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Introduction

In-ovo imaging using ostrich eggs has been described as 
a potential alternative concept to common animal testing 
using rats or mice.1 Preliminary studies report on the feasibil-
ity and technical success of positron emission tomography/
computed tomography (PET/CT) and computed tomogra-
phy (CT) examinations; however, embryonal motion was 
identified as a major limitation regarding imaging.1,2

The advantages of using ostrich eggs for preclinical imag-
ing instead of common animal testing consist of the follow-
ing: (1) Regular scanners commonly used in clinical routine 
in humans are sufficient to provide good image quality. Due 
to the large size of approximately 20 × 15 cm, there is no need 
for dedicated small animal imaging devices, thus bypassing 

costly investments.1 (2) According to national and interna-
tional legislation, research using eggs does not qualify as 
animal testing as long as all experiments are carried out 
before hatching.3–5 (3) Incubation and storage of ostrich eggs 
requires less space and care compared to common animal 
testing.1 Summarizing the use of ostrich eggs complies with 
basic principles of animal research: replacement, reduction, 
and refinement.6

Biomagnetism describes the properties of magnetic 
fields that surround living viable cells or tissues that are 
electrically charged. Axons of neural cells, muscle fibers, 
and an entire muscle represent compartments which pro-
duce magnetic fields.7–9 Magnetoencephalography (MEG) 
was designed to assess magnetic fields within the brain 
in neurology studies, comprising epilepsy, cognition, and 
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Impact Statement

The role of biomagnetism has been described for 
neurological and cardiac diseases in humans. The 
current work applies biomagnetism to ostrich eggs 
and investigates the influence of isoflurane anes-
thesia with regard to embryonal motion and cardiac 
signals. This information is needed for planning and 
execution of in-ovo imaging using ostrich eggs, a 
recently advancing method to avoid classical ani-
mal testing using rodents. The current work shows 
that application of isoflurane anesthesia is effective 
and safe.
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post-septic encephalopathy.8,10,11 Also, heart actions originat-
ing from cardiac innervation and myocardial contraction and 
infarction have been investigated using biomagnetism.12,13 
Immobilization regarding in-ovo imaging has been success-
fully achieved using isoflurane anesthesia, however, using 
chicken eggs and small animal PET/CT.14 Considering the 
similar dimensions of an ostrich egg and the human head, 
we hypothesized that an MEG system is suitable to detect 
ostrich embryonal motion and cardiac signals. The detection 
of biomagnetic signals from eggs is hereafter referred to as 
magnet-ovography (MOG).

This study aims at (1) exploring the feasibility of bio-
magnetism to detect embryonal motion and cardiac sig-
nals and using these findings (2) to investigate the effect of 
isoflurane anesthesia on ostrich embryos. The conclusions 
drawn from this study are needed to plan and execute fur-
ther experiments regarding in-ovo imaging using ostrich 
eggs, that is, in terms of establishing a protocol for successful 
immobilization.

Materials and methods

Ethics approval and consent to participate

This embryo study did not qualify as an animal research 
study according to the Federal German Animal Protection 
Act. Registration took place with the Office for Consumer 
Protection of the Thuringia State of Germany, Registration 
No. 22-2684-04-02-114/16.

Ostrich eggs

Experiments were carried out using ostrich eggs which were 
obtained from a local ostrich farm 15 km from the research 
facility between April and September. Artificial incubation 
was carried out using a multistage egg incubator (Sofie 3, 
Hemel, Verl, Germany) with a capacity of 80 ostrich eggs. 
Incubation properties were kept constant at 36.5°C and 25% 
air humidity, and eggs were automatically turned every 2 h 
to prevent sticking of embryonal structures to the egg mem-
brane and thus simulating natural breeding conditions. If 
artificially incubated, ostrich eggs usually hatch after 42 days. 
For pilot experiments, eggs of different development days 
(DD) were used. As it was a requirement to end all experi-
ments before hatching, isoflurane studies were performed 
on DD 34. This time point represents a compromise between 
complete embryonal development (as expected on DD 42) 
and guaranteed prevention of hatching. A viable fertilized 
egg with regular embryonal development was defined as an 
egg producing carbon dioxide on DD 15 and 34, and show-
ing bone structures on a CT scan on DD 34.

Magnet-ovography

MEG methodology and system setup The MEG system 
consists of up to 300 magnetometers, that is, superconduct-
ing quantum interference devices (SQUID) arranged in a 
semi-concentric pattern around an object. Each SQUID con-
sists of a wound coaxial coil measuring magnetic flux and a 
second wound coaxial coil for background noise correc-
tion.15 To detect the very small magnetic fields (5 × 10−14 T) 

produced by neuronal activity, adequate shielding of exter-
nal magnetic fields (e.g. earth geomagnetic field: 5 × 10−5 T; 
cars/electronic devices: 1 × 10−6–1 × 10−9 T) is utmost impor-
tant.15,16 Each magnetometer produces a graph (channel) 
showing the magnetic field change over time (Figure 1).

The system setup is shown in Figure 2. The MEG system 
is located in a shielded room used for brain studies reducing 
external magnetic fields to a minimum. As ferromagnetic 
objects result in magnetic fields, it is a necessity to design 
all kinds of material metal-free. Thus, a remote control of 
isoflurane anesthesia and gas monitoring was designed to 
be located outside of the shielded room, enabling continu-
ous investigation. The gas-tight system holding the ostrich 
egg was printed with a 3D-printer (Ultimaker 2+, Ultimaker, 
Geldermalsen, Netherlands) and equipped with a sealed 
polymethylmethacrylate lid secured with plastic screws.

Pilot experiments Ostrich eggs of different DD were inves-
tigated with the MEG system to visualize cardiac signals 
and motion. These experiments were surprisingly immedi-
ately successful as MEG signals instantly shown on a com-
puter screen were identified as ECG-like patterns and 
non-periodically occurring strong artifact-like signals rep-
resenting embryonal motion (Figure 3). The visual identifi-
cation of ECG-like signals and motion signals did not 
require data processing.

Effect of isoflurane anesthesia

Time schedule for isoflurane experiments is shown in 
Figure 4. Two groups were investigated comprising Group 
A (isoflurane anesthesia, nine eggs) and Group B (control 
group without isoflurane anesthesia, eight eggs). Eggs were 
carefully placed in the MEG system and data acquisition was 
started. To exclude embryonal arousal by transport, the eggs 
were allowed to rest for 15 min (resting phase) before starting 
isoflurane anesthesia (Group A) (Figure 5). Subsequently, 
isoflurane (Piramal Healthcare, Mumbai, India) was applied 
by remote control using a proprietary vaporizer with a 
maximum concentration of 6% according to the manufac-
turer’s instructions. Continuous monitoring of isoflurane 
concentration within the gas-tight system holding the egg 
was achieved using a standard gas measurement module for 
anesthetic care (Scio Four Oxi, Dräger, Lübeck, Germany). 
After 90 min of isoflurane exposition (interventional phase), 
gas inflow was stopped.

Eggs of Group B underwent 105 min of data acquisition 
without intervention (time intervals were chosen identical 
to Group A: resting phase 0–15 min, interventional phase 
15–105 min).

Data acquisition and postprocessing

Chronological steps of data acquisition and data post- 
processing are shown in Tables 1 and 2, respectively.

Toxicity

Toxic effect of isoflurane was assessed by continuous 
recording of MOG signals during isoflurane exposure. 
Furthermore, biomagnetic signals were checked on DD 35 
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to verify survival until the day after isoflurane exposure. 
After toxicity evaluation, ostrich embryos were sacrificed by 
cooling or underwent experimental PET/CT studies.

Statistics

Heart rate was evaluated in 10-min intervals comparing ini-
tial heart rate (0–15 min) and intervals of 40–50, 50–60, 60–70, 

Figure 1. A total of 36 channels (nine detectors with four channels each) of biomagnetic signals of an ostrich egg on DD 31 over 30 s (x-axis). Examples of 
periodically occurring spikes are depicted in Detectors 20 and 23. Detectors 18 and 22 show noisy signals without the detection of spikes. At 2377 s, an artifact 
produced a high amplitude signal in all channels. (A color version of this figure is available in the online journal.)

Figure 2. MEG-system setup. (1) The helium-cooled MEG system detects 
magnetic field changes by multiple SQUID, arranged in a semi-concentric 
pattern similar to a helmet, so-called dewar (2). The gas-tight system (3) holding 
the ostrich egg is set on a stretcher (4) and is connected to four gas tubes:  
(a) an air supply, optionally equipped with a vaporizer (5) for narcotic gases  
(e.g. isoflurane). (b) Outflow and exhaustion of air and – if applied – narcotic 
gases is realized by a wall-mounted gas exhaustion system for general 
anesthesia. (c) Part of the gas in the gas-tight system holding the ostrich egg is 
analyzed by a gas monitoring system and subsequently re-transferred into the 
gas-tight system (d). Photography of the air-tight system holding the ostrich egg 
is seen in (6). (A color version of this figure is available in the online journal.)

Figure 3. A total of 19 MOG channels over time of an ostrich egg on DD 
31 identifying periodically occurring low-amplitude spikes (yellow arrows), 
representing cardiac signals. In addition, signals with larger amplitude and 
longer duration of signals are depicted (red arrows) representing embryonal 
motion. 
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70–80, and 80–90 min (delta representing heart rate change). 
Welch’s test was applied to compare Groups A and B.

Motion analysis was carried out using the level of activity, 
Figure 6(c) and (f), during resting phase and interventional 
phase (delta representing motion rate change). After loga-
rithmic calculus, Student’s t-test was used to describe the 
differences between resting phase and interventional phase, 
and Groups A and B. The level of significance was defined 
at p < 0.05.

Results

A total of 22 fertile eggs were investigated. Five eggs were 
used for pilot experiments, nine eggs were investigated 
in Group A (isoflurane), and eight eggs were observed in 
Group B (control).

Pilot experiments

Starting on DD 31, periodically occurring ECG-like signals 
were detectable immediately without post-processing. On 
later DD (32–37), cardiac signals showed higher amplitudes 
over time (data not shown). Motion was detectable by non-
periodically, occasionally occurring signals at frequencies of 
0.1–3 Hz.

Heart rate

During isoflurane exposure, heart rate was significantly 
lower in Group A as compared to Group B without isoflu-
rane exposure (Figure 7).

Motion analysis

During resting phase, level of activity in Groups A and B 
did not differ significantly. After starting exposure to isoflu-
rane, Group A showed a significant lower level of activity 
(Figure 8).

The level of biomagnetic signal intensity differed between 
subjects. Therefore, data underwent normalization accord-
ing to resting phase activity, comparing the level of activity 
at an arbitrary time point and the average level of activity 
during resting phase. These values were used for further 
analysis. Eggs of Group A did not show significant motion 
anymore after 7.7 ± 3.1 min (range 3.0–11.8 min).

Toxicity

After experiments on DD 34, 9/9 (100%) embryos of Group 
A and 8/8 (100%) embryos of Group B produced clear car-
diac signals on DD 35, indicating short-term survival after 
exposure to isoflurane.

Discussion

Biomagnetism prove feasible to detect embryonal cardiac 
signals and motion in ostriches. Furthermore, it was shown 
that isoflurane anesthesia leads to a significant reduction 
of embryonal motion without lethal side effects. This is an 
important step in planning and conduction of further experi-
ments with ostrich embryos, enabling motion-artifact-free 
imaging, for example, for testing of radiopharmaceuticals 
and their biodistribution using PET/CT or single-photon 
emission computed tomography (SPECT/CT).

MOG

Surprisingly, MOG signals revealed clear cardiac signals 
even without post-processing as shown in Figures 1 and 3. 

Figure 4. Time schedule for isoflurane anesthesia (Group A) and control group (Group B). (A color version of this figure is available in the online journal.)

Figure 5. Heart rate over time of an ostrich egg on DD 34. The black arrow 
marks the beginning of isoflurane anesthesia at 15 min.
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Previous studies on magneto-cardiography (MCG) showed 
its potential in detection of myocardial injury in adult 
humans12 and human fetuses;17,18 however, these objects 
produce much stronger signals as compared to the magnetic 
field changes obtained from ostrich embryo cardiac signals. 

Given the comparable dimensions of the human head and an 
ostrich egg, a similar setup to MEG was deemed appropriate 
for the detection of ostrich embryo cardiac signals and this 
approach was shown to successfully producing electrocar-
diogram (ECG)-like signals, enabling the determination of 

Table 1. Chronological steps of MOG data acquisition.

Action Specific name Purpose Duration (min) Remark

Start acquisition software DANA 3 data acquisition software, 
Elekta/Neuromag, Elekta 
Instrument AB, Stockholm, Sweden

Proprietary software 
to detect signals

2 -

Check settings according to 
manufacturer’s specifications

Sensors current status of proper 
operation
Reset of sensors, if necessary

Provide optimal 
measuring conditions

5 No egg within shielded room

Insert egg in gas-tight system, 
seal with screws and place in 
MEG system in shielded room

Insert egg 2 -

Connect isoflurane and air 
tubes to the gas-tight system 
holding the egg

Enable remote 
anesthesia

5 After connecting and egg positioning, 
persons leave shielded room

Check sensors’ live signals DANA 3 data acquisition software Ensure correct 
positioning of egg

1 If no adequate signal is detected, 
turn egg by 90°–180° to ensure close 
positioning of embryo to the sensors and 
repeat checking sensors’ live signals

Start data acquisition 
according to Figure 4

 

MEG: magnetoencephalography.

Table 2. Chronological steps of data post-processing.

Action Specific name Purpose Duration (min) Remark

General Elimination of artifacts 
and signals outside the 
shielded room

Neuromag 
maxfilter Rev. 
2.2.10

Proprietary software to eliminate 
artifacts

10 -

General Data transformation into 
MATLAB (The Mathworks 
Inc., Natick, MA, USA) 
compatible format

Ad hoc developed 
script

25 -

Heart rate 
analysis

Identification of suitable 
channels

Ad hoc developed 
script

Graphical presentation of different 
channels’ signals

1 -

Heart rate 
analysis

Automated calculation 
of heart rate/time in one 
suitable channel

Ad hoc developed 
script

Graphical presentation of heart rate 
over time

16 If signal is smooth without motion 
artifacts. Result: heart rate every 
120 s

Heart rate 
analysis

Manual analysis of heart 
rate/time in one suitable 
channel

Ad hoc developed 
script

Graphical presentation of heart actions 
over time, zoom for individual counting 
of 30 R-R peaks

35 If automated heart rate analysis is 
hampered by embryonal motion, 
manual analysis is necessary. 
Result: heart rate every 120 s

Heart rate 
analysis

Graph of heart rate over 
time

- - 1 Figure 5

Motion 
analysis

Frequency analysis Ad hoc developed 
script

Graphical presentation of magnetic 
field changes in different frequencies 
over time (Figure 6(a) and (d))

30  

Motion 
analysis

Translation of frequency 
analysis to motion signal

Ad hoc developed 
script

Table and graphical presentation of 
either positive (motion) or negative 
(no motion) values for each frequency 
band separately over time, Figure 6(b) 
and (e)

2  

Motion 
analysis

Elimination of artifacts - Manual analysis of graphical 
presentation (frequency analysis) over 
time to identify SQUID artifacts

15  

Motion 
analysis

Determination of 
successful immobilization

- Level of activity: comparison of resting 
phase and interventional phase

The time point of successful 
immobilization was determined by 
inflection point of a sigmoidal curve 
fitting, Figure 6(c) and (f)
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heart rate and its change over time. Although the setting is 
rather elaborate considering room shielding, MOG is a tool 
to non-invasively evaluate cardiac signals in ostrich eggs. 
This has been described with only one alternative method, 
that is, acoustocardiography.19,20 Automated heart rate analy-
sis was achieved by an ad hoc developed script detecting 

R-R-peak distance and required about 17 min for a dataset 
of 90 min. However, if motion artifacts hampered automated 
analysis, visual evaluation and manual counting were neces-
sary to determine the heart rate. This procedure was more 
time-consuming and required 35 min for a dataset of 90 min.

Motion, that is, contraction of muscle fibers, their neuronal 
activation, and the movement of a body part are usually 
considered an artifact in imaging, electrocardiography, and 
other methods to detect biosignals. One goal of this study 
was (1) to quantify this “artifact” to (2) measure the effect 
of isoflurane. Quantification was achieved by investigating 
different frequency bands and categorizing into “positive”  
or “negative,” based on an empirically derived threshold 
(Table 2, Figure 6(b) and (f)). This categorization was repeated 
at 30-s intervals; thus, quantification over time was realized. 
Motion analysis with biomagnetism has been described for 
human fetuses;17 however, analyzing the magnetic heart axis 
and its relative position change over time which represents 
a more direct approach that the one described in the cur-
rent setup with ostrich embryos. Motion analysis was more 
elaborate than heart rate evaluation, requiring about 45 min 
post-processing. Embryonal motion in chicken embryos 
occurs as early as DD 10, showing repetitive leg flexion and 
extension.21–23 As the embryonal development of ostriches is 
about twice as long as the one of chicken, it is conceivable 
that ostrich embryonal motion is detectable on DD 20 and 
later. The experiments in this study were conducted on DD 
34, thus it was assumed that embryonal motion occurred 
frequently. MOG revealed irregularly occurring signals at 

Figure 6. Motion analysis of two ostrich eggs of Group A (intervention group) with isoflurane (a–c) and of Group B (control group) without exposure to isoflurane  
(d–f) on DD 34. (a) Time-Frequency-Spectrogram, representing power (color scale) of signals at different frequencies (y-axis) over time (x-axis). After 15 min, isoflurane 
6% was started (gray dashed line) and after 90 s, signal intensity decreased and did not increase during constant isoflurane exposure. (b) Graph representing 
dichotom scale classification of either positive (colored box) or negative (no box/white) of different frequencies bands at 0.05 Hz intervals (range 0–3 Hz) over time. 
Each frequency band is represented by a different color. The threshold for differentiating positive from negative signals was defined at a power spectral density (PSD) 
of 200 pT2/Hz. Data were analyzed with a time resolution of 1 min. (c) Based on the sum of positive frequency bands, see (b), mean embryonal activity was calculated 
during resting phase (0–15 min) and interventional phase (15–90 min). Both values were graphically shown and connected using a sigmoidal curve fitting (red graph). 
The inflection point of this sigmoid curve function was determined as the time point of successful immobilization (black dashed line). (d) Analogous to (a): Ostrich egg 
(Group B; control group) without isoflurane exposure. Note the missing decline of signal intensity after 15 min. (e) Analogous to (b): Note the constant positive signals 
above 90 min without distinct discrimination of resting phase and interventional phase. Periodical phases of higher (around 250 s) and lower (1800–2100 s) activity.  
(f) Analogous to (c): Note the higher embryonal activity above 90 min with only slight decrease after 1300 s, attributable to continuous cooling. Comparing (c) and (f), 
the graph in (f) has much higher values on y-axis. 

Figure 7. Mean heart rate change of different time intervals during interventional 
phase of Group A (isoflurane exposure, black dots) and Group B (control group, 
white dots). Mean heart rate during time intervals of 40–50, 50–60, 60–70, 
70–80, and 80–90 min is compared to the mean heart rate during resting phase 
of 0–15 min. **p < 0.01, ***p < 0.0001.
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0.1–3 Hz which is clearly below signals resulting from muscle 
contraction at 20–40 Hz. Slow movement of legs in chicken 
embryos (before and after hatching) has been described to 
occur at 1–4 Hz.21,24,25 Even slower signals of < 1 Hz are attrib-
utable to slow mass movements, possibly caused by liquid 
motion within the albumen or yolk.

Isoflurane anesthesia

Heart rate was lower in ostrich embryos which have been 
exposed to isoflurane (Figure 7). The use of isoflurane in 
ostrich embryos has not been described before. In adult and 
juvenile ostriches, isoflurane anesthesia is known to increase 
the heart rate due to vasodilation and subsequent decrease in 
blood pressure.26,27 Heart rate of chicken embryos is not sig-
nificantly affected by isoflurane as reported by Wojtczak in 
2000.28 We assume that decreasing heart rate observed in this 
study is attributable to two major factors. First, reduction of 
embryonal motion and arousal by anesthesia leads to lower 
need for oxygen and thus, reduction of heart rate represents 
a physiological reaction. Second, given the temperature dif-
ference of the ostrich egg (36.5°C) and the shielded room 
(25°C), continuous cooling of the eggs is apparent (data not 
shown). However, this aspect is present in the control group 
B also and was observed in a significantly less pronounced 
fashion (Figure 7); therefore, cooling cannot be the reason for 
the difference between Group A and Group B.

Embryonal motion was significantly reduced by iso-
flurane exposure as compared to intraindividual level of 
activity before starting isoflurane (resting phase) and as 
compared to control group B (Figure 8), indicating effec-
tive immobilization by isoflurane. Mean 8 min of isoflurane 
exposure was necessary to significantly reduce level of activ-
ity. This is a highly relevant finding regarding the primary 
goal of this study: Establishing a protocol for non-inva-
sive effective immobilization of ostrich embryos to enable 
motion-artifact-free imaging. Similar approaches have been 
reported for chicken embryos successfully applying isoflu-
rane.14,29 Different studies investigated the use of cooling,30 
muscle relaxing agents31–34 and ketamine;32 however, these 
concepts usually requiring invasive preparation, that is, par-
tially removing the egg shell to get access to the chorion-
allanois-membrane and/or vitelline vessels for intravasal 
agent application. Also, the aforementioned studies consider 
chicken embryos. The presented data are the first to investi-
gate immobilization in ostrich eggs.

Isoflurane anesthesia of ostrich eggs is safe and non-toxic 
as no experiment-related deaths were detected on next-day 
follow-up.

Limitations

This study aimed at investigating the general ability of 
biomagnetism to depict cardiac signals and embryonal 
motion in ostrich eggs. Defining criteria for motion sig-
nals was empirically derived as no comparable studies 
exist and therefore, these criteria need verification, that 
is, direct comparison of imaging with and without isoflu-
rane anesthesia which is planned in future studies. The 
rather low sample size hampered further analysis regard-
ing interindividual differences, that is, different level of 
level of activity during the resting phase. In addition, the 
detection of biomagnetism requires cost-intensive prem-
ises, rooms, and trained personnel. Alternative approaches 
comprise the analysis of capacitive signals, which is inde-
pendent from external shielding35–37 and optically pumped 
magnetometers.38

Future studies should aim at the investigation of different 
concentrations of isoflurane and the performance of other 
narcotic gases as desflurane and sevoflurane.

Conclusions

Biomagnetism in ostrich eggs (MOG) using standard MEG is 
feasible to detect embryonal cardiac signals and embryonal 
motion. Effective embryonal immobilization was reached 
within 8 min after isoflurane exposure. The use of isoflurane 
is safe and does not lead to experiment-related deaths of 
ostrich embryos.
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