints 
between the parts of the time series classified as pre- and 
post-recovery depended on the tag: in both individuals, 
the threshold to reach post-recovery occurred later for 
the acoustic tag than the DST.

Although raw values of mean heart rate on the day of 
anaesthesia and surgery (mean = 36.0 bpm, range = 24.6–
45.6, SD = 5.6, n = 9) varied more than the recov-
ery threshold (mean = 23.8  bpm, range = 21.2–26.0, 
SD = 1.8, n = 9, Table 2), there was a clear declining trend 
for all tagged individuals. With the exception of one 

individual (F8, Fig. 4), there was a similar trend for activ-
ity: day of anaesthesia and surgery, mean = 0.64  m  s−2, 
range = 0.39–0.92, SD = 0.20, n = 7; recovery threshold, 
mean = 0.36  m  s−2, range = 0.28–0.43 SD = 0.07, n = 7. 
For both heart rate and activity, raw values pre-recovery 
were significantly greater than those post-recovery (one-
sided Wilcoxon’s signed-rank test: heart rate, V = 45, 
p = 0.002, n = 9; activity, V = 28, p = 0.008, n = 7).

Discussion
The current study showed plateauing of most time-series, 
indicative of recovery, within the 14  days of the experi-
ment. Two activity tags, F1(Aco) and F2(Aco), however, 
did not show plateauing, suggesting that the tagged fish 
had not fully recovered in terms of activity during this 
period. Other time-series showed gentle gradients even 
after the recovery breakpoint (for example, the F6 heart 
rate tag) so the definition of the point of recovery of some 
individuals as having fully recovered is less robust. How-
ever, identified breakpoints generally corresponded with 
systematic changes in the time-series. For example, the 
breakpoint on the F6 heart rate tag occurred in a trough 
separating the sharp initial decline over the first 5.75 days 
with the gentle gradient afterwards, so it is reasonable 
to infer that the identified breakpoint corresponded to 
the transition to post-recovery. The modelling approach 
used here allowed for a consistent method for establish-
ing the time until recovery among a group of time-series. 
It should be noted, however, that estimated times until 
recovery is dependent on modelling approach used. For 
instance, fitting an exponential model to raw—rather 
than detrended timeseries, or using a different method 
to establish a breakpoint between pre- and post-recovery 
parts of the time-series, would yield different estimates. 
The exponential model used in this study is a well-vali-
dated method for modelling physiological recovery [39] 
but alternative approaches may also be considered (e.g. 
[27]). The sample size of fish in this study was small 
(N = 9); a larger sample size would allow a better quan-
tification of the range of behaviour during recovery and 
allow better selection of the modelling approach.

The heart rate data suggest that the tagged Atlantic 
salmon in our study could only be considered fully recov-
ered from the anaesthesia and surgical procedure of 
intraperitoneal tag implantation after an average of ≈ 4 
and up to a maximum of 6 days post-surgery. While some 
studies have indicated longer recovery times post-tagging 
[32], our observations concur with several previous stud-
ies that have reported similar lengths of recovery post-
tagging as our study [11, 16, 24, 25, 28]. Although some 
data series from the tagged fish in our study may visually 
appear to continue declining after fulfilling the recovery 
threshold criteria, these changes were not found to be 

Table 2  Recovery based on heart rate and activity sensors

Activity sensors with a * suffix indicate acoustic tags. “No fit” indicates that the 
long-term component of the time-series did not follow an exponential decline 
and that an exponential model could not be fitted; “No rec” indicates that it 
was possible to fit an exponential model to the time-series but that recovery 
thresholds and times were not assigned because the fitted exponential model 
did plateau

Tag ID Heart rate recovery Activity recovery

Threshold 
(bpm)

Time (days) Threshold 
(m s−2)

Time (days)

F1 24.90 4.33 No rec No rec

F2 25.83 5.27 No rec No rec

F3 23.17 4.42

F4 21.43 2.92 0.31 3.59

0.45* 5.08*

F5 25.63 1.89 0.28 2.10

0.43* 3.30*

F6 21.24 5.75

F7 25.97 5.41 0.28 2.60

F8 23.68 1.27 No fit No fit

F9 22.71 5.29

Mean 23.84 4.06 0.35 3.3
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statistically significant. Recovery results based on activity 
data varied more in the recovery threshold criteria and 
time to recovery than heart rate, suggesting it might be 
a less consistent indicator of recovery between individu-
als. Moreover, both the temporal patterns and absolute 
values changed less for activity than heart rate between 
post-tagging and post-recovery periods, implying a lower 
ratio between the baseline pattern (i.e. circadian varia-
tions) and the changes in activity caused by the tagging 
procedure. Together, these factors suggest that activity 
may be a less consistent indicator of post-tagging recov-
ery than heart rate, and that heart rate might be a gener-
ally more sensitive indicator than activity, especially for 
post-tagging recovery.

It is also important to note that there were individual 
variations in the recovery time assessed from heart rate. 
Although inter-individual variation in recovery time 
might be an inherent effect one should expect when tag-
ging A. salmon, we did find that mature fish had a lower 
heart-rate recovery time than immature fish. However, 
the low sample size did not provide enough statistical 
power to robustly test influences on recovery time, so we 
recommend further studies with larger sample sizes to 
increase power in analyses of potential influences.

Based on these results, we urge caution on using 
telemetry data collected after anaesthesia and surgery 
without first ensuring that the fish are fully recovered 
[1, 23]. Biosensors that measure heart rate and/or activ-
ity can be potent tools in such evaluations, as they pro-
vide quantitative, high-resolution data that will be both 
more consistent, precise and objective in capturing the 
full post-anaesthesia/surgery effects than e.g. comparing 
behavioural observations of tagged vs. untagged fish.

Alternative parameters that could be used to assess 
post-tagging recovery in individual fish include blood 
glucose, lactate or pulse oximetry/ppg. These could pro-
vide a more direct assessment of stress levels in salmon, 
but we are not aware of any commercial electronic tags 
able to sense such parameters in live fish. Other tech-
niques based on measuring cortisol in faecal matter [40] 
or bioelectric field monitoring akin to that used by sharks 
[41] could potentially result in future solutions that could 
be used evaluate recovery in a less invasive and independ-
ent manner, where the fish are monitored before, during 
and after the procedure. However, these methods are still 
to be developed to a stage where they can be applied to 
free-swimming fish, at least in large groups under com-
mercial production conditions, and would only be able to 
provide information on a group level.

All three DST types tested in this experiment appeared 
to be suitable for applications on Atlantic salmon as all 
tagged fish provided valid heart rate data. Moreover, 
the activity proxy computed from the DSTs containing 

accelerometers were found to be comparable to those 
measured by the acoustic tags (see [27] for details on this 
comparison). The lower absolute amplitude of the activ-
ity proxies computed from the DST data was probably 
caused by them sampling at a lower frequency (1  Hz) 
than the acoustic tags (5  Hz), thereby capturing fewer 
high-frequency components. The surgical procedure 
used to implant the heart rate tags was much simpler 
than the procedure needed for multivariate implants 
recently used in rainbow trout by Brijs et al. [31] but was 
more comprehensive and invasive than that used for con-
ventional intraperitoneal tag placement. It is likely that 
less complex surgical procedures would lead to shorter 
recovery times in Atlantic salmon, as previously found for 
rainbow trout [42, 43]. However, it is probably reasonable 
to be conservative with respect to recovery times, espe-
cially if the data are to be used e.g. as a management tool 
in aquaculture applications or to evaluate stress effects 
on fish in conjunction with ecological studies. Using data 
from fish that are still recovering from post-anaesthesia/
surgery effects in such applications could result in sub-
optimal management decisions or erroneous conclusions 
that could have ramifications beyond the study itself.

The fish included in the analyses exhibited heart rates 
that gradually stabilised at daily means between 21 and 
26  bpm (daily variations between 15 and 30  bpm, simi-
lar to that observed by for adult A. salmon of mean fork 
length of 62.3 cm at 4 °C by Lucas [36]). Due to the simi-
larities across tanks and individuals, this range in heart 
rate may be typical for Atlantic salmon of this size and 
with the prevailing temperatures. Moreover, all indi-
viduals in tanks 1, 2 and 4 had similar circadian rhythms 
(higher heart rates during daytime than at night) and 
gradual post-surgery declines in mean daily heart rate 
(from more than 30 bpm after surgery to 21–26 bpm after 
up to 6 days). This implies a regularity across individuals 
that increases the likelihood that heart rate may func-
tion as a consistent stress indicator in Atlantic salmon 
that may be used to assess fish recovery after tagging. The 
tagged fish in tank 3 were excluded from the study due 
to inter-individual aggression. These individuals demon-
strated measured heart rates that differed from the others 
both in individual and aggregate values. Although these 
fish also showed signs of circadian variation in heart 
rate, the mean value did not appear to decline over the 
days following tagging, an effect that was attributed to 
inter-individual aggression, all else being held equal. This 
may indicate that the stress induced by the aggression 
between the two males in this tank overrode the stress 
response due to recovery. A potential interpretation of 
this is that the aggressive encounters caused chronically 
elevated stress levels that masked the recovery stress 
caused by handling, anaesthesia and surgery. This could 
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further mean that recovery stress can be difficult to 
monitor if the fish are simultaneously influenced by inde-
pendent external events, such as individual interactions 
due to dominance hierarchies [44, 45].

Based on established knowledge on how salmon swim-
ming speeds are affected by variations in light intensity 
[46], as well as previous telemetry studies applying simi-
lar activity proxies on salmon in sea-cages (e.g. [10]), 
we expected to see a circadian rhythm in activity where 
activity was higher during the day than at night in the 
present study. In contrast to these expectations, the cir-
cadian trends in the activity of our fish were on average 
higher during night-time than during the day. A simi-
lar “inverse circadian” rhythm was observed in salmon 
reared in fish tanks during the period after tagging by 
Kolarevic et al. [30] and could imply that a “normal cir-
cadian” activity rhythm may arise only after the salmon 
have recovered after tagging in tanks. Conversely, the 
circadian rhythm in heart rate was more like expected 
(higher during daytime), meaning that the fish displayed 
generally higher heart rates when measured activity was 
low than when activity was high. This may seem counter-
intuitive as one would expect more active fish to display 
higher heart rates since salmon tend to display increased 
heart rates with increased swimming activity [47]. How-
ever, it is possible that the higher heart rates during day-
time were caused by effects such as feeding activity [48, 
49] or perceived increased predation risk due to higher 
light levels [50]. These results are unexpected and very 
interesting, but further extrapolations and discussions on 
this matter would probably require further experiments 
with more data.

Although this study underlines the importance of criti-
cal evaluation with regards to recovery from anaesthesia 
and surgery when using telemetry, the data collected also 
highlight the importance of telemetry as a method for 
studying free-swimming fish. The heart rate and activity 
values for all tagged fish eventually plateaued, possibly 
indicating that they all recovered from the anaesthe-
sia/surgery, and posthumous pathology revealed no 
inflammations or other apparent morphological signs 
of reduced welfare due to the surgical procedures. Even 
though the low water temperatures during the experi-
ment may have led to handling and surgery having less 
impact on the fish, the tagging procedure used here was 
more complex than conventional intraperitoneal tag-
ging. It is thus reasonable to conclude that fish carrying 
telemetry tags can be considered representative members 
of the group they were selected from once they are fully 
recovered from anaesthesia and surgery, provided that 
they were a representative selection to begin with. How-
ever, this also requires that the recommendations on ratio 
between tag size and fish size are not exceeded (e.g. “the 

2% rule”, [2]). Since we worked with adult salmon with a 
mean weight of 2100 g, and the maximum tag weight car-
ried by the fish was 22.6  g (around 1% of the fish body 
mass) this was not a challenge in our study.

Future research and potential technological improvements
Since this study only focused on Atlantic salmon exposed 
to one set of environmental conditions, it is difficult to 
assess if these concerns are also relevant for other spe-
cies, and/or fish under different conditions. Similar stud-
ies on rainbow trout using the same tag type found that 
they recovered 72–96  h after surgery [28], which was 
shorter than the Atlantic salmon in the present study. 
Moreover, wounds in Atlantic salmon are known to heal 
faster in warmer temperatures than in cold water [51], 
suggesting that the low water temperatures in the pre-
sent study may have contributed to longer recovery peri-
ods. These elements suggest that species-specific effects 
or differences in external environmental conditions are 
important to consider when studying recovery times. 
Future studies on the relationship between heart rate and 
post anaesthesia/surgery recovery time should therefore 
be conducted for other species of interest, across relevant 
temperature ranges, to obtain a more complete picture of 
this relationship.

In the present experiment, the fish were kept in groups 
in small tanks. To investigate how recovery time is 
affected by eventual scaling effects and social/inter-indi-
vidual effects arising due to group dynamics, future stud-
ies addressing post-tagging effects should be done with 
a larger number of tagged fish at larger spatial scales. 
This would also enable a deeper scrutiny into individual 
variations in recovery, as a higher number of tagged fish 
would provide a good foundation for finding statistical 
relationships on the individual level. Although our pre-
sent results imply that inter-individual variations are a 
prominent feature in the recovery time of tagged salmon, 
a larger sample number will be necessary to properly 
conclude upon the nature of such variations. To increase 
the relevance of a larger follow-up study, it could be done 
in fish cages in the marine environment, perhaps first by 
using meso-scale size cages containing fewer fish than a 
commercial cage but at similar densities, and then mov-
ing to full-scale studies to cover all steps in the transition 
from lab to industrial scale.

Conclusion
The main conclusion from this study is that the Atlan-
tic salmon in these experiments required an average of 
≈ 4 and up to a maximum interval of 6 days of recovery 
after anaesthesia and surgery before their heart rates 
returned to assumed baseline routine values. Moreover, 
although observation of behaviour and/or activity may 
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alone be insufficient to assess that the fish has physi-
ologically recovered, activity measurements indicated 
similar recovery periods to those based on heart rate, 
although there was a longer maximum period of 10 days. 
We, therefore, urge caution when using data collected 
after surgery and anaesthesia in studies using biologging/
telemetry tags. Assuming that we want all individuals to 
be recovered, our study thus implies that only data col-
lected after 6 days recovery time should be used for fur-
ther analyses. However, this recommendation would only 
be applicable to studies featuring Atlantic salmon reared 
in similar experimental conditions as we used. Since 
recovery time will vary with factors such as fish species, 
water temperature, invasiveness of the surgery, anaesthe-
sia time, fish density and physical scale, it is difficult to 
make general recommendations on when one can assume 
the fish to be recovered from tagging, and the data to 
be safe for use in biological analyses. However, by con-
ducting experiments similar to the present study where 
these parameters are varied, a more complete picture of 
how we need to account for fish recovery after tagging in 
telemetry studies may be obtained.
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METHODOLOGY

Optical measurement of tissue 
perfusion changes as an alternative 
to electrocardiography for heart rate monitoring 
in Atlantic salmon (Salmo salar)
Eirik Svendsen1,2*  , Finn Økland4, Martin Føre1, Lise L. Randeberg3, Bengt Finstad5, Rolf E. Olsen5 and 
Jo A. Alfredsen1 

Abstract 

Background:  Welfare challenges in salmon farming highlights the need to improve understanding of the fish’s 
response to its environment and rearing operations. This can be achieved by monitoring physiological responses such 
as heart rate (HR) for individual fish. Existing solutions for heart rate monitoring are typically based on Electrocardiog-
raphy (ECG) which is sensitive to placement and electrode orientation. These factors are difficult to control and affects 
the reliability of the principle, prompting the desire to find an alternative to ECG for heart rate monitoring in fish. This 
study was aimed at adapting an optical photoplethysmography (PPG) sensor for this purpose. An embedded sensor 
unit measuring both PPG and ECG was developed and tested using anesthetized Atlantic salmon in a series of in-vivo 
experiments. HR was derived from PPG and compared to the ECG baseline to evaluate its efficacy in estimating heart 
rate.

Results:  The results show that PPG HR was estimated with an accuracy of 0.7 ± 1.0% for 660 nm and 1.1 ± 1.2% for 
880 nm wavelengths, respectively, relative to the ECG HR baseline. The results also indicate that PPG should be meas-
ured in the anterior part of the peritoneal cavity in the direction of the heart.

Conclusion:  A PPG/ECG module was successfully adapted to measure both ECG and PPG in-vivo for anesthetized 
Atlantic salmon. Using ECG as baseline, PPG analysis results show that that HR can be accurately estimated from PPG. 
Thus, PPG has the potential to become an alternative to ECG HR measurements in fish.

Keywords:  Salmo salar, Heart rate, Implant, Biosensors, Photoplethysmography
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Background
Atlantic salmon (Salmo salar) is one of the most impor-
tant species in fish farming with more than 2.6 Mt pro-
duced globally in 2019 [1]. A typical salmon production 
site consists of 8–10 flexible sea cages usually 50  m in 
diameter that holds a volume of around 40,000 m3. The 

management and operation of such salmon farms entails 
a broad range of interrelated operations exerting convo-
luted effects on the fish. To ensure acceptable fish health 
and welfare conditions during production, relevant data 
to describe these must be collected and evaluated in 
conjunction with operational data. Such evaluations are 
largely subjective and experience based, and are carried 
out as part of the daily inspection and feeding routines.

About 15% of all farmed salmon are lost during pro-
duction, a loss partly attributed to the lack of objective 
input to production control [2]. To address this loss, 
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recent research efforts have focused on determining 
what constitutes good fish welfare and which indicators 
one should quantify (i.e., measure) to obtain a more 
objective foundation for making welfare critical deci-
sions [3], and safeguard ethically sound production. 
Sensing such indicators should be done using as unob-
trusive measures as possible to avoid compromising 
safe and efficient operations. However, this is in conflict 
with the challenge of collecting data from a biomass 
contained in a volume of roughly 40,000 m3 of water, 
as this calls for distributed or mobile data collection 
systems which are based on, e.g., environmental sens-
ing networks, sonars/echo sounders, passive acoustic 
monitoring and different types of optical methods such 
as underwater cameras [4]. Such systems are likely to 
be intrusive on the production, and may thus have to be 
removed from the aquaculture cage before operations 
are carried out to reduce the likelihood of, e.g., equip-
ment damage. Furthermore, such technologies provide 
data with different spatial and temporal resolution and 
provide data on a population level since the recorded 
data are obtained from a sub-volume in the sea cage 
rather than from a specific group of fish. Sonars and 
cameras can provide data on a group level if smaller 
parts of the biomass are present within the sensor’s 
field of view, a feature that has been used to estimate, 
e.g., fish size and cage biomass [5]. Although group 
and population level data can provide a certain insight 
into the dynamics in animal husbandry operations, the 
sensing technologies’ intrusiveness on operations and 
limited understanding of the measurements’ link to 
welfare imply that alternative or supplemental solutions 
for welfare evaluations are needed.

Individual level data provides the highest possible data 
resolution with respect to biomass, a feature recognized 
in precision farming both on land [6] and at sea [4]. In 
aquaculture, the main method for obtaining individual 
level data is using miniaturized, encapsulated electronic 
systems commonly referred to as “tags”. Typical parame-
ters that can be measured in an operational setting today 
are activity and swimming depth [7], heart rate (HR) [8], 
swimming speed [9] and position [10, 11]. Tags are avail-
able in two main types: Data storage tags (DSTs) and 
telemetry transmitter tags [12], and are usually surgically 
implanted into the fish’s peritoneal cavity. 

Tagging has been used successfully to study fish in dif-
ferent situations ranging from tracking fish in rivers and 
sea [13–15] to shedding light on fish behaviour in sea 
cages during aquaculture operations [7, 16]. Thus, tagged 
individuals may act as representatives (i.e., “sentinel fish”) 
for the rest of the biomass in an aquaculture cage [17] 
to facilitate safer and less operationally intrusive welfare 
evaluations.

Changes in treatment and/or living conditions chal-
lenges an animal’s homeostasis and may be expressed as 
various stress responses [18]. Recently, heart rate meas-
ured using DSTs was demonstrated as being linked to 
welfare [19] and stress [20] in Atlantic salmon and in 
other salmonids such as rainbow trout [21]. Heart rate 
may, therefore, serve as a proxy for stress, thereby provid-
ing information on the fish’s welfare in aquaculture pro-
vided that heart rate can be obtained in real time. Heart 
rate estimates for fish are most commonly derived from 
an electrocardiogram (ECG) measured by electrodes 
integrated in the tag’s encapsulation. However, the reli-
ability of this method has been shown to be sensitive to 
tag deployment as the derived heart rate depends on the 
lateral placement in the fish as well as the tag’s orienta-
tion [21]. Exploring other potentially more robust meas-
urement principles for their ability to sense heart rate 
is, therefore, desirable, as it might contribute to making 
heart rate data more reliable and feasible to obtain for 
free swimming fish in aquaculture.

Photoplethysmography is an optical sensing technique 
quantifying changes in tissue perfusion (i.e., blood vol-
ume) by optical absorption. The photoplethysmogram 
(PPG) is a convolution of many components. In humans, 
slow-varying components may arise from breathing [22], 
while the superimposed pulsatile component changes 
with the cardiac cycle [23]. Using the pulsatile compo-
nent from several wavelengths of light enables estima-
tion of arterial blood oxygen saturation (SpO2) provided 
a mapping function compensating for tissue scattering 
effects is known [24]. Independent from this, the pulsatile 
component can be used to obtain a heart rate estimate 
as shown for both humans and other mammals [25, 26]. 
Thus, PPG is considered a likely candidate to address the 
challenges associated with ECG obtained using implants 
provided a suitable sensing solution can be designed.

Implantable PPG solutions have been developed for, 
e.g., sheep [27] and other mammals [28]. Although 
potentially relevant, such solutions are proprietary and 
either require additional, external interfaces for power 
and data collection/processing, or depend on radio-
based data transfer, making them infeasible for use in 
fish in seawater. Measurement of PPG has been dem-
onstrated for aquatic animals such as zebrafish (Danio 
rerio) using imaging PPG [29]. This is a suitable tech-
nique when tissues with low opacity can be remotely 
imaged in a controlled environment. This is the case 
for zebrafish in the larval stage, but not for Atlantic 
salmon in a context where using implants is consid-
ered relevant. Correspondingly, obtaining heart rate 
from PPG has been demonstrated by drilling holes and 
inserting PPG sensors through the shell of the Medi-
terranean mussel (Mytilus galloprovincialis) [30]. This 
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approach requires stationary subjects as the sensors are 
wired to external hardware for power and data logging. 
These approaches are, thus, not directly suited for fish 
implants, but demonstrate the feasibility of applying 
PPG for heart rate sensing for different aquatic animal 
groups.

In recent years a market desire for mobile medi-
cal equipment and consumer products containing 
such sensors (e.g., smart phones and sports watches 
[31, 32]) has driven development and miniaturiza-
tion of PPG sensors. Such innovations have increased 
the potential to include such off-the-shelf sensors in 
implants for fish, as this is an application with simi-
lar requirements with respect to size and power con-
sumption. However, the anatomical and optical tissue 
property differences between mammals and fishes, 
raise the question of whether PPG captured in Atlan-
tic salmon using the common intraperitoneal implan-
tation approach results in useful data. The purpose 
of this study was, therefore, to adapt an off-the-shelf 
PPG/ECG biosensing module for in-vivo testing in 
Atlantic salmon to investigate its potential to provide 
an alternative heart rate estimate from Atlantic salmon 
that does not suffer from the same limitations as ECG, 
while facilitating a future low-cost implant based on 
standard electronic components.

Methods
Sensing and logging equipment
The MAX86150 optical biosensor module [33] from 
Maxim Integrated (San Jose, USA) that offers both PPG 
and ECG output in a miniature package (3.3 × 5.6 × mm) 
with ultra-low power consumption, was selected for the 
measurements in this study. The physical and electrical 
properties of the module make it suitable for integration 
as the biosensor element of a prospective DST or acoustic 
tag with such sensing capability. A printed circuit board 
(PCB) was designed as a platform for miniaturizing the 
reference circuit design for the MAX86150. The PCB was 
subsequently cast in a cylindrical epoxy casing such that 
the sensing direction was perpendicular to the cylinder’s 
longitudinal axis. Seven thin electrical wires protruded 
the rear of the cast and was used to extend the ECG 
electrode connections of the MAX86150, and to enable 
power connection and data transfer from the sensor. 
A battery powered MAX32630FTHR microcontroller 
board was used to relay data to a PC using Bluetooth. 
The cast also included a threaded aluminium end piece 
for attachment to a fixture rod. The fixture rod allowed 
horizontal and vertical sensor orientations as well as 
rotation of the sensor around its longitudinal axis. The 
complete assembly is shown in Fig. 1. Maxim DeviceStu-
dio (V 5.3.03289.0) was installed on a Dell Latitude 7490 

Fig. 1  A (left): 1. Fixture rod, 2. Wire extensions for MAX86150 ECG electrodes, power connection and data transfer, 3. Threaded aluminium end 
piece, 4. MAX86150 biosensor module. B (right): 1. Epoxy cast with MAX86150 biosensor module, 2. ECG electrode extension leads, 3. Data and 
power supply extension leads, 4. MAX32630FTHR microcontroller board for wireless data transfer to PC
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laptop computer and used for real-time data inspection 
and logging.

To determine the biosensor’s feasibility when applied 
to Atlantic salmon, all sensor settings were kept the 
same for all data sets (sampling frequency fs = 200  Hz, 
RED (660  nm) and IR (880  nm) LED pulse amplitudes 
A660 = A880 = 20 mA, LED pulse width PW = 400 µs, and 
no sample averaging), thus enabling signal quality com-
parisons across data sets. Note that when using PPG to 
estimate heart rate only, no reference measurements 
apart from the ECG baseline used for HR comparisons 
are required.

Experimental procedures
Individual fish were captured from a holding tank using 
a knotless dip net and immediately transferred to a tank 
containing water from the same water supply and anes-
thetic in a knock-out solution (70 mg  l−1 Benzoak Vet). 
The tank was covered using a Styrofoam plate after the 
fish was placed inside. Using a wheeled trolley, the tank 
was then moved to the indoor experimental location. 
When deemed to have reached level 3 anesthesia [34], 
the fish was placed in a specialized surgical table. By 
inserting a hose connected to a small pump into the fish’ 
buccal cavity, continuously aerated water with mainte-
nance anesthetic (35  mg  l−1 Benzoak Vet) was used to 
irrigate the gills and keep the fish sedated. The wire elec-
trodes for ECG measurement attached to the MAX86150 
were inserted into the muscle on the left and right lateral 
sides close to the heart. A 1–2 cm incision was made in 
the abdominal wall along the sagittal plane just anterior 
of the pelvic fins (position 1, Fig. 2A). For position 1, the 
sensor was inserted horizontally into the peritoneal cav-
ity and one data set collected for orientations of 0° (ven-
tral), 90° (right lateral), 180° (dorsal), 270° (left lateral) 
and 0° (ventral repeated) degrees rotation, respectively 
(Fig.  2A). Following data collection in position 1, a sec-
ond 1 cm incision was made in the abdominal wall along 
the sagittal plane just posterior from the transverse sep-
tum (position 2, Fig. 2B). For position 2, the sensor was 
inserted vertically into the peritoneal cavity and one data 
set collected for orientations of 0° (anterior), 90° (right 
lateral), 180 degree (posterior), 270 degree (left lateral) 
and 0° (anterior repeated) degrees, respectively (see 
Figs.  2B and 3). Data was collected for 1  min for both 
positions and all orientations for each individual (10 data 
sets per fish / 50 data sets in total), after which the fish 
was euthanized by an anesthetic overdose (> 70  mg  l−1 
Benzoak Vet) and exsanguination.

A total of 7 fish were used for the experiment. No 
valid data was obtained for the first fish due to electri-
cal interference likely caused by a nearby water pump 

preventing valid ECG signals. Data collection was suc-
cessful from the remaining 6 fish (from now on referred 
to as Fish 1 through 6), resulting in 10 data sets for fish 
1, 2, 4, 5 and 6, and 6 data sets for fish 3 which suffered 
cardiac arrest after 6 data sets. The analyses were thus 
based on 56 data sets in total.

Fig. 2  A (top): Rotation angles for the horizontal sensor orientation. 
B (bottom): Rotation angles for the vertical sensor orientation. 
Illustration by Mats Mulelid, SINTEF Ocean AS

Fig. 3  Data collection
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Data processing
Valid 20  s data subsets were manually selected and 
labelled based on the data evaluation criteria presented 
by Elgendi [35]:

•	 Salient ECG baseline.
•	 Salient PPG signal for one or both wavelengths.
•	 Similar PPG waveform morphology throughout the 

entire subset.

Data analysis using Python 3.8 (Anaconda Inc., Aus-
tin, Texas, USA) could then be conducted for valid data 
sets labelled”GOOD” (accept) or”FAIR” (accept). Data 
sets labelled “BAD” (reject) were judged to not contain 
the required information for signal quality calculations 
and were, therefore, omitted from further analysis. A 
complete overview of data sets and corresponding wave-
lengths considered valid based on these criteria is given 
in Table  1, while representative samples of PPG data 
sets labelled “GOOD”, “FAIR” and “BAD” can be seen in 
Fig. 4.

The default filtered ECG signal output from the 
MAX86150 was used to find HR by first scaling the fil-
tered output to [0, 1] and then running a peak detection 
algorithm. Scaling was done so the same peak detec-
tion parameters for all ECG time series could be used. 
Peaks were identified using the “find peaks()” method in 
Python’s statistics module utilizing both a time window 
(i.e., the minimum required distance between peaks) and 
a prominence limit to identify the QRS peaks (i.e., ventri-
cle depolarization) [36]. The time window was set to 160 
samples (i.e., 0.8 s) based on a maximum expected HR of 
80 BPM for Atlantic salmon [37] and comparable species 
[21]. Prominence was set to 0.4, thus demanding that the 

QRS peaks were 40% higher than neighbouring peaks. 
HR was then determined by the average time difference 
(∆tavg) between peaks using:

Because raw PPG data containing both a stochastic 
trend and measurement noise was logged, a preprocess-
ing step to remove these was necessary. The slow-varying 
(i.e., low-frequency) trend was removed using a third 
order Butterworth highpass filter [38] with a cutoff fre-
quency of 0.25  Hz. Measurement noise was reduced 
using a second-order Savitzky-Golay filter [39] with a 50 
sample (i.e., 0.25 s) window. This window size was chosen 
to retain as much information in the signal as possible 
based on the lowest expected HR of 15 BPM for Atlan-
tic Salmon [37] and comparable species [21]. An example 
illustrating the result of these processing steps is given 
in Fig. 5. HR from PPG was then calculated from the de-
trended and noise suppressed signal using autocorrela-
tion defined by:

where N is the number of samples in the signal X, and 
m ∈ [0, N − 1]. By applying the same peak detection 
method as that used for ECG, the index of the domi-
nating peak (i.e., the first peak) in the autocorrelation 
series was identified. Because the autocorrelation series 
featured softer (but not flat/diffuse) peaks compared 
to the ECG signal, the prominence setting in the peak 
detection algorithm was relaxed to 0.3 to avoid too 

(1)HRBPM =

(

1

�tavg

)

· 60

(2)y(m) =

N∑

n=1

X(n)X(n+m)

Table 1  Summary of data set evaluations for both orientations, “Or.”, (Hor = horizontal and Ver = vertical) and all rotations, “Rot.”, (see 
Fig. 2) for all fish

NVD signifies “No Valid Data”, i.e., no part of the time series fulfils all selection requirements. λ1 and λ2 represents valid data for 660 nm and 880 nm, respectively

“N/A” (Not Applicable) denotes the data series which could not be collected for Fish 3 due to cardiac arrest. Note that the 0 degrees measurement has been repeated 
for both orientations

Or. Rot. Fish1 Fish2 Fish3 Fish4 Fish5 Fish6

Hor 1 0 NVD NVD λ2 NVD λ2 NVD

Hor 90 NVD NVD λ2 NVD NVD NVD

Hor 180 NVD NVD λ1, λ2 NVD λ2 NVD

Hor 270 NVD NVD λ1, λ2 NVD λ1, λ2 NVD

Hor 2 0 NVD NVD λ1, λ2 NVD NVD NVD

Ver 1 0 λ1, λ2 λ1, λ2 λ1, λ2 λ1, λ2 λ1, λ2 NVD

Ver 90 λ1, λ2 λ1, λ2 N/A λ1, λ2 NVD λ1, λ2

Ver 180 λ1, λ2 NVD N/A NVD NVD NVD

Ver 270 λ1, λ2 λ1, λ2 N/A λ1, λ2 λ1, λ2 λ1, λ2

Ver 2 0 λ1, λ2 λ1, λ2 N/A λ1, λ2 λ1, λ2 λ1, λ2
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aggressive peak rejection. As for ECG HR, the time 
window was set to 160 samples. The index of the identi-
fied peak, therefore, represented the average time delay 
between peaks in the PPG time series, and was used to 

calculate PPG HR in beats per minute (HRBPM) using 
Eq. 1.

To evaluate which sensor orientation and rotation gave 
the highest quality data, the signal quality index (SQI) for 

Fig. 4  Signal examples

Fig. 5  Top: Raw data. Middle: De-trended and smoothed data. The red and blue dots illustrate the detected peaks and valleys, respectively. Bottom: 
Scaled ECG. The red dots illustrate the detected ECG peaks
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the noise suppressed (but not de-trended) PPG signals, was 
calculated. SQI is defined for individual PPG pulses by [35]:

where PPGpa is the peak-to-peak PPG pulse amplitude and 
PPGavg its mean value. The PPG signal where only noise 
suppression had been applied was used to retain access 
to the pulses’ mean value which was removed during de-
trending. A pulse was defined as the valley to valley noise 
suppressed data subsets. Valley indices (i.e., positions) were 
identified by inverting the de-trended (i.e., mean-centered) 
signal and reapplying the peak detection algorithm with the 
same window and prominence settings as those for auto-
correlation peak detection. Using the valley indices, the 
pulses were extracted from the noise suppressed (but not 
de-trended) data sets, and the average SQI (SQIavg) for all 
pulses calculated to represent the subset SQI. An example 
illustrating the peak detection result is given in Fig. 5.

To evaluate the accuracy of the PPG HR estimates, the 
difference between the ECG baseline and both wave-
lengths separately were calculated in percent using:

The signal processing flow is illustrated in Fig. 6.

Results
ECG was labeled “GOOD” in all data sets, while one 
or both PPG wavelengths were judged to qualify as 
“GOOD” or “FAIR” in 28 data sets. Thus, 28 (of 56) 
data sets were omitted from analysis. The results from 
the data processing are given in Table  2. The results 
show an average accuracy of 0.7 ± 1.0% for 660 nm and 
1.1 ± 1.2% for 880 nm wavelengths relative to the ECG 
HR baseline. The average SQI (SQIavg column in Table 2) 
indicates that the vertical orientation and 0 degrees 
rotation (i.e., measuring towards the heart) resulted in 
the best data quality.

(3)PSQI =
PPGpa

PPGavg
· 100

(4)�HR =

∣

∣

∣

∣

HRPPG −HRECG

HRECG
· 100

∣

∣

∣

∣

Discussion
The high accuracy for HR computed from PPG com-
pared to the ECG baseline from our experiments indi-
cates that PPG is a viable alternative sensor principle for 
monitoring heart rate in Atlantic salmon. Moreover, the 
MAX86150 unit appears to be a suitable sensor module 
for implementation in future DSTs or transmitter tags 
aiming to measure and report HR over time. Although the 
sensor is designed for integration in optical HR measure-
ment applications for humans and, thus, with human tis-
sues and blood in mind, the HR estimate relies solely on 
the time-varying tissue perfusion. While human and fish 
blood is different with respect to composition and cell 
morphology, the essential functionality is the same, as 
is the hemoglobin [40]. The wavelengths emitted by the 
MAX86150 sensor are chosen due to their absorption 
sensitivity to oxy- and deoxyhemoglobin which deter-
mines the blood’s oxygenation and thus its colour. Because 
tissue colour is affected by perfusion, processing either or 
both wavelength will be a feasible approach to obtain HR 
in both humans and fishes.

The data used in this study originates from 6 different 
fish, yielding 28 data sets. Although up to 10 data sets 
were collected from each fish, the data sets are consid-
ered independent because each data set is separate in 
either time, relates to different tissues, or both. When 
reviewing Table  1, most data available for processing 
came from the anterior part of the fish. This is prob-
ably because the measurements in this region coincide 
with locations with a high blood supply such as the 
liver and gut (thus implying high perfusion) compared 
to the posterior region where tissues with lower perfu-
sion (mostly white muscle tissue) are present. This is 
supported by that the average SQI (Table 2) was highest 
for locations and orientations associated with the ante-
rior part of the fish, especially for the 0 degree rotation 
which is towards the heart. This indicates that future 
implementations of PPG sensors for Atlantic salmon 
should facilitate data collection in this area.

Fig. 6  Signal processing flow
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The range between the lowest (13.9 BPM) and high-
est (70.2 BMP) heart rates may be explained by that 
different fish individuals would have had different phys-
iological baselines (e.g., stress levels and health) prior 
to the experiments. These differences would, thus, have 
yielded different individual responses to handling and 
anesthesia. Differences in heart rates were, therefore, be 
expected. Reported heart rates for Atlantic salmon and 
comparable species are between 15 and 80 BPM [21, 
37]. With the exception of one individual (13.9 BPM) 
all measured heart rates fell within this expected range. 
The individual having a heart rate below 15 could have 
been more susceptible to sedation thus explaining this 
result, or the reported HR range is conservative.

In our results,  HR was reported using one decimal 
because additional decimal points are likely inaccurate. 
This conclusion stems from considering the HR-depend-
ent quantification error for our highest HR (70.2 BPM). 
When sampling at 200 Hz, the change in BPM resulting 
from what is considered the maximum timely offset from 
true peak position can be calculated. This is achieved by 
first finding beats per second (BPS) which in this case is 
70.2/60 = 1.17 BPS. The time between HR peaks will in 
this case be ∆t = 1/1.17 = 0.855 s. A timely offset in true 
peak placement exceeding 50% of the sampling interval 
implies that a peak will be associated with the previous or 
next sampling point. Hence, for our quantification error 
we get Eq = 0.855 + (1/200) · 0.5 = 0.8575 s. This peak to 

Table 2  Results sorted by average SQI where the columns named Fish is the fish number, Or. is the orientation, Rot. is the rotation, 
HRECG is the heart rate in BPM calculated from ECG, HR660 is the calculated heart rate in BPM for the 660 nm time series, HR880 is the 
calculated heart rate in BPM for the 880 nm time series, ∆HR660 is the difference in HR estimate between the 660 nm time series and 
ECG in percent, ∆HR880 is the difference in HR estimate between the 880  nm time series and ECG in percent, SQI660 is the SQI for 
660 nm, SQ I880 is the SQI for 880 nm and SQIavg is the average SQI, respectively

The table entry “N/A” (Not Applicable) is for the cases where no valid data could be identified for the respective wavelength in a particular data set. Entries in the Likely 
tissues column are: M: Muscle, F: Fat, I: Intestines, L: Liver and G: Gut, and denote tissues likely present in the sensing volume for the associated sensor orientation and 
rotation

Fish Or. Rot. HRECG HR660 HR880 ∆HR660 ∆HR880 SQI660 SQI880 SQIavg Likely tissues

5 Ver 270 50.4 50.2 50.4 0.40 0.00 0.03 0.02 0.02 M, F

3 Hor 2 0 53.1 53.3 53.3 0.38 0.38 0.04 0.05 0.05 F

5 Hor 270 50.6 50.4 50.6 0.40 0.00 0.02 0.08 0.05 M, F

5 Hor 1 0 35.9 N/A 35.2 N/A 1.95 N/A 0.08 0.08 F

5 Hor 180 46.0 N/A 46.0 N/A 0.00 N/A 0.10 0.10 F, I

2 Ver 270 43.0 42.7 42.4 0.70 1.40 0.16 0.14 0.15 M, F

5 Ver 1 0 49.0 48.6 48.2 0.82 1.63 0.28 0.06 0.17 L, G

3 Hor 90 41.1 N/A 40.7 N/A 0.97 N/A 0.18 0.18 M, F

3 Hor 1 0 41.1 N/A 40.7 N/A 0.97 N/A 0.18 0.18 F

3 Hor 180 41.7 41.2 41.0 1.20 1.68 0.21 0.21 0.21 F, I

6 Ver 90 27.5 27.3 26.8 0.73 2.55 0.36 0.17 0.26 M, F

3 Hor 270 42.9 42.9 43.5 0.00 1.40 0.48 0.24 0.36 M, F

5 Ver 2 0 52.6 52.6 52.6 0.00 0.00 0.48 0.25 0.36 L, G

4 Ver 270 37.7 37.7 37.9 0.00 0.53 0.81 0.51 0.66 M, F

2 Ver 90 35.0 35.1 35.2 0.29 0.57 0.95 0.74 0.84 M, F

6 Ver 270 36.0 35.8 35.7 0.56 0.83 1.51 0.55 1.03 M, F

2 Ver 2 0 48.6 48.8 48.8 0.41 0.41 0.87 1.59 1.23 L, G

1 Ver 270 18.0 18.2 18.2 1.11 1.11 2.35 0.63 1.49 M, F

1 Ver 90 13.9 13.8 13.8 0.72 0.72 1.95 1.24 1.60 M, F

1 Ver 180 19.0 18.9 18.9 0.53 0.53 2.55 0.69 1.62 G, F

6 Ver 2 0 33.6 33.6 33.6 0.00 0.00 3.27 0.66 1.96 L, G

2 Ver 1 0 32.8 32.0 32.0 2.44 2.44 2.66 1.84 2.25 L, G

4 Ver 2 0 70.2 70.2 70.2 0.00 0.00 2.96 1.61 2.28 L, G

3 Ver 1 0 59.4 59.4 59.4 0.00 0.00 3.75 1.32 2.54 L, G

4 Ver 1 0 32.4 30.7 31.3 5.25 3.40 4.69 1.38 3.04 L, G

1 Ver 1 0 19.4 19.3 19.3 0.52 0.52 13.2 2.90 8.05 L, G

1 Ver 2 0 26.7 26.5 26.5 0.75 0.75 14.59 6.20 10.40 L, G

4 Ver 90 37.2 37.6 39.2 1.08 5.38 24.68 7.92 16.30 M, F
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peak distance which includes the 50% offset, then gives a 
shifted BPM of BPM = 60/0.8575 = 69.995. The BPM dif-
ference can then be calculated as ∆BPM = 70.2 − 69.995 
≈ 0.2 BPM. The corresponding number for our lowest 
baseline HR (13.9 BPM) is 0.008 BPM.

The quantification error considerations are closely 
related to our measurements’ sensitivity. By first accept-
ing that a peak cannot be placed “between” two sampling 
points, the sensitivity can then be evaluated in the same 
way as the quantification error, only using the whole sam-
pling interval. Thus, the sensitivity can be considered to 
be twice that of the quantification error, i.e., 0.4 BPM per 
sample offset for 70.2 BPM, and 0.016 BPM per sample 
offset for 13.9 BPM.

The deviation from the baseline of 0.7 ± 1.0% for 
660  nm and 1.1 ± 1.2% for 880  nm can be explained by 
different factors. One potentially important source 
of error is that PPG is sensitive to motion artefacts. 
Such artefacts can be divided into two types: Perfusion 
changes in tissue caused by motion and relative motion 
between the sensor and the sensing volume. The former 
is not considered relevant when evaluating the results 
because all fish were in level 3 anesthesia (surgical) and, 
thus, motionless. However, such artefacts are likely to be 
important when the method is applied to free-swimming 
non-sedated fish. A logical next step on the path towards 
an operational measurement method would, therefore, 
be to apply the sensor to fish exhibiting normal swim-
ming behaviour, and collect concurrent PPG and motion 
data to assess the potential impact of specific motion 
patterns.

To minimize the effect of the latter, the setup was 
designed to be as rigid as possible to ensure a stable 
sensing environment during data collection (Figs. 1 and 
3). However, although the setup was mechanically sta-
ble and the fish in level 3 anesthesia, motion artifacts 
caused by potential tissue movement such as peristalsis 
[40] may have caused transient changes in the trend and 
potential changes in the amplitude of the PPG’s pulsatile 

component. This is partly remedied using high pass filter-
ing in the analyses, as this effectually reduces or removes 
long term trends and any changes therein. Moreover, an 
estimate of HR relies solely on the frequency content in 
the PPG signal measurement signal, and not the ampli-
tude. Based on these observations, movement of tissues 
relative to the sensor during data collection were unlikely 
to have had impact on the results.

Motion artefacts may also have been caused by tissue 
contraction (e.g., the heart) if it was within the sens-
ing volume during data collection. This is particularly 
relevant for the vertical orientation with 0° rotation 
(i.e., when the sensor was pointing towards the heart). 
Because this is of particular concern, a subsequent 
post mortem dissection of Atlantic salmon was done to 
assess the sensing volume for this orientation and rota-
tion. The dissection revealed that the tissue observed 
with the present method was likely dominated by low-
perfusion fatty tissues surrounding larger blood ves-
sels such as the hepatic arteries and veins (Fig.  7) [40]. 
Fat has a high optical scattering [41] coefficient due to 
lipid droplets inside the fat cells. Due to the size of the 
scatters, this scattering is highly forward directed and 
almost independent of the wavelength of the light. This 
implies that the light from the sensor is strongly scat-
tered by the tissue while the intensity decays exponen-
tially with distance from the light source in accordance 
with the (modified) Beer–Lambert law [42], thus lim-
iting the distance light travels. This is indicated by the 
fact that the SQI for both wavelengths was generally low 
due to the big difference between the pulsatile PPG com-
ponent’s amplitude and the signal mean. A large mean 
value implies that a lot of light is scattered back to the 
receiver without having penetrated far into the tissue. It 
is, therefore, likely that the data originates from tissues 
close to the light source and that the heart is not part of 
the sensing volume.

Accuracy may also have been affected by the physiolog-
ical state of the fish. The fish used in the experiment were 

Fig. 7  A (left): 1. Epigastric vein/artery, 2. Pylorus caeca/lipid deposits, 3. Liver. B (right) 1. Septum  transversum,  2. Hepatic arteries/veins
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lab grown and showed no signs of deteriorated health. 
The anesthesia had both an analgesic and a paralyzing 
effect. It must, therefore, be expected that the secondary 
circulation system driven by the caudal heart and move-
ment was impaired during data collection. In addition, 
the fish underwent a surgical procedure and the incisions 
as well as the sensor insertion may have further disturbed 
parts of the circulation system. When reviewing Table 2 
for fish where data for both iterations of the horizontal 
and vertical 0° are available, similar SQIs for both itera-
tions appear to be the trend. Although this indicates that 
the physiological state of the fish remained stable during 
data collection, it is likely that this state differs from that 
a fully awake and moving fish would exhibit. This under-
lines the necessity of conducting further experiments 
with fish exhibiting more normal behaviours and physi-
ological function.

The peak detection procedure may have affected the 
accuracy of the method because the detrended PPG sig-
nals consisted of an oscillating curve with wide peaks 
compared to the ECG peaks. The accuracy in PPG peak 
detection was, therefore, lower, thus resulting in slight 
differences in the intervals between the detected PPG 
peaks and their corresponding ECG peaks. For long 
time series containing many peaks, such differences are 
expected to cancel out, but this may not have been the 
case for 20 s data sets. This may have been further exac-
erbated by the fact that the various orientations and rota-
tions would have illuminated tissues and capillary beds 
supplied by haemal arches connected to different points 
along the dorsal artery. The resulting differences in pulse 
transit times (PTT, i.e., times between the heart beat and 
when it is observable in the sensing volume), may have 
shifted the PPG in relation to the ECG [43]. Further-
more, if different capillary beds with different PTTs were 
present in the sensing volume it could have distorted 
the PPG pulses by dragging them out in time, thereby 
explaining the differences in morphology seen between 
the “GOOD” and “FAIR” pulse examples in Fig. 4.

The criteria used for the selection of valid data subsets 
for analyses are subject to interpretation as highlighted 
by Elgendi et al. [35], meaning that other evaluators could 
have included some rejected data sets and vice versa. 
Although this is an inherent weakness in this method for 
assessing data quality, it is of greatest importance when 
using PPG for determination of SpO2 where the PPG 
shape is paramount for the validity of the SpO2 estimate 
[24]. When estimating HR only, PPG morphology is of 
lesser concern since only the frequency content of the 
pulsatile PPG component is required. The PPG based HR 
estimate is, therefore, considered robust against varia-
tions in interpretation of the subset selection criteria.

Autocorrelation was chosen for PPG analysis because 
its low computational demand and robustness against 
potential transient motion artifacts makes it a likely can-
didate for implementation in a microcontroller suitable 
for integration in a size and energy constrained fish tag. 
However, it cannot be ruled out that other, more compu-
tationally demanding approaches such as singular spec-
trum analysis [44], wavelet analysis [45] or a fast Fourier 
transform [46] approach could have given better results.

The perfusion index (Eq.  3) was used to evaluate sig-
nal quality because this is considered the “gold standard” 
for PPG signal quality evaluation, even though alterna-
tive methods (e.g., skewness, kurtosis and entropy) [35] 
which might lead to better results, exist. Such methods, 
however, are derived using reference data readily avail-
able for humans. To the authors’ knowledge, no reference 
PPG data for fish exist for comparison. Such data would 
be a very useful resource in developing new methods for 
quality evaluations of PPG data from fish, particularly if 
aspiring to quantify SpO2.

Overall, valid data was identified for all orientations 
and rotations. Although certain combinations of orien-
tation and rotation yielded fewer data sets fulfilling the 
subset selection criteria than others, this does not nec-
essarily mean that data are harder to obtain for these 
orientations and rotations. The same low-energy output 
settings were used for both orientations and all rota-
tions, thus implying that more valid data could have been 
obtained if sensor settings, such as output power, had 
been increased. PPG, therefore, has the potential of being 
a robust alternative to ECG for HR measurement in fish.

Conclusions
A PPG/ECG module has been successfully adapted to 
measure both ECG and PPG in-vivo for anesthetized 
Atlantic salmon. Using ECG as baseline, results from 
an analysis of the PPG signals show that that HR can be 
accurately estimated from the PPG measurement, thus 
having the potential to become an alternative to ECG HR 
measurements in fish.

Based on the encouraging results from this experiment, 
the MAX86150 has been integrated with an inertial motion 
unit, a temperature and a magnetic field sensor in a stand-
alone cylindrical implant measuring 13 × 40 mm  [47]. This 
implant will undergo testing in swim tunnel trials logging 
motion data, ECG and PPG. Data from both wavelengths 
will be logged to evaluate the possibility of deriving SpO2 
from the data. These studies will enable the evaluation of 
how motion artefacts due to swimming motion impacts 
the data, and potentially how such artefacts can be rem-
edied in post-processing.



Page 11 of 12Svendsen et al. Anim Biotelemetry            (2021) 9:41 

Because this implant measures both ECG and PPG, co-
processing of ECG and PPG for an even more robust HR 
estimate is made possible. This is already a topic in human 
medicine to improve accuracy and robustness for heart 
rate variabilty estimates beyond what is currently possible 
using ECG alone [48].
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Abstract

Photoplethysmography is a recent addi-

tion to physio-logging in Atlantic salmon

which can be used for pulse oximetry

provided that the properties for light

propagation in salmon tissues are known.

In this work, optical properties of three

constituents of Atlantic salmon blood have been characterized using a photo

spectrometer in the VIS–NIR range (450–920 nm). Furthermore, Atlantic

salmon blood cell size has been measured using a Coulter counter as part of

light scattering property evaluations. Results indicate that plasma contributes

little to scattering and absorption for wavelengths typically used in pulse oxim-

etry as opposed to blood cells which are highly scattering. Extinction spectra

for oxygenated and deoxygenated hemoglobin indicate that Atlantic salmon

hemoglobin is similar to that in humans. Pulse oximetry sensors originally

intended for human applications may thus be used to estimate blood oxygena-

tion levels for this species.

KEYWORD S

blood cells, extinction, hemoglobin, photoplethysmography, plasma, scattering, spectral
analysis

1 | INTRODUCTION

The advent of miniaturized sensors for measurement of
physiological signals has enabled wearable devices for
use in, for example, patient monitoring [1], sports perfor-
mance tracking [2] and animal monitoring [3]. Such
devices have found their use in fishes as they can contrib-
ute to improved understanding of behavioral and physio-
logical responses [4]. This is particularly relevant for
Atlantic salmon (Salmo salar) as it is an important

species in aquaculture with 2.7 million tonnes live weight
produced worldwide in 2020 [5].

Salmon husbandry entails a broad range of interre-
lated operations (e.g., feeding, crowding, pumping) with
convoluted effects on (fish) stress level, welfare and mor-
tality rates [6, 7]. For ethical and economic reasons such
effects must be minimized. However, our current under-
standing of the behavioral and physiological responses of
salmon to aquaculture operations is limited. Relevant
physiological data must therefore be collected from
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individuals in different contexts so physiological toler-
ances can be better understood. Such extended knowl-
edge can then be used to further refine and tailor
Atlantic salmon husbandry operations to minimize stress,
thus improving animal welfare [8, 9].

Measuring individual-level physiological data is com-
monly done using intraperitoneal implants [4]. The selec-
tion of parameters possible to acquire with this technique
was recently expanded to include photoplethysmography
(PPG) [10]. This facilitates more robust heart rate mea-
surements [11] and, potentially, pulse oximetry (PO) for
blood oxygen saturation (SpO2) estimation—an interest-
ing parameter to monitor in environments with varia-
tions in dissolved oxygen [12, 13]. Successful SpO2

estimation, however, depends on knowledge of parame-
ters determining light propagation in tissues [14]. While
a large body of such data on mammalian tissues is avail-
able in literature (e.g., [15]), this is not the case for Atlan-
tic salmon and fishes in general. In the context of PO,
blood is a particularly important (fluid) tissue since
knowledge of blood absorption and scattering character-
istics largely determine the optical path length crucial for
SpO2 estimation [14, 16]. The purpose of this work was
therefore to obtain data for characterization of the optical
properties of Atlantic salmon blood in the visible to near-
infrared (VIS–NIR) wavelength range, and to identify suit-
able procedures for obtaining such data. This will support
future analysis of PPG data obtained from this species
using any pulse oximeter with the aim to estimate SpO2.

To this end, blood was sampled from 10 fish in total.
Five blood samples were used to extract plasma, hemo-
globin and blood cells. The VIS–NIR spectra were then
recorded for plasma and oxygenated and deoxygenated
hemoglobin and blood cell solutions. The remaining five
blood samples were used to measure cell sizes using a
Coulter counter to support optical scattering evaluations.

2 | MATERIALS AND METHODS

2.1 | Ethics statement

During blood sampling all individuals were in surgical
anesthesia (level 3 [17]). Blood sampling was approved
under experiment animal permit 26 085 issued by the
animal ethics committee of the Norwegian Food Safety
Authority.

2.2 | Experiment animals

Atlantic salmon post smolt were held in an indoor tank
(2 � 2 � 1.6 m) (SINTEF Ocean AS, Trondheim, Norway)
supplied with 9�C filtered seawater (30 L per min) from

70m depth. The tank was equipped with a Sterner Oxy-
guard oxygenation system maintaining oxygen saturation
≥ 85%, and a water circulation pump (EMAUX Super-
Power) to maintain a current speed of 1 body length
(BL) per at the tank periphery and 24 h lighting to stimu-
late growth. The fish were fed commercial feed
(Skretting, 2mm) at 2% of the tank biomass distributed
across 12 feedings per 24 h using automatic feeders. In
total, 10 fish (181±56.5 g, 264± 25mm, 1.26± 0.09 Ful-
ton's condition factor [18]) were used for two main sam-
plings: Spectral measurements (5 fish) and cell size
measurements for light scattering evaluations (5 fish).

2.3 | Blood sampling

For blood sampling, a 1.10 � 38 mm (19G � 1.500) needle
was mounted on a 3 ml syringe. 5000 IU heparin was
pulled into the syringe to coat and lubricate the inner
walls. The syringe was then emptied by pushing the
syringe's plunger to the hub. A random fish was captured
from the holding tank using a knotless dip net and imme-
diately transferred to a tub containing 70 mg/L Benzoak
Vet knock-out anesthetic. When the fish was judged to
have reached surgical anesthesia (level 3 [17]), it was
placed ventral side up on a holding tray for blood sam-
pling. Blood was sampled from the caudal vein/artery of
the fish by inserting the needle in parallel with the saggi-
tal plane posterior from the anal fin (i.e., the anterior
region of the caudal peduncle). With the needle in place,
≥2 ml blood was drawn into the syringe. After removing
the needle, the blood was transferred to a 6 ml Vacutai-
ner tube coated with 1.8 mg per K2EDTA. The sample
was then transferred to an 2 ml Eppendorf tube
(or equally divided between two) for immediate proces-
sing in a room with a temperature of 15�C.

2.4 | Blood processing

2.4.1 | Plasma extraction

To obtain plasma, whole blood was centrifuged in its
Eppendorf tube using a Hettitch EBA 3S centrifuge
(Hettitch GmbH & Co. KG, Tuttlingen, Germany) at 1500
RPM / 195 g for 10 min. After centrifuging, the superna-
tant (plasma) was removed for spectral measurements
using a pipette.

2.4.2 | Blood cell extraction

To obtain blood cell samples, the packed cell volume
remaining after plasma removal was washed by adding
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1 ml Phosphate Buffered Saline (PBS) (137 mmol) to the
packed cell volume (PCV) in the Eppendorf tube after
plasma extraction. The mix was then centrifuged at 1500
RPM/195 g for 1 min. The supernatant was removed using
a pipette and discarded. This procedure was repeated
twice. The relatively gentle centrifuging compared with
other protocols (e.g., [19]) was necessary because previous
attempts showed that applying greater force to the samples
resulted in increased hemolysis and a PCV which did not
dissolve in PBS during cell washing. This also excluded the
use of plasma separator Vacutainers which requires pow-
erful centrifuging for the cells to pass through the separat-
ing gel. 25 μl of the PCV remaining after the second wash
were then pipetted into a test tube containing 50 ml PBS
and carefully agitated for mixing to obtain a 1:2000 ratio.
This sample was divided into equal parts and 25 ml PBS
added to obtain two times 25 ml samples in a 1:4000 ratio.

2.4.3 | Hemoglobin extraction

Hemoglobin was extracted from blood cells by pipetting
50 μl of the PCV after washing into a test tube containing
50 ml deionized water resulting in a ratio of 1:250. The
tube was then capped, agitated to promote hemolysis and
finally divided equally between two test tubes for further
processing and analysis.

2.4.4 | Sample oxygenation and
deoxygenation

Samples (1:4000 blood cells+PBS or 1:250 hemoglobin
+deionized water) were oxygenated or deoxygenated via
gassing using industrial oxygen (purity ≥ 99%) or instru-
ment nitrogen (purity ≥ 99:9%), respectively. Gassing
was achieved using closed test tubes with gas tight pene-
trations. A 0.5� 25mm (25G� 100) needle was inserted
through the cap and glued in place for pressure relief
(Figure 1). All samples were gassed for ≥20min since
shorter gassing times resulted in large differences in the
measured spectra.

2.5 | Spectral measurements

2.5.1 | Sensing equipment

Spectral data were collected using a Flame FLAME-T-VIS-
NIR-ES (350–1000 nm) spectrometer and a 360–2000 nm
HL-2000-LL tungsten-halogen light source. The spectrom-
eter and light source were connected to a SQUARE
ONE cuvette holder via a QP200-2-VIS-NIR fiber

(200 μm core diameter) on the source side, and a
QP50-2-VIS-NIR fiber (50 μm core diameter) on the
detector side. All equipment from Ocean Insight, Dui-
ven, The Netherlands. The light source was allowed a
≥30 min warm-up time for it to reach thermal equilib-
rium with the environment to minimize drift. The spec-
trometer was controlled using OceanView (v2.0.7) by
OceanInsight (Ocean Insight, Duiven, The Netherlands)
running on a Leonovo laptop. All samples were mea-
sured using a CVS-Q-10 quartz cuvette with a 10 mm
path length and a 1.4 ml maximum sample volume. The
set-up is shown in Figure 2.

By adding a sample to the cuvette, this set up allows
measurement of the sample's extinction, that is, its com-
bined absorption and scattering spectrum [20]. Before
each spectral measurement, the cuvette was flushed with
PBS and its outside wiped with 96% ethanol using a

FIGURE 1 Sample gassing set up. Note that the sample

volume in the left test tube is lower compared with the right

because a sample had been removed from the tube before the

image was taken.

FIGURE 2 Sensing equipment. From left to right: Light

source, cuvette holder, spectrometer, and laptop.
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non-lint cloth. The spectrometer was then zeroed/reset
by measuring the white and dark references using the
cuvette filled with PBS.

By adding individual blood constituents to the
cuvette, knowledge on the optical properties could be
obtained. Spectra were measured for five undiluted
plasma samples, oxygenated and de-oxygenated 1:4000
washed blood cells+PBS samples and oxygenated and
deoxygenated 1:250 hemoglobin+deionized water sam-
ples, respectively. A measurement was defined as the
average of 200 scans acquired using 750 μs integration
time, with a boxcar width of 10. Both electric dark and
non-linearity corrections were enabled.

For the purpose of visual comparison, all samples
were photographed using a tripod-mounted Canon EOS-
1D X, 18.1 megapixel full-frame DSLR camera with a
Canon 70–200 f/2.8 L IS II USM lens. The lens was set to
200 mm and the aperture to f/2.8 to maximize back-
ground separation. All images were captured against an
even, white background and included a calibrated 18 gray
reflectance standard for color and intensity corrections.
Color and intensity corrections were done as post-
processing using GNU Image Manipulation Program
(GIMP) V2.10. Following color and intensity corrections,
the cuvette was cut from the image. All sample images
are given in Data S1.

2.6 | Cell size measurement and whole
blood scattering coefficient

To estimate a value for the whole blood scattering param-
eter, μs, published values for blood cell prevalence and
volume for Atlantic salmon blood were compiled
(Table 2). Using the average of the compiled data, values
for particle concentration per μm3 and spherical-equiva-
lent diameters in μm were calculated. The particle con-
centration was found by dividing the average number of
blood cells per L by 1015 which is the number of μl3 per
L. The spherical-equivalent diameter, Dcell, was found by
using the average blood cell volume, Vcell inserted into
the expression for sphere volume and solving for the
radius, rcell, so

Dcell ¼ 2 � rcell ¼ 2 �
ffiffiffiffiffiffiffiffiffiffiffiffi
3V cell

4π
3

r !
: ð1Þ

With these values, μs was calculated for 660, 880, and
940 nm using Prahl's Mie scattering calculator [21]. These
are wavelengths commonly used in pulse oximetry and
are therefore of particular interest to facilitate this sens-
ing technique for Atlantic salmon.

Measurements in the five last blood samples were
obtained by subjecting the samples to the same proce-
dure of plasma removal and cell washing as described
above. The resulting samples were then diluted in
PBS in a 1:800000 ratio before their spherical equiva-
lent sizes were measured using a Coulter counter
(Multisizer 4, Beckman Coulter, South Kraemer Boule-
vard, Brea, California 92821-6232) with a 100 μm aper-
ture. Each measurement was the average of three runs
on the same sample (i.e., fish) by the Coulter counter.
The resulting cell sizes were compared with those com-
puted from published data to assess that these were
similar.

3 | RESULTS AND DISCUSSION

3.1 | Spectral measurements

The measured plasma extinction spectra are shown in
Figure 3.

The plasma samples were clear to the naked eye but
with slight differences in hue (see Data S1). The average
plasma extinction spectrum showed two small peaks at
540 and 576 nm typically associated with oxyhemoglobin,
thus indicating its presence in the samples and possibly
explaining the differences seen in sample color.

The plasma spectra showed low extinction between
500 and 820 nm and increasing extinction outside this
range. This is similar to spectra reported for human
blood [22], and may be caused by plasma protein scat-
terers in the low end of the spectrum and increasing
absorption by water in the higher end. Because PO use
wavelengths where plasma extinction is low, special con-
siderations for plasma effects are likely unnecessary
when estimating SpO2.

Washed blood cell extinction spectra are presented in
Figures 4 and 5.

The blood cell extinction spectra are similar in mor-
phology compared with those reported for human blood
cells [23] within the measured wavelength range. As seen
in Figure 5, deoxygenated blood cells display slightly
lower extinction values below 840 nm.

The averaged extinction spectrum for oxygenated
blood cells had two peaks at 540 and 576 nm, respec-
tively, which are associated with oxyhemoglobin. The
absence of these peaks in the spectrum for deoxygenated
blood cells indicates that the gassing approach was effec-
tive. The noise in the far ends of the measured range can
be attributed to the HL-2000-LL tungsten-halogen light
source being weaker for these wavelengths, thus reducing
the signal to noise ratio. Also note that the measured
extinction for the blood cell dilution is higher compared
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FIGURE 3 Extinction spectra for undiluted

plasma. The black line illustrates the average for

all samples, while the colored background

illustrates the min-max range within which

individual plasma spectra were distributed.

FIGURE 4 Extinction spectra for (A) oxygenated and (B) deoxygenated blood cells in a 1:4000 PBS dilution. The solid black lines are

the mean of all measured samples, while the colored backgrounds illustrate the min–max range within which individual spectra were

distributed.

FIGURE 5 Comparison of blood cell

extinction spectra in a 1:4000 PBS dilution. The

solid red line is the mean of all measured

samples of oxygenated blood cells while the

solid blue line is the mean of all measured

samples of deoxygenated blood cells.
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with plasma (Figure 3 vs. Figure 4). This indicates that
Atlantic salmon blood cells are highly scattering.

Oxyhemoglobin and hemoglobin extinction spectra
were expected to be dominated by absorption. The extinc-
tion spectrum for the former showed two distinct spectral
peaks at 540 and 576 nm (Figure 6A), while the extinc-
tion spectrum for the latter showed a spectral peak at
550 nm (Figure 6B).

The averaged hemoglobin spectrum exhibited the
expected morphology up to 850 nm. Beyond this wave-
length, an unexpected isosbestic point was identified.
This can be explained by the properties of the HL-
2000-LL tungsten-halogen light source which is weak
in the far ends of the measured wavelength range. The
resulting reduction in signal to noise ratio will there-
fore affect accuracy in these regions if extinction is
low. This effect was minimized by using an appropriate
sample concentration (1:4000 for blood cells and 1:250
for hemoglobin), high averaging (200 samples) and
integration time (750 μs). It is, however, generally diffi-
cult to achieve 0% and 100% oxygenation levels. The
samples may therefore have been close to, but not
completely at, these levels. Furthermore, any remain-
ing cells and scatterers in the samples would also have
introduced a scattering component in the measure-
ment adding to the effect (Figure 7).

Sample transfer was achieved by pipetting directly
from the gassing test tube into the measurement cuvette.
Apart from the opening at the tip, the pipette was
completely closed. Transfer of the sample to the cuvette

and spectral measurement was achieved within a matter
of seconds. Although this method momentarily exposed
the samples to air after transfer to the cuvette, consistent
results were obtained using 200 samples and 750 μs for
averaging and integration time, respectively. The method
was, thus, considered sufficiently robust for the purpose
of this work. Future attempts at such measurements may
consider using a completely closed sample transfer sys-
tem, for example, by integrating a sampling tube in the
gassing system.

The measured spectra and published spectra for
human hemoglobin [24] were scaled to the value of their
first spectral peak (540 nm for Atlantic salmon and
human oxyhemoglobin, 550 nm for Atlantic salmon
hemoglobin and 555 nm for human hemoglobin, respec-
tively) and plotted for comparison (Figure 8).

Atlantic salmon hemoglobin spectra presented in
Figure 8 show a morphology similar to human hemo-
globin. Although the spectra for salmon oxyhemoglobin
and deoxyhemoglobin were expected to be dominated
by absorption some degree of scattering must be
expected. Since the human oxyhemoglobin and hemo-
globin spectra are considered to be reference absorption
spectra they are virtually unaffected by scattering, thus
leading to differences in morphology. It is also noted
that the oxyhemoglobin spectrum (Figure 8A) has a
small peak at 757 nm. This peak is typical for hemoglo-
bin which indicates that the samples were not fully oxy-
genated, adding to the divergence from the (human)
reference.

FIGURE 6 Extinction spectra using 1:250 deionized water dilutions for (a) oxyhemoglobin with spectral peaks at 540 and 576 nm and

(b) deoxyhemoglobin with a spectral peak at 550 nm. The solid black lines are the mean values, while the colored backgrounds illustrate the

min-max range within which individual spectra were distributed.
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Using the hemoglobin extinction spectra, a list of
points with equal extinction (i.e., isosbestic points) can be
compiled and compared with reference values for human
hemoglobin [24].

Table 1 shows that the isosbestic points for Atlantic
salmon hemoglobin are very close to those reported for
human hemoglobin. The differences may be introduced
by residual scatterers in the samples. Note also that the
abovementioned unexpected isosbestic point at 879 does
not have a counterpart in human blood.

The Coulter counter measurements (Figure 9) show
two distinct peaks for spherical equivalent diameters of
7.2 and 8.84 μm indicating that the washed cell samples
contained two dominating cell populations.

Since washing mainly removes plasma, the remaining
PCV must be expected to include multiple cell types

typically found in Atlantic salmon blood, such as erythro-
cytes, reticulocytes, white blood cells (e.g., neutrophils,
monocytes, and lymphocytes) and platelets (thrombo-
cytes). Out of these, erythrocytes were expected to domi-
nate in size and number (≈ 1�1012 �L�1) [25, 26]
followed by reticulocytes (smaller, immature erythro-
cytes) constituting ≈ 15% of all blood cells [26, 27]. This
mix of cell sizes and prevalence is a likely contributor for
the two peaks seen in Figure 9. Another potential impact
is that Coulter counter size estimates depend on a range
of factors such as particle shape and lateral position when
passing through the counter's aperture. Thus, due to the
oblate shape of Atlantic salmon blood cells, their orienta-
tion as they pass through the aperture will affect the size
estimate. The two most extreme orientations “flat” and
“on edge” may therefore contribute to separate the

FIGURE 7 Comparison of average

oxyhemoglobin (red) and deoxyhemoglobin

spectra (blue) in a 1:250 deionized water

dilution. The blue dots denote the isosbestic

points (i.e., crossings).

FIGURE 8 Comparison of measured Atlantic salmon and human scaled oxyhemoglobin (A) and hemoglobin (B) spectra. Due to the

scaling, values along the y-axis are given in arbitrary units (AU).
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measurement into two distinct peaks [28] as seen in the
results. To reduce this effect, the Coulter counter aper-
ture was ≈ 10 times larger than the largest expected par-
ticle size as recommended for such measurements.
Nevertheless, the combination of this effect and the mix
of cell sizes is considered a likely explanation for this
result.

The peak for the largest particle size (8.84 μm) from
the Coulter counter results was assumed to represent the
spherical equivalent blood cell diameter. This value was
compared with published values to evaluate the blood
sample quality and assess other unmeasured parameters
(Table 2).

The spherical equivalent cell diameter obtained from
the Coulter counter measurements were consistent with
published values, indicating that the blood samples used
in this work were representative for Atlantic salmon
blood. This also indicates that all fish used for blood sam-
pling in this work were in good health.

Since the cell sizes in Table 2 are orders of magnitude
larger than the wavelengths used in the spectral measure-
ments, Mie scattering is dominant [20]. In Mie scattering,

scattering efficiency increases with the fourth power of
the particle size [16] which means that the largest parti-
cles contribute more to scattering than smaller particles.
The peak for the cell population with the largest diameter
was therefore used to calculate μs.

Mie scattering calculations depend on the refractive
index of both the medium (i.e., plasma) and the spheres
(i.e., the blood cells) [20]. To the best of the authors
knowledge, no published values for refractive indices for
Atlantic salmon blood have been published. It was there-
fore assumed that Atlantic salmon blood has refractive
indices similar to those published for human blood
[31, 32]. Using the average values in Table 2 and these
refractive indices as input to the Mie calculator [21] for
selected wavelengths used in pulse oximetry, we obtain
the scattering parameter values in Table 3.

The values for μs obtained using these methods are
larger than those published for human blood [33]. This
was expected and is consistent with Mie scattering theory
because Atlantic salmon blood cells are larger compared
with those in humans.

FIGURE 9 Coulter counter results of

measured cell size. The solid black line shows

the average of all measurements, while the

colored background illustrates the min–max

range of the measurements.

TABLE 1 Isosbestic points for Atlantic salmon compared with

human hemoglobin.

Atlantic salmon hemoglobin Human hemoglobin

450 452

501 500

525 529

547 545

570 570

585 584

799 797

879 –

TABLE 2 Overview of literature values listing cell density as

cells per, cell volume as mean corpuscular volume (MCV, μm3),

and cell diameter (D) calculated using Equation (1), as well as the

average of those values compared with the result from this study.

C (cells/μl) MCV (μm3) D (μm) References

0:97 �10�3 485 9.75 [25]

0:97 �10�3 369 8.90 [29]

0:83 �10�3 489 9.77 [30]

1:25 �10�3 366 8.87 [26]

1:29 �10�3 324 8.52 [27]

– 362 8.84 Coulter counter

1:01 �10�3 399 9.23 Average
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3.2 | Sampling challenges

The blood sampling and processing methods
described in Materials and methods are the final
result of multiple attempts to measure optical proper-
ties of Atlantic salmon blood because preceding
attempts presented several challenges which had to
be overcome.

Two main methods for blood sampling were com-
pared: Using syringes and Vacutainers. The latter is
attractive due to the ease of sampling and the wide selec-
tion of available anti-coagulant coatings as well as plasma

separator gels. Processing of samples obtained using
Vacutainers, however, consistently resulted in various
degrees of hemolysis evident in the form of red-tinted
plasma as shown in Figure 10.

Consequently, it was decided to use heparinized
syringes and 19G needles. Even then, oxygen peaks were
present in measured plasma absorption spectra (Figure 3)
indicating some hemolysis taking place during sampling.

Hemolysis of blood cell dilutions also occurred during
gassing if bubbling was too vigorous. The latter was seen
when attempting to improve gas distribution in samples
using an air stone (sinter) even at the lowest gas pressure
available equipment would allow. This was likely caused
by turbulence in the gap between the air stone and the
test tube wall resulting in shear forces excessive for cell
integrity. Bubbling was, thus, changed to using gas tub-
ing directly in the samples (Figure 1).

During earlier tests, sample deoxygenation was
attempted using sodium dithionite. Dosing was according
to [34] without achieving consistent results. Samples
were either not deoxygenated within the expected time
frame or rapidly started to form methemoglobin [35].
Future attempts to deoxygenate dilutions of salmon blood
constituents should therefore be preceded by a systematic
study on how to obtain consistent and reliable deoxygen-
ation using sodium dithionite.

Some of the measured hemoglobin solutions con-
tained impurities (see Data S1). The light passes through
the sample slightly below middle height of the cuvette.
Because all samples were clear/homogeneous to the
naked eye in this area, such contamination is considered
to have had limited effect on the results. Nevertheless,
future attempts at measuring the optical properties of
salmon blood may consider filtering the hemoglobin
samples using, for example, a nylon mesh before gassing
and measurement.

Sample coagulation was also a challenge. Despite
using heparin in vessels during blood collection, sam-
ples would (partially) coagulate before centrifuging if
left unprocessed on the rocker for more than approxi-
mately 30 min. Additionally, samples obtained using
only heparin coagulated rapidly when adding deio-
nized water to obtain the hemoglobin solution. These
events may be explained by the onset of the coagula-
tion cascade. At some point the amount of heparin pre-
sent in the sample can no longer block fibrin formation
during hemolysis and the sample coagulates. The addi-
tion of K2EDTA to the samples prevented these issues,
likely by blocking calcium. In the future, sodium cit-
rate may be tested as an alternative directly in the
syringe since it acts as both an anti-coagulant and a
calcium blocker if an acceptable mixing ratio can be
identified.

FIGURE 10 Example of plasma sample with hemolysis

typically observed after vacutainer blood sampling (A) compared

with plasma obtained using syringes (B).

TABLE 3 Estimated scattering coefficient, μs, for Atlantic

salmon whole blood for selected wavelengths used in pulse

oximetry.

λ (nm) μs (cm
�1)

660 1887

880 2207

940 2170
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4 | CONCLUSION

This work presents data describing the optical properties
of Atlantic salmon blood between 450 and 920 nm. This
wavelength range is relevant for pulse oximetry sensors
which typically use wavelengths around 660, 880, and
940 nm.

The results indicate that plasma contributes little to
scattering and absorption, which hemoglobin absorption
is similar to that in humans and that blood cells have
strong scattering properties. Furthermore, a novel sam-
pling procedure had to be established to obtain these
measurements, as no suitable methods for such sampling
on fish blood existed. This method can be used and fur-
ther refined for future measurements of blood from
salmon and other fishes, and is as such a contribution to
the toolbox available for science.

In the context of pulse oximetry, the low plasma
absorbance indicates that plasma will not require special
compensation when aspiring to sample SpO2. Further-
more, the isosbestic points for hemoglobin absorbance
imply that published values for molar extinction coeffi-
cients for human hemoglobin and oxyhemoglobin [24]
can be used, thus supporting that pulse oximeters origi-
nally intended for human applications can be used for
similar purposes in Atlantic salmon. However, scattering
results show that Atlantic salmon blood is highly scatter-
ing, thus implying that PPGs obtained by a pulse oxime-
ter must be compensated. This can be achieved using the
scattering parameters in Table 3 as part input to the pulse
oximeters SpO2 estimation algorithm. Accurate SpO2 esti-
mation may increase understanding of the physiological
responses and tolerances of Atlantic salmon via scientific
trials using raceways or swim tunnels where water qual-
ity can be controlled and stress levels accurately quanti-
fied. Using such knowledge, SpO2 estimation in Atlantic
salmon farming may, thus, facilitate adaptation of pro-
duction methods for stress reduction and improved
animal welfare.
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SUPPLEMENTARY MATERIAL

FIGURE 1 Measured plasma samples. Note the slight color variations likely caused by some degree of haemolysis during
blood sampling.

FIGURE 2 Oxygenated blood cells. Note that color intensity is low due to the high dilution.



2

FIGURE 3 Deoxygenated blood cells. Note that color intensity is low due to the high dilution.

FIGURE 4 Oxygenated hemoglobin. Note the presence of foreign material at the very top of sample 3 when numbering from
the left.



3

FIGURE 5 Deoxygenated hemoglobin.
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A B S T R A C T

Understanding the tolerance limits of fish is crucial for developing aquaculture operations that ensure good
animal welfare. However, there exist little data describing the physiological responses in farmed Atlantic
salmon, much because the technological tools for taking such measurements have not existed. Recent
advances in electronic implants have enabled concurrent measurement of electrocardiogram (ECG) and
photoplethysmograms (PPG) in salmon that can be used for robust estimation of HR and oxygen saturation
in arterial blood (i.e., 𝑆𝑝𝑂2/pulse oximetry) if appropriate strategies for motion artifact and light scattering
compensation can be realized. To enable pulse oximetry for farmed Atlantic salmon (and fish in general), two
experiments have been conducted. In Experiment 1, PPGs were obtained from salmon induced to swim at two
different water currents under normoxic conditions. By using two water currents, the resulting data provided a
foundation for developing methods for motion artifact compensation. Data from this experiment were also used
to calculate an average light scattering parameter using the modified Beer–Lambert law, under the assumption
that 𝑆𝑝𝑂2 was 100% for individual fish. In Experiment 2, fish were placed in a swim tunnel and subjected
to hypoxic conditions and corresponding changes in 𝑆𝑝𝑂2 were estimated using the motion artifact and light
scattering compensation approaches from Experiment 1.

Results show that the suggested compensation approaches gives 𝑆𝑝𝑂2 estimates within the expected range
(95% to 100%) under normoxic conditions. Under hypoxic conditions, changes in 𝑆𝑝𝑂2 that coincide with
experiment events were observed, demonstrating that PPGs can be used to quantify such changes. The results
from this pilot study therefore extend the selection of physiological parameters feasible to measure using
electronic implants for Atlantic salmon. In doing so, the scope for physiological measurements is extended
such that an improved understanding of physiological responses and tolerances in Atlantic salmon farming
can be acquired, and ultimately be used to improve animal welfare in fish production.

1. Introduction

Aquaculture has grown into an important global food-producing
industry with Atlantic salmon (Salmo salar) being one of the most
popular farmed species. In Norway, 1.5 million tonnes were produced
for worldwide consumption in 2022 (FDIR, 2023). Salmon production
involves a broad range of farming operations (e.g., crowding, pumping,
de-lousing and net cleaning) which may have negative impacts on fish
health and welfare. Lack of real-time, objective physiological inputs to
animal welfare and production control routines is a persistent challenge

✩ This work was funded by the Research Council of Norway (RCN) (Project Number 280864) and through in-kind contribution by SINTEF Ocean AS.
∗ Corresponding author at: Department of Engineering Cybernetics, Norwegian University of Science and Technology, O.S. Bragstads plass 2D, Trondheim,

7034, Norway.
E-mail addresses: eirik.svendsen@ntnu.no, eirik.svendsen@sintef.no (E. Svendsen).

in Atlantic salmon farming and is difficult to detect and quantify. De-
spite extensive use of different sensing technologies (Føre et al., 2017b),
current farming practices result in a 17% mortality rate during the sea
phase (Sommerset et al., 2023). A part of this may be attributed to
limited access to, and knowledge of, the tolerances of the fish in differ-
ent farming contexts. Research tools that may increase such knowledge
are miniaturized, implantable electronic sensing systems commonly
referred to as ‘tags’ that can be used to directly measure physiological
and behavioral parameters (Thorstad et al., 2013). Typical behavioral
parameters possible to measure using existing off-the-shelf tags include

https://doi.org/10.1016/j.compag.2023.108081
Received 24 March 2023; Received in revised form 10 July 2023; Accepted 17 July 2023
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activity and swimming depth (Føre et al., 2011), and, more recently,
the position of individual fish (Baktoft et al., 2017; Hassan et al., 2019),
while physiological parameters obtainable in full scale salmon farming
are currently limited to heart rate (HR) (Brijs et al., 2018).

To expand the selection of physiological measurements for farmed
Atlantic salmon, a novel implant has been developed which measures
PPGs (Svendsen et al., 2021b), i.e., the pulsatile change in tissue
light absorption. The PPGs can be used to make HR estimates more
robust (Svendsen et al., 2021c) and in principle, estimate oxygen
saturation in arterial blood (𝑆𝑝O2). This technique is referred to as pulse
oximetry (PO) (Aoyagi, 2003; Wypych, 2013; Mannheimer, 2007), and
successful implementation of PO may increase insight into the fish’s
physiological response, and by extension, its tolerances. This may be of
use in salmon farming where low dissolved oxygen events may occur
with negative impacts on the fish (Oppedal et al., 2011; Remen et al.,
2013, 2016; Jónsdóttir et al., 2019).

PO is based on the Beer–Lambert law (BLL) and the assumption that
arteries expand during heart contraction (systole) and contract during
heart relaxation (diastole) (Kyriacou and Allen, 2021). Due to the
higher blood profusion, light absorption in tissues will increase during
systole and conversely decrease during diastole creating a pulsatile ‘AC’
component in the PPG. However, motion introduces artifacts (Motion
Artifacts, MA) distorting the PPG, thus affecting 𝑆𝑝O2 accuracy (Chan
et al., 2013). Before attempting to estimate 𝑆𝑝O2 using PPGs, MA must
be reduced.

MA reduction is a persistent challenge in PPG signal processing.
Common approaches to detect and reduce MA in human PPGs include
morphology analysis (Sukor et al., 2011), thresholding of statistical
moments (Hanyu and Xiaohui, 2017) and various filtering approaches
using synthetic or accelerometer based Refs. Zhang et al. (2014), Casson
et al. (2016), Xiong et al. (2016) and Dubey et al. (2018). Based on such
references, the PPG can be (re)constructed using variants of principal
component analysis (e.g., singular spectrum analysis (SSA) Golyandina
et al., 2018). Such methods commonly focus on estimating HR rather
than 𝑆𝑝O2, potentially causing information crucial for determining
𝑆𝑝O2 (i.e., the PPG pulse amplitude) to be degraded or lost. Further-
more, several of these approaches assume that MAs are separable from
the PPG in the time and/or frequency domain. This may be true for
human PPGs during physical exertions such as running. In the case of
Atlantic salmon, co-inspection of PPG and inertial motion unit (IMU)
data from free swimming fish suggest that MAs are generally oscillatory
in nature and also appear within a frequency range close to the HR
of the fish, meaning that conventional methods of MA reduction may
remove too much of the PPG information required for 𝑆𝑝O2 estimation.
This implies the need for an alternative approach. Considering that
the pulsatile components in PPG are linked with the HR of the fish, a
potential approach could be to extract the components of the PPG signal
that share frequency properties with the HR and use these to estimate
𝑆𝑝O2, as this would effectually remove all components arising due to
other phenomena, including MAs.

Furthermore, the BLL precludes that light travels in a non-scattering
homogeneous medium. This is not the case for biological tissues. Using
BLL, thus, requires that such effects are compensated. In humans,
this is achieved empirically using reference oximeters by obtaining a
baseline for comparison when human volunteers breathe a desaturated
gas mixture. To the best of our knowledge, no reference oximeter for
fishes exists, thus, excluding reference based empirical mapping. An
alternative approach is to use the modified BLL (MBLL) which includes
a scattering compensation term. This term can be calculated if 𝑆𝑝O2
is known or can be reasonably assumed. In this study, initial steps
towards realizing PO in Atlantic salmon, are taken by conducting two
experiments to derive a viable MA compensation approach and identify
an average scattering compensation parameter that give credible results
when combined. The purpose of Experiment 1 was, thus, to obtain
PPG data under normoxic conditions that could be used to identify

an average scattering correction parameter and develop an MA re-
duction/filtering approach and verify that its application results in an
𝑆𝑝O2 estimate within the expected range (i.e., 95% to 100%), while
the purpose of Experiment 2 was to apply the processing methods and
average scattering correction parameter from Experiment 1 to evaluate
if the PO implant responded to changes in 𝑆𝑝O2.

2. Materials and methods

2.1. Ethical statement

The experiments were approved by the Norwegian Food Safety
Administration under animal experiment permits 27 675 (Experiment
1) and 24907 (Experiment 2). Data were obtained from 13 fish in
total. After the experiments, all fish were euthanized using meth-
ods compliant with Appendix C in the Norwegian research animal
regulations (FOR-2015-06-18-761, 2015).

2.2. Experiment animals

Atlantic salmon were held in an indoor tank (2 × 2 × 1.6m) with a
flow through sea water supply (30 l per min, 8.2 °C average temperature
during the experiment period) from a 70m deep intake in the Trond-
heimsfjord. The fish were fed in abundance using 5mm pellets (EWOS
HP 500 50 A 500) using 24h lighting to facilitate growth. The tank was
equipped with a water circulation pump (EMAUX Super-Power) with a
tangential outlet to provide a water current of ≈ 1 body length per s
(BLs−1) at the tank periphery. A Sterner Oxyguard oxygenation system
ensured water oxygen saturation ≥90%.
2.3. Pulse oximetry tag

The PO tag (Svendsen et al., 2021b) used in both experiments in-
cluded a biosensor module (MAX86150, Maxim Integrated) measuring
PPG at two wavelengths, 𝜆1 = 660 nm and 𝜆2 = 880 nm. The biosensor
module also measured ECG via electrodes embedded in the implant’s
encapsulation. An inertial motion unit (IMU) measuring acceleration
and rotation in three dimensions was also part of the implant design
and were logged concurrently with PPG and ECG for activity evalua-
tions. The implant was cylindrical in shape and measured 13mm in
diameter, 47mm in length and weighing 9.4 g (in air)/6 g (in water)
making it suitable for use in fish ≥ 600 g.

2.4. Experiment 1

Experiment 1 was conducted in an indoor tank that was identical to
the holding tank and used the same water supply. The tank was covered
by a thin, white tarpaulin taut over a pyramidal framework to shield the
experiment animals from visual disturbances. Water oxygen saturation
was maintained at 90±0.62% (10.7±0.07mg L−1) by a Sterner Oxyguard
oxygenation system through the experiment. A water circulation pump
(EMAUX Super-Power) was used to control water current speed at the
tank periphery.

The experiment took place over 2 days. On day 1 between 12:20 and
15:00, PO tags were surgically implanted into the peritoneal cavity of
five Atlantic salmon (fork length 53.5 ± 1.3 cm, weight 2426 ± 55.7 g,
Foulton’s K-factor 1.6 ± 0.1) captured randomly from their holding
tank using a knotless dip net. Surgery was identical to the procedure
described in literature for a similar tag type (Svendsen et al., 2021a;
Føre et al., 2021), with an additional step of suturing a colored bead
to the anterior root of the dorsal fin for visual identification purposes.
After surgery each fish was placed in a wake-up tank with circulating
sea water. After regaining consciousness, the fish was transferred to the
experiment tank for habituation/recovery for 18 h to 20h at ≈ 15 cm∕s
current.
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On day 2, data collection started automatically and simultaneously
for all fish at 09:00. The PO tags were programmed to sample data at
200Hz in 1 min sampling bursts spaced by 1 min of idle time (i.e., a 1:2
duty cycle), which, given the internal storage space in the tag, allowed
an experiment duration of 66min. The (peripheral) current for the first
30min was ≈ 15 cm∕s and thereafter increased to ≈ 40 cm∕s for the
remaining 36min.

After data collection, the fish were extracted using a knotless dip net
and euthanized by an anesthetic overdose (Benzoak vet, 70mg∕L until
level 4 anesthesia Coyle et al., 2004 was reached) followed by a blow to
the head. The implant was then recovered and data downloaded. Four
complete data sets (Fish 1, 3, 4 and 5) were obtained from the exper-
iment. During data download, sampling bursts were concatenated into
two continuous steady-state data sets where the first 15min represented
low current speed and the final 15min represented high current speed.
The middle 3minutes (corresponding to 6min in real time due to the
duty cycling) were omitted to avoid the transient phase between the
two speeds. Due to an unknown tag failure, one fish (Fish 2) provided
only a partial dataset from the first 12min of the experiment which after
concatenation resulted in a 6min data set.

2.5. Experiment 2

Experiment 2 was conducted using a Blazka swim respirometer
(116 cm length X 24 cm diameter, 55 l volume) (Blazka et al., 1960)
equipped with a temperature compensated dissolved oxygen sensor
(NEOFOX, Ocean Insight, Duiven, The Netherlands).

Eight random fish (fork length 46.4 ± 1.1 cm, weight 1367 ± 130.0 g,
Fulton’s K-factor 1.4±0.1) were captured from their holding tank using
a knotless dip net and subsequently underwent the same protocol for
surgically implanting the tags as described for Experiment 1. Each fish
was implanted with a PO tag programmed with a 65min start delay
and a sampling frequency of 200Hz. The tags were not set up with duty
cycling and thus provided continuous data sets of 33min. After surgery,
the fish was placed inside the swim tunnel for wake-up. Swimming
speed (i.e., water speed) inside the swim tunnel was set to ≈ 0 BLs−1
during this period.

During the wake-up period for each individual fish, 30 l sea water
were deoxygenated by vigorous bubbling with instrument nitrogen
(purity ≥99.9%) for ≥ 20 min. After the fish had woken from anesthesia,
swimming speed was increased to 0.5 BLs−1 where it was kept for the
remainder of the experiment. The tunnel remained connected to the
same sea water supply as the holding tank until the logger started
(i.e., about 65min post tagging). The water supply was closed 3min
after logging had started, and the deoxygenated water pumped into
the swim tunnel, thus abruptly reducing the dissolved oxygen in the
tunnel to hypoxic levels. For the next 25min, no water was replaced
in the swim tunnel, effectually keeping the conditions hypoxic with
fish respiration leading to a gradual decrease in the DO level from
≈ 5.5mg L−1 to 3.8mg L−1. Five min before the experiment ended
(i.e., 25 min after logging started), the valve to the water supply was
reopened and fresh sea water exchange was resumed until logging was
concluded at 33min. Experiment 2 therefore consisted of three periods:
Pre-hypoxia (3min), hypoxia (25min) and post-hypoxia (5min).

Using this procedure, data were obtained for one control fish under
normoxic conditions and seven test fish exposed to hypoxic conditions.
The experiments for the control fish and test fish 2, 4, 5, 6, and
7 resulted in complete 33min data sets. The experiment for Fish 3
resulted in a partial data set due to tag failure after 29min. Although
the experiment for Fish 1 resulted in a full 33min data set, water
circulation in the swim tunnel was restored ≈ 3min later than dictated
by the general procedure because of a valve issue during the trial
for this fish. Thus the period of hypoxia was ≈ 27min and the re-
oxygenation period ≈ 1min for this fish. It should also be noted that the
DO sensor in the tunnel failed during the trial for Fish 7. However, since
the test procedure was identical to that of all other fish, the DO profile

in the tunnel was expected to be comparable to that of the other test
fish. All individual fish were removed from the swim tunnel after their
data logging periods had elapsed and immediately euthanized using the
same method as in Experiment 1.

2.6. Data processing

To address the 𝑆𝑝O2 estimation challenge for Atlantic salmon, the
proposed processing method is an adaptation of techniques used for
human PPGs, and consists of four main steps: Preprocessing, ECG HR
estimation, MA reduction and 𝑆𝑝O2 estimation (Fig. 1).

Preprocessing and HR estimation were applied to entire data series,
while the remaining steps applied to 20 s processing windows with 15 s
overlap. Details for each step are presented in subsequent sections.
All data were processed using Anaconda’s Python 3.8 distribution
(Anaconda Inc., Austin, Texas, USA).

2.6.1. Preprocessing
Preprocessing involved applying a 3rd order Butterworth band-pass

filter with passbands 0.2Hz to 10Hz for PPG and 5Hz to 80Hz for
ECG. The cutoff frequencies were determined by considering the signal
bandwidth in the frequency domain. PPG for both wavelengths was
then scaled to [0, 1] using

𝑥𝑠𝑐𝑎𝑙𝑒𝑑 = (𝑏 − 𝑎) ⋅
(

𝑥𝑖 − 𝑥𝑚𝑖𝑛
𝑥𝑚𝑎𝑥 − 𝑥𝑚𝑖𝑛

)
+ 𝑎, (1)

with 𝑎 = 0 and 𝑏 = 1 to reduce the likelihood of numerical instability
during MA reduction.

2.6.2. ECG HR estimation
ECG HR estimation required processing steps to enhance the QRS

complex to obtain the HR. ECG signal quality was evaluated by con-
sidering which of the categories ‘Good’, ‘Acceptable’ or ‘Unacceptable’
the raw signals fit into. This was similar to evaluations used for human
ECGs for this purpose (van der Bijl et al., 2022). Generally, the ECG
signals fit into the ‘Good’ and ‘Acceptable’ categories with only very
few and short instances of ‘Unacceptable’ during the swim tunnel ex-
periment where the fish exhibited temporary behavior which it would
not express in other contexts outside the swim tunnel (e.g., trying to
turn inside the tunnel). HR was obtained by applying the slope sum
method (SSM) followed by the Teager–Kaiser instantaneous energy
operator (TKEO) (Rankawat et al., 2015) to preprocessed ECG data.
SSM involved taking the derivative of the ECG and summing only the
positive derivative values over a time window matching the duration
of the ECG QR slope. In this case, the time window was set to 0.02 s for
all ECG data. TKEO involved calculating the instantaneous ECG energy,
𝛹 [𝑥(𝑛)], by applying

𝛹 [𝑥(𝑛)] = 𝑥2(𝑛) − 𝑥(𝑛 + 1)𝑥(𝑛 − 1) (2)

to the ECG data where 𝑥(𝑛) is the preprocessed ECG value at time
𝑡 = 𝑛, followed by averaging within a 20 samples wide rolling window.
ECG peaks were then detected and peak-to-peak time differencing was
finally used to calculate the HR in Hz:

𝐻𝑅 = 1
𝛥𝑡

, (3)

where 𝛥𝑡 is the peak-to-peak time difference. An example of these
processing steps is given in Fig. 2.

2.6.3. Motion artifact reduction
The MA reduction approach was based on the assumption that per-

fusion changes with the cardiac cycle (Yoshida et al., 2009; Svendsen
et al., 2021c). Because ECG was available and the cardiac cycle cor-
relates with PPG, a synthetic PPG reference was generated using ECG
and its amplitude driven by the measured PPG, thus, enabling 𝑆𝑝O2
estimation. Because PPG signals are oscillatory in nature, a sinusoid
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Fig. 1. Data processing main steps.

Fig. 2. Processing steps: (a) Raw ECG, (b) ECG after preprocessing and SSM, and (c) ECG after TKEO was applied and peaks detected (indicated with red dots).

matching the average HR was used as the synthetic PPG reference in
each processing window. Thus,

𝑟𝑒𝑓 = 𝑠𝑖𝑛(2𝜋 ⋅𝐻𝑅𝑎𝑣𝑔 ⋅ 𝑡𝑠). (4)

In Eq. (4), 𝐻𝑅𝑎𝑣𝑔 is the average ECG HR within a processing
window and 𝑡𝑠 the concurrent sampling time for both PPG and ECG.

The least mean squares (LMS) adaptive filter is a well established
algorithm used to minimize the mean squared error between the filter’s
output and its desired response by adjusting its coefficients (Haykin,
2013) (Fig. 3).

The filter’s intrinsic properties include independence on the refer-
ence phase and amplitude because only the error between the estimate
(𝑦[𝑘]) and desired (𝑑[𝑘]) outputs are used to adjust the coefficients
where the two correlate. In vector form, the LMS filter can be described
as

𝑦(𝑘) = 𝐱𝑇 (𝑘)𝐰(𝑘), (5)

where 𝑘 is a discrete time index, 𝑦(𝑘) is the filtered signal, 𝐰 is a vector
of adaptive filter weights, and 𝐱 is a vector consisting of the last 𝑛

Fig. 3. LMS filter block general schematic.
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samples of the input signal, defined by

𝐱(𝑘) = [𝑥(𝑘),… , 𝑥(𝑘 − 𝑛 − 1)]. (6)

The weights, 𝐰, are updated by

𝐰(𝑘 + 1) = 𝐰(𝑘) + 𝛥𝐰(𝑘), (7)

and 𝛥𝐰(𝑘) is

𝛥𝐰(𝑘) = 1
2
⋅
𝛿𝑒2(𝑘)
𝛿𝐰(𝑘)

= 𝜇 ⋅ 𝑒(𝑘) ⋅ 𝐱(𝑘). (8)

In Eq. (8), which represents a step in the steepest gradient search
for the optimal filter weights, 𝜇 is the adaptation rate and 𝑒(𝑘) the LMS
filter error defined by

𝑒(𝑘) = 𝑑(𝑘) − 𝑦(𝑘). (9)

By considering the synthetic reference (Eq. (4)) as noisy in the sense
that it lacks the features (i.e., amplitude change) required for 𝑆𝑝O2
estimation, it was set as the filter’s desired output signal, 𝑑(𝑘), and
the measured PPG as the filter input, 𝐱(𝑘). Thus, the LMS algorithm
imprints changes onto the synthetic PPG reference, 𝑑(𝑘), such that it
correlates with the measurement, 𝑥(𝑘). Thus, the LMS adaptive filter is
a suitable algorithm to drive the synthetic reference amplitude using
the measured PPG. Data were processed using a filter width of 𝑛 = 40
samples and a learning rate 𝜇 = 5 ⋅ 10−4.

2.6.4. Scattering correction parameter
The starting point for deriving the scattering correction parameter,

𝛤 , is the expression for 𝑆𝑝O2 that was estimated using the modified
Beer–Lambert law,

𝐴 =
∑
𝑖
𝜀𝜆 ⋅ 𝐶𝑖 ⋅𝐷𝑃𝐹𝜆 ⋅ 𝑑, (10)

where 𝐴 is absorption, 𝜀𝜆 chromophore 𝑖′𝑠 molar extinction coefficient
for wavelength 𝜆, 𝐷𝑃𝐹𝜆 the scattering-dependent differential path
length factor for wavelength 𝜆, and 𝑑 the PO sensor’s source-detector
separation distance. 𝑆𝑝O2 is commonly expressed as the percent frac-
tion of oxyhemoglobin (𝐻𝑏O) to total hemoglobin, 𝐻𝑏𝑇 = 𝐻𝑏O +𝐻𝑏,
where 𝐻𝑏 is deoxygenated hemoglobin, so

𝑆𝑝O2 =
𝐻𝑏O

𝐻𝑏O +𝐻𝑏
⋅ 100% = 𝐻𝑏O

𝐻𝑏𝑇
⋅ 100%. (11)

By substituting Eq. (10) for two chromophores (HbO and Hb)
into Eq. (11) and taking the ratio of two wavelengths to cancel
unknowns, we arrive at an expression for 𝑆𝑝O2 that also includes
𝛤 = 𝐷𝑃𝐹𝜆1∕𝐷𝑃𝐹𝜆2,

𝑆𝑝O2 =
𝜀𝐻𝑏,𝜆2 ⋅ 𝑅 ⋅ 𝛤 − 𝜀𝐻𝑏,𝜆1

(𝜀𝐻𝑏O,𝜆1 − 𝜀𝐻𝑏,𝜆1) − 𝑅 ⋅ 𝛤 ⋅ (𝜀𝐻𝑏O,𝜆2 − 𝜀𝐻𝑏,𝜆2)
⋅ 100%, (12)

where 𝜀𝐻𝑏O,𝜆1, 𝜀𝐻𝑏O,𝜆2, 𝜀𝐻𝑏,𝜆1 and 𝜀𝐻𝑏,𝜆2, are molar extinction coeffi-
cients that need to be set to proper values, and 𝑅 is the modulation
ratio,

𝑅 =
𝑚𝑎𝑥𝜆1 − 𝑚𝑖𝑛𝜆1
𝑚𝑎𝑥𝜆2 − 𝑚𝑖𝑛𝜆2

, (13)

for PPGs normalized by their DC components (Nitzan and Taitelbaum,
2008; Kyriacou and Allen, 2021). Under the assumption that 𝑆𝑝O2
never exceeds 100% for individual fish, Eq. (12) can be solved for 𝛤
resulting in

𝛤 =
𝛼𝜀𝐻𝑏,𝜆1 + (𝜀𝐻𝑏O,𝜆1 − 𝜀𝐻𝑏,𝜆1)

𝑅𝑚𝑖𝑛(𝜀𝐻𝑏O,𝜆2 − 𝜀𝐻𝑏,𝜆2) + 𝛼𝜀𝐻𝑏,𝜆2
, (14)

where 𝑅𝑚𝑖𝑛 is the smallest modulation ratio (Eq. (13)) in a data set and
𝛼 is 100∕𝑆𝑝O2. Eq. (14) was solved for 𝑆𝑝O2 = 100% for each data set
(i.e., fish) from Experiment 1. The average of all correction parameters,
𝛤𝑎𝑣𝑔 , was then used during subsequent 𝑆𝑝O2 estimations.

2.6.5. 𝑆𝑝O2 Estimation
Because Atlantic salmon hemoglobin has absorption characteristics

similar to human hemoglobin (Svendsen et al., 2023), the molar ex-
tinction coefficients needed in Eq. (12) were set to 𝜀𝐻𝑏O,𝜆1 = 319.6,
𝜀𝐻𝑏O,𝜆2 = 1154.0, 𝜀𝐻𝑏,𝜆1 = 3226.56 and 𝜀𝐻𝑏,𝜆2 = 726.44, respec-
tively (Prahl, 1998). When solving Eq. (12), the average modulation
ratio within a 20 s processing window was used for 𝑅 and 𝛤𝑎𝑣𝑔 obtained
using Eq. (14) for 𝛤 . Finally, the 𝑆𝑝O2 results were smoothed using a
3rd order Butterworth low pass filter with a cutoff frequency of 0.02Hz.
The initial 30 s of data after filtering were omitted due to the filter’s
settling time.

2.6.6. Result interpretations
For Experiment 1 it was hypothesized that 𝑆𝑝O2 estimated using

𝛤𝑎𝑣𝑔 would remain within the expected range of 95% to 100% for
both water current speeds. The data were tested for normality by using
quantile–quantile (Q–Q) analysis (Ghasemi and Zahediasl, 2012). For
each data set, outliers were removed by calculating the z-score of each
value relative to the sample mean and standard deviation. Data points
with a z-score greater than ±3 were labeled as outliers and removed.
The mean and 95% confidence intervals for each data set were then
calculated and evaluated with respect to the expected range.

For Experiment 2 it was hypothesized that the relative 𝑆𝑝O2 dif-
ference during hypoxia would be greater compared to pre and post
hypoxia periods because each fish had to adapt to the changing con-
ditions. Because physiological response depends on the (physiological)
state of each individual and, in this case, residual effects expected
from anesthesia and surgery, data was not assumed to be normally
distributed in any of the experiment periods. This assumption was
supported by Q–Q analysis where sample quantiles did not align well
with the theoretical quantiles for a normal distribution. For Experiment
2, the relative 𝑆𝑝O2 differences and medians were therefore calculated
separately for each period and compared.

3. Results

The results show that PPG for 660nm and 880nm could be success-
fully measured. Both the long term trend (i.e., baseline) and the high
frequency variations caused by blood circulation were visible (Fig. 4).

All data sets from both experiments featured typical PPG traits such
as saliency, baseline wandering, hyperperfusion events and MA (Figs. 5
and 6).

The measured PPGs could be divided into three categories: ‘salient’,
‘MA corrupted’ and ‘bad’ (Fig. 6). In general, the measured PPGs were
in the ‘salient’ and ‘MA corrupted’ categories with sporadic instances
of the ‘bad’ category. PPGs in the ‘bad’ category were coincident with
high activity events such as burst swimming in Experiment 1 and flight
responses in Experiment 2. The LMS algorithm successfully tracked
‘salient’ PPGs and reconstructed saliency for ‘MA corrupted’ signals. In
the case of ‘bad’ PPGs no clear pulsatile component concurrent with HR
was present. Thus, the correlation with the synthetic reference was too
low for successful filtering by the LMS algorithm.

3.1. Experiment 1

The MA compensated data from Experiment 1 allowed an estimation
of the average scattering compensation parameter using Eq. (14) for
low (𝛤𝑎𝑣𝑔,𝑙𝑜𝑤 = 0.33) and high (𝛤𝑎𝑣𝑔,ℎ𝑖𝑔ℎ = 0.37) water currents, resulting
in an average scattering correction parameter of 𝛤𝑎𝑣𝑔 = (𝛤𝑎𝑣𝑔,𝑙𝑜𝑤 +
𝛤𝑎𝑣𝑔,ℎ𝑖𝑔ℎ)∕2 = 0.35 (Table 1).

Using 𝛤𝑎𝑣𝑔 in Eq. (12) for all data obtained from Experiment 1
resulted in average 𝑆𝑝O2 values of 96.98±0.08 and 96.44±0.09 calculated
for low and high water current speeds, respectively. Both means and
confidence intervals were within the expected 𝑆𝑝O2 range of 95% to
100% for both water currents (Table 2).

The average relative 𝑆𝑝O2 differences (max–min) for low and high
water current were 2.42% and 2.87%, respectively (Table 2).
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Fig. 4. Raw PPG data from one exemplary fish for (a) 660 nm and (b) 880nm from Experiment 1. An acceleration based activity proxy (black) and HR (red) are shown in (c).
The black vertical line denotes the time when the water current speed was increased, and the green vertical line indicates a hyperperfusion event (i.e., increased perfusion). Note
the increase in amplitude after water current speed was increased which coincided with the higher activity levels seen in (c).

Fig. 5. Examples of typical PPG traits such as saliency (a), hyperperfusion event (b), indicated by the vertical red line and baseline wandering (c) identified in the measured data
from Fish 2 in Experiment 2.

Table 1
Individual and average scattering compensation parameter 𝛤 at high and low current
speed, respectively, from Experiment 1.

Fish 1 Fish 2 Fish 3 Fish 4 Fish 5 Average

Low speed 0.31 0.34 0.31 0.35 0.36 0.33
High speed 0.33 – 0.38 0.41 0.41 0.37

3.2. Experiment 2

Using the MA compensation approach and the average scattering
coefficient obtained in Experiment 1 (𝛤𝑎𝑣𝑔), a median 𝑆𝑝O2 of 100.70%,
and a min–max variation of 4.53% was calculated for the entire data set
for the control fish. For the test fish, the average median 𝑆𝑝O2 before,
during, and after hypoxia was 97.18% for the pre hypoxia period,
97.27% for the hypoxia period and 97.43% for the post hypoxia period
(Table 3). The corresponding average relative 𝑆𝑝O2 differences (max–
min) were 2.41% pre hypoxia, 4.75% during hypoxia, and 2.25% post
hypoxia (Table 4).

All test fish had a larger relative difference in 𝑆𝑝O2 during the
hypoxia period compared to the pre and post hypoxia periods. This
indicates that the PPG was affected by changes in dissolved oxygen,
manifesting as observable changes in the 𝑆𝑝O2 estimate. Test fish 1–6

were able to maintain a median 𝑆𝑝O2 value within the expected 𝑆𝑝O2
range at all times. For fish 7, the same applied to the pre hypoxia
and hypoxia periods, while the 𝑆𝑝O2 estimate just exceeded 100% for
the post hypoxia period. The average relative change for the test fish
was 0.22% higher during the hypoxia period compared to the relative
change calculated for the control fish but with individual differences up
to 2.6%. Additional plots and evaluations for each fish from Experiment
2 are given in Appendix.

4. Discussion

In this pilot study for PO in Atlantic salmon, PPG and ECG data
were successfully collected under normoxic and hypoxic conditions.
Using these data, a viable MA compensation approach was derived
and an average scattering compensation parameter calculated. Based on
these results, PPGs measured under normoxic conditions resulted in an
𝑆𝑝O2 estimate within the expected range, while PPGs measured under
hypoxic conditions showed that the PO sensor responded to changes in
𝑆𝑝O2. The experiments can thus be considered successful.

The relative 𝑆𝑝O2 difference from Experiment 1 were greater for
high compared to low water currents which may indicate greater im-
pact from MA for high compared to low water current. This is supported
by both activity proxies and video material for the experiment which
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Fig. 6. Examples of (a) a salient PPG, (b) a MA corrupted PPG, and (c) a bad PPG. In all plots the black line depicts the preprocessed PPG, while the colored line depicts the
LMS filtered (i.e. MA compensated) PPG.

Table 2
Absolute 𝑆𝑝𝑂2 ±95% confidence interval and relative differences (𝛥𝑆𝑝𝑂2) for all fish at high and low current speeds. for all fish at high and low current speeds. Due to tag failure,
low speed data duration for Fish 2 was 6min. High speed data was not available for Fish 2.

Fish 1 Fish 2 Fish 3 Fish 4 Fish 5 Average

Low speed 96.56 ± 0.08 97.23 ± 0.06 97.43 ± 0.07 97.00 ± 0.04 96.68 ± 0.15 96.98 ± 0.08
High speed 96.34 ± 0.09 – 97.17 ± 0.09 96.94 ± 0.02 95.32 ± 0.14 96.44 ± 0.09
Low speed 𝛥𝑆𝑝𝑂2 2.41 0.63 3.13 1.30 4.64 2.42
High speed 𝛥𝑆𝑝𝑂2 2.91 – 2.53 1.43 4.60 2.87

Table 3
Median and average values for the pre hypoxia, hypoxia and post hypoxia periods.

Fish 1 Fish 2 Fish 3 Fish 4 Fish 5 Fish 6 Fish 7 Average

Pre hypoxia
median

95.17 96.15 97.77 96.06 97.36 98.68 99.25 97.18

Hypoxia
median

94.96 96.88 97.94 95.75 99.24 99.24 99.91 97.27

Post hypoxia
median

95.41 97.10 97.95 96.73 97.18 97.18 100.47 97.43

Table 4
Relative differences in estimated 𝑆𝑝𝑂2 between the pre hypoxia, hypoxia and post
hypoxia periods for the fish subjected to hypoxic conditions.

Fish 1 Fish 2 Fish 3 Fish 4 Fish 5 Fish 6 Fish 7 Average

Pre hypoxia 5.10 1.84 1.07 2.69 2.20 2.01 1.97 2.41
Hypoxia 6.66 4.58 3.04 5.26 7.15 3.47 3.08 4.75
Post hypoxia 2.87 1.97 0.72 2.39 3.54 3.19 1.04 2.25

document intermittent swimming bursts after water current speed was
increased and the fish had to re-establish their positions in the tank
(Fig. 4(c)). The absolute values, however, were all within the expected
range of 95% to 100% (Table 2). It is thus considered likely that the
methods used to estimate 𝑆𝑝O2 gave reasonable results.

For Experiment 2 the estimated 𝑆𝑝O2 consistently showed greater
variation during hypoxia period compared to the pre and post hypoxia
periods (Table 3). This was as expected since the fish had to adapt to the
hypoxic conditions through behavioral and physiological adjustments
to maintain median levels. Because the combined time for surgery and
recovery was limited to 65min for the swim tunnel, the control for
Experiment 2 was included to get an impression of whether or not the

𝑆𝑝O2 estimate resulted in expected values. The relative difference and
median for the control indicate that the fish recovered sufficiently for
the technology test in this pilot study.

During Experiment 1, data were collected from five Atlantic salmon
under normoxic conditions with the aim to find an average scattering
compensation parameter and an MA compensation approach using an
LMS filter with a synthetic PPG reference constructed using ECGs col-
lected intraperitoneally. This is considered valid because PPG correlates
with the cardiac cycle (Yoshida et al., 2009; Svendsen et al., 2021c).
Intraperitoneal ECG collection is the most common way to obtain HR
from free swimming fish, and the measured ECGs were generally of
‘Good’ and ‘Acceptable’ signal quality. Short instances of ‘Unacceptable’
signal quality were recorded when the fish exhibited behavior which it
would not express outside a swim tunnel. The effect of these instances
were mitigated by HR averaging within a processing window.

For Experiment 1 it was assumed that 𝑆𝑝O2 for all individuals
would be 100% due to the normoxic conditions. This assumption is
supported by e.g., Steinhausen et al. (2008) and Clark et al. (2008) who
reported that species comparable to Atlantic salmon (Sockeye Salmon
(Oncorhynchus nerka) and Chinook salmon (Oncorhynchus tshawytscha)),
have 𝑃𝑎O2 at rest of 97Torr and 90 Torr, respectively which corre-
sponds to ≈ 100% 𝑆𝑝O2 (Madan, 2017). Using the MA compensated
PPGs and 𝛤𝑎𝑣𝑔 in Eq. (12), the resulting 𝑆𝑝O2 estimates for the fish in
Experiment 1 were within the expected range of 95% to 100%.

Although the implantation procedure and tag placement were simi-
lar for all fish, individual differences in anatomy and tissue composition
within the sensing volume mean an average value for scattering com-
pensation (𝛤𝑎𝑣𝑔 = 0.35) introduces an inaccuracy when calculating
𝑆𝑝O2 using Eq. (12) which may result in values exceeding 100%. This
effect is similar to that arising from empirical mapping procedures in
human PO. Note, however, that values in Table 1 are quite similar for



Computers and Electronics in Agriculture 212 (2023) 108081

8

E. Svendsen et al.

low and high speeds. This indicates that PPG sensing conditions were
comparable between individuals. The calculated values for 𝛤 were,
however, consistently higher for high compared to low water speed.
One possible explanation for this could be that the increased swimming
speed resulted in increased blood pressure and tissue perfusion, thus
affecting sensing conditions (e.g., light back scattering). This is sup-
ported by increased PPG amplitude (associated with blood pressure)
and a decrease in PPG mean (associated with increased perfusion)
observed in raw data for all fish in Experiment 1 (Fig. 4). PPG decreases
when perfusion increases due to greater light scattering and absorption,
thus, reducing the amount of light reaching the photo detector. These
elements indicate that the PO measured a PPG (as opposed to pure
MA noise), and that the MA compensation approach and the average
scattering compensation parameter were valid and could be used for
𝑆𝑝O2 estimation.

In Experiment 2, Atlantic salmon were implanted with the aim to
see if the PO sensor would respond to changes in 𝑆𝑝O2 using the
methods and results from Experiment 1. To this end, individual im-
planted fish were consecutively placed in a swim tunnel and subjected
to hypoxic conditions (down to 3.8mg L−1). At such levels, hypoxic
responses have been observed previously in Atlantic Salmon (Vikeså
et al., 2017; Remen et al., 2016) suggesting that reduced arterial
𝑆𝑝O2 may be observed (Farrell and Richards, 2009). Thus, 𝑆𝑝O2 was
expected to vary between individuals during the hypoxia period as
observed.

The data processing methods were inspired by approaches for MA
detection and removal in human PPGs using synthetic Refs. Lim et al.
(2018) and Shin et al. (2021). These approaches rely on widely ac-
cepted PPG morphology. Although the measured PPGs generally show
typical PPG traits such as saliency, hyperperfusion events, and baseline
wandering (Fig. 5) (Park et al., 2022), accurate knowledge of fish
PPGs is currently limited. Such variations may be caused by anatomical
differences and circulatory function. For instance, Atlantic salmon has
a secondary, low pressure, circulatory system (Bone and Moore, 2008).
Any difference in pulse transit time (PTT) for arterial blood between
the two circulatory systems can for the same cardiac cycle change the
PPG shape because the (arterial) blood arrives in the sensing volume
at different times.

The MA reduction method was successful in most situations when
the PPG signal was not extremely distorted and had a clear pulsatile
component. However, the variability between cases yielding valid PPG
signals (e.g., Fig. 6(a) vs. (b)) seems to be much higher compared to
valid human PPGs, implying a greater variation in PPG morphology
may have to be accepted for fish compared to humans when estimating
both HR and 𝑆𝑝O2. It is likely that this approach will not be equally ef-
fective when the pulsatile component is not equally clear. For example,
the data shown in Fig. 6(c) were obtained during Experiment 1 where a
fish showed momentary intensive burst swimming. This implies that the
filtering/MA reduction approach cannot be expected to work well in all
instances where the fish exhibits abrupt changes in movement. Thus,
the LMS approach may be limited to MAs that are not so large that
they effectually override any pulsatile components in the signal, and
thus remove the ability to correlate this with the reference. However,
in such cases it can be expected that the MAs are distinct from the PPG
in the time/frequency domains and can then be compensated for by
constructing a suitable MA reference using the 9-axis inertial motion
unit which is part of the PO tag. Such an approach, combining both
the synthetic PPG reference presented in this study with conventional
acceleration based approaches, should be a subject in future work.

The 𝑆𝑝O2 processing method required that an accurate HR estimate
could be obtained using ECG for a valid synthetic reference. Although
ECG was susceptible to motion (though less than PPG), SSM and TKEO
are methods suited to enhance peaks in noisy signals (Rankawat et al.,
2015) and generally performed well for the purposes of this pilot study,
as seen in Fig. 2. In some cases in Experiment 2, motion affected
ECG in a way that made peak detection challenging. Such periods

may have been caused by abrupt changes in movement momentarily
changing the ECG sensing conditions. They were, however, of limited
duration and their effects were alleviated by averaging. The synthetic
reference consisted of a sinusoid with a frequency matching the average
HR within a processing window (lasting 20 s with a 15 s overlap with
the previous window). These values were chosen because a window
< 20 s increased the likelihood of numerical instability in the LMS
filter and generally resulted in increased noise, likely due to reduced
averaging effect in the 𝑆𝑝O2 estimate. Similarly, a window > 20 s
reduced performance of the LMS filter because HR is likely to change
over time. The average HR may thus not correlate sufficiently with
the PPG using longer windows. The overlap of 15 s was chosen to
minimize this effect. Additionally, the 15 s overlap was motivated by
the lowest expected HR of 15 BPM for Atlantic Salmon (Lucas, 1994)
and comparable species (Brijs et al., 2019), i.e., one heart beat every
4 s. To allow for some margin for new data to be included within
the processing window and to obtain a reasonable data resolution, the
overlap was set to 15 s, thus giving one 𝑆𝑝O2 estimate every 5 s.

Because the 𝑆𝑝O2 estimate is driven by the modulation ratio (Eq.
(13)) the reference did not have to be an exact morphological PPG
duplicate as long as its amplitude was driven by correlation with the
measured PPG in the LMS filter. Since perfusion is concurrent with the
cardiac cycle, a sinusoid with a frequency matching the HR was con-
sidered a feasible choice. Note, however, that this approach could also
be a source of error if the HR changes considerably within a processing
window. In such instances the difference between the average HR used
for the synthetic reference and the instantaneous HR will affect the
correlation between the measured signal and the reference used by the
LMS filter, thus reducing its performance. Future implementations may
employ more sophisticated approaches such as template matching to
address this challenge if an accepted PPG shape for Atlantic salmon
becomes available.

Tissue composition and their optical properties within the PPG
sampling volume are important when estimating 𝑆𝑝O2. Due to indi-
vidual differences in anatomy it is prudent to consider whether sensor
placement could have had an impact on the data. The link between
the estimated 𝑆𝑝O2 values and ambient DO-conditions appeared to be
stronger for some fish (e.g., Fish 5 in Experiment 2 (Table 3)) compared
to others. An explanation for such differences may be salmon’s capa-
bilities compensate for reduced DO through physiological mechanisms
that increase their ability to absorb O2 from the water (e.g., increased
gill area and ventilation frequency, increased HR and/or stroke vol-
ume), or mechanisms reducing their consumption of O2 (e.g., reduced
activity). This could also explain some of the larger inter-individual
variations seen during the hypoxic periods as the above mentioned
mechanisms can take some time before being properly activated, and
that different individuals could have different tolerance limits at which
such mechanisms will be necessary.

While the results show that it is possible to estimate 𝑆𝑝O2 in free-
swimming salmon, they also imply that Atlantic salmon are resilient
with respect to temporary hypoxia due to their various coping mecha-
nisms. Exploring the potential effect of such mechanisms and their role
in maintaining homeostasis would require further trials, where the fish
could be kept at lower DO levels over longer times as this could identify
when these mechanisms are no longer sufficient to prevent physio-
logical breakdown. However, conducting such experiments would be
both complex and difficult to do properly, as well as being ethically
challenging.

5. Future work

While the results from this pilot study indicate that 𝑆𝑝O2 can be
estimated for Atlantic salmon, future work aimed at exploring ways
to further improve the accuracy and reliability of the estimates could
strengthen the potential of this method in monitoring the physiological
status of farmed fish. As mentioned, the MA compensation works
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Fig. 7. Experiment 2 - Control.

Fig. 8. Results for Fish 1.

for cases where a synthetic reference can be constructed using ECG.
Because the PO implant also contains an inertial motion unit, MA
compensation could be enhanced by combining the current method
with motion data for improved and robust MA compensation and PO
in Atlantic salmon.

Although these experiments have proven the concept of using such
sensors to monitor fish, it is possible to further strengthen this con-
clusion by increasing the number of fish to allow sufficient statistical
power for evaluations of statistical significance. This would require
that authorities allow more effective measures to rapidly and reliably
deoxygenate arterial blood (e.g., carbon monoxide exposure).

𝑆𝑝O2 estimation accuracy may further benefit from additional val-
idation studies combining implantation with dorsal aorta (DA) cannu-
lation in controlled raceway/swim tunnel trials. Since DA cannulation

enables blood gas analysis simultaneous with measurements acquired
with the implant, this would provide a more accurate 𝑆𝑝O2 baseline
for comparison.

The PPGs measured in the experiments show traits (e.g., PPG ampli-
tude and hyperperfusion events) which in humans are associated with
changes in cardiac output (CO), the product of stroke volume and HR. It
is believed that fishes actively adjust their heart’s stroke volume by the
Frank-Starling mechanism (Tota et al., 2005). It has also been shown
that stress response is associated with HR (Svendsen et al., 2021a).
Because the ability to deliver oxygen to tissues depends on CO, it is
possible that using HR as a stress indicator alone is inaccurate if the
fish simply compensates by adjusting CO. This may offer an explanation
the drop in PPG mean without a concurrent increase in HR as seen in
Fig. 4 which indicates that the fish increased the stroke volume of its
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Fig. 9. Results for Fish 2.

Fig. 10. Results for Fish 3.

heart to increase perfusion. Thus, PPG measurements with appropriate
signal processing open the possibility to evaluate stress levels in terms
of both HR and CO evaluations.

ECG was also affected by MA, thus challenging the accuracy of the
synthetic reference. Combining SSM and TKEO resulted in a powerful
tool to enhance the QRS complex in preprocessed ECG signals (Fig. 2),
but robustness may in the future be improved by implementing scaling
and a more sophisticated peak detection approach after TKEO.

6. Conclusion

The results from this pilot study show that PPG from free swimming
Atlantic salmon can be collected using an implanted PO tag. Although

PPGs were affected by MA, a filtering approach using a synthetic PPG
reference and a LMS filter were successfully derived and used for
compensation. Because alternative calibration techniques were unavail-
able for fish, a light scattering compensation parameter was calculated
under the assumption that 𝑆𝑝O2 was 100% for fish under normoxic
conditions. Using MA and light scattering compensation, values for
𝑆𝑝O2 within the expected range were calculated for all experiment
fish. It is therefore considered that 𝑆𝑝O2 can be an addition to the
selection of physiological response parameters possible to measure
using implants. If PO implants can be adapted as part of future Atlantic
salmon farming (e.g., in the form of sentinel fish Føre et al., 2017a),
producers may obtain additional objective data providing insight into
the physiological state of the biomass. This can, in turn, contribute to
improved animal health and welfare.
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Fig. 11. Results for Fish 4.

Fig. 12. Results for Fish 5.
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Appendix

In this appendix data from each individual fish used in Experiment
2 are presented and discussed. Because MA is caused by activity, the
common activity proxy using the 30 s rolling mean of the acceleration
norm commonly found in literature (e.g., Svendsen et al., 2021a) was
calculated for co-evaluation with 𝑆𝑝O2 and the baseline HR used for
the synthetic PPG reference. In all figures, the colored background
denotes different behaviors with green being swimming, yellow being
burst and glide (glide period ≤ 5 s), blue is station keeping and gray
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Fig. 13. Results for Fish 6.

Fig. 14. Results for Fish 7.

is high activity periods with behavior not falling into any of the other
categories. In the figures below, the vertical dotted lines, where present,
indicate the hypoxia period.

Control
The control exhibited the same behavior and stable HR throughout

the entire duration of the trial. 𝑆𝑝O2 was stable showing little change
as can be expected under normoxic conditions. Note that 𝑆𝑝O2 is high
and sometimes more than 100%. This is caused by using an average
value for scattering compensation which will introduce an estimation
inaccuracy for individuals (see Fig. 7).

Fish 1
Measurements for Fish 1 resulted in a complete 33min data set.

Compared to the other fish, the hypoxia period was ≈ 3min longer
due to an unforeseen valve issue. Fish 1 was generally able to maintain
𝑆𝑝O2 with the exception of transient reductions during high activity
periods. During periods of station keeping the 𝑆𝑝O2 level is restored,
likely due to reduced demand (see Fig. 8).

Fish 2
Measurements for Fish 2 resulted in a complete 33min data set. Fish

2 was generally able to maintain 𝑆𝑝O2 throughout the hypoxic period,
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with the exception of transients during periods of high activity. The
high activity periods are followed by a period of reduced activity during
which 𝑆𝑝O2 is restored or even increased. These results may reflect
successful compensation during a period of reduced oxygen availability,
e.g. by increasing gill ventilation and perfusion (Perry et al., 2009) (see
Fig. 9).

Fish 3
Measurements for Fish 3 resulted in a 29min data set, i.e, 4 min

shorter compared to the other data sets to tag failure. Thus, the post
hypoxia period was only 1min for Fish 3. During hypoxia Fish 3 is able
to maintain 𝑆𝑝O2, also during and following a period of high activity
as oxygen is reduced from > 8 mg/l to approximately 5.5 mg/l. This
indicates that compensatory responses (e.g. increased gill ventilation
and perfusion) successfully upholds oxygen uploading at the gills, also
during a period of high activity, possibly as a response to the declining
DO. The reduced HR and activity that follows after the activity burst,
at low DO, may indicate a post exercise oxygen demand that results in
functional hypoxia and bradycardia (reduced HR and increased stroke
volume Farrell and Richards, 2009) (see Fig. 10).

Fish 4
Measurements for Fish 4 resulted in a complete 33min data set.

Fish 4 was generally able to maintain 𝑆𝑝O2 with the exception of a
transient increase during a period with stable swimming activity when
the hypoxia period starts. Fish 4 was quite active during the trial,
and together with the maintained 𝑆𝑝O2, this may indicate successful
compensation during a period with lowered oxygen availability (see
Fig. 11).

Fish 5
Measurements for Fish 5 resulted in a complete 33min data set. The

results show interesting and distinct 𝑆𝑝O2 responses. Of note is the first
major 𝑆𝑝O2 drop after a period of increasing activity, when DO declines
and reaches approximately 5 mg/l. After this, 𝑆𝑝O2 remains lower
than in the pre-hypoxia and post-hypoxia periods. Coincident with the
drop in 𝑆𝑝O2, the HR dropped, first to low, then to intermediate levels
compared to normoxia. These results may indicate that the individual
first responded behaviorally to the declining DO (flight response), after
which the post-exercise oxygen demand induced functional hypoxia
and bradycardia. With DO levels between 4 and 5 mg/l in the hy-
poxic period, this individual was not able to successfully re-establish
normoxic 𝑆𝑝O2 and HR before oxygen levels where increased (see
Fig. 12).

Fish 6
Measurements for Fish 6 resulted in a complete 33min data set. Fish

6 was generally able to maintain 𝑆𝑝O2 with exception of a transient
increase during a low activity period when the hypoxia period starts.
Fish 6 was quite active during the trial. Combined with 𝑆𝑝O2 results,
this may indicate successful compensation during the hypoxic period
(see Fig. 13).

Fish 7
Measurements for Fish 7 resulted in a complete 33min data set.

The DO sensor failed during the trial for Fish 7, thus, DO data are not
available for this individual. The procedure for this fish was, however,
identical to the other fish, so it was expected that the DO profile for
Fish 7 was comparable to the other fish. Fish 7 was generally able to
maintain and even increase 𝑆𝑝O2 during the trial. Fish 7 was not very
active during the trial. This could indicate that oxygen availability and
oxygen uptake was sufficient to fulfill the oxygen demand, possibly
through compensatory responses such as increased ventilatory effort
(see Fig. 14).
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