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Abstract
Purpose  In addition to rodent models, the chick embryo model has gained attention for radiotracer evaluation. Previous stud-
ies have investigated tumours on the chorioallantoic membrane (CAM), but its value for radiotracer imaging of intracerebral 
tumours has yet to be demonstrated. 
Procedures  Human U87 glioblastoma cells and U87-IDH1 mutant glioma cells were implanted into the brains of chick 
embryos at developmental day 5. After 12–14 days of tumour growth, blood–brain-barrier integrity was evaluated in vivo 
using MRI contrast enhancement or ex vivo with Evans blue dye. The tracers O-(2-[18F]fluoroethyl)-L-tyrosine ([18F]FET) 
(n = 5), 3,4-dihydroxy-6-[18F]-fluoro-L-phenylalanine ([18F]FDOPA) (n = 3), or [68Ga] labelled quinoline-based small mol-
ecule fibroblast activation protein inhibitor ([68Ga]FAPI-46) (n = 4) were injected intravenously if solid tumours were detected 
with MRI. For time-activity curves for [18F]FET, additional micro PET (µPET) was performed. The chick embryos were 
sacrificed 60 min post-injection, and cryosections of the tumour-bearing brains were produced and evaluated with autora-
diography and immunohistochemistry.
Results  Intracerebral tumours were produced with a 100% success rate in viable chick embryos at the experimental endpoint. 
However, 52% of chick embryos (n = 85) did not survive the procedure to embryonic development day 20. For the evaluated 
radiotracers, the tumour-to-brain ratios (TBR) derived from ex vivo autoradiography, as well as the tracer kinetics derived 
from µPET for intracerebral chick embryo tumours, were comparable to those previously reported in rodents and patients: 
the TBRmean for [18F]FET was 1.69 ± 0.54 (n = 5), and 3.8 for one hypermetabolic tumour and < 2.0 for two isometabolic 
tumors using [18F]FDOPA, with a TBRmean of 1.92 ± 1,11 (n = 3). The TBRmean of [68Ga]FAPI-46 for intracerebral chick 
embryo tumours was 19.13 ± 0.64 (n = 4). An intact blood-tumour barrier was observed in one U87-MG tumour (n = 5).
Conclusions  Radiotracer imaging of intracerebral tumours in the chick embryo offers a fast model for the evaluation of radi-
otracer uptake, accumulation, and kinetics. Our results indicate a high comparability between intracerebral tumour imaging 
in chick embryos and xenograft rodent models or brain tumour patients.
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Introduction

Rodent models have been widely used for in vivo oncol-
ogy research because they can mimic complex meta-
bolic pathways and organ-specific challenges, such as 
the blood–brain barrier (BBB) [1, 2]. In recent years, the 
chick embryo has been demonstrated to be a comparable 
alternative for xenograft glioma invasion [3–5]. Compared 
to rodent models, the utilisation of chick embryos is ethi-
cally preferential due to the phylogenetically lower stage 
of development. Legally, avian embryos are not considered 
under the European Directive on the protection of ani-
mals used for scientific purposes [6]. In Germany, recent 
evidence indicating nociception in later developmental 
stages of avian embryos [7–9] has led to a revision of 
animal protection laws. These revisions prohibit the ter-
mination of chick embryos starting from embryonic devel-
opment day (EDD) 13 if gender determination has been 
performed [10]. However, chick embryo experiments that 
do not involve gender identification remain exempt from 
requiring an animal experimentation application. Further-
more, chick embryo research offers economic advantages, 
including lower costs and minimal animal husbandry 
requirements. Fertilised chick eggs are readily available, 
easy to manipulate, and allow for developmental synchro-
nicity, enabling precise experimental control.

The chick chorioallantoic membrane (CAM), a highly 
vascularised, extra-embryonic membrane, is a widely-
accepted research tool for tumour engraftments [11–15], 
allowing in vivo imaging, such as MRI and PET, for 
real-time monitoring of tumour growth and treatment 
effects [16–21]. While the CAM tumour model provides 
a convenient and rapid way to study tumour growth, the 
investigation of the interactions between tumours and the 
surrounding brain tissue in vivo requires orthotopic brain 
tumour implantation models. One approach is to implant 
cells into the neural tube of chick embryos in early devel-
opment, allowing the growth and interaction of implanted 
cells in a more sophisticated in vivo model [22]. Another 
method uses a pressure injection of brain tumour cells into 
the midbrain at EDD 6, which also leads to the growth of 
intraventricular tumours [3]. However, both methods suffer 
from high failure rates or technically challenging injec-
tion procedures, and further optimisation of intracerebral 
tumour models in the chick embryo is required for wide-
spread acceptance as an alternative in vivo model [16].

In this study, we explored a modified orthotopic chick 
embryo brain tumour implantation model by injecting 
tumour cells with a micro syringe into the mesencepha-
lon. Our approach is based on established methods for 
rodent studies (using a binocular microscope inside the 
stereotactic frame holder) and does not require additional 

technical equipment. As proof of feasibility, tumoral tracer 
uptake and distribution, as well as the tracer kinetics of 
three clinically important radiotracers, were assessed in 
the chick embryo model and compared to results from 
mammalian models and brain tumour patients.

Firstly, we applied the amino acid radiotracer O-(2-[18F]
fluoroethyl)-L-tyrosine ([18F]FET), which has proven to be a 
powerful tracer in brain cancer diagnostics, providing addi-
tional information on tumour metabolism, tumour extent, 
treatment effects and response assessment [23–26]. The exten-
sive clinical and preclinical knowledge of [18F]FET uptake 
in brain tumours makes it an ideal radiotracer for evaluating 
the suitability of the chick embryo model in brain tumour 
imaging [24, 27–34]. In addition, [68Ga]-labelled quinoline-
based small molecule fibroblast activation protein inhibitor 
([68Ga]FAPI-46) was used to assess FAP expression. This 
protein is over-expressed in a number of neoplasms, par-
ticularly in epithelial cancers [35, 36] and gliomas [37, 38]. 
Although this tracer does not pass the intact BBB, it has been 
tested in intracerebral tumours with disrupted blood-tumour 
barriers, as FAP is implicated in tissue remodelling during 
embryogenesis and in reactive stromal cells [39]. This makes 
it particularly valuable for assessing potential limitations of 
the embryonic model, which does not replicate a mature bio-
logical system. Finally, another amino acid analogue with 
high relevance for the identification of metabolically active 
brain tumour tissues is 3,4-dihydroxy-6-[18F]-fluoro-L-phe-
nylalanine ([18F]FDOPA). Similar to [18F]FET, [18F]FDOPA 
exhibits low uptake in healthy brain tissue but demonstrates 
additional uptake in the basal ganglia due to its role as a pre-
cursor in dopamine synthesis [40, 41].

Thus, this study aims to establish a more convenient intrac-
erebral tumour model in the chick embryo model and provide 
the first examples of the use of this preclinical model for radi-
otracer evaluation using autoradiography, PET, CT, and MRI.

Materials and Methods

Treatment of Fertilised Eggs

Specific pathogen-free fertilised eggs for medical use (Valo 
BioMedia GmbH, Germany) were utilised for this study. 
Following arrival, the eggs were allowed to rest for at least 
24 h at 14–18 °C. The eggs were then warmed at room tem-
perature (22 ± 1 °C) for 12 h prior to incubation. Incubation 
was started on EDD 1 at 37.8 °C and a humidity of 54% 
(Favorit-Olymp 192, Heka, Germany). On EDD 5, a window 
was cut in the eggshell to access the embryo as described 
elsewhere (Supplemental Material) and subsequently sealed 
with adhesive tape. The eggs were incubated on their sides 
and not turned so that the albumen would not be spilt until 
the final experiments on EDD 18–20.
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Cell Culture

Gliomas with and without mutation of isocitrate dehydroge-
nase (IDH) were used here to help facilitate another ongoing 
study. U87 MG (ATCC® HTB-14™) and U87 IDH1R132H 
(ATCC® HTB-14IG™) cells were cultured in Minimum 
Essential Medium Eagle containing 10% foetal calf serum, 
1% L-glutamine, 1% MEM non-essential amino acids, and 
1% penicillin/streptomycin, at 37 °C and 5% CO2.

The cells were resolved in the medium to a concentration 
of 5000/40 µl and cultured in a hanging drops culture under 
the lid of a petri dish for four days, resulting in cell pellets 
of approx. 50,000 cells, suitable for one injection. Just prior 
to implantation, one cell pellet was drawn under a binocular 
microscope into a neuro-syringe (Neuros™ 700/1700 Series, 
Hamilton, USA), connected to a stereotactic frame, with a 
volume ≤ 0.5 µl.

Brain Tumour Implantation

On EDD 5, the windowed egg was placed under the bin-
ocular microscope inside the stereotactic frame holding the 
neuro-syringe (Neuros™ 700/1700 Series, Hamilton, USA) 
to inject the tumour cells. With a thin, sharp glass capillary, 
the chorion was punctured and sliced next to the head of 
the embryo to gain access. Next, the spoon-end of a micro-
spatula was positioned under the head to hold it in place 
while rupturing the amnion next to the head. For this, the 
tip of the glass capillary was used to press the amnion to the 
spatula and simultaneously pull it upwards the spatula until 
the amnion ruptured and the mesencephalon was exposed. 
With the head still lying on the spatula, the mesencepha-
lon was punctured with the glass capillary. Depending on 
what was more comfortable, the head of the embryo either 
rested on the spatula or was released into its bedding before 

the neuro-syringe was lowered into the hole made into the 
mesencephalon (Fig. 1A). For this step, it is crucial that 
the amnion does not cover the hole, otherwise the tip of the 
syringe will be blocked and cells cannot be inserted into 
the mesencephalon. After injecting the cells into the brain, 
the syringe was pulled out, the extra-embryotic membranes 
(amnion and chorion) were replaced, and the window of the 
egg was covered with fresh tape. The membranes healed 
within the next 24–48 h, and a solid tumour grew inside 
the ventricles, infiltrating healthy brain tissue (Fig. 1B, C).

Anaesthesia and Tracer Injection

For all imaging modalities, the egg was placed in a plexi-
glass cylinder, which was designed and constructed in-house 
to hold the anaesthetic. 15 MBq ± 5 MBq of O-(2-[18F]
fluoroethyl)-L-tyrosine ([18F]-FET) (n = 3), 3,4-dihydroxy-
6-[18F]-fluoro-L-phenylalanine ([18F]-FDOPA) (n = 3), or 
[68 Ga]-labelled quinoline-based small molecule fibroblast 
activation protein inhibitor ([68 Ga]-FAPI-46) (n = 4) was 
injected intravenously in 100 – 150 µL in 20 s, including 
20 µL Evans Blue dye (2% in 0.9% NaCl solution) to iden-
tify BBB disruption, as described elsewhere [24]. The chick 
embryos were sacrificed 60 min post-injection. Imaging was 
performed under constant 2% isoflurane anaesthesia in oxy-
gen, initialised with 5% isoflurane in oxygen for 5–10 min, 
to mitigate embryo movement. For the MR scans, 120 µL 
isoflurane was pipetted onto tissue paper and placed inside 
the plexiglass cylinder holding the MRI radiofrequency coil 
and the egg to reach approximately 2% isoflurane in air; the 
cylinder was then sealed immediately. To maintain anaes-
thesia at 2% isoflurane during the PET and CT scans, the 
plexiglass cylinder was connected to a small animal iso-
flurane vaporiser. Whenever possible, the temperature was 
maintained with an infrared lamp.

Fig. 1   On EDD 5, brain tumour 
inoculation was performed by 
injecting tumour cells with a 
microsyringe into the mesen-
cephalon (A). On EDD 19, 
brains were removed and cry-
osliced (B). Tumours were usu-
ally present on one or both optic 
tecti (grey plane in B), growing 
from the ventricle infiltratively 
into the brain tissue in a DAPI 
staining (C).
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To facilitate good access, the eggs were opened as wide 
as the spread of the CAM would allow before the com-
mencement of the injections. All substances were injected 
intravenously into a middle-sized vein of the CAM, which 
are the light red vessels with blood flow from smaller to big-
ger vessels. Substances were either injected via a catheter 
(tip of a 30 G cannula connected to a PE tube) placed in the 
CAM vessel or directly using a 1 ml syringe with a 32 G or 
33 G cannula. The rate of successful intravenous injection 
was increased to > 95% through the utilisation of the follow-
ing tools: more accurate injection was facilitated by employ-
ing a stereomicroscope (5–8 magnification) and a syringe. 
Prior to retracting the cannula, a few drops of policresulen 
(360 mg/g) were administered to the injection site to prevent 
heavy bleeding if a bigger cannula and vessel were used for 
injection. However, using 32 G or 33 G cannulas for veins 
not bigger than the cannula itself negates the need to use 
policresulen, as pinching the vessel for a few seconds stops 
potential bleeding.

MR Imaging

MRI was used to verify brain tumour growth before tracer 
experiments and to evaluate BBB integrity after the injection 
of a paramagnetic contrast agent. Embryos with adequate-
sized tumours in T1 and T2w images were chosen for PET 
and autoradiography the next day. All MR experiments were 
conducted at a 7 T clinical whole-body scanner (Siemens 
Healthineers, Erlangen, Germany) on EDD 18–19. In order 
to maximise the MR sensitivity and coverage, we designed, 
constructed, and used a low-pass birdcage radio-frequency 
coil and interface specifically for egg measurements. Further 
details are given in Supplemental Material and Figure S1A.

PET/CT Imaging and Autoradiography

Dynamic PET scans were performed with an INVEON scan-
ner (Siemens, Erlangen, Germany) [42] or a Triumph II CT 
scanner (Northridge Tri-Modality Imaging, USA) for 65 min 
([18F]FET). If the chick embryos were injected under a ster-
eomicroscope, emission scans started 3 min after the injec-
tion, followed by 10 min of transmission scan (INVEON) or 
a low dose CT (Triumph II) for attenuation correction. If the 
chick embryos were injected via a venous catheter (INVEON 
only), transmission scans were performed first, followed by 
emission scans with simultaneous tracer injection. Details 
on PET reconstruction are given in Supplemental Material. 
An image of the PET scan setup is shown in Figure S1B.

After the scan, the chick embryos were checked for vital 
signs (i.e., visual assessment of pulse in CAM arteries under 
the stereomicroscope) before further processing of the tissue 
and data. For autoradiography, organs were taken out, frozen 
in isopentane at −50 °C, and cryo-cut in 20 µm slices. Every 

tenth slice and freshly prepared 20 μm 18F or 68 Ga standards 
with known activity for a calibration curve were exposed to 
an imaging plate (Fuji Imaging Plate, Raytest) overnight, 
scanned (Fuji BAS Reader 5000, Raytest), and evaluated 
for tracer uptake with a pixel size of 25 μm (AIDA Version 
4.50, Raytest).

Immunohistochemistry

The brains were removed from the chick embryos, frozen 
in isopentane at −50 °C, and cryo-cut in 20 µm coronal 
slices. Slices were fixed with paraformaldehyde and sub-
sequently stained for glial fibrillary acid protein (i.e., anti-
GFAP, DAKO Z0334), Ki-67 (ab16667, Abcam), human 
nuclei (MAB1281, Merck Millipore) and nuclei (i.e., DAPI) 
using the standard protocols for fixed cryo-slices. Quanti-
fication of proliferative cells was performed on overview 
images of Ki-67 stained brain slices using ImageJ (National 
Institute of Health, Bethesda, MD, United States). Evans 
blue dye extravasation was acquired by fluorescence and pic-
tured using an Aida Image Analyzer (AIDA Version 4.50; 
Raytest-Fuji).

Statistics

All statistical calculations were performed using Graph-
Pad Prism 10.0.2 (GraphPad Software, Inc., La Jolla, CA, 
United States). Descriptive statistics are provided as mean 
and standard deviation (SD). A paired t-test and Pearson 
correlation (r) were chosen for methodology comparison. A 
p-value of less than 0.05 was considered to indicate signifi-
cant statistical differences in all tests.

Results

Intracerebral tumours were produced with a success rate of 
100% in viable chick embryos at the experimental endpoint. 
However, 52% of embryos did not survive the procedure to 
EDD20 (n = 85 in general). Without intervention, the mor-
tality rate was 13.3%. Sample sizes of each experiment are 
shown in Table 1. Tumour cells were reliably found within 
one or both optic tecti growing from the ventricle into the 
brain tissue infiltratively (Fig. 1C). The BBB integrity was 
tested either in ovo with MRI after injection of paramagnetic 
contrast agent (Fig. 2) or ex ovo using Evans blue extrava-
sation (Fig. 3). In cases with BBB disruption, Evans blue 
dye extravasation could be observed in the tumour region, 
whereas Evans blue dye uptake was not seen in tumours 
with an intact blood-tumour barrier. An intact blood-
tumour barrier was observed in one U87-MG intracerebral 
tumour (n = 5), which was used in the [18F]FET study. No 
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Table 1   Sample sizes of 
each experiment, as well as 
related mortality rates (where 
applicable). Developmental 
failure refers to the loss of 
chick embryo viability during 
embryonic development. 
Windowing on EDD5 serves 
as the baseline without 
intervention

Subexperiment Sample size 
n [-]

Developmental 
failure n [-]

Mortality 
rate [%]

Tumour cell implantation in the chick embryo brain 85 44 51.76
Windowing on EDD5, based on survival until EDD10 226 30 13.3
[18F]FET autoradiography 5
[18F]FDOPA autoradiography 3
[68Ga]FAPI autoradiography 4
[18F]FET dynamic PET 5

Fig. 2   MR images of an EDD 19 chick embryo. A U87-MG tumour can be seen in the optic tectum (crosshair), presented in T2 (A) and T1 with 
(B) and without (C) contrast agent. Contrast agent enhancement is most profound in the tumour-rim region.

Fig. 3   Two representative EDD 
19 chick embryo brains with 
U87-MG tumours showing a 
disrupted (A,B) and an intact 
(C,D) blood-tumour-barrier. 
A,C: 4’,6-diamidino-2-phe-
nylindole (DAPI) staining 
shows densely packed tumour 
cells in the tectum opticum. 
B,D: Consecutive slices of 
A and C, respectively, with 
(B) and without (D) Evans 
blue dye extravasation in the 
tumour region, thus indicating a 
disrupted (B) and an intact (D) 
blood-tumour-barrier.
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intact blood-tumour barriers were found in the tested U87-
IDH1R132H tumours (n = 7).

The mean tumour-to-brain ratio (TBRmean) of [18F]FET 
uptake in intracerebral U87 MG tumours in chick embryos 
was 1.69 ± 0.54, as determined by ex vivo autoradiography 
which showed high correlation efficiency to PET-derived 
values (Figure S2). A representative overview of the his-
tological DAPI staining with densely packed tumour cells, 
BBB disruption within the tumour via Evans blue dye 
extravasation, [18F]FET accumulation within the tumour, 
as well as astrocyte activation in the vicinity of the tumour 
via immunostaining using anti-GFAP antibody, can be seen 
in Fig. 4. The TBRs derived from ex vivo autoradiography 
were comparable to those previously reported in rodents and 
patients (Table 2). A detailed comparison of derived val-
ues for [18F]FET compared to rodent xenografts and brain 
tumour patients is given in the Supplementary Table S1.

Dynamic [18F]FET PET imaging using small animal PET 
allowed the assessment of the time-activity curves (TAC) 
of tracer accumulation in different organs (i.e., heart, liver, 
kidney, and brain). (Figure S3). The plateau of the TAC 

of [18F]FET was reached about 20 min after intravenous 
injection for all investigated organs. [18F]FET showed the 
highest tracer uptake in the heart (SUVheart = 3.70 ± 0.35), 
followed by the liver (SUVliver = 3.51 ± 0.41 and kidneys 
(SUVkidney = 3.26 ± 0.43), indicating [18F]FET clearance 
through hepatic/pancreatic and urinary pathway. The 
SUV within the brain was moderate, with an average of 
1.09 ± 0.09. A representative image is shown in Figure S4.

An interesting example of ex vivo autoradiography using 
[18F]FDOPA in a chick embryo bearing two U87-IDH1R132H 
tumours in the right and left ventricle of each tectum is 
shown in Fig. 5. The right-sided tumour showed high tracer 
uptake (TBR, 3.8), while the left showed isometabolism 
(TBR, 1.1). A chick-genetic origin of one of the tumours was 
excluded by immunostaining using a human nuclei marker 
(Fig. 5C, red). Both tumours showed high proliferative indi-
ces (Fig. 5C, green), with significant differences in prolifera-
tion density in the infiltration zone: 37% proliferative cells 
for the isometabolic tumour but 62% Ki-67 positive cells 
in the FDOPA positive tumour. Detailed images visualise 
the infiltrative growth pattern of the isometabolic tumour 

Fig. 4   Consecutive 20  µm slices of an EDD 19 chick embryo brain 
with a U87-MG tumour using [18F]FET. 4’,6-diamidino-2-phenylin-
dole (DAPI) staining shows densely packed tumour cells in the ven-
tricle and adjacent brain regions forming a solid tumour (A). The 
blood–brain barrier is disrupted within the tumour, as shown by 
Evans blue dye extravasation, especially in the tumour rim region 

(B). The corresponding [18F]FET autoradiography shows a profound 
tracer accumulation in the tumour that is independent of the degree 
of blood–brain-barrier disruption (C). Astrocyte staining using an 
anti-GFAP antibody (Z0334, Dako) reveals astrocyte activation in the 
vicinity of the tumour (D).

Table 2   Tumour-to-brain ratios 
(TBRmean) of the evaluated 
tracers in different species, in 
mean with standard deviation

Chick Embryo Rodents Human

[18F]FET 1.69 ± 0.54 2.15 ± 0.37 [29] 2.02 ± 0.54 [28]
[18F]FDOPA 1.92 ± 1.11 2.41 to up to 3.36 [60] 1.76 ± 0.60 [61]
[68Ga]FAPI-46 19.13 ± 0.64 19.95 ± 13.22 [38]
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into the brain of the chick embryo (Fig. 5D), while the 
hypermetabolic tumour shows a solid border of the tumour 
and brain (Fig. 5E). For intracerebral U87-MG (n = 2), one 

chick brain tumour also showed isometabolism (TBR, 1.1), 
whereas the tumour of the other subject exhibited higher 
uptake (TBR, 1.7).

Fig. 5   Consecutive 20  µm slices of an EDD 19 chick brain with a 
U87-IDH1 R132H tumour. 4’,6-diamidino-2-phenylindole (DAPI) 
staining shows densely packed tumour cells in both ventricles and 
adjacent brain regions that form two solid tumours (A). Ex vivo auto-
radiography with [18F]FDOPA shows a profound tracer accumulation 
in the right tumour, while the left tumour visualises isometabolism 
(B). Immunostaining with a human nuclei marker (MAB1281, Merck 

Millipore) demonstrates the human origin of the tumours in red, 
whereas proliferating cells are visualised in green with the prolifera-
tion marker Ki-67 (ab16667, Abcam). All cell nuclei can be seen in 
blue (C). Detailed images of the border region of both the isometa-
bolic left tumour (D) and hypermetabolic right tumour (E) are shown 
in higher magnification.
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An example of the distribution of [68Ga]FAPI-46 in a 
chick embryo brain in a U87 IDH1R132H intracerebral tumour 
at EDD 19 is shown in Fig. 6. The TBR of [68Ga]FAPI-46 
uptake in U87-IDH1R132H tumours with disrupted blood-
tumour barriers (n = 4) was 19.13 ± 0.64.

Discussion

The presented chick embryo model for intracerebral tumours 
yielded solid brain tumours inside the ventricles of the optic 
tectum of the chick embryo, infiltrating healthy brain tissue. 
The growth and interaction of implanted cells with the sur-
rounding developing brain tissue was similar to established 
rodent brain tumour models.

Autoradiographic experiments with the amino acid 
tracer [18F]FET showed low uptake in the normal brain and 
TBR values similar to those reported in the literature for 
both humans [28] and rats [24, 43]. The occurrence of one 
U87-MG tumour with an intact blood-tumour barrier did not 
influence the tracer uptake due to the ability of [18F]FET to 
pass an intact BBB. In addition, the time-activity curves (Fig-
ure S3) determined by the small animal PET yielded similar 
results compared with rodents and humans, i.e., decreasing 
[18F]FET uptake after an early peak in most organs, while 
the brain showed SUVs in the range of 1 in rats, humans, 
and chick embryos. The whole-body distribution and [18F]
FET clearance from the organs of the chick embryo were also 
comparable to known elimination pathways in rodents and 
humans. In mice, urinary and pancreatic excretion has been 
shown [44], while human dynamic whole-body scans showed 
urinary excretion with high [18F]FET accumulations in the 
urinary bladder and kidneys [45]. Also, a noticeable amount 
of [18F]FET activity was found in the human myocardium 
[45]. In chick embryos, the highest [18F]FET accumulation 
was found in the heart, followed by high liver and kidney 

uptakes shortly after distribution. This might indicate a [18F]
FET clearance through both hepatic and kidney / urinary 
excretion within the chick embryo on EDD 18–19. However, 
pancreatic excretion cannot be ruled out due to the anatomi-
cally close proximity of the liver and pancreas [46].

Experiments with [18F]FDOPA yielded brain tumours 
with different uptake behaviour in the same cell lines, which 
is a rather unusual finding (Fig. 5). This variability suggests 
that brain tumour cells in the chick embryo model may dis-
play differing levels of differentiation, providing an opportu-
nity to further investigate the mechanisms underlying tracer 
uptake. Low uptake of FET or FDOPA also occurs in up to 
30% of brain tumour patients [47], resembling the isometa-
bolic uptake in the chick embryo (Fig. 5). The proliferative 
index of the chick embryo isometabolic tumour was lower 
than the chick embryo hypermetabolic tumour, which is in 
line with the finding that patients with isometabolic brain 
tumours tend to have a more favourable prognosis [47, 48].

Finally, [68Ga]FAPI-46 uptake within the chick embryo 
at the later EDDs was similar to the uptake reported in 
patients [38]. At this embryonic stage, FAPI uptake within 
the embryonic brain was as low as in the mouse model [37]. 
Tissue remodelling during embryogenesis and reactive stro-
mal cells showed high uptake in the jaw muscle and spine 
(data not shown). However, this did not lead to increased 
FAPI uptake in the brain, suggesting that the embryonic ori-
gin did not limit the model’s utility in brain tumour studies.

Thus, all three radiotracers showed similar results com-
pared with those in rodents and humans, indicating that the 
chick embryo model is an excellent preclinical model for 
tracer evaluation in intracerebral tumours.

Compared with previously published techniques for brain 
tumour implantation [3, 4, 22, 49, 50], our method is based on 
established methods for rodent studies, is technically less chal-
lenging, and has comparably moderate chick embryo mortal-
ity rates. A recent study proposed a pneumatic pico-pump for 

Fig. 6   [68Ga]FAPI-46 of a chick embryo on EDD 19. (A) 4’,6-diami-
dino-2-phenylindole (DAPI) image of U87 IDH1R132H intracerebral 
tumour showing densely packed solid tumour cells in the ventricles 

(B) autoradiography of consecutive slice of A, showing profound 
tracer accumulation in the tumours.
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glioblastoma cell injection in embryos at EDD 6 with viable 
brain tumours in 25 – 75% of the experiments and evaluation of 
tumour growth up to EDD16 [5]. Our approach yielded a simi-
lar rate of embryo viability (48%) and allowed the evaluation 
of intracerebral tumour growth and infiltration up to EDD20, 
which is advantageous for therapy monitoring studies.

The formation of a BBB in chick embryos has been 
described in several studies [51–55]. Impairment of the 
BBB within the area of the brain tumour could be detected 
in later EDDs, similar to that observed with established rat 
models with the same tumour cell line [24]. As demonstrated 
in Fig. 3, however, some intracerebral tumours in the chick 
embryo brains did not show signs of BBB disruption, which 
is similar to non-enhancing gliomas in humans. Since an 
intact BBB is rarely found in rodent brain tumour models, 
this observation indicates the potential of the chick embryo 
as a model for non-enhancing gliomas.

Some limitations that restrict the applicability of the chick 
embryo model need to be addressed. First, the implantation 
site in the developing mesencephalon of the chick embryo 
brain varies from rodent models as the striatum is not devel-
oped at the time of implantation. However, the presence of 
intermediate filament protein GFAP expression in the vicin-
ity of the solid brain tumour indicates reactive astrocytosis 
in response to tumour growth, which is comparable to that 
observed in mammals [56–59]. Thus, the tumour microenvi-
ronment seems to be comparable to that seen in rodent xeno-
grafts. However, due to the limited spatial resolution of the 
small animal PET, a clear delineation of tumours was not 
possible. Therefore, the tumour-bearing chick embryo brain 
was investigated using ex vivo autoradiography on EDD 
18–19. Nevertheless, a significant correlation between mean 
SUV and TBR values derived using PET and autoradiogra-
phy could be demonstrated (Figure S2). Another limitation is 
the restricted timeframe for experimental investigations. The 
fast development of chick embryos (20 days) excludes the 
investigation of slow-growing tumours or, in the case of drug 
testing, the use of drugs with longer administration times. 
Ethical considerations present a significant constraint in chick 
embryo research, requiring attention to ensure ethically cor-
rect treatment of these organisms during their development 
based on recent research indicating nociception starting from 
EDD13 [7–9]. While the utilisation of chick embryos might 
be ethically preferable to working with mature animals, an 
ethical dilemma persists, and researchers must continue to 
apply the 3R principles to minimise potential pain or harm. 
A balance between pursuing scientific knowledge and an ethi-
cal imperative has to be found. As an example, all embryos 
sacrificed in this study were anaesthetised beforehand as part 
of a refinement strategy. Additionally, the research planning 
incorporated measures to minimise the number of embryos 
used. Based on patient data and observations in rodent 
xenograft models, medium-sized brain tumours of the type 

developed in this study are not associated with pain. There-
fore, no pain, suffering or harm during the developmental 
stages with possible nociception was anticipated. However, 
continuous reassessment and refinement of protocols based on 
the newest findings is imperative to uphold the highest stand-
ards of animal welfare. In addition, a notable limitation of 
the model arises from the inherent differences between avian 
and mammalian immunobiology, particularly in cases where 
host receptor-binding is required for specific radiotracers or 
when antibodies are used for immunohistochemical target 
validation. Nonetheless, if the target binding is restricted to 
the derived tumour itself, it does not pose a limitation to the 
evaluation of tracer developments or neuroimaging, as the 
xenografted human-originated tumour still retains its human 
physiological properties. In the context of host immunological 
processes, the extrapolation of findings from chick embryo 
studies to potential applications in mammalian systems must 
be undertaken with caution, and conclusions should be drawn 
carefully. Consequently, the translational relevance of immu-
nological results obtained in chick embryos may be limited 
and should be interpreted carefully.

Conclusions

Radiotracer imaging of intracerebral tumours in the chick 
embryo offers a fast model for the evaluation of radiotracer 
uptake, accumulation, and kinetics. Our results indicate a high 
comparability of chick embryo intracerebral tumour imag-
ing to xenograft rodent models or brain tumour patients. The 
results of multimodal imaging, as well as the tumour growth 
and micro-environment, indicate an excellent in vivo alterna-
tive to the standard rodent model in many preclinical aspects 
of neuro-oncology and non-invasive medical imaging. Further-
more, the occurrence of isometabolic tumours, as well as intact 
blood-tumour barriers, offer new options to study the role of 
blood–brain-barrier permeability for the uptake of radiotracers.
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