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Longitudinal investigation 
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Breast cancer is a leading cause of death in female patients worldwide. Further research is needed to 
get a deeper insight into the mechanisms involved in the development of this devastating disease and 
to find new therapy strategies. The zebrafish is an established animal model, especially in the field of 
oncology, which has shown to be a promising candidate for pre‑clinical research and precision‑based 
medicine. To investigate cancer growth in vivo in zebrafish, one approach is to explore xenograft 
tumor models. In this article, we present the investigation of a juvenile xenograft zebrafish model 
using a Jones matrix optical coherence tomography (JM‑OCT) prototype. Immunosuppressed wild‑
type fish at 1‑month post‑fertilization were injected with human breast cancer cells and control 
animals with phosphate buffered saline in the tail musculature. In a longitudinal study, the scatter, 
polarization, and vasculature changes over time were investigated and quantified in control versus 
tumor injected animals. A significant decrease in birefringence and an increase in scattering signal was 
detected in tumor injected zebrafish in comparison to the control once. This work shows the potential 
of JM‑OCT as a non‑invasive, label‑free, three‑dimensional, high‑resolution, and tissue‑specific 
imaging tool in pre‑clinical cancer research based on juvenile zebrafish models.

Breast cancer is a leading cause of death in female patients worldwide. In 2020, 2.3 million cases were diagnosed 
with breast cancer and 685,000 deaths occurred  globally1. Modern therapy strategies enable to cure 70–80 % 
of patients if detected at an early stage. However, late stages and metastatic forms of breast cancer still evoke 
large challenges for current treatment options. Therefore, further research is needed to better understand the 
mechanisms involved in the development of breast cancer and its  metastasis2.

Important approaches for the clinical treatment of breast cancer are precision or personalized medicine. 
They aim to improve the outcome of possible therapy options and at the same time try to reduce side effects 
for the  patient3,4. Both of these, basic and clinical research fields rely on two emerging technologies. One being 
patient originated tumor models. They include in vitro cell cultures, such as conventional two-dimensional 
ones, spheroids, or organoids, and in vivo animal models from patient-derived tumor cells. The other research 
field is the detection of early biomarkers which enable a high-sensitive evaluation of these models. This allows 
to get deeper insights into the mechanisms involved in the disease and to test possible treatment options for 
new therapeutic  targets5.

Among the models described above, in vitro cell cultures and spheroids allow for fast compound screenings, 
due to their small size and rapid creation time. However, they lack a physiological environment i.e., no tumor 
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microenvironment, vasculature or active immune system is  present5. In vivo animal models can be utilized to 
overcome this limitation.

The zebrafish is an established vertebrate model, in particular in the field of oncology and it has shown to be a 
good candidate for personalized medicine  approaches6. This model organism has the required system complex-
ity, and it is more time and cost-effective, due to its small size, fast maturation time and large offspring number, 
when compared to traditional rodent  models7. Further, they share a high genetic and organ system similarity 
with humans and tumors formed histologically and genetically resemble patient  ones8,9. In recent years genetic 
approaches have been well established in zebrafish, allowing to gain novel insights into the molecular genetics 
of various cancer types and advance in anti-cancer drug development  processes10.

To investigate cancer growth in vivo in zebrafish, one approach beside the usage of transgenic models is to 
explore xenograft tumor models. Xenograft transplantation is the process of introducing living cells from one 
species into a host organism, such as the zebrafish, which allows to study a variety of human cancer cells without 
the need of establishing complex, new transgenic  lines11. In zebrafish xenograft models, the tumor cells can either 
be injected into larvae or immunosuppressed juvenile or adult animals.

In most studies so far, larvae were utilized due to multiple reasons, such as that zebrafish lack an adaptive 
immune system at an early life stage, they are small and have a fast maturation time and are nearly transparent 
which allows for high-throughput compound screenings with conventional microscopic  techniques12.

However, studies conducted in larvae are limited to a couple of days and for some tumor types and especially 
to observe metastatic processes a longer available experiment time would be beneficial. Furthermore, the water 
temperature in which larvae can optimally develop is around 28.5 ◦C11. Literature has shown that by utilizing 
juvenile or adult fish, the water temperature can be increased to 37 ◦ C which facilitates human tumor cell growth. 
Finally, the administration and assessment of pharmacokinetics can be addressed in a more accurate way in 
juvenile or adult  animals11,13.

In juvenile or adult zebrafish conventionally used microscopic techniques, such as white-light or fluores-
cence microscopy, have a limited penetration depth due to light scattering and  absorption14. A semi-transparent 
zebrafish line was introduced to overcome this limitation, however leading to additional working steps and more 
complex breeding  schemes15. To investigate non-transparent juvenile/adult xenograft zebrafish models a high-
penetration, three-dimensional (3D) and high-resolution imaging technique is required.

Optical coherence tomography (OCT) is an optical imaging technique based on the interference of light, 
which enables the generation of 3D, high-resolution morphological representations of the investigated tissue 
based on the intrinsic contrast, i.e., the technique is label-free and non-invasive16. Additionally, OCT enables to 
investigate the vasculature by utilizing a technique called OCT angiography (OCTA)17. Polarization-sensitive 
OCT (PS-OCT) is a functional extension of conventional intensity-based OCT which additionally can analyze 
the polarization properties of a sample. Therefore, PS-OCT can add tissue-specific contrast in a label-free  way18. 
Both conventional intensity-based OCT and PS-OCT have shown to be valuable tools in a wide range of micro-
scopic  applications19–22.

Conventional scatter intensity-based OCT setups have been used to investigate zebrafish at various develop-
ment stages. Most of these studies so far were either focused on investigations in  larvae23–26 or in adult zebrafish 
in the regions of the  eye27–29 or the  brain30–32. Yang et al. utilizing a polarization-sensitive OCT setup at a central 
wavelength of 840 nm to investigate various muscle groups and the skin structure of adult  zebrafish33,34. Recently, 
our group showed first promising results in in vivo wild-type zebrafish at three development stages. We utilized 
our depth-resolved polarization-sensitive Jones-matrix OCT (JM-OCT) prototype operating in the infrared 
wavelength region to investigate zebrafish at 8-days, 1, and 2-months post-fertilization and characterized scatter 
and polarization properties of various  organs35. In another study conducted in post-mortem adult transgenic 
tumor-bearing zebrafish, we showed the possibility of an improved tumor detection, compared to utilizing only 
the intensity-based information, using the same JM-OCT  prototype36.

In this article, we present the investigation of an in vivo juvenile xenograft zebrafish model using the same JM-
OCT prototype. Immunosuppressed wild-type animals at 1-month post-fertilization were injected with human 
breast cancer cells in the tumor group and with phosphate buffered saline (PBS) in the control group, respectively. 
Two studies were performed. In the first study, two control and four tumor-injected zebrafish (first generation) 
were investigated after 7 days post-injection with the JM-OCT prototype and the results were compared to the 
gold standard of histology. In the second longitudinal study, the number of animals was increased to 13 and 10 
in the tumor and the control group (second generation) respectively and imaged in a non-invasive way over 
21 days using the JM-OCT setup. The scatter and polarization changes in control and tumor-bearing animals 
were investigated and quantified. Furthermore, OCT angiography was used to examine the vasculature in these 
small animals. This work shows the potential of JM-OCT as a non-invasive, label-free, three-dimensional, high-
resolution, and tissue-specific imaging tool in pre-clinical cancer research based on a juvenile zebrafish model.

Results
The utilized polarization-sensitive JM-OCT prototype enables a multi-contrast examination of the anatomical 
features of the zebrafish. The three-dimensional tissue morphology was assessed by the intensity-based data. The 
depth-resolved birefringence was used as a marker for highly orientated structures such as the muscles. Further, 
to examine tissue samples introducing random changes in the polarization states, the degree of polarization 
uniformity (DOPU) was examined. This parameter has for example shown to be specific for highly pigmented 
tissue  areas18. In addition, by using the OCTA information the vasculature was examined in a label-free way.

The JM-OCT prototype was utilized to investigate a first generation of juvenile xenograft zebrafish (Study 
1) and the results were validated by the gold standard of histology and immunohistochemistry (IHC) staining 
(see Supplementary Figure 3). Additionally, non-injected control animals were investigated and representative 
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results are shown in the Supplementary material. Figure 1 shows the results obtained in a representative con-
trol (Fig. 1a–g) and tumor injected (Fig. 1h–n) fish at 7 days post-injection (dpi), respectively. Cross-sectional 
JM-OCT scatter intensity, birefringence, and degree of polarization uniformity (DOPU) images of the control 
(Fig. 1a–c) and the tumor (Fig. 1h—j) model are presented. The PBS injection site (indicated by yellow arrows) 
in the control fish can be identified as a region of low birefringence (blue) in comparison to the surrounding 
healthy musculature.

Also the tumor region (indicated by red arrows) exhibited decreased birefringence, and a disruption of the 
musculature morphology was observed, see Fig. 1h,i. The corresponding H &E-stained micrographs at two 
anatomical locations, revealed the abnormal accumulation of cells (dark purple regions in Fig. 1k–n) in com-
parison to the control muscle region (Fig. 1d–g). The muscle region showed high DOPU values with some small 
regions of increased depolarization in the fish skin (Fig. 1c,j), probably due to the pigmentation. Furthermore, 
low DOPU values were observed in the bottom region of most images, which arise from multiple scattering at 
deeper tissue  regions36.

In the second zebrafish generation (Study 2), the animals were investigated longitudinally over 21 dpi. To 
be able to follow individual animals over time, they were kept separately in six-well plates. A comparison of the 
histology and JM-OCT results in representative control and tumor injected fish at 21 dpi, are shown in Fig. 2. 
Please note that after 21 days, both the control and tumor-injected animals showed a loss in muscle area (see 
Supplementary material). The scatter intensity, birefringence and DOPU-based results of a representative control 
fish are presented in Fig. 2a–d. A corresponding H &E-stained histology micrograph and a magnified image are 
shown in Fig. 2e–f. The scatter intensity, birefringence and DOPU-based results of a representative tumor-bearing 
fish are presented in Fig. 2g–j and the corresponding H &E-stained histology micrograph and magnified image 
are shown in Fig. 2k,l, respectively. The tumor locations are indicated by red arrows.

Figure 3 shows the scatter intensity and birefringence-based results of a control (Fig. 3a1–b4) and a tumor 
injected (Fig. 3c1–d4) animal at two time points (7 and 15 dpi, study 2), respectively. Additional results from 7 
dpi until 21 dpi, obtained in a control and a tumor-injected animal are presented in the Supplementary Figure 4. 
In the control animal, the morphology of the musculature can be identified in the intensity-based data, see 
Fig. 3a1–a2 and further characterized by increased birefringence, see Fig. 3a3–a4. Remarkably, the PBS injection 
site in the control animal which was barley visible in scatter intensity data (Fig. 3a2), indicated by yellow arrows, 
shows a clearly decreased birefringence signature (Fig. 3b4). After 15-days the injection site is barely visible 
in the intensity-based data (Fig. 3b1–b2) and exhibited a small area of increased scattering and birefringence 
(Fig. 3b4), probably due to tissue scaring.

In the tumor injected zebrafish, after 7 days post-injection, an inhomogeneous scatter intensity pattern 
(Fig. 3c1–c2) and multiple regions of decreased birefringence (Fig. 3c3–c4) were observed. After 15 days post-
injection the structural loss of the musculature in scatter intensity-based data (Fig. 3d1–d2) and larger areas of 
low birefringence (Fig. 3d3–d4) were revealed.

Figure 1.  The OCT in comparison to histology results for the first generation of xenograft zebrafish at 7 
days post-injection (dpi). (a–c) Scatter intensity, birefringence and DOPU sagittal cross-section images in a 
PBS injected control fish. The injection site is indicated by yellow arrows. (d–g) Corresponding transverse 
H &E-stained histology micrographs. (h–j) Scatter intensity, birefringence, and DOPU sagittal cross-section 
images in a tumor injected zebrafish. (k–n) Corresponding transverse H &E-stained histology images. The 
tumor location is indicated by red arrows.
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Figure 2.  The JM-OCT in comparison to the histology results for the second generation of xenograft zebrafish 
at 21 days post-injection (dpi). (a–d) Scatter intensity, birefringence, DOPU transverse cross-sections and 
birefringence en-face image in a PBS injected control model. (e–f) H &E-stained histology micrographs in 
transverse direction and zoom-in image in the control animal. (g–j) Scatter intensity, birefringence, DOPU 
transverse cross-sections and birefringence en-face image in a tumor injected fish. (k–l) H &E-stained histology 
micrographs in transverse direction and zoom-in image in the tumor-bearing animal. The tumor location 
is indicated by red arrows. The locations of the transverse sections are indicated by white dashed lines in the 
en-face images.

Figure 3.  The scatter and polarization JM-OCT results over time in a control (a1–b4) and a tumor injected 
zebrafish (c1–d4). (a1–a2) Scatter-intensity en-face and B-scan images in a control fish at 7 days post injection 
(dpi). (a3–a4) Corresponding birefringence en-face and B-scan images. (b1–b2) Scatter-intensity en-face and 
B-scan images in a control fish at 15 dpi. (b3–b4) Corresponding birefringence en-face and B-scan images. (c1–
c2) Scatter-intensity en-face and B-scan images in a tumor fish at 7 dpi. (c3–c4) Corresponding birefringence 
en-face and B-scan images. (d1–d2) Scatter-intensity en-face and B-scan images in a tumor fish at 15 dpi. 
(d3–d4) Corresponding birefringence en-face and B-scan images.
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Utilizing the Zebrafish Segmentation Net as described in the method section, the upper muscle regions were 
automatically segmented in the PBS (control) and tumor injected fish for the second xenograft generation (Study 
2). Representative segmentation results in control and tumor models at day 7 and 15 are shown in Fig. 4a. Due to 
multiple scattering, reduced intensity and increased birefringence values were observed in the lower half of the 
fish tail musculature (Fig. 3c2,c4). That is why the evaluation of the scatter and polarization parameters was only 
performed for the upper muscle region. Utilizing the segmentation data and the scatter intensity, birefringence 
and DOPU values a quantitative analysis for all time points was performed. Figure 4b–d shows the box-whisker 
plots of the mean intensity, birefringence, and DOPU values over the five measurement dates in control and 
tumor animals. Single data points represent the mean values of each quantity for individual fish analyzed. Please 
note that the horizontal position of the points in a group was randomly selected for better visualization.

A general trend towards a higher scatter intensity, lower birefringence, and higher DOPU values were found 
when comparing tumor and control zebrafish. Rank sum tests were performed to identify statistically significant 
(p < 0.05) differences between the control and tumor fish at each time point. For the scatter intensity-based data, 
significantly higher values in the tumor injected animals were observed at 11 (p = 0.012), 15 (p = 0.002) and 19 
(p = 0.005) dpi. Statistically significant lower birefringence in the tumor models was revealed at 11 (p = 0.002) 
and 15 (p = 0.009) dpi. Finally, statistically significant lower DOPU values were found in the tumor models at 7 
(p = 0.02) dpi followed by significantly higher values at 11 (p = 0.008) and 15 (p = 0.02) dpi.

In the second study, 10 PBS-injected control and 13 tumor-injected animals were investigated in total. During 
the 21 days of the experiment around 90% of all animals survived until 15 dpi. However, in the last imaging ses-
sion on day 21, only 20% (N = 2) of the control and 39% of the tumor-bearing fish were still alive. The respective 
survival Kaplan–Meier plots are shown in Fig. 5a. A hazard ratio of HR = 0.791 with a p value of 0.398 revealed 
no significant differences between the survival rate of control and tumor-injected zebrafish.

Further, the birefringence data acquired in the second longitudinal study were utilized to perform an abnor-
mality analysis. By setting a threshold value of 0.0006 as abnormal low birefringence and by using the seg-
mentation data, the area in percentage of these abnormal pixels in the muscle region was evaluated. The mean 
percentage values over 7–19 dpi are shown in the bar plot in Fig. 5b. The vertical bars indicate the corresponding 
standard deviations. The performed rank sum test showed a significant difference on day 11 (p = 0.03) and trends 
to larger areas of abnormal low birefringence on 7, 15, and 19 dpi.

Utilizing the OCTA data, the vasculature of the zebrafish can be investigated in a label-free way. Figure 6 
shows representative en-face maximum OCTA projections and the vasculature segmentation results obtained 
with the AngioTool (inserted images in the upper right corners) of control Fig. 6a–c and tumor models Fig. 6d–f 
at day 7, 15 and 19 post-injection, respectively. When analyzing the mean vessel length and vessel density over 

Figure 4.  The scatter and polarization analysis. (a) Representative scatter-intensity B-scan images of control 
and tumor zebrafish overlaid with the automatic muscle segmentation results (red). (b) Box-whisker plots of the 
mean intensity values over the five measurement days post injection (dpi) in control and tumor animals. (c,d) 
Box-whisker plots of the mean birefringence and DOPU values. Each data point represents the mean value of 
the respective quantity for each animal analyzed.
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the three time points, no statistically significant changes between control and tumor zebrafish were identified, 
see Fig. 6g,h, respectively. The tumor animals showed a trend of reduced vessel densities and mean vessel lengths 
at all time points, though these findings were not statistically significant.

Discussion
A polarization-sensitive JM-OCT prototype operating at 1.31-µ m was utilized to investigate a juvenile zebrafish 
xenograft tumor model in a label-free and non-invasive way. In the tumor group, fish at the age of 1 month post-
fertilization were injected with MCF-7 human breast cancer cells in the tail musculature. The control group was 
injected at the same location with a PBS solution. In the first study, the tumor-induced changes were evaluated 
at 7-day post-injection and the results obtained were compared to the gold standard histology. In the second 
longitudinal study, control and tumor fish were imaged every four until 21 days post-injection and at the end 
stage histology analysis was conducted. In comparison to conventionally used microscopic techniques, such as 
white light and fluorescence imaging, JM-OCT has the advantage that it is label-free, i.e., no exogenous contrast 
agent is needed and the tissue morphology over a couple of millimeters in depth can be investigated.

Study 1 revealed that an abnormal accumulation of cells in the tail musculature can be identified already after 
7 days post-injection (Fig. 1k–n). We are planning to perform additional immunohistochemistry staining to 
further confirm these results. In the JM-OCT data a destruction of the muscle morphology with decreased bire-
fringence values was found in comparison to the control zebrafish, see Fig. 1a,b and h,i, respectively. Literature 
has shown that healthy musculature in zebrafish exhibits increased birefringence  values33. Further, a decrease in 
birefringence in diseased muscle tissue has been shown for murine and zebrafish  models36,38,39.

Figure 5.  The survival and birefringence-based abnormality analysis. (a) Kaplan–Meier plot for the control 
and tumor zebrafish (HR—hazard ratio with 95% confidence intervals and the p-value of the log rank test 
are indicated). (b) Percentage of abnormal now birefringence values in the muscle region over the days post 
injection (dpi) with standard deviations indicated by vertical bars.

Figure 6.  The OCTA data analysis. (a–c) OCTA en-face projections in control animals at 7-, 15- and 19-days 
post injection (dpi). (d–f) OCTA en-face projections in tumor injected animals at 7-, 15- and 19-dpi. The 
analyzed results obtained from  AngioTool37 are included in the upper left corners. (g) The mean vessel length 
in control and tumor injected zebrafish. (h) The vessel density in percentage in control and tumor injected 
zebrafish.
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Consistently, similar findings in scattering and polarization changes were observed in the second study, where 
the disruption of the muscle morphology and larger areas of lower birefringence values were observed on day 
15 post-injection, see Fig. 3d1–d4 or 21 dpi, see Fig.2g–j.

To be able to follow changes in individual animals over time, each fish was kept in one chamber of a six-well 
plate. Keeping the fish over 21 days in this condition is stressful for the  animals40, which was observed by a 
reduced movement and feeding behavior and it was also reflected in the JM-OCT and histology results, which 
may have led to muscle atrophy in control and tumor-bearing animals over time (Fig. 2 in comparison to Fig. 1), 
see Supplementary material. Also, the survival rate of the animals drastically dropped after 19 days post injec-
tion, see Fig. 5a, however no significant difference between the survival rate in the control and tumor group was 
observed. Long-term exposure to Tricaine anesthesia can lead to side effects such as stress, and it may be an 
additional factor for the observed reduced life expediency over  time41. In a next step, we are planning to keep 
the zebrafish in standard one-liter tanks to improve the health condition during the longitudinal experiment. 
Furthermore, one limitation of the current experimental protocol was that no additional control zebrafish without 
any injection was investigated. This additional group will be included in the next study.

Utilizing the Zebrafish Segmentation Net the muscle regions in control and tumor zebrafish were automati-
cally segmented. Utilizing these binary masks, the scatter and polarization property changes were quantitatively 
analyzed. A general trend towards higher scattering values in tumor versus control muscle areas was observed, 
with significant differences on 11, 15, and 19 dpi, see Fig. 4b. This increased scattering behavior might be caused 
by the more densely packed tumor mass in comparison to the low scattering muscle  tissue36.

Lower birefringence at all time points, see Fig. 4c for the tumor-bearing in comparison to the control zebrafish 
was observed, with significant differences at 11 and 15 dpi. Furthermore, the birefringence data were utilized to 
compare the abnormal low regions observed in control and tumor animals. This analysis revealed that larger areas 
of abnormal low birefringence were found for the tumor models in comparison to the control animals at 7, 11, 
and 15 dpi with a significant difference at 11 dpi, see Fig. 5b. The decrease observed between 15 and 19 dpi, see 
Fig. 5b might indicate that in some cases the tumor mass could not properly manifest itself in the fish muscula-
ture. Furthermore, a trend towards an increase in these low birefringence values was also found in the control 
group, we believe this might be caused by muscle loss due to the abnormal moving behavior in the six-well plates.

Finally, the DOPU analysis showed significantly stronger depolarization (lower DOPU values) at 7 dpi, 
followed by lower depolarization (higher DOPU values) when comparing the control and tumor animals, see 
Fig. 4d. Wang et al. showed that human breast cancer exhibits high DOPU values in comparison to the sur-
rounding fibrous-rich stroma  tissue42. The authors stated that the lower DOPU values observed within the 
stroma, might be caused by the collagen bundles which are well-aligned in this tissue type resulting in significant 
changes in the polarization states. In contrary in the tumor area, the collagen content is very sparse, causing 
little-to-no change in the polarization state which leads to higher DOPU values. We believe that a similar effect 
can be observed in the tumor (higher DOPU values) compared to the muscle region (lower DOPU values) in 
our study. The same phenomena is also reflected in the birefringence data, where the disorganized tumor mass 
showed low values in comparison to increased once observed in the highly orientated muscle tissue, see Fig. 4c.

The scatter and polarization differences observed were most significant between 11 and 15 dpi, which might 
be caused by two main factors. First, the tumor mass needs some time to manifest itself in the fish musculature, 
which may be the cause for the clearer differences on 11 and 15 dpi. However, due to keeping the fish separately 
in the six-well plates, the feeding and moving behavior was abnormal, leading to a loss in body and muscle 
volume (see Supplementary material) which could lead to less significant differences at later time points. When 
analyzing the birefringence data in control animals (Fig. 4c), an increase followed by a slow decrease over time 
can be observed, which might be due to an inflammation response of the PBS injection and the worsened health 
condition over time. Please note that at 21 dpi, only 20% of control and 39% of tumor animals were still alive, that 
is why the statistical evaluation needs to be interpreted carefully. In the future we are also planning to investigate 
if there is a correlation between the measured optical parameters and the survival of the fish.

The quantitative analysis suggested that both scatter and polarization information are needed to fully charac-
terize tumor-related changes in the juvenile xenograft zebrafish model over time. In a next step we are planning 
to explore further deep learning-based methods to analyze the generated contrast channels simultaneously for 
an improved identification of the tumor regions.

The OCTA analysis revealed no significant changes between the control and the tumor group in the vascula-
ture over time, see Fig. 6. However, literature suggested that tumor growth is associated with angiogenesis, i.e., 
the abnormal growth of additional vessels due to the tumor  mass43. We believe that multiple possible factors 
could explain why no changes were observed in this study. First, our setup was running at an A-scan rate of 50 
kHz and an inter-scan time of 12.8 ms using 4 repetitions per B-scan location, resulting in an effective frame 
rate of 20 Hz to generate the OCTA contrast. The blood flow in vessels of zebrafish larvae was measured to be 
around 180 µm/s with 160 bpm (beats per minute) or 2.67 Hz and adult animals exhibit slightly lower heart 
rates of around 110–130 bpm or around 2  Hz44,45. Additionally, anesthesia has shown to further decrease the 
heart  rate46 and in general blood flow is irregular in tumor vessels, moving much slower and sometimes even 
 oscillating47. This suggests that our setup might have a too short inter-scan time to be able to capture such slow 
motions. Second, the work of Stoletov et al. suggested, that the size of newly formed micro-vessels around the 
tumor are in the order of 10 µm43. The axial and lateral resolutions of our JM-OCT prototype were 14.0 µ m 
and 18.1 µ m, respectively. This might not be sufficient to visualize the fine structures of these small developing 
 vasculature25, and hence reduce the accuracy of the AngioTool analysis. Further a field-of-view of 6 × 8 mm 
was imaged by 512 × 512 pixels, resulting in lateral pixel resolutions of 11.7 µ m × 15.6 µ m, which might further 
degrade the accuracy of the analysis. Therefore, the optical resolution and sampling density needs to be increased 
in a follow-up study. We are planning to conduct a similar study using longer inter-scan times, an objective lens 
with a higher resolution capability, and a higher pixel density to overcome these limitations in the future. Last, 
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one possibility is that the injected tumor cells did not yet form a new vasculature network and therefore no 
changes were detected in the OCTA data. It has been described in literature that especially at an early disease 
stage breast cancer can remain in a dormant state which does not stimulate  angiogenesis48. In a next study, we 
are planning to validate our OCTA results by fluorescence imaging to gain a deeper understanding for the OCTA 
capabilities of the presented prototype.

So far, for both studies presented, the water temperature was kept at 28.5 ◦ C, which is the preferred habitat of 
zebrafish. However, literature suggested that keeping the zebrafish at 37 ◦ C, which is the optimum temperature for 
human cells, would facilitate the tumor  growth13. That is why we are planning to evaluate the effect of increased 
water temperatures on the tumor growth and the animals in a next generation. Furthermore, the amount of 
tumor cells injected so far was based on previous  literature43. In a next step, larger or even smaller amounts can 
be injected to explore the response differences.

To investigate tumor growth in juvenile/adult xenograft zebrafish, the immune system of the animals needs 
to be suppressed, that the host organism does not reject the introduced cells. Besides the usage of genetically 
modified animals, this can be done by radiation or chemical compounds such as Dexamethasone, as used in 
this  study11. Mendonca-Gomes et al. recently showed that long-term treatment of Dexamethasone increases the 
engraftment efficiency of human breast cancer cells in adult  zebrafish49. Though, at the same time the work of 
Ryu et al. showed that high concentrations of Dexamethasone can introduce muscle atrophy in  zebrafish50. In 
the future, the influence of Dexamethasone on the tumor growth must be further investigated.

In the presented work, we explored a juvenile xenograft zebrafish model based on the injection of MCF-7 
human breast cancer cells. In the future, we are also planning to include interventional groups to perform anti-
cancer drug testing to further show the usability of our setup as a tool for precision-based medicine. The proposed 
JM-OCT prototype can further be used to investigate a wide range of other zebrafish tumor models, by explor-
ing different cancer cell types and injection sites or even transgenic models. In conclusion, the presented work 
showed the potential of JM-OCT as a non-invasive, label-free, three-dimensional, and high-resolution tool for 
pre-clinical cancer research based on juvenile zebrafish models.

Methods
Tumor xenograft zebrafish model. Two generations of xenograft zebrafish were investigated, see Fig. 7. 
For both studies, AB (wild-type) zebrafish at the age of 1-month-post-fertilization were investigated. Zebrafish 
were grown under standard conditions with a 14-h day and 10-h night  cycle51. Additionally, the water, which 
was kept at 28.5 ◦ C, was changed every day. The animals were anaesthetized using Tricaine (3-Aminobenzoic 
Acid Ethyl Ester Methane-sulfonate, 0.16 mg/ml) and were placed under a white-light stereo microscope. Using 
a pressure microinjector and a glass needle, phosphate buffered saline (PBS) in control and MCF-7 human breast 
adenocarcinoma cells diluted in PBS in tumor fish were injected into the tail musculature.

All animal experiments were performed in accordance with the animal study guidelines of the University of 
Tsukuba. All experimental protocols involving zebrafish were approved by the Institutional Animal Care and 

Figure 7.  The two conducted xenograft zebrafish studies. In the first study, two control and four tumor-injected 
animals were investigated. In the second study, 10 and 13 control and tumor injected zebrafish, respectively 
were analyzed. A white-light photograph of the injection site in the tail musculature is shown (dpi—days post-
injection).
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Use Committee (IACUC) of University of Tsukuba. The present study was designed, performed, and reported 
according to the principles of ARRIVE (Animal Research: Reporting of In vivo Experiments) guidelines.

First generation of xenograft zebrafish. For the first study (Fig. 7 Study 1) the zebrafish were immersed in Dexa-
methasone (FUJIFILM Wako Pure Chemical Corporation, Japan, 10 µg/ml) for 2 days, a drug to suppress the 
immune  system49. All animals were kept separately in six-well plates. Four zebrafish were injected with MCF-7 
cells (concentration: 2× 10

6 cells in 1 ml PBS) and in two control animals only the PBS solution was injected 
at the same location, see Fig. 7. After 7 days post-injection (dpi) all fish were imaged under anesthesia (Tricaine 
(0.16 mg/ml)) using the JM-OCT prototype. The fish were placed in a petri dish and each imaging session took 
less than 5 min, to ensure the survival of the animals. All zebrafish were sacrificed after OCT imaging with an 
overdose of Tricaine and fixated in 4% paraformaldehyde (FUJIFILM Wako Pure Chemical Corporation, Japan) 
for histological workup.

Second generation of xenograft zebrafish. For the second study (Fig. 7 Study 2) the zebrafish were again raised 
until 1-month-of-age and were kept in Dexamethasone (10 µg/ml) for 2 days in two separated one-liter tanks 
(control and tumor fish). In total 13 tumor (MCF-7 human breast cancer cells in PBS: 5× 10

6 cells/ml) and 10 
injected control (PBS solution) fish were investigated.

Starting from 1 week after the injection, the animals were imaged under anesthesia (Tricaine (0.16 mg/ml)) 
using the JM-OCT prototype every 4 days until 21 dpi and were kept in six-well plates to be able to differentiate 
them throughout the experiment. After the longitudinal investigation all animals were sacrificed with an over-
dose of Tricaine and fixated in 4% paraformaldehyde for histological workup. Please note that some fish died 
at intermediate time points, these animals were also fixated in 4% paraformaldehyde for histological workup.

Histology analysis. Following OCT measurements, histological workup was performed, see Fig. 8. Hema-
toxylin and eosin (H&E) stained micrographs were acquired with a standard transmission microscope (Olym-
pus, SZX16) using 4 × , 10× , and 20× magnification objective lenses. In addition, to confirm the presents of the 
MCF-7 cells in the zebrafish tail musculature immunohistochemistry was performed with an anti-HER-2/neu 
Rabbit Monoclonal Primary Antibody (6 µg/ml, Roche). Diaminobenzidine was used as detection system.

Jones‑matrix OCT prototype. To investigate the in vivo zebrafish, a custom-built JM-OCT setup (Fig. 8) 
was utilized. Details of the setup can be found  elsewhere52. A swept-source laser with a central wavelength of 
1.31-µ m (AXA10823-8, Axsun Technologies, MA) was used for imaging and the JM-OCT prototype was based 
on a passive-polarization-delay-based PS-OCT scheme.

Images were acquired with an A-scan rate of 50 kHz and the system sensitivity was 104 dB with a probe beam 
power of 11 mW. The axial resolution in tissue was 14 µ m with a depth pixel separation of 7.24 µ m. The depth 
range in air was 2.9 mm. For imaging a scanning lens (LSM03 scanning lens, Thorlabs) featuring a focal length 
of 36 mm was used. Together with a beam diameter of 3.5 mm, the effective numerical aperture was 0.048, and 
it resulted in a lateral resolution of 18.1 µ m. Data sets comprised 512 × 128 or 512 × 512 lateral pixels with four 

Figure 8.  The data acquisition and processing steps with a photograph of the Jones-matrix OCT prototype. 
The scatter and polarization (birefringence and degree of polarization uniformity (DOPU)), and angiography 
(OCTA) data were analyzed. Quantitative analysis was performed based on an automatic tissue segmentation. 
As a ground truth histology analysis based on hematoxylin and eosin (H &E) and immunohistochemistry (IHC) 
staining was performed.
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repetitions per location for OCT angiography (OCTA) evaluation. The imaged field-of-view (FoV) was set to 6 
mm × 8 mm at the injection site in the fish tail.

JM‑OCT data processing. Four contrasts were computed from the raw JM-OCT signal, which included 
the OCT scattering intensity, the local birefringence, the degree of polarization uniformity (DOPU) and the 
OCT angiography (OCTA) see Fig. 8. The image processing software  Fiji53 was utilized for data visualization.

To generate the scatter intensity-based data (in the manuscript also referred to as the intensity data), the 
absolute-squared intensities of the four Jones matrix entries, corresponding to the four polarization channels, 
were averaged.

Different polarization states experience different speeds of light in a birefringent material. This effect can for 
example be observed in fibrous tissue structures such as  muscles18. The depth-resolved birefringence data, also 
known as the local retardation, were obtained by a local Jones matrix analysis in combination with a maximum a 
posteriori birefringence  estimator54,55. Please note that for the presented pseudo-color birefringence tomograms 
the scattering intensity, the birefringence, and the reliability of the birefringence estimation were combined. 
Therefore, the birefringence is expressed by color hue if it is reliable, otherwise the pixel is a shade of gray.

The random change of the incident polarization state at spatially adjacent sample locations is called depolari-
zation or also polarization  scrambling56. The randomization of polarization states is examined using the so-called 
degree of polarization uniformity (DOPU) and for the visualization a composite image of the scatter intensity 
and DOPU data was generated, leading to mostly grey pixel values in the background  region57.

In vivo measurements enable the investigation of dynamic processes like the blood flow utilizing OCTA 
17. To analyze vasculature changes over time, three control and three tumor injected volumes at day 7, 15, and 
19 dpi were utilized. To create the OCTA contrast, four repeated B-scans on one location were performed and 
a complex correlation-based approach was  utilized52. First, the OCTA data were masked with the OCT inten-
sity images to separate the background and valid tissue region. A three-dimensional Gaussian filter (standard 
deviation value of the distribution: 1.1, in all directions) was applied to the OCTA volumes. Maximum intensity 
projections over 30 pixels in depth (corresponding to 0.2 mm) in the muscle region at the injection site (200 × 
150 pixels corresponding to 2.3 mm × 2.3 mm) were created. Using AngioTool (version 0.6a)37, an open-source 
software to analyze angiographic images, the mean vessel length and vessel density in the generated projection 
images were analyzed, see Fig. 8.

Data evaluation. Survival analysis. To analyze the survival differences in the control and the tumor group 
over time a Kaplan–Meier plot was created. Further, the hazard ratio (HR) was computed based on Eq. (1).

O and E indicate the observed and the expected survived fish, respectively and C the control and T the tumor 
group. The hazard ratio is a measure of the magnitude of the difference between the two survival curves in the 
Kaplan–Meier plot, where values close to 1 indicate no differences between the two groups. Further, a log rank 
test, using a significance level of p< 0.05, was performed to evaluate if the observed difference between the 
groups was  significant58.

Scatter and polarization evaluation. A neural network (Zebrafish Segmentation Net) was utilized to automati-
cally segment the upper half of the zebrafish musculature of all control and tumor injected fish of the second 
study (in total 91 volumes each containing 128 images from five JM-OCT measurement sessions (7, 11, 15, 19 
and 21 dpi)), see Fig. 8.

The Zebrafish Segmentation Net processes the volumes B-scan wise, i.e. the input of the network is an inten-
sity-based transverse section and the output is a corresponding label map with float values. This map is then 
thresholded (values> 0.5 are set to 1) to obtain a binary label map. The architecture of the Zebrafish Segmentation 
Net is based on a U-Net architecture previously proposed by Ronnenberger et al.59, consisting of an Encoder (a 
contracting path to capture context) and a Decoder (an expanding path symmetric to the Encoder structure, 
that enables precise localization of structures) with skip connections between these. We refined the architecture 
using exponential linear units in the convolution layers instead of rectified linear units (ReLU) and a sigmoid 
function for the output. The network was implemented in Python (Version 3.5.2) using Tensorflow GPU (Version 
1.2.0) and Keras (Verison 2.2.4). The training has been performed end-to-end, for 20–30 epochs using an Adam 
optimizer with a binary cross-entropy loss, a learning rate of 0.001 and a batch size of one.

To obtain the training data for the automatic segmentation, 1024 B-scans of four control and four tumor-
injected zebrafish at different time points were manually segmented, based on the ground truth results obtained 
from histology. The segmentation was performed manually in 3D  Slicer60. A 0.33 train/test split of the dataset 
was used resulting in 5 subjects (3 control and 2 tumor fish) for training and 3 subjects (1 control and 2 tumor 
fish) for testing. In total 640 slices (128 slices per subject) and corresponding target segmentations were used in 
the training. The evaluation was performed on 3 subjects (not included in the training) with a total number of 
384 test images, resulting in a network segmentation accuracy of 99.66%.

The automatic generated segmentation data were used as binary masks and were applied to the scattering and 
polarization (birefringence and DOPU) images to analyze the distribution of these values quantitatively. For each 
volume 30 B-scans at the injection site were used to extract mean scattering, birefringence, and DOPU values.

All statistical evaluations were performed in MATLAB (MATLAB, R2021a, MathWorks). Box-whisker plots 
were created, showing the median values (red line), the 25–75% percentiles (box), the maximum and minimum 

(1)HR =

∑
OC/

∑
EC

∑
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∑
ET
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values (horizontal bars) and outliers (red crosses) of the respective properties analyzed. Mann–Whitney U tests 
(rank sum test) were performed to test for the equality of the distributions of the data using a significance level 
of p< 0.05.

Birefringence abnormality analysis. Using the birefringence data an abnormality analysis was performed. Bire-
fringence values smaller than 0.0006 were defined as abnormal. To define this value, a histogram analysis of 
selected tumor and control cases was performed. Utilizing the segmentation data, a percentage count of these 
abnormal low birefringence values in the tail muscle region was evaluated. Rank sum tests using a significance 
level of p< 0.05 were performed to identify statistically significant differences.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding 
author on reasonable request.
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