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Abstract

Magnetic resonance imaging (MRI) was applied to determine the sex of polar cod

(Boreogadus saida Lepechin, 1774) (Actinopterygii: Gadidae) and to follow the gonadal

development in individual animals over time. Individual unanaesthetised fish were

transferred to a measurement chamber inside a preclinical 9.4 T MRI scanner and

continuously perfused with aerated seawater. A screening procedure at an average

of 3.5 h, consisting of a set of MRI scans of different orientations, was repeated

every 4 weeks on the same set of reproducing B. saida (n = 10) with a body length of

about 20 cm. Adapted multi-slice flow-compensated fast low-angle shot (FcFLASH)

and rapid acquisition with relaxation enhancement (RARE) protocols with an in-plane

resolution of 313 μm and an acquisition time of 2.5 min were used to visualise the

morphology of various organs, including the gonads within the field of view (FOV).

The MR images provided high resolution, enabling specific sex determination, calcula-

tion of gonad volumes, and determination of oocyte sizes. Gonad maturation was

followed over 4 months from November 2021 until shortly before spawning in

February 2022. The gonad volume increased by 2.3–25.5% for males and by 11.5–

760.7% for females during the observation period. From October to February, the

oocyte diameter increased from 427 μm (n = 1) to 1346 ± 27 μm (n = 4). Interest-

ingly, individual oocytes showed changes in MR contrast over time that can be attrib-

uted to the morphological development of the oocytes. The results fit well with

previous literature data from classical invasive studies. The presented approach has

great potential for various ecophysiological applications such as monitoring natural or

delayed development of internal organs or sex determination under different envi-

ronmental conditions.
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1 | INTRODUCTION

The study of the sensitivity of marine species to climate change and associated stressors is of great importance in providing information on

climate-induced changes in marine ecosystems. In vivo experimental studies are often interested in monitoring physiological responses over time.

A typical example is the evaluation of gonad maturation of reproducing individuals. A critical aspect involves evaluating pivotal life stages, such as

the gonadal maturation of reproducing individuals and comprehending the physiological response during such crucial periods. Such studies typi-

cally require the sacrifice of large numbers of animals for sex determination (e.g. previous studies1–5), alongside histological assessments of their

maturity status and gonad development under natural conditions or additional environmental stressors such as rising temperatures or crude oil

exposure (e.g. Bender et al. and Strople et al.6,7). Additionally, such studies often suffer from imbalanced sex-ratios, prompting compensatory mea-

sures such as expanding the sample size to account for the disparity.8 Adhering to the 3 R principle (replace, reduce and refine),9,10 the goal is to

minimise the number of experimental animals while refining experiments to facilitate measurements of sensitive life phases, such as gonadal mat-

uration in marine organisms.

In addition to classical destructive methods, there are a few non-invasive 3D imaging techniques such as computed tomography (CT), ultra-

sound and magnetic resonance imaging (MRI) to study the development of reproductive organs (reviewed in Clear et al.11). Repeated examina-

tions of the reproductive organs on the same individuals by CT might cause damage to the reproductive organs or developing germ cells.

Ultrasound has been demonstrated to be a rapid and useful tool for sexing and estimating gonad volume in anaesthetised fish (e.g. other

works12–14) but is limited in terms of resolution and contrast. MRI is a widely used application in clinical and preclinical studies. It has also been

suggested for anatomical imaging in zoology for a broad range of taxa.15 Blackband and Stoskopf16 were the first to use in vivo MRI on marine

and anaesthetised organisms, and Bock et al.17 refined measuring procedures to apply MRI on non-anaesthetised fish. In recent years, studies

applying MRI on aquatic organisms have become more frequent and have been successfully estimating adipose tissue,18 lipid distribution ex vivo

in brown trout (Salmo trutta Linnaeus, 1758)19 and studying neurological diseases in the brain of zebrafish (Danio rerio Hamilton, 1822).20–22 Pan

et al.23 successfully applied MR imaging techniques using a clinical MR scanner to study ovarian maturation on an anaesthetised freshwater fish

species, the cyprinid Rhinogobio ventralis (Sauvage & Dabry de Thiersant, 1874).

The major advantage of the MR approach is the possible combination of different MR imaging techniques to study the physiological response

of aquatic organisms more comprehensively (reviewed in Kaneko et al. and van der Linden24,25). T1- and T2-weighted MR techniques allow for

morphological observations, for example the separation of organs or observations for dietary status such as fat/lipid content,26 and flow-weighted

MRI techniques can be used to study the circulatory performance of marine organisms, measuring the blood flow and creating an angiography of

the cardiovascular system.27 Thus, the combination of different MRI techniques can provide a more holistic picture of an organism's physiological

response to, for example changing temperatures.

Besides its direct impact on the metabolism of individual organisms, ocean warming will lead to a decline in important organismal perfor-

mance parameters,28 such as growth, foraging and reproduction, which are essential for a species' survival in its ecosystem.29,30 The polar regions

are particularly threatened by climate change leading to the question of how highly adapted polar organisms can cope with the rapid changes.

Therefore, we used an Arctic fish as a model organism. Polar cod (Boreogadus saida Lepechin, 1774) has a circumarctic distribution31 and is consid-

ered the most abundant forage fish species linking lower and higher trophic levels in the Arctic food web.32–34 B. saida is an iteroparous spawner

(species with multiple reproductive cycles throughout their lifespan)1,35,36 and reaches maturity at an age of 2–3 years, males and females, respec-

tively.37 Gonad maturation in both sexes starts around August and spawning occurs from November to March with the main spawning season in

January and February (reviewed in Hop and Gjøsæter38). Eggs are buoyant, transparent and the largest among the Gadidae.39,40

The aim of this study was to develop a non-invasive longitudinal screening procedure for gonad monitoring by adapting standard MRI proto-

cols to follow the gonad maturation in individual polar cod of both sexes, to calculate gonad volume and to determine oocyte size. The method

was validated and compared by sacrificing the fish at the end of the experiment. Gonadosomatic index (GSI) was determined based on gonad

weight and gonad volume at the endpoint of the experiment. And thus, demonstrating that the maturation stage of an individual can be deter-

mined without dissecting it and reducing the overall number of animals needed for long-term experiments on reproducing polar cod.

2 | MATERIAL AND METHODS

2.1 | Animals

Polar cod were caught using a pelagic fish trawl combined with a fish-lift on the Heincke Cruise HE560 in Kongsfjorden at a depth of 200–300 m

around Svalbard, Norway in August 2020. The animals were transported back to the aquarium at the Alfred-Wegener-Institute in Bremerhaven,

Germany. B. saida were held in shoals sorted by size to avoid cannibalism in 450-L tanks using a recirculating water system with natural seawater

at 0.0–0.3�C and 32- to 33-ppt salinity until the start of the experiments in September 2021. Animals were fed twice a week with frozen squid

(Erdmann, Ritterhude, Germany). For individual recognition, animals were tagged at the beginning of the experiment with VI Alpha Tags
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(Northwest Marine Technology, Inc., Anacortes, Washington, United States) using 125 mg/L of MS-222 (ethyl-3-aminobenzoate-

methansulfonate, Sigma-Aldrich, Saint Louis, Missouri, United States) for anaesthesia. The tagging procedure lasted no longer than 20 min. All ani-

mals recovered shortly after anaesthesia without any constraints.

Experiments in this study were performed according to German animal welfare regulations and approved within the ‘KliPo-Fisch’ project
(Freie Hansestadt Bremen, reference number 160; 500-427-103-7/2018-1-5).

2.2 | Monitoring of gonad development

Ten B. saida, five males (M1–M5) and five females (F1–F5), with a length of 20 ± 1 cm and a weight of 40.8 ± 6.3 g (only recorded at the end of

the study to reduce handling) were used in this study. The experiment was performed from September 2021 until the end of February 2022. The

monitoring period of gonadal development started on 15.09.2021 (hereafter referred to as Day 1) the day when the first fish was scanned. During

September and October 2021, the applied MRI protocols were modified for B. saida to achieve reliable results. Thereafter, the time in the scanner

per fish could be reduced to 3 h. However, only partial MR imaging sets could be acquired in October 2021 (Table 1), and reliable quantification

of the gonad volume at the onset of gonad maturation was not possible. Comparable gonad volume determinations using standardised MRI sets

started in November 2021. The gonad volume of males and females was quantified between November 2021 (from Day 69 of the monitoring

time onwards) and February 2022. The MRI data of November and December 2021 (monitoring Days 69–91) will be considered as one time point

during the analysis and referred to as Nov 21. One individual was measured at a time; therefore, individuals were investigated on different days

leading to an observation period instead of a single time point for each month. The exact monitoring time points for each individual are

summarised in Table 1.

One female (F4) spawned in the holding tank between January 2022 and February 2022. The exact time point could not be determined. In

addition, three females spawned inside the MR scanner after the standardised MRI protocols were completed, so that we had the opportunity to

take images immediately before and after spawning. Within 24 h after the last MRI measurement, polar cod were sacrificed using an overdose of

MS-222 (500 mg/L). Ecological relevant parameters such as total length (TL) (cm) (length including caudal fin), standard length (SL) (cm) (length

from head to last vertebra excluding caudal fin), total weight (TW) (g), and gonad weight (GW) (g) were recorded, and the GSI was determined

according to measured weights during dissection according to Equation 1:

GSI¼GW
TW

�100 %ð Þ: ð1Þ

Furthermore, to calculate the GSI prior to dissection, a gonad volume-based GSI was determined according to Equation 2:

GSIVG ¼ VG
TW�GWþVG

�100 %ð Þ, ð2Þ

with TW corrected for the gonad weight at dissection and replaced by the MRI-based gonadal volume (VG). The GSI VG was calculated to obtain

an estimation for the females (F2, F3, F5) that spawned inside the MRI scanner. The TW was recorded at dissection; hence, to estimate the GSI

prior to spawning, the TW had to be corrected due to the weight lost at spawning. The gonad weight was replaced by gonad volume, assuming a

weight:volume ratio of 1 based on the linear correlation of gonad weight and gonad volume found in this study. To validate this approach, the GSI

and GSI VG of all polar cod were compared (see Section 3.2).

TABLE 1 Observation period for gonadal development of each polar cod. The monitoring Day 1 took place on 15.09.21. After adjusting the
protocols, images were acquired from monitoring Day 41 to the final Day 166 on 27.02.22, n.a.: data not available, M: male, F: female.

Month/individuals

Monitoring time (d)

M1 M2 M3 M4 M5 F1 F2 F3 F4 F5

Oct 21 41 n.a. n.a. n.a. n.a. 36 n.a. n.a. n.a. n.a.

Nov 21 69 71 72 70

Dec 21 85 90 79 84 86 91

Jan 22 126 122 120 119 129 121 121 126 120 127

Feb 22 160 162 148 156 166 158 150 154 164 152

VOGT ET AL. 3 of 15
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2.3 | Experimental design

A 350-mL Perspex flow-through chamber (24 cm � 4 cm � 4.5 cm) containing a single unanaesthetised and unrestrained fish was placed in

the centre of the MR scanner and was continuously perfused with aerated seawater (Figure 1). The chamber was connected to an in-house

built circulating system with a 50-L water reservoir outside of the MR scanner room, which allowed the regulation of the seawater tempera-

ture to 0.5 ± 0.5�C (for details, see Bock et al. and Wermter et al.17,41). The water flow was set to 500 mL/min. The seawater was changed

with pre-cooled seawater after 4 animals were scanned. After being transferred to the Perspex chamber, the fish calmed down after a couple

of minutes and were left for max. 15 min prior to measurements. The time for individual fish in the MR scanner was at an average of 3.5 h

to complete all MRI scans. From November onwards, the time in the MR scanner was reduced to 3 h after finalising imaging parameters.

After a set of MRI measurements, the animal was immediately transferred back to the holding tank. This procedure was repeated every

4 weeks for each fish.

2.4 | MRI protocol

In vivo MRI measurements were performed using a 9.4 T animal scanner with a 30-cm horizontal bore (BioSpec 94/30 Avance III, Bruker BioSpin,

Ettlingen, Germany) and a BGA-12S gradient system combined with a 1H quadrature coil with an inner diameter of 86 mm. All images were

recorded using ParaVision software (V.6.0.1, Bruker BioSpin MRI, Germany) (see also 41). Two standard methods for anatomical imaging

were tested. Different issues for both flow-compensated fast low-angle shot (FcFLASH) and rapid acquisition with relaxation enhancement

(RARE) techniques were encountered. The FcFLASH method produced clear anatomical images, but male gonads could not be detected showing

lower contrasting gonads compared with surrounding tissue. The RARE method was very sensitive to movement artefacts and the surrounding

seawater flow. The problems of moving individuals in the chamber and water flow were overcome by reducing the acquisition time of sagittal

FcFLASH, sagittal and coronal RARE images and axial RARE images. Finally, standardised parameters for each method were used to compare both

methods (Table 2). The T1 and T2 values of polar cod gonads in November ranged from 1209.12 to 1229.33 ms and from 57.84 to 99.81 ms,

respectively. Therefore, the selected parameters were a compromise between acquisition time and determined T1 and T2 values. RARE images

were used for the final MR analysis of gonad volume of males and females and the measure of oocyte diameter.

Fish were positioned in the centre of the coil using localiser scans in all three directions (FLASH, flip angle = 30�, echo time [TE] = 4.0 ms,

repetition time [TR] = 100.0 ms, 128 � 128 pixels, field of view [FOV] = 80 mm2, slice thickness = 2 mm, 3 slices). Anatomical MRI of B. saida

was recorded using FcFLASH, and gonad anatomy of both sexes was recorded using sagittal and coronal 2D-multi-slice RARE images (see

Table 2). Sagittal slice packages were positioned posterior to the gills to avoid movement artefacts from ventilation and to cover the whole length

of the fish (Figure 1B); 1–3 saturation pulses (sech pulse, length = 4.05 ms, bandwidth = 5000 Hz, flip angle = 90�, sharpness = 3, module

duration = 4.975 ms) were used for FOV saturation, which were positioned along the body, reducing movement artefacts from surrounding sea

water. In addition, we performed axial-orientated RARE images with a higher resolution (150 � 150 μm) to resolve changes within the gonads, for

F IGURE 1 Magnetic resonance imaging (MRI) experimental setup and schematic of field of views (FOV), (A) in vivo set up with recirculating
seawater system, flow-through chamber and cooling tank (adjusted after 41), (B) position of slice packages using different FOVs, blue box = FOV,
green box = saturation slices.
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example oocyte development. The FOV of axial RARE was always positioned close to the second pectoral fin to obtain comparable data

over time.

2.5 | Image processing

To calculate the gonad volume for males and females, sagittal RARE images were imported to Fiji (Fiji is Just ImageJ) Version 2.3.0/1.53t, and

regions of interest (ROIs) were manually drawn around the gonadal tissue in each slice of the sagittal 2D multi-slice RARE stack. The gonad area

in each slice was multiplied by the slice thickness of 1 mm to obtain the volume (Vn) in each slice. Afterwards, all volumes were summed up and

corrected for the slice gap between two slices according to Equation 3. For each individual and time point, 3–4 technical replicates were analysed,

and mean and standard deviation were calculated. Gonad volume (VG) in cm3 including a slice gap of 0.1 mm between slices was calculated

according to the following equation:

VG¼
Xn

k¼1

V1 �1:05þV2 �1:1þVn�1 �1:1þVn �1:05ð Þ
1000

cm3
� �

, ð3Þ

with Vn = volume of each slice mm3 (area [ROI] multiplied by slice thickness = 1 mm), n = number of slices in MRI stack. The first and last slices

have only one neighbouring slice and therefore share only one slice gap multiplied by 1.05. Coronal RARE images were additionally analysed for

male M1 and M2 because the sagittal views did not completely cover the entire gonads. Because coronal and sagittal RARE images were analysed

for M1 and M2, the imaging stacks with the greatest gonad coverage were used for volume determination.

The developing oocyte or egg in the female gonad is hereafter referred to as oocyte because we are only able to determine the size but not

the exact maturation stage of the egg cells. The oocyte size was directly measured in axial-orientated RARE images using ParaVison (V.6.0.1,

Bruker BioSpin MRI, Germany). The resolution of our axial RARE images was limited to an in-plane resolution of 150 μm, oocytes could only be

measured after reaching a size greater than 200 μm. Ten large, clearly visible oocytes in the same image were randomly selected, and size was

determined by taking the diameter. For each female, three images of a different image stack per time point were analysed, and mean oocyte size

(μm) and standard deviation were calculated. Just before spawning in February 2022, we estimated the total number of oocytes per female by

TABLE 2 Acquisition parameters for MR imaging of B. saida with gonads in flowing seawater at 500 mL per min. Two RARE scans with
different resolutions were required for gonads and oocytes.

Applications Anatomy Anatomy/ gonad volume Oocyte diameter

Method FcFLASH RARE RARE

TE (ms) 4.63 60.77 68.91

TR (ms) 250.45–363.15 3064.706–4091.418 2000 and 4000a

Averages 2 4 4

Excitation angle (�) 45 90 90

Refocusing angle (�) - 180 180

Bandwidth (Hz) 50,000 50,000 50,000

RARE factor - 16 16

Matrix size (pixels) 256 � 175 sagittal 256 � 175 sagittal, coronal 300 � 300 axial

FOV (mm x mm) 80 � 54.69 80 � 54.69 45 � 45

FOV saturation (mm) n.a. 1 � sagittal 10

1 � coronal 10

1 � axial 20

Resolution (μm) 313 � 313 313 � 313 150 � 150

Slice gap (mm) 0.1 0.1 0

Slices (No.) 18–29 18–29 10

Slice thickness (mm) 1 1 1

Acquisition time (min:s:ms) 01:36:422–02:07:102 01:59:398–02:43:656 02:24:000

Abbreviations: FcFLASH, flow-compensated fast low-angle shot; FOV, field of view; RARE, rapid acquisition with relaxation enhancement; TE, echo time;

TR, repetition time.
aTR 4000 ms only used in October 2021.
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dividing the gonad volume (converted to mm3) by the oocyte volume (mm3), assuming no interspace of connective tissue between oocytes at this

point of maturation and a spherical shape of the oocytes.

2.6 | Statistics

Females F1 and F4 that spawned partially in February were identified as outliers for gonad volume and oocyte volume: gonad volume ratio. Out-

liers were tested for statistical significance via Cook's distance and excluded from further calculations. Data were tested for normal distribution

using visual inspection (by QQ plots) and Shapiro–Wilk tests. Simple linear regression was performed for the gonad weight: gonad volume correla-

tion and the oocyte volume: gonad volume correlation. Additionally, the Pearson correlation coefficient was calculated. Linear mixed effect

models (LME) fitted by restricted maximum likelihood (REML) were performed for repeated measures such as gonad volume and oocyte diameter

over time. A local polynomial regression fit (loess) was applied to visualise oocyte development. The chosen level of significance for all tests was

alpha = 0.05. All statistical analyses were performed in R studio (V4. 3. 1)42–45 using ‘dplyr’, ‘ggmisc’, ‘ggplot2’, ‘ggpubr’, ‘nlme’, ‘openxlsx’,
‘RColorBrewer’ and ‘rstatix’ packages.

3 | RESULTS

3.1 | MRI methods: FcFLASH versus RARE

Figure 2 shows the comparison between sagittal multi-slice FcFLASH and RARE image stacks for anatomical studies of male and female gonads.

Both imaging methods show clear differences in brightness and contrast (Figure 2). The FcFLASH images are characterised by a low contrast and

organs such as the swim bladder (sw), urine bladder (u) or vertebrae (v) are clearly visible (Figure 2A,D). In contrast, the RARE images generally

appeared darker (Figure 2B,C,E,F) with a clear separation of the stomach (s). Interestingly, the surrounding seawater did not appear uniform but in

varying signal intensity in the RARE images compared with FcFLASH images.

Both methods can be used to distinguish between males and females of B. saida. The testes were identified as a light grey mass with small

inlets (marked in light blue in Figure 2C). The ovaries were identified as a dark grey mass with small roundish structures (oocyte) (marked in dark

blue in Figure 2F). Female gonads could be distinguished from surrounding tissue in FcFLASH images, whereas the contrast of male gonads were

very similar to the surrounding tissues (Figure 2A,D). Furthermore, FcFLASH images showed susceptibility artefacts (sa) close to the swim bladder

F IGURE 2 Magnetic resonance imaging (MRI) comparison between flow-compensated fast low-angle shot (FcFLASH) and rapid acquisition
with relaxation enhancement (RARE). Sagittal 2D multi-slice images of the gonads of one male (A–C) and one female (D–F) are displayed as
FcFLASH (A,D) and RARE (B,C, E,F). Gonads were coloured for better identification (for acquisition parameters, see Table 2). sa = susceptibility
artefacts, sw = swim bladder, s = stomach, u = urine bladder, v = vertebrae. The scale bar corresponds to 2 cm. Images were taken in
November 2021.
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(Figure 2D), which could influence the calculated gonad volume given the fact that the gonads are right underneath the swim bladder. In compari-

son, the RARE method produced images where male and female gonads could be clearly distinguished from surrounding organs. Therefore, RARE

images were used to monitor gonadal development and determine gonad volume.

3.2 | MRI volume as proxy for gonad weight—Method validation

In February, the measured gonad weight and MRI-based volume of testes and ovaries revealed a positive correlation with a Pearson correlation

coefficient of 0.80 for males and 0.99 for females. The gonad volume increased with increasing weight with a slope near 1 (Figure 3). The

observed correlation was only statistically significant in ovaries. Pearson's r-squared of the weight: volume correlation of the testis was 0.64 com-

pared with 0.99 in ovaries (Figure 3).

The gonad weight and volume were used to calculate the GSI. The GSI based on gonad weight was comparable with the GSI VG based on

MRI-based gonad volume as shown in Table 3. For the three females (F2, F3 and F5) that spawned inside the MR scanner pre-spawning GSI VG

and post-spawning GSI VG are displayed. For males, the volume-based GSI VG was consistently larger than the weight-based GSI. For females, the

volume-based GSI VG coincided well with the weight-based GSI.

F IGURE 3 Correlation of gonad weight and magnetic resonance imaging (MRI)-based gonad volume of males (n = 5, triangles) and females
(n = 5, circles) in February 2022. The regression analysis (dashed lines) depicting the correlation between calculated gonad volume and gonad
weight is Y1 = 0.899x + 4.18 for males (R2 = 0.64, p > 0.05) and Y2 = 0.987x + 0.0319 for females (R2 = 0.99, p < 0.05). Note: The presented
gonad weight and gonad volume of females F2, F3 and F5 were determined after spawning inside the MR scanner.

TABLE 3 GSI of B. saida in February 2022, GSI = classical approach, calculation based on weight in g determined after dissection
(Equation 1), GSI VG = calculation based on MRI-based gonad volume (Equation 2) and GSI VG = calculation based on MRI-based gonad volume
post-spawning (Equation 2).

Individuals Gender GSI (%) GSI VG (%) GSI VG (%) post-spawning

M1 Male 14.8 20.9 n.a.

M2 Male 16.2 18.7 n.a.

M3 Male 14.7 20.9 n.a.

M4 Male 15.2 20.7 n.a.

M5 Male 11.0 20.1 n.a.

F1 Female 12.1 12.4 n.a.

F2 Female 3.8 46.3 4.8

F3 Female 12.6 45.6 11.6

F4 Female 3.1 2.4 n.a.

F5 Female 4.5 47.8 4.6

Abbreviations: GSI, gonadosomatic index; MRI, magnetic resonance imaging; VG, gonadal volume.
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3.3 | Male gonad development

A representative time series of axial RARE images of one male B. saida (M1) shows the light grey testes underneath the swim bladder and liver

(Figure 4). Over the monitoring period of 4 months, only small changes in image contrast of male gonads could be observed. From Day 41 (Oct

21, n = 1) to Days 119–126 (Jan 22, Figure 4A–C), the testes showed a homogenous contrast, at Days 148–166 (Feb 22), shortly before

spawning the gonads showed a more heterogenous pattern with areas of higher and lower signal intensity (Figure 4D). This change was not uni-

form over the whole gonad tissue but limited to certain areas in two males (M1 and M3). In the other three males (M2, M4 and M5), the change

to very light grey was observed in the entire gonad tissue.

The overall MRI-based volume of male gonads increased slightly over time. Individual variation of gonad volume in males is leading to a rather

inconsistent picture (Figure 5), as reflected by the running mean (dashed line). The mean gonad volume was 9.7 ± 1.9 cm3 at Days 69–90 (Nov

21) and increased slightly to 10.5 ± 1.8 cm3 at Days 148–166 (Feb 22). Two males (M1 and M2) showed an intermitted drop in gonad volume in

January, and M2 did not reach the same or higher gonad volume on day 162 compared with Day 71. Between November 2021 and February

2022, the increase in gonadal volume in individual males varied widely between 2.3% and 25.5% except for M2, which showed a decrease of

15.8% from November to February, but an increase of 9.5% from January to February. The observed trends were not significant. In February

2022, the average GSI VG of males (n = 5) was 20.3 ± 1.8% using MRI-based gonadal volume.

3.4 | Female gonad and oocyte development

In contrast to testes, female gonads underwent a broad change in contrast and volume from October 2021 to February 2022. In the axial view,

the ovary was visible as two round organs located ventral to the swim bladder and liver (Figure 6). From Day 36 (Oct 21) to 121 (Jan 22), single

F IGURE 4 Time series of gonadal development of male Boreogadus saida (M1) taken on monitoring days (A) 41 (Oct 21), (B) 71 (Nov 21),
(C) 126 (Jan 22) and (D) 162 (Feb 22). Axial, cross-sectional rapid acquisition with relaxation enhancement (RARE) images, FOV = 45 � 45 mm2,
300 � 300 pixels, slice thickness = 1 mm. Repetition time (TR) was for images (A) 4000 ms, (B–D) 2000 ms. g = gonad, l = liver, m = muscle,
pf = second pectoral fin, sp = spleen and sw = swim bladder, s = stomach. The scale bar corresponds to 1 cm.

F IGURE 5 Gonad volume of male Boreogadus saida (n = 5) based on sagittal rapid acquisition with relaxation enhancement (RARE) images
from November 2021 (Days 69–90) to February 2022 (Day 148–166), dashed line = rolling mean per monitoring period (n = 5). No significant
changes over time (linear mixed effect models [LME], p > 0.05).
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oocytes were clearly visible and showed a dark contrast in the early developmental phase (Figure 6A). At Days 120–127, gonad volume and

oocyte diameter increased notably. At Days 152–164, shortly before spawning, oocytes showed a high contrast. Further, we found one female

(F5), which displayed an intermediate state of gonad maturation, where the contrast of some oocytes already changed from a very dark to a ligh-

ter grey in January 2022 (Days 120–127) (Figure 6B).

The gonadal development was monitored from Day 1 to Day 164; at Day 70, we were able to estimate the gonad volume of female B. saida

for the first time. The gonad volume increased significantly between November 2021 and January 2022 and from January 2022 to February

2022. The mean MRI-based gonad volume increased from 5.4 ± 1.3 cm3 at Days 70–91 to 22.1 ± 16.1 cm3 at Days 150–164. Between Days

120 and 127, females showed high variability with a mean gonad volume of 13.1 ± 5.0 cm3 (ranging from 6.3 cm3 to 18.5 cm3) indicating a rapid

change in gonadal development (Figure 7A). The gonad volume increased by 320–760% from Days 79–91 to Days 150–154 for F2, F3 and F5

resulting in a GSI VG of 46.5 ± 0.9% of pre-spawning females. For two individuals, the gonad volume increased only until January 2022 (Days

120 and 121) by 58% and 131% (for F4 and F1) and decreased significantly compared with the other females at Days 158 and 164, respectively.

This may have been related to the later measuring point or a missed spawning event in the holding tank. This is also reflected in a lower GSI VG of

12.4% for F1 and 2.4% for F4 in February 2022.

Oocytes showed a sigmoid growth pattern illustrated by the running mean in Figure 7B. On Day 36, we were able to measure the oocyte

diameter for the first time (Figure 7B). The oocyte diameter increased significantly from 427 μm at Day 36 (only one female was measured, n = 1)

to 1346 ± 24 μm at Days 150–158 (n = 4). Between Days 70 and 91, females showed a similar gonad development stage with a mean oocyte

diameter of 562 ± 11 μm (n = 5). The large variability in gonadal volume between Days 120 and 127 was also reflected in a higher standard devia-

tion of the mean oocyte diameter at this time point, 869 ± 166 μm (n = 5). At the end of the observation period, all observed females reached a

similar oocyte diameter of about 1346 ± 24 μm (n = 4), except female F4, where no oocyte diameter could be measured due to a previous

spawning event. The estimated total number of oocytes per female was between 16,693 and 29,735 (mean 21,364 ± 9425) in February 2022.

The development of oocyte size correlated positively with gonad volume (Figure 7C, R 2 of 0.93). The gonad volume increased significantly with

increasing oocyte size with a slope of 22.76 and a Pearson correlation coefficient of 0.965.

In February 2022, three females spawned inside the MR scanner after the data for gonad volume, and oocyte diameter had been recorded.

Figure 8 shows the cross-section of one female immediately before spawning and after the release of all oocytes. A massive volume loss was

F IGURE 6 (A) Time series of the gonadal development of one female Boreogadus saida (F1) taken on monitoring days 36 (Oct 21), 70 (Nov
21), 121 (Jan 22) and 158 (Feb 22); (B) female gonads in January 2022 with different maturation stages of oocytes, F2 monitoring Day 121, F5
monitoring Day 127, F3 monitoring Day 126.; the less mature gonads of F2 show a dark contrast and oocyte diameters of 814 ± 7 μm; F5 has
gonads with inhomogeneous contrast from dark grey to a light grey and oocyte diameter of 928 ± 24 μm, and F3 shows advanced gonads with
very high contrast and oocyte diameter of 1164 ± 15 μm. Axial, cross-sectional rapid acquisition with relaxation enhancement (RARE) images,
field of view (FOV) = 45 � 45 mm2, 300 � 300 pixels, slice thickness = 1 mm. TR = 2000 ms (except image Oct 2021: repetition time

[TR] = 4000 ms). g = gonad, l = liver, m = muscle, pf = second pectoral fin, sp = spleen and sw = swim bladder, s = stomach; single oocyte
marked with a light blue circle, scale bar corresponds to 1 cm.
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observed, and the abdominal cavity bent inwards. No residual oocytes were visible in MR images. The females lost 38.3–45.3% of their body

weight in oocyte mass.

4 | DISCUSSION

4.1 | MRI methods

Many studies have demonstrated the suitability of MRI for estimating organ volume or studying the anatomy of live16,46,47 and preserved marine

specimens.15,48 In most in vivo MRI studies, animals are anaesthetised to avoid movement artefacts and to increase possible measuring time and

thus improve image quality.22,49 In the present study, we optimised imaging parameters and acquisition time, to apply MRI for longitudinal studies

on the development of unanaesthetised and unrestrained fish. Measuring without anaesthesia is preferable in ectothermic animals such as fish to

prevent the anaesthesia from altering the physiological parameters. Several anaesthetics that are applied for fish can have long-lasting effects on

physiological parameters such as blood chemistry, heart rate or respiration (reviewed in previous works50–52).

F IGURE 7 (A) Gonad volume and (B) oocyte diameter of Boreogadus saida females as a function of time and (C) the correlation of gonad
volume over oocyte volume. (A) Gonad volume (cm3) is based on sagittal rapid acquisition with relaxation enhancement (RARE) images taken in
November 2021 (Days 70–91), January 2022 (Days 120–127) and February 2022 (Days 150–164. The dashed line represents the running mean
(n = 5: F1–F5, F4 at Day 165 as outlier excluded). Significant increase between observation periods (linear mixed effect models [LME], p < 0.05).
Note: F1 and F4 (partially) spawned in the holding tank before the last monitoring time in February leading to a drastic decrease in gonad volume.

(B) Oocytes were measured between Days 36 and 158 of the monitoring phase (Oct 21–Feb 22), n = 5, at Day 36: n = 1, at Days 150–164:
n = 4. The solid line represents the ‘loess’ smoothing fit. Significant increase between observation periods (LME, p < 0.05). Standard deviation is
too small to be displayed. (C) The dashed line represents the linear regression Y = 22.76 x + 3.99 (R2 = 0.93, p < 0.05), excluding an outlier value
(F1 [1.2 mm3/7.3 cm3]).

F IGURE 8 Female gonad (F5) in February 2022 before and after spawning in the magnetic resonance (MR) scanner, monitoring Day 152;
(A) female before spawning at 4:13 pm, (B) female after spawning at 7:19 pm; axial cross-sectional rapid acquisition with relaxation enhancement
(RARE) images were taken with field of view (FOV) = 45 � 45 mm2, 300 � 300 pixels, slice thickness = 1 mm; 1 cm scale bar.
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In general, the MR imaging sequence and parameters used depend on the properties, T1 and T2 values of the tissue of interest. The selected

TE, TR values and flip angle (in case of FcFLASH) were based on the comparison of the contrast between the gonads and the surrounding tissue

and limitation in acquisition time per scan (to avoid potential movement of fish). Here, we used two different imaging techniques, RARE and

FcFLASH, which both produced good morphological results, particularly for the gonads and its surrounding tissue. However, in the gradient echo

T1-weighted images (FcFLASH), susceptibility artefacts were caused by the gas-filled swim bladder leading to signal extinction of the surrounding

tissue including the gonad, whereas the spin echo T2-weighted images (RARE) showed a clearer separation with lesser signal extinctions around

the swim bladder. Similar observations have been made for in vivo imaging of Atlantic cod (Gadus morhua Linnaeus, 1758)46 and for in vivo imag-

ing of the brain in zebrafish (D. rerio).21 In RARE images, the seawater signal is cancelled out due to flow effects and appears dark. The non-laminar

flow in the animal chamber caused by the fish and its movement is leading to inhomogeneous signal dropouts. The seawater signal was further

suppressed by saturation slices but only achieved inhomogeneous FOV saturation due to the flow.

Bock et al.26 could show a strong correlation between body weight and MRI body volume in preserved samples of the Antarctic silverfish,

Pleuragramma antarctica (Boulenger, 1902). In the present study, the ratio of calculated gonad volume to measured gonad weight was approxi-

mately 1 in males and females. This is also reflected in similar GSIs calculated based on weight or volume and confirms that the MRI method is a

suitable alternative for determining organ volumes including gonads without sacrificing the fish. The weight-to-volume ratio in ovaries and the

GSI compared with GSI VG appear to correlate better compared to testes. This difference could be attributed to different densities of male and

female gonads. The spawned eggs are buoyant in seawater and have a density of 1.022–1.024 g cm�3, as reported by Spencer et al.,53 resulting

in a ratio of close to 1. The weaker weight:volume correlation in the testis and overestimation in GSI VG compared with GSI might be caused by a

higher variation in MRI volume data, which can be explained by two related reasons. First, it is more difficult to analyse male MRI data due to the

less pronounced structure of the testis in comparison with the surrounding tissue, and thus, MRI-based testis volume could be more prone to

errors. Second, gonad weight might be underestimated due to the loss of sperm during dissection of testis. A larger replica number would help

to minimise this error and most likely improve the correlation. However, other studies found comparable volume:weight relationships for esti-

mated gonad volume based on MRI techniques in starfish,49 oyster54,55 and ovary of anaesthetised R. ventralis, a cyprinid fish species.23

In general, the MRI approach resulted in reliable gonad volume data and may be a major improvement in reducing the number of experimental

animals. Studies employing classical, ecological indices such as GSI or histology to assess maturation status typically use 5–10 specimens per

group and sampling time points.1,6,56 A comparable experimental design without repeated measurements would therefore require a total sample

size of 30–60 fish (scarifying 5–10 male and female polar cod per month from December to February), which demonstrates that we were able to

reduce the number of animals by three to six-fold. A study investigating the seasonal gonad development and energy investment of polar cod

from December to February sacrificed 52 fish,1 whereas another study investigating the effect of dietary crude oil exposure on reproduction sam-

pled a total of 249 polar cod (four treatments and five time points) from June to January.6 Despite the high number of individuals sacrificed in

these studies, an unbalanced sex ratio was found in both studies. This highlights the necessity for a tool to identify the sex non-invasively and

reduce the sample size further.

Even though it is a non-invasive approach, the effect of repeated handling such as weight loss or spontaneous spawning needs to be consid-

ered. Van den Thillart et al.57 suggested a phosphocreatine/inorganic phosphate (PCr/Pi) ratio of about 15 using in vivo 31P-NMR spectroscopy

as an indicator for low stressed fish inside a magnet, which was confirmed by several other fish species later on such as (crucian carp (Carassius

carassius Linnaeus, 1758) and common carp (Cyprinus carpio Linnaeus, 1758),25 Antarctic eelpout (Pachycara brachycephalum Pappenheim, 1912)

and North Sea eelpout (Zoarces viviparus Linnaeus, 1758),17 Atlantic cod.58 However, it cannot be excluded whether females are not influenced

by the measurements in the MR scanner at the end of the developmental phase of the gonads, as in our study, some females spontaneously

spawned in the late stage of gonadal development. Indeed, a study on oxygen consumption of polar cod exposed to dietary crude oil reported

weight loss partially attributed to the effects of repeated handling.8 Thus, the potential effects of repeated MRI measurements on fish should be

further investigated by monitoring the, for example PCr/Pi ratio and body weight over the monitoring period.

4.2 | Reproduction and gonad development of polar cod

The sex of polar cod cannot be distinguished externally.35,40,59 Females tend to grow larger than males over their life span.35 This size difference

however cannot be easily distinguished from age-related growth that complicates a balanced sex ratio in wild-caught animals. B. saida has been

used to develop an in vivo method to distinguish between males and females and visualise gonads in a longitudinal MRI study. In comparison with

previous studies on polar cod,1,2 we were able to follow individual gonad development in vivo over a period of 4 months. From November 2021

onwards, the gonads were clearly visible in all observed B. saida. The onset of gonad maturation of B. saida starts around August to September.

Initial method adjustments prevented us from starting our monitoring at the very beginning of the maturation phase that would be interesting for

future studies.

Polar cod show sex-specific differences in gonad maturation (reproductive strategies), and the male gonads reached maximum size already in

November, whereas the female gonads reached full size in February.1,35 This pattern is reflected by minor changes in male gonad volume and a
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significant increase in female gonad volume throughout this study. The average volume-based GSI VG of 20.3 ± 1.8% for males was lower than

the range of 30–35% reported in previous studies for males, whereas the average volume-based GSI VG of 46.5 ± 0.9% for females was consistent

with values of 21–48% found in previous studies for February.1,6 The difference in our GSI VG and the literature values in males could be related

to the weaker correlation of MRI-based gonad volume and gonad weight found in this study. Mean male gonad volume changed little during the

monitoring period, but two males (M1 and M2) showed a decrease in gonad volume in January. Whether the decrease in gonad volume in January

is caused by an earlier release of sperm or technical reasons remains unclear. This may call for further method improvement to control the exact

FOV or contrast optimisation in future studies. The image contrast of male gonads changed from a light grey to a heterogeneous lighter grey in

February, and this might be related to the formation of spermatozoa, the final stage of sperm development. In Atlantic cod, spermatogenesis (the

formation of spermatozoa) occurs at different times in different regions of the testis, starting in the cells closest to the centre of the testis.56 This

could be a possible explanation for the heterogeneous contrast observed in the gonads of two males (M1 and M3).

Gonads of female B. saida grow exponentially in the last 2 months prior to spawning and mature gonads reach a water content of around

90%.1 The high-water content of female mature gonads may explain the high contrast observed at the late stage, as the MR contrast is based on

water content and biochemical properties of the tissue. The increase in gonad volume was caused by an increase in oocyte volume, which was

confirmed by a strong correlation of gonad and oocyte volume. The female with the largest oocytes also reached the largest gonad volume in

January. In addition, females appeared gravid and could be identified as close to spawning by visual inspection due to an enlarged abdominal cav-

ity.60 These findings agree with a previous study that showed a significant increase in oocyte diameter mirrored by an increase in GSI for B. saida

from November to January.2 The highest variability in oocyte diameter among females with a range of 705–1164 μm (n = 5) was found in

January. This was accompanied by a higher contrast of oocytes starting at an oocyte size of around 928 μm, potentially the onset of hydration of

oocytes and final maturation. The final maturation stage is characterised by the first meiotic division and a hydration phase leading to a massive

water influx in oocytes,36,61,62 which would induce a higher MRI signal with the used acquisition parameters (higher water content). For Atlantic

cod, final maturation of oocytes was observed at a size of around 940 μm and associated with high water uptake prior to ovulation (Kjesbu

et al.63 and reference therein). Nahrgang et al.2 reported a size of 600 μm for oocytes in a histological study in B. saida from the archipelago of

Svalbard (Norway), and no hydrated oocytes were found suggesting that polar cod had not yet reached the final maturation in January. In the

female displaying an intermediate stage, a difference in size was found between the dark and grey oocytes (790 and 1020 μm, respectively). In

polar cod, the final maturation of oocytes lasts around 1 week.2,64 This could be a reason why we observed the intermediate state of differently

coloured oocytes only in one female. In future studies, shorter measuring intervals during the final maturation phase might catch the onset of

hydration of oocytes and confirm our interpretation.

The mean oocyte diameter of 1.35 mm in February is smaller than the egg size of 1.5–1.9 mm found in previous studies for B. saida shortly

before spawning.39,40,60,65 The smaller oocyte diameter might be caused by the fact that the oocyte diameter was measured inside the gonads,

where the oocytes are densely packed and compressed by surrounding tissue. The size difference could also be attributed to perivitelline space,

which is formed by water influx after eggs are spawned.62,65 Even though the oocyte diameter was slightly smaller, the total number of eggs

(16,700–29,700 eggs per female) is within the range reported in literature, supporting that the assumption of spherical shape without interspace

of connective tissue between oocytes is a valid approximation. The estimates of eggs produced per female given in the literature vary between

13,000 and 75,000, depending on the region, age and size of the female.1,35,59,66 Polar cod is a total synchronous spawner releasing all eggs in a

single spawning event, and few to no eggs are found in the gonads after spawning.2,40,60 Females can lose up to 50% of their body weight as egg

mass,1 which is only slightly higher than the estimated weight loss of 38–45% found in this study. With the use of MR imaging, we were able to

document the severe changes in female gonads after spawning and support the hypothesis of polar cod being a total synchronous spawner, with

one exception observed for the F1 female in February.

5 | CONCLUSION

In this study, we demonstrated that MRI techniques can be used to monitor gonad development in unrestrained fish with high resolution. These

methods significantly reduce the number of animals needed for long-term experiments compared with a similar experiment without repeated

sampling as they allow for monitoring individuals continuously instead of frequent sub-sampling events. This plays a major role in the application

of the 3R rules (replace, reduce and refine) and to optimise the use of non-model species that are difficult to access due to remote locations. This

non-invasive approach is easily transferable to other species and has great potential for various applications, for example for ecological and aqua-

culture research such as monitoring gonad development and reproductive features over time under normal conditions or in response to environ-

mental stressors.
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