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Reporting Summary

Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
Confirmed
|:| The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

|:| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

D The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

[ ] Adescription of all covariates tested
|:| A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

D A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

D For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

|:| For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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|:| Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Spec (synchrotron data at beamline P10/DESY)
Commercially available software by RXSolutions (X-ACT) (In-house micro-CT data)
ZEN 3.0 (H&E microscopy images)
AxioVision SE64 Rel. 4.8 (fluorescence microscopy images)

Data analysis Fiji (open source)
Matlab (R2022b) (tomographic reconstruction and phase retrieval using the Holotomo-Toolbox, Lohse et. al., Journal of Synchrotron
Radiation, 2020)
Avizo Lite 9 (Thermo Fisher Scientific) (visualization and segmentation)
Arivis Vision4D (Zeiss AG) (visualization and segmentation)
NVIDIA IndeX (NVIDIA) (volume rendering)
Online viewer by Histomography GmbH (visualization)

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Raw data generated at DESY will be released and made public two years after the beamtime. All treated datasets are available from the corresponding authors on
reasonable request. Exemplary datasets that support the findings of this study will be openly available in GRO.data upon publication (https://doi.org/10.25625/
UWPLSQ).

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender Use the terms sex (biological attribute) and gender (shaped by social and cultural circumstances) carefully in order to avoid
confusing both terms. Indicate if findings apply to only one sex or gender; describe whether sex and gender were considered in
study design; whether sex and/or gender was determined based on self-reporting or assigned and methods used.

Provide in the source data disaggregated sex and gender data, where this information has been collected, and if consent has
been obtained for sharing of individual-level data, provide overall numbers in this Reporting Summary. Please state if this
information has not been collected.

Report sex- and gender-based analyses where performed, justify reasons for lack of sex- and gender-based analysis.

Reporting on race, ethnicity, or | Please specify the socially constructed or socially relevant categorization variable(s) used in your manuscript and explain why
other socially relevant they were used. Please note that such variables should not be used as proxies for other socially constructed/relevant variables
groupings (for example, race or ethnicity should not be used as a proxy for socioeconomic status).
Provide clear definitions of the relevant terms used, how they were provided (by the participants/respondents, the
researchers, or third parties), and the method(s) used to classify people into the different categories (e.g. self-report, census or
administrative data, social media data, etc.)
Please provide details about how you controlled for confounding variables in your analyses.

Population characteristics Describe the covariate-relevant population characteristics of the human research participants (e.g. age, genotypic
information, past and current diagnosis and treatment categories). If you filled out the behavioural & social sciences study

design questions and have nothing to add here, write "See above."

Recruitment Describe how participants were recruited. Outline any potential self-selection bias or other biases that may be present and
how these are likely to impact results.

Ethics oversight Identify the organization(s) that approved the study protocol.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.
Sample size This study did not require sample size calculations and no calculations were performed in advance. Only a limited number of HFOs was

necessary to image representative features of interest with different X-ray imaging configurations. Four HFOs and one NKX2.5-knockout HFO
were imaged.

Data exclusions  No data were excluded from the analyses.
Replication All HFOs showing the typical NKX2.5-eGFP-layered pattern were considered successfully formed. Only successfully formed HFOs were used in
this study (details are described in Drakhlis et al., Nature Biotechnology (2021)). Multiple HFOs were imaged for visualization of representative

features of interest.

Randomization  Randomization was not relevant to this study.
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Blinding Blinding was not relevant to this study.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |Z |:| ChiIP-seq
Eukaryotic cell lines |Z |:| Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging

Animals and other organisms

=
bt
(-
=
()
©
(@)
i
o
=5
—
)
©
(@)
=
>
(@]
wv
(e
3
3
I
=
<

Clinical data

Dual use research of concern
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Plants

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) Human embryonic stem cell lines:

HES3 NKX2.5-eGFP: Obtained from S. C. Den Hartogh and R. Passier (Department of Anatomy and Embryology, Leiden
University Medical Centre)

HES3 NKX2.5-eGFP/eGFP: Obtained from D. J. Anderson and D. A. Elliott (Murdoch Children's Research Institute, Royal
Children's Hospital)

Authentication All applied cell lines were established and published:
HES3 NKX2.5-eGFP: Elliott et al. Nature Methods (2011); Den Hartogh et al., Stem Cells (2015)
HES3 NKX2.5-eGFP/eGFP: Anderson et al., Nature Communications (2018)

Mycoplasma contamination All cell lines were routinely tested for contamination and were tested negative.

Commonly misidentified lines No such lines were used.
(See ICLAC register)

Plants

Seed stocks Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Novel plant genotypes Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor
was applied.

Authentication Describe-any-atithentication-proceduresfor-each-seed-stock-tised-or-novel-genotype-generated—Describe-any-experiments-used-to
assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.
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3D histology of human heart-forming organoids by X-ray
phase-contrast tomography

Corresponding Author: Dr Karlo Komorowski

This file contains all reviewer reports in order by version, followed by all author rebuttals in order by version.

Version 0:
Reviewer comments:
Reviewer #1

(Remarks to the Author)

The authors present the use of an X-Ray based PC-CT approach to image heart forming organoids, to identify the structures
typically present in these samples, without the need for classical section-based histology. The technology presented is
undergoing significant developments and has been applied to a number of different biological samples. In my opinion the
novelty of this article is the application of this technology to organoids with such a high structural heterogeneity. Overall, |
believe this article is presenting interesting results that will be useful for the field and | would like to recommend its
acceptance with minor revision. | have therefore a few comments that | would like the authors to address:

In the method section, it should be highlighted if and how the samples have been dehydrated. Dehydration is problematic for
other types of organoids (i.e. cystic lung / renal organoids), where it's affecting organoids shape, size, and causes ruptures.
In my opinion this should be mentioned in the discussion section.

In Figure 3, | believe a histological section presenting the Vessel-Like structures, would be beneficial for the comparison of
how these structures look in the X-Ray-based image

In figure 4, endodermal cavities and vessel like structures appear very similar. Can you please indicate how this distinction
has been implemented?

In figure 5, please provide a better identification of the vessel like structures, possibly using arrowheads. | am still struggling
to see the difference between these and the endodermal islands.

Figure 6: Can the authors provide supporting evidence that the segmentation presented in can be trusted? Since this is
based on interpolated manual sectioning | think it would be beneficial to provide more insights on the process for the sake of
reproducibility.

It would be interesting to understand the authors perspective on the value of the lab-based scans, since segmentation itself
seems already to be difficult on highest quality scans acquired at the synchrotron. | agree that this topic is already discussed
but | would possible like to see it expanded in the final version of the manuscript.

Reviewer #2

(Remarks to the Author)

This manuscript presents an innovative approach for performing non-invasive 3D histological analysis of heart-forming
organoids using X-ray phase-contrast tomography (XPCT). The authors demonstrate the workflow and results of applying
XPCT to heart-forming organoids, comparing the advantages and disadvantages of three different XPCT methods. Given the
growing interest in the field of 3D histology and the potential for using this technology for complete tissue sample analysis,
the study is of considerable relevance. However, there are several important issues that should be addressed in a
substantial revision before it can be published.



Major Comments:

1. The technique presented in this manuscript appears to be similar to that described in a previous publication by the authors
(Reference 26). Could the authors clearly highlight the specific innovations in the imaging technology presented here?

2. The manuscript does not provide sufficient details about the tomography reconstruction algorithm used. As tomography
reconstruction is a critical aspect of XPCT, a clear explanation of the algorithm, including any optimizations or novel
approaches, is essential for understanding the overall technical merit of this study.

3. The manuscript lacks a clear explanation regarding the differences between SR-PB and SR-CB modalities. Specifically,
the authors should clarify why SR-PB mode is chosen for large field-of-view imaging and SR-CB for high-resolution imaging.
It would be useful to provide a detailed rationale for this choice, especially considering the potential for using a higher
magnification objective in SR-PB mode. Could the authors demonstrate whether using a higher magnification objective in
SR-PB mode could achieve similar high-resolution imaging as SR-CB mode? Addressing this question would help readers
understand the technical rationale and limitations of each modality more thoroughly.

4. The manuscript claims the ability to achieve isotropic resolution, yet | did not find any experiments or results related to
resolution measurement or characterization. The paper should include experimental validation of isotropic resolution and
provide specific quantitative metrics, such as resolution measurements, in addition to the voxel size.

5. Do successive rotations of the sample produce motion artifacts during rapid imaging?

6. In the supplementary materials, the authors present imaging results of a 3 mm-sized punch biopsy using a stitching
algorithm. I am curious whether this method can be applied to larger sample sizes. Specifically, what is the maximum
sample size that this approach can support without requiring tissue clearing treatments? Additionally, could the authors
discuss whether the sample size might affect the imaging accuracy or resolution? Understanding whether there are any
limitations in terms of sample size and how these factors impact the overall imaging performance would provide valuable
insight into the scalability and practical applicability of this technique.

7. In the imaging results section, there is insufficient comparison with conventional histology based on H&E staining. For
example, in Figures 3-5, the authors distinguish different tissue regions and cellular structures using XPCT. However, it
would strengthen the manuscript to further compare these results with corresponding H&E staining images to validate and
demonstrate the accuracy of the XPCT method. This comparison would provide a more robust assessment of the
effectiveness of XPCT for tissue characterization, helping to establish its reliability as a non-invasive alternative to
conventional histology.

8. The manuscript lacks detailed explanation and comparison regarding the identification and segmentation of features of
interest. For instance, in Figure 6¢, the purpose and biological significance of the scatter plot are unclear. The authors seem
to focus solely on analyzing the accuracy of the segmentation algorithm without elucidating what biological information is
being conveyed. Additionally, it is unclear whether the accuracy issues are due to image quality or the segmentation
algorithm itself. A comparison of the method's accuracy with traditional HE staining would be beneficial. Furthermore, the
authors should emphasize and compare the functionalities and applications that their method enables, which are
challenging or unattainable with conventional H&E methods. Providing this information would significantly enhance the
understanding of the advantages and potential applications of the XPCT technique in biological research.

Minor Comments:

1. Lack of scale bars in figures. Many figures lack scale bars, especially the 3D illustrations.

2. The rendering of Figure 7.b is not aesthetic, and it seems that only the segmentation results of blood vessels are
displayed in 3D, while the original data only shows a single 2D plane. Why is it presented in this manner?

Reviewer #3

(Remarks to the Author)

The manuscript focuses on using X-ray phase-contrast tomography (XPCT) for three-dimensional (3D) histology of human
heart-forming organoids (HFOs). These organoids are derived from human pluripotent stem cells and model early heart and
vasculature development. The authors detail the application of XPCT for visualizing HFOs in their full 3D complexity without
destructive slicing, offering high-resolution insights into organoid structure. They also compare synchrotron-based XPCT
and laboratory micro-CT (UCT) for imaging capabilities, segmentation, and visualization. The work demonstrates the utility of
XPCT in complementing traditional histology and highlights its potential for high-throughput applications in developmental
biology and regenerative medicine.

The manuscript is well-structured, addressing a critical limitation in organoid imaging by presenting XPCT as a non-invasive
method for obtaining high-resolution 3D structural data. It integrates innovative imaging techniques with biological
applications, advancing both technical and biological fields. The study is significant for organoid-based research, offering a
scalable and isotropic approach to tissue visualization. However, the manuscript could benefit from more quantitative
validation of imaging data, clearer delineation of the advantages of XPCT over uCT in practical applications, and a broader
discussion of limitations and future improvements.

| recommend this paper for publication if it can address the following questions outlined below:

Questions:

1.What specific quantitative metrics, such as contrast-to-noise ratios, spatial resolution, or signal uniformity, can be
presented to rigorously compare the performance of XPCT and uCT in imaging organoid structures?

2.How does the proposed XPCT methodology address challenges in scalability, particularly for high-throughput imaging of
large datasets or multiple organoid samples, in terms of acquisition speed and data processing?

3.What are the fundamental limitations of XPCT in its current implementation, particularly concerning phase retrieval



accuracy, resolution trade-offs, or compatibility with live-cell imaging?

Version 1:
Reviewer comments:
Reviewer #1

(Remarks to the Author)
The authors have responded to my comments and clarified all my doubts on the imaging parameters / anatomical structures
identification. | am satisfied by the current version of the manuscript.

Reviewer #2

(Remarks to the Author)
| appreciate the authors’ responses to my previous comments. The revised manuscript shows clear improvements in both
clarity and technical depth.

The additional data and clarifications concerning the imaging methodology and its integration with biological interpretation
are helpful and address earlier concerns. In particular, the inclusion of comparative analysis with H&E staining strengthens
the validation of the XPCT approach. The expanded description of the computational pipeline and clarification of resolution-
related parameters further improve the transparency of the work.

Overall, | find the revisions satisfactory and believe the manuscript is now suitable for publication.
Reviewer #3

(Remarks to the Author)

Thank you for the revision.

I have carefully reviewed the authors’ responses and the revised manuscript.

The authors have adequately addressed my previous concerns, and | find the manuscript has improved significantly.
I have no further comments.

I recommend the manuscript for publication in its current form.

Open Access This Peer Review File is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were
made.

In cases where reviewers are anonymous, credit should be given to '"Anonymous Referee' and the source.

The images or other third party material in this Peer Review File are included in the article’s Creative Commons license,



unless indicated otherwise in a credit line to the material. If material is not included in the article’s Creative Commons
license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder.

To view a copy of this license, visit https:/creativecommons.org/licenses/by/4.0/



Reply and Summary of Changes

(Manuscript #: COMMSBIO-24-4012A)

We would like to thank the reviewers for their constructive feedback and helpful comments. Based on
these, we have thoroughly revised the manuscript, which has undoubtedly been improved. Our
point-by-point response is provided below (in blue). Please note that the updated or new figures can
be found at the end of this response letter, for both the revised main article and the supplementary
information document as indicated.

Reviewer #1 (Remarks to the Author):

The authors present the use of an X-Ray based PC-CT approach to image heart forming organoids, to
identify the structures typically present in these samples, without the need for classical section-based
histology. The technology presented is undergoing significant developments and has been applied to
a number of different biological samples. In my opinion the novelty of this article is the application of
this technology to organoids with such a high structural heterogeneity. Overall, | believe this article is
presenting interesting results that will be useful for the field and | would like to recommend its
acceptance with minor revision. | have therefore a few comments that | would like the authors to
address:

Reply: We thank the reviewer for his/her positive assessment.

In the method section, it should be highlighted if and how the samples have been dehydrated.
Dehydration is problematic for other types of organoids (i.e. cystic lung / renal organoids), where it’s
affecting organoids shape, size, and causes ruptures. In my opinion this should be mentioned in the
discussion section.

Reply: The organoid samples have been dehydrated through an ascending series of ethanol for
paraffin embedding. We have now added the information in the Materials and Methods section
accordingly (line 122). Applying our fixation/dehydration protocol, we do observe shrinkage of the
organoids; however, the shape and tissue structure including cavities are preserved very well, which
we assessed via comparison to results from complementary methods such as whole-mount
immunofluorescence and cryosection staining (Ref. 21: Drakhlis et al., Nat. Biotechnol., 2021). We
now discuss this in the Summary, Conclusions and Outlook section (line 476).

In Figure 3, | believe a histological section presenting the Vessel-Like structures, would be beneficial
for the comparison of how these structures look in the X-Ray-based image

Reply: We have now included additional correlative histology based on H&E histology highlighting
both vessel-like structures and endodermal cavities. To this end, we replaced sub-figure (f) by a
comparison between a virtual section through the tomographic reconstruction with an H&E stained
histological section.



In figure 4, endodermal cavities and vessel like structures appear very similar. Can you please indicate
how this distinction has been implemented?

Reply: The distinction is based on the morphology of the characteristic cells (and nuclei) that
surround the cavities. While endodermal cavities are surrounded by “columnar epithelium”,
vessel-like structures are made up of a single-cell endothelial layer, which we now state explicitly in
the Results and Discussion section when introducing Fig. 3 (lines 254-260). To some extent, the size of
the cavities can also provide a further clue, as endodermal cavities are often larger than vessel-like
structures. We note, however, that the distinction can sometimes be made more difficult by
examining only a single 2D slice, and that examination of the entire 3D volume, i.e. several successive
slices, often gives a clearer picture. Importantly, we have also modified Fig. 4(a) of the revised
manuscript to include an H&E histological section correlated with a tomographic section, highlighting
a vessel-like structure and an endodermal cavity.

In figure 5, please provide a better identification of the vessel like structures, possibly using
arrowheads. | am still struggling to see the difference between these and the endodermal islands.

Reply: Accordingly, we have added arrowheads pointing to an endothelial cell nucleus in the single
cell endothelial layer. Together with the changes made in Figures 3 and 4, we hope that the
distinction between vessel-like structures and endodermal cavities is now clearer.

Figure 6: Can the authors provide supporting evidence that the segmentation presented in can be
trusted? Since this is based on interpolated manual sectioning | think it would be beneficial to provide
more insights on the process for the sake of reproducibility.

Reply: The semi-automatic segmentation of the cell nuclei using the Blobfinder algorithm involves a
number of steps that are based on the visual (and manual) inspection of the observer, so that the
experience of the observer indeed plays a role. First, a mask is manually drawn to include only the
nuclei of the ML, while excluding other parts such as the IC or other morphological structures such as
endodermal islands. The interpolation of the mask between the drawn sections is then visually
inspected. The Blobfinder algorithm itself requires adjustable input parameters, notably "diameter",
"probability threshold" and "split sensitivity", which affect the size and number of objects found, and
are set manually based on visual inspection. We have now revised the Materials and Methods
section under “Visualization and segmentation” to include the above-mentioned information for
greater clarity (lines 219-226).

It would be interesting to understand the authors perspective on the value of the lab-based scans,
since segmentation itself seems already to be difficult on highest quality scans acquired at the
synchrotron. | agree that this topic is already discussed but | would possible like to see it expanded in
the final version of the manuscript.

Reply: We have added two more sentences together with Ref. 48 and 49 in the Summary, Conclusions
and Outlook section (line 469, 500), additionally highlighting that segmentation of structures of
interest in laboratory-based reconstructions is generally possible and discussing future directions
(with the emphasis on phase-retrieval, which played only a minor role in the laboratory-based scans
in this work). We expect that phase retrieval more specifically matching the conditions of u-CT can
bring future improvements in image quality.



Reviewer #2 (Remarks to the Author):

This manuscript presents an innovative approach for performing non-invasive 3D histological analysis
of heart-forming organoids using X-ray phase-contrast tomography (XPCT). The authors demonstrate
the workflow and results of applying XPCT to heart-forming organoids, comparing the advantages and
disadvantages of three different XPCT methods. Given the growing interest in the field of 3D histology
and the potential for using this technology for complete tissue sample analysis, the study is of
considerable relevance. However, there are several important issues that should be addressed in a
substantial revision before it can be published.

Reply: We thank the reviewer for the positive assessment and that she or he believes that the study
“is of considerable relevance”.

Major Comments:

1. The technique presented in this manuscript appears to be similar to that described in a previous
publication by the authors (Reference 26). Could the authors clearly highlight the specific innovations
in the imaging technology presented here?

Reply: We agree that we follow the approach of Ref. 26 in the combination of parallel beam and cone
beam phase contrast tomography. Since first published in 2020, we have continuously improved the
image chain, detectors, data acquisition, and instrumental control, including the continuous rotation
of the tomographic axis. We now have expanded the available set of waveguides which offer
improved holographic illumination, for example the Germanium waveguide which was previously not
yet available. This and the other technical improvements of the setup are now explicitly mentioned.
Note however, that in this manuscript the specific innovations in imaging technology per se, i.e. in the
hardware and software of the imaging setups or in reconstruction algorithms, were not the main
focus. In this study, we provide the first comprehensive characterization of an organoid model (here
using the 'multi-tissue' heart-forming organoid) by multiscale XPCT, combining recent advances in
X-ray optics, instrumentation and phase retrieval, see e.g. (Ref. 26, 28, 29). Furthermore, we
demonstrate that the translation from synchrotron to laboratory-based X-ray CT is feasible, making
3D histology of organoids accessible to a wider community. To date, the applicability of (multiscale)
XPCT to organoid models has been largely unexplored.

2. The manuscript does not provide sufficient details about the tomography reconstruction algorithm
used. As tomography reconstruction is a critical aspect of XPCT, a clear explanation of the algorithm,
including any optimizations or novel approaches, is essential for understanding the overall technical
merit of this study.

Reply: We have revised the manuscript in order to disclose the full details of the image reconstruction
pipeline (lines 189-195 and Tab. 1), including in particular phase retrieval of the projections. The most
advanced algorithmic component is certainly the non-linear phase retrieval based on iterative
Tiknonov regularization described in detail in Huhn et al (Ref. 28). The tomography itself is a
state-of-the-art implementation offered by the open domain astra toolbox (Ref. 30). Here, we chose
the filtered-back-projection (FBP), since the cone angle was small enough. We have tested the
Feldkamp-Davis-Kress (FDK) algorithm as an alternative, but essentially obtain identical results.
Several smaller tools are available at the instrument for semi-automated tomographic alignment.



3. The manuscript lacks a clear explanation regarding the differences between SR-PB and SR-CB
modalities. Specifically, the authors should clarify why SR-PB mode is chosen for large field-of-view
imaging and SR-CB for high-resolution imaging. It would be useful to provide a detailed rationale for
this choice, especially considering the potential for using a higher magnification objective in SR-PB
mode. Could the authors demonstrate whether using a higher magnification objective in SR-PB mode
could achieve similar high-resolution imaging as SR-CB mode? Addressing this question would help
readers understand the technical rationale and limitations of each modality more thoroughly.

Reply: In the parallel-beam geometry (SR-PB), there is no geometrical magnification and the effective
pixel size equals the detector pixel size (0.65 um with a x10) objective. In the cone-beam geometry
(SR-CB), geometric magnification (M=z12/z02) allows for smaller effective pixel sizes and thus
increased resolution at the expense of a smaller field of view.

We have tested higher N.A. objectives, but have not found any advantage in resolution and image
quality, e.g. at 20x magnification, which we now explicitly discuss in the Materials and Methods
section of the revised manuscript (line 163). Note that the point-spread-function (PSF) of the
microscope will not improve if the depth of focus becomes smaller than the scintillator or if the signal
volume of an X-ray photon is broadened by the energy transfer due to photoelectrons and inelastic
interactions of the X-rays in the scintillator, see also the concept of kinetic energy release (KERMA)
and linear energy transfer (LET) in radiotherapy. Therefore, even if a higher-resolution microscope
(with a higher N.A,, oil immersion, etc.) were chosen, the PSF of the whole system would not
decrease.

4. The manuscript claims the ability to achieve isotropic resolution, yet | did not find any experiments
or results related to resolution measurement or characterization. The paper should include
experimental validation of isotropic resolution and provide specific quantitative metrics, such as
resolution measurements, in addition to the voxel size.

Reply: We have now included two new figures on the resolution estimates in the Supplementary
Information document (Fig. 5, Fig. 6 and Tab. 1 of the revised Sl), by fitting a large number of image
line-cuts to an erf-profile, each for the SR-CB, SR-PB, and laboratory u-CT cases. The line cuts (e.g.
through nuclei) do depend on the steepness of the specific feature, so that they can only provide a
lower limit (resolution must be higher than these profile widths). Also, one has to average over many
such profiles, which we have now done, see also the revised SI. Importantly, we have no indication
that the direction of the profile matters, as expected for isotropic tissues and a correctly
implemented CT recording and reconstruction, we therefore can claim isotropy.

5. Do successive rotations of the sample produce motion artifacts during rapid imaging?

Reply: In the parallel-beam configuration (SR-PB) the projections were recorded over a continuous
rotation of 360° for a single tomogram. As for the continuous rotation during rapid imaging, no
motion artifacts are observed, a detailed technical evaluation can be found in Ref. 26. Typical motion
artifacts are neither observed during projection acquisition nor during the reconstruction process.



6. In the supplementary materials, the authors present imaging results of a 3 mme-sized punch biopsy
using a stitching algorithm. | am curious whether this method can be applied to larger sample sizes.
Specifically, what is the maximum sample size that this approach can support without requiring tissue
clearing treatments? Additionally, could the authors discuss whether the sample size might affect the
imaging accuracy or resolution? Understanding whether there are any limitations in terms of sample
size and how these factors impact the overall imaging performance would provide valuable insight
into the scalability and practical applicability of this technique.

Reply: With the SR-PB setup, XPCT has been applied to larger sample sizes, e.g. to 5 mm-sized punch
biopsies in (Reichmann et al., PNAS Nexus, 2025), and can be applied up to 8-mm sized punch
biopsies in a feasible manner. This is now mentioned in the revised manuscript, where we added the
following sentence in the Summary, Conclusions and Outlook section: “Punch biopsies of up to 8 mm
in diameter can be feasibly scanned with the SR-PB setup, however image quality in terms of
resolution and contrast generally decreases with increasing sample size and must be considered.”
(line 425).

Note that scanning larger sample sizes may increase noise in the image due to higher absorption and
scattering of X-ray photons. To increase the penetration depth of X-rays, a higher photon energy is
typically chosen. Scalability to large volumes is indeed one of the open challenges in the field. The
specimen geometry also matters. For example, the u-CT scan geometry of laminography may help to
cover specimens, which are a few mm in thickness but laterally extended to arbitrary size, by stitching
CT scans in the lateral directions.

7. In the imaging results section, there is insufficient comparison with conventional histology based
on H&E staining. For example, in Figures 3-5, the authors distinguish different tissue regions and
cellular structures using XPCT. However, it would strengthen the manuscript to further compare these
results with corresponding H&E staining images to validate and demonstrate the accuracy of the XPCT
method. This comparison would provide a more robust assessment of the effectiveness of XPCT for
tissue characterization, helping to establish its reliability as a non-invasive alternative to conventional
histology.

Reply: We have added microscopic images of H&E-stained slices in Fig. 3 and 4 and have correlated
these with virtual slices through the 3D volume obtained by SR-PB and laboratory p-CT scans,
respectively. Correlation of the high-resolution (SR-CB) data set presented in Fig. 5 with H&E histology
was already implemented in Fig. 7 for the vessel-like structure and in Fig. 3 of the Supplementary
Information document for a complete slice. In particular, we now highlight the differences between
endodermal cavities and vessel-like structures in the inner core by correlative imaging in Fig. 3 and 4.

8. The manuscript lacks detailed explanation and comparison regarding the identification and
segmentation of features of interest. For instance, in Figure 6c, the purpose and biological
significance of the scatter plot are unclear. The authors seem to focus solely on analyzing the
accuracy of the segmentation algorithm without elucidating what biological information is being
conveyed. Additionally, it is unclear whether the accuracy issues are due to image quality or the
segmentation algorithm itself. A comparison of the method's accuracy with traditional HE staining
would be beneficial. Furthermore, the authors should emphasize and compare the functionalities and
applications that their method enables, which are challenging or unattainable with conventional H&E
methods. Providing this information would significantly enhance the understanding of the advantages
and potential applications of the XPCT technique in biological research.



Reply: We agree that we used the scatterplot for a rather technical discussion, that it can be used to
refine the segmentation. However, we note that the scatterplot also shows effective morphometric
parameters obtained by the segmentation, in this case volume and sphericity, and gives information
about their distribution, which in turn may be of biological/histological interest, for example when
compared to modified states of the myocardial network (e.g. more developed or pathological states).

Regarding the accuracy of the segmentation, we repeat our reply to Reviewer 1:

“The semi-automatic segmentation of the cell nuclei using the Blobfinder algorithm involves a
number of steps that are based on the visual (and manual) inspection of the observer, so that the
experience of the observer indeed plays a role. First, a mask is manually drawn to include only the
nuclei of the ML, while excluding other parts such as the IC or other morphological structures such as
endodermal islands. The interpolation of the mask between the drawn sections is then visually
inspected. The Blobfinder algorithm itself requires adjustable input parameters, notably "diameter",
"probability threshold" and "split sensitivity", which affect the size and number of objects found, and
are set manually based on visual inspection. ”

A segmentation process most probably will include false positives and false negatives, and finite pixel
size and noise as well as the segmentation process itself additionally can be confounding factors. If
segmentation is required for more than illustrative purposes in a study, it may be refined for example
using the methods already discussed in the manuscript, i. e. adjusting thresholds to the histograms.
While we agree that validation by correlative imaging - e.g. with respect to identifying false
positives/negatives - would be valuable and could be emphasized in future studies, we feel that it is
beyond the scope of this work. However, we also note that correlation for example with conventional
histology is limited, since one would be correlating 3D segmented features to images that are
inherently 2D (besides potential distortions after cutting/slicing in H&E histology).

We now state the motivation of this illustrative segmentation more explicitly in the Results and
Discussion section (line 370), and also revised the Materials and Methods section under
“Visualization and segmentation” (lines 219-226) to include more details on the segmentation
process.

Minor Comments:
1. Lack of scale bars in figures. Many figures lack scale bars, especially the 3D illustrations.

Reply: We thank the reviewer for pointing this out, we have now added scale bars to the 2D sections
where they were missing. There are usually no scale bars on the 3D renderings.

2. The rendering of Figure 7.b is not aesthetic, and it seems that only the segmentation results of
blood vessels are displayed in 3D, while the original data only shows a single 2D plane. Why is it
presented in this manner?

Reply: While the segmented blood vessel can be shown in pseudo-3D, the original data is too dense
to be shown in a similar manner. For this reason, we chose the presentation as it is. Of course we
always try to find the best visual representation, but for the graphical programs used, we did not find
more convincing alternatives here.



Reviewer #3 (Remarks to the Author):

The manuscript focuses on using X-ray phase-contrast tomography (XPCT) for three-dimensional (3D)
histology of human heart-forming organoids (HFOs). These organoids are derived from human
pluripotent stem cells and model early heart and vasculature development. The authors detail the
application of XPCT for visualizing HFOs in their full 3D complexity without destructive slicing, offering
high-resolution insights into organoid structure. They also compare synchrotron-based XPCT and
laboratory micro-CT (uCT) for imaging capabilities, segmentation, and visualization. The work
demonstrates the utility of XPCT in complementing traditional histology and highlights its potential
for high-throughput applications in developmental biology and regenerative medicine.

The manuscript is well-structured, addressing a critical limitation in organoid imaging by presenting
XPCT as a non-invasive method for obtaining high-resolution 3D structural data. It integrates
innovative imaging techniques with biological applications, advancing both technical and biological
fields. The study is significant for organoid-based research, offering a scalable and isotropic approach
to tissue visualization. However, the manuscript could benefit from more quantitative validation of
imaging data, clearer delineation of the advantages of XPCT over uCT in practical applications, and a
broader discussion of limitations and future improvements.

Reply: We thank the reviewer for his/her positive assessment.
| recommend this paper for publication if it can address the following questions outlined below:

Questions:

1.What specific quantitative metrics, such as contrast-to-noise ratios, spatial resolution, or signal
uniformity, can be presented to rigorously compare the performance of XPCT and uCT in imaging
organoid structures?

Reply: In the XPCT-community, several quantitative metrics exist. The most commonly assessed main
indicators of image quality are contrast-to-noise ratio (CNR) and resolution. While CNR can be
calculated by taking feature/background signal and standard deviation into account, resolution is
usually assessed using the half-width-at-half-maximum (HWHM) of line profiles between strongly
contrasting features or Fourier-shell-correlation (FSC). We have added two new figures and one table
presenting the resolution estimates in the Supplementary Information document (Fig. 5, Fig. 6., and
Tab. 1 of the revised Sl). These were obtained by fitting line cuts (through edges of nuclei) to an
error-function profile for each of the different configurations. We have also added a new figure
showing the CNR analysis for each of the different configurations, which can also be found in the
Supplementary Information (Fig. 7 of the revised SlI). We now discuss the results that are based on
the quantitative analysis of the image quality with respect to resolution and CNR throughout the
Results and Discussion and the Summary, Conclusions, and Outlook sections of the revised manuscript
(lines 297-301, 339-342, 460-462).

2.How does the proposed XPCT methodology address challenges in scalability, particularly for
high-throughput imaging of large datasets or multiple organoid samples, in terms of acquisition
speed and data processing?

Reply: In the current implementation of the SR-PB (GINIX) setup, high throughput imaging at
beamline P10 is mainly limited by sample changing. To further increase throughput, automated
sample handling such as available at beamline P14 (Albers et al. (2024), cited in the manuscript) can
be implemented. While acquisition and reconstruction of a dataset in this configuration (2k x 2k x 2k



volume, 0.65 um pixel size) can be achieved in < 5 minutes, manual sample changing
(mounting/dismounting) and semi-automated tomographic alignment will take several more minutes.
In the SR-CB configuration, due to a significant decrease in photon flux density (and potentially the
requirement of several distance scans in the holographic regime), high-throughput screening by
means of rapid data acquisition is currently not possible with data acquisition for a single tomogram
taking 2-3 h of time. However, the scan times will be significantly reduced in the future by a higher
flux density, more coherent X-rays and improved algorithms (see also our reply below with respect to
the 3rd comment) with the coming upgrade to PETRA IV. For in-house measurements
(laboratory-based CT), high-throughput screening is feasible as demonstrated in Ref. 48 of the revised
manuscript (Reichmann et al., SciRep, 2024). As discussed in the manuscript, acquisition time is
much larger than for SR-PB scans. The main advantage here is the high accessibility potential of
laboratory CT setups.

The (open) challenge to process huge volumes of raw data as a consequence of rapid data acquisition
is also currently addressed (e.g. an automated data processing pipeline at the P14, Albers. et al. 2024)
and intensively discussed in the X-ray imaging community (a recent review e. g. Zhang et al, The
Innovation, 2024 on deep learning-empowered data processing pipelines). The implementation of
automated data processing pipelines (as well as automated quantitative image analysis as a different
topic) is expected in the upcoming upgrades of dedicated X-ray imaging beamlines (also in planning
for the upgrade of the GINIX setup as part of the upcoming upgrade to PETRA IV), and for
laboratory-based CT scans. This will clearly advance high-throughput capabilities and make XPCT even
more accessible to the broad life-science community.

3.What are the fundamental limitations of XPCT in its current implementation, particularly concerning
phase retrieval accuracy, resolution trade-offs, or compatibility with live-cell imaging?

With regard to high-resolution XPCT, effective pixel sizes and resolutions below 100 nm have been
demonstrated; however, these are still far from the theoretical limit. In the revised manuscript, we
have added a paragraph in the Summary, Conclusions and Outlook section discussing this topic (line
438), as well as the practical limitations in its current implementation, together with additional
references (Ref. 39-43 of the revised MS). As already stated in the manuscript, higher resolution XPCT
always comes with a reduction of the FOV and also with extended scanning times (e.g. when
compared to the SR-PB setup), which has to be judged in the experimental design. To increase
accuracy when solving the phase problem, iterative phase-retrieval approaches and algorithmical
advances were recently proposed, with the potential to decrease acquisition time while improving
image quality, e.g. Nikitin et al., Optics Express, 2024 and Nikitin et al., Optics Express, 2025 (now also
cited in the revised manuscript, Ref. 42 and 43). Of further note, current limitations will be
significantly improved by the upgrade from the synchrotron radiation source PETRA Ill to PETRA IV at
DESY in the coming years, with improved X-ray beam characteristics and optimized beamlines for
X-ray imaging.

In general, XPCT is also compatible with live-cell imaging or, in other words, with organoid and other
tissue samples in their ‘functional environment’ since XPCT is not restricted to a specific embedding
medium. However, challenges in terms of radiation dose, contrast, and a stable sample environment
(to prevent sample movement during data acquisition), for example, must be considered. In the
revised manuscript, we have included a general discussion of the use of different embedding media
for XPCT in the Summary, Conclusions and Outlook section (lines 483-488).
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Updated Figure 3 of the revised manuscript: (f) has been replaced by a comparison between a virtual
section through the tomographic reconstruction with an H&E stained histological section. Minor
change: Scale bar has been added in the zoom-in in (d).
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Updated Figure 4 of the revised manuscript: (a) has been updated by a comparison between a virtual
section through the tomographic reconstruction with an H&E stained histological section
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Updated Figure 5 of the revised manuscript: a white arrow has been added in (a, yellow zoom-in)
which indicates an endothelial cell nucleus of the single-cell endothelial layer that forms the
vessel-like structure. Minor changes: Scale bars have been added, where they were missing.
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Updated Figure 6 of the revised manuscript: Minor changes - added scale bars.
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New Figure 7 of the revised Supplementary Information document



Reply

(Manuscript #: COMMSBIO-24-4012B)

We are delighted with the positive feedback and would like to thank the reviewers and editors again
for the constructive and helpful review process.

Reviewer #1 (Remarks to the Author):

The authors have responded to my comments and clarified all my doubts on the imaging parameters
/ anatomical structures identification. | am satisfied by the current version of the manuscript.

Reviewer #2 (Remarks to the Author):

| appreciate the authors’ responses to my previous comments. The revised manuscript shows clear
improvements in both clarity and technical depth.

The additional data and clarifications concerning the imaging methodology and its integration with
biological interpretation are helpful and address earlier concerns. In particular, the inclusion of
comparative analysis with H&E staining strengthens the validation of the XPCT approach. The
expanded description of the computational pipeline and clarification of resolution-related
parameters further improve the transparency of the work.

Overall, | find the revisions satisfactory and believe the manuscript is now suitable for publication.

Reviewer #3 (Remarks to the Author):

Thank you for the revision.

| have carefully reviewed the authors’ responses and the revised manuscript.

The authors have adequately addressed my previous concerns, and | find the manuscript has
improved significantly.

| have no further comments.

| recommend the manuscript for publication in its current form.



Description of Additional Supplementary Files

File name- Supplementary Data 1

File description — The source data behind the graph in Fig. 6(c) of the
manuscript.
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Supplementary Fig. 1. Stitched tomograms. Reconstructed slice through a stitched
volume of nine datasets obtained by the SR-PB setup of a FFPE HFO (HFO Sample 3)
in a 3 mm sized punch biopsy. The resulting FOV is approximately 4 x 4 mm? and the
effective voxel size is 1.3 pm after 2 x 2-binning of the individual datasets. Scalebar is 500
pm (left) and 200 pm (right).



Supplementary Fig. 2. Laboratory p-CT of HFO Sample 1. Comparison of the
image quality of two reconstructed slices at approximately the same position obtained
by (a) a tomographic scan with a total acquisition time of 1.75 hours and (b) a long
tomographic scan with a total acquisition time of 21.8 hours. Contrast and SNR are sig-
nificantly higher with the longer scan, but the image quality of the tomographic recording
with relatively short acquisition time shows that quick overview scans can be obtained to
identify relevant structural details, scalebar = 200 pm.



Supplementary Fig. 3. H&E histology of HFO Sample 4. (a) Light microscopy
image of an histological slice of an HFO, correlated to (b) a reconstructed virtual slice
obtained by the high-resolution SR-CB setup. H&E-staining and sectioning was performed
after the tomographic recording. Scalebar is 200 pm in (a) and 50 pm in (b).



Supplementary Fig. 4. NKX2.5-KO HFO. Series of virtual slices through the re-
constructed volume of a NKX2.5 knockout HFO in a 3 mm sized punch biopsy. The
tomographic recording was obtained using the SR-PB setup, scalebar = 200 pm. Notably,
a reduced adhesion between cardiomyocytes can be observed in the ML.



Estimation of the resolution

The spatial resolution in the tomographic reconstructions for each of the experimental
configurations (SR-PB, SR-CB, and laboratory-based n-CT (Easytom)) is estimated using
the half-width-half-maximum (HWHM), which is obtained by fitting line-cuts through
edges of cell nuclei to an error-function profile (see Supplementary Fig. 5 and 6). The

analysis has been performed with the Fiji software by using the fit model

f(:v):a—l—b-erf(xd_c> (1)

with fit parameters a, b, ¢, d, and error-function

erf(x) = \/27? /Or e dt . (2)

The error function can be related to the integrated Gaussian distribution ®(x) with the

standard deviation o and the expected value p by

O(x) = % (1 + erf (x\/;:>) , (3)

so that HWHM = 2+/2In20/2 is calculated with o = d/+/2 for each line-profile (the results

are summarized in Supplementary Tab. 1). Since the steepness of the line-cuts depends

on the specific features of the nuclei, the average HWHM was calculated from multiple
line profiles. As expected, the highest resolution, i.e. HWHMean =~ 0.27 pm, has been
achieved by the SR-CB setup. Meanwhile, the reconstructions obtained by the SR-PB and
the laboratory p-CT setup, HWHMean =~ 0.81 and 0.88 pm, respectively, demonstrate

comparable resolution.



Supplementary Tab. 1. Resolution estimates. Fit parameter d and HWHM for each
line profile and for each experimental setup. The line profiles are numbered according to
those presented in Fig. 5 and 6. The mean value of HWHM (HWHMcan) and the ratio
HWHMpean/Pxeg With the effective pixel size pxg (0.127 pm for SR-CB, 0.65 pm for SR-
PB and 0.72 pm Easytom laboratory p-CT) are given for each tomographic configuration.
In the case of SR-PB, line-profile 4 was not considered in HWHMean since HWHM <

PXeff-

Setup Line profile d (pm) HWHM (um) HWHMmean (nm)  HWHMmean/PXeg
1 2.77 0.295
2 2.59 0.275

SR-CB 3 1.7 0.18 0.268 2.1
4 2.51 0.265
5 3.06 0.325
1 1.51 0.815
2 1.21 0.655

SR-PB 3 1.74 0.94 0.814 1.3
4 0.94 0.51
5 1.56 0.845
1 1.37 0.82
2 1.41 0.84

Easytom 3 1.38 0.825 0.882 1.2
4 1.61 0.965
5 1.6 0.955
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Supplementary Fig. 5. Resolution estimates: Line-cuts through edges of cell
nuclei. Line-cuts through edges of cell nuclei are shown for (a) SR-CB, (b) SR-PB, and
(c) laboratory p-CT (Easytom) data for representative slices through the tomographic
reconstruction. Five line profiles with a width of 1 pixel are considered for each data
set (indicated by the corresponding number in the magnified view, shown by the pink
rectangles), and are plotted as a function of distance (on the right). For better visibility,
an example line cut through an edge of a cell nucleus is shown in the magnified view within
purple rectangles.
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Supplementary Fig. 6. Resolution estimates: Line profiles and fits. Line profiles
(blue dots) and the corresponding fits (orange lines) are shown for each of the different
tomographic configurations, namely the SR-CB, the SR-PB and the laboraroty p-CT
(Easytom) setup.



Contrast-to-noise ratio

The contrast-to-noise ratio (CNR) was estimated for each of the three tomographic con-
figurations, i.e. SR-CB, SR-PB and laboratory-based p-CT (Easytom setup), by

CNR = M ’ (4)

o
where pa and pup are the mean signals in two regions A and B, respectively, and o is the
image noise. To this end, contrast was measured between an endodermal island and the
surrounding paraffin-background, see regions-of-interest (ROI) A and B in Supplementary
Fig. 7 (correspondingly the mean signals pia B), respectively. Further, image noise was
measured by the standard deviation op = o of the paraffin signal in ROI B. The SR-PB
setup achieves the highest CNR value (CNR = 22.3), followed by the laboratory-based
n-CT (Easytom) setup (CNR = 5.7) and the SR-CB setup (CNR = 3.4), which has the
lowest CNR value.
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Supplementary Fig. 7. Estimation of the CNR. Representative slices through the
tomographic reconstructions from (a) laboratory p-CT (Easytom), (b) SR-PB and (c¢) SR~
CB datasets. ROI A and B used to measure the mean signal and the standard deviation
of the mean signal in an endodermal cavity and in the surrounding paraffin, respectively,
are indicated by yellow quadrangles. The resulting CNR values are 5.7 for (a), 22.3 for
(b) and 3.4 for (c).
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