Dear Editor
We appreciate the editor giving us enough time to revise this manuscript, and thank both reviewers for their important comments, which helped us make a lot of improvements to the manuscript. 
Before going into details, we would like to draw one’s attention to major change in terminology that we have made in this manuscript. We have changed the term “bleed-through reference images” to “crosstalk reference images” because the latter is shorter, and consistent with our previous paper (Sci Rep 2018) where we used “crosstalk-on-demand methods”.
Below, we describe our responses in black, and all quoted texts in the “times” font with changes indicated in red. The line numbers refer to lines in the revised version.

Editorial comments:
1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no spelling or grammar issues. The JoVE editor will not copy-edit your manuscript and any errors in the submitted revision may be present in the published version.
We used an English proof-reading service to ensure there are no spelling or grammar issues.
2. As some authors are affiliated with UK institutions, please check whether open access is required by your funding agencies.
We are in the process of changing our license to open access. 
3. Keywords: Please provide at least 6 keywords or phrases.
Six keywords were supplied. 
4. Please add more details to your protocol steps. There should be enough detail in each step to supplement the actions seen in the video so that viewers can easily replicate the protocol. Please ensure you answer the “how” question, i.e., how is the step performed? Alternatively, add references to published material specifying how to perform the protocol action. See examples below. 
5. 1.1.1: Please specify composition of the growth medium and growth conditions.
6. 1.1.2: When is the growth medium replaced?
7. 1.1.5: Please specify incubation temperature.
8. 1.1.8: What are the secondary antibodies used in this step? Please specify.
9. 1.1.11, 1.2.5: Please specify the mounting medium used in this step.
10. 2.2.3: Please specify the reference sample use in this step.
11. Section 3: Please revise to avoid the use of personal pronouns (e.g., I, you, your, we, our). Please write the text in the imperative tense. Any text that cannot be written in the imperative tense may be added as a “NOTE”.
12. Table of Materials: Please sort the materials alphabetically by material name.
Comments 4 to 12 were addressed in the revised manuscript to clarify some of the uncertain protocols. 

Reviewer #1:
Major Concerns:
The concept of bleed through images needs more description in the introduction.
More description has now been given in the INTRODUCTION (line 91-104) for the concept of bleed-through (now renamed “crosstalk”) reference images.
The problem of potential artifacts needs to be discussed.
We devoted the new second paragraph in DISCUSSION to the discussion of potential artifacts (line 536). Furthermore, we made a new table, Table 2, where the possible causes of failure and their solutions are summarized. 
Minor Concerns:
A few additional items are worth to discuss.
Inhomogeneity in the field of view could be problematic for the protocol and should be checked independently with other means.
We assume the reviewer’s concern is about Fig. 7. We described how to check for this inhomogeneity and solve it in DISCUSSION (line 552-556).
When applying a fixed calibration on live-cell imaging, several problems may arise; here fixation plays a role, but also temperature. It would be worth to discuss this problematic.
An additional problem that haunts some SIM devices is temp/draft dependent misalignment. Here an upfront recorded image bears the danger to worsen or overcompensate the correction. This problematic is also worth to mention.
These points are surely problems and they are dealt with in the new second paragraph in DISCUSSION (line 536-538 line 556-560) and in Table 2.

Reviewer #2:
Manuscript Summary:
The manuscript on "High-accuracy correction of 3D chromatic shifts in the age of super-resolution biological imaging using Chromagnon" was reviewed with the understanding that it provides a protocol to a publication by these authors on the topic of chromatic corrections in fluorescence images acquired with diffractive optics. The original work is well known to me and any suggestions made in this review are meant solely as help to users of the software package and not as critique of the original work. My believe is that clear explanation of features of the approach or software are essential to the community and pointing out possible limits, even those likely based on the interpretation by non-deep-expert users, is a strength rather than a weakness to the authors work!
That being said, I am struggling somewhat with the format of this article as my understanding is that the final product is a video documentation of this protocol and the written text might not be accessed frequently. For this reason, some comments are made towards points that would need some explicit mentioning in the video if it is used as the sole resource for using the software - although they might be covered in the original publication.
First of all, we would like to express our gratitude to the reviewer. We cannot thank the reviewer enough for testing the protocol to this depth and giving valuable feedback. We believe both the manuscript and software have now been improved a lot.
We are changing our license to open access, so that everybody can read the text version of this article. We will also put a link to this article on the GitHub site so that those users who wish to learn more can easily navigate to the article.
As a preamble: addressing chromatic shifts is of vital importance to any meaningful data analysis and I do fully support the notion that a best-case alignment based on bead images is utterly useless in the context of biological imaging. As such this protocol is well worth publishing and the work of the authors is much appreciated. One limitation that would help downstream users if discussed in more detail is strategies to verify alignment performance in the user's hand. Assessing the precision of alignment for Chromagnon is difficult. It is hence appreciated that Chromagnon is not presenting an artificial measure for alignment success that would lure a user in safety - good job! It would help though to suggest the use of good and bad bead data (e.g. add noise to good data) for users to develop an intuitive understanding of alignment precision and to check if they do use the software within reasonable bounds.
We have made the test images available for download from GitHub. In addition to the “good” data, we also added “bad” data in which the signal to noise ratio was less than 3. However, because Chromagnon is very tolerant to noise, users will notice only slight mis-registration. 
Although the images are biological objects, not fluorescent beads, we believe users will benefit from them, because they teach users what kind of data is required in reality and how the registration really works in both good and bad scenarios.
The test data set is mentioned at the end of the second paragraph in DISCUSSION (line 560).
Major Concerns:
On the critical side of this review my lab members and I find the protocol to be lacking structure and clarity. For example, the sample preparation starts with "immunostaining…" but does not reference the imaging type(s) that this sample would be used to collect. Parallel structure between sections will improve reader understanding as well as increase the ease of a reader to go between sections and reference the information relevant to the particular imaging method they are testing the software with. Our recommendation would be to outline what should be said for each type of imaging/reference used and rebuild the entire manuscript using that outline. The discussion suffers from the same issues as the introduction but magnified. The sentence structure for the discussion of how individual images are used for comparison and how the images connect to the method of alignment is very confusing. We also find the software we tested not to function in the way described and besides error messages are losing frames from z-stacks during the processing. It would be hugely beneficial if this kind of problems could be eliminated prior to publishing, possibly using more extensive testing by third parties?Below are specific examples we found unclear:
We have added the following new descriptions:
1. We described the types of microscopy used in the protocol in INTRODUCTION (line 156-157) and in PROTOCOL (protocol 2.3.1-2.3.3).
2. We described an outline of the protocol at the end of INTRODUCTION (from line 157).
3. DISCUSSION was also reorganized with respect to the contents of individual paragraphs, and some introductory sentences were also added to help the logical flow.
4. We have elaborated on the use of the software in the protocol. We have also fixed the problems in the software (see below). We have collected a lot of feedback on the software through GitHub and we will continue to make improvements to the software.
Abstract:
What is meant by information is magnified in lateral and axial dimensions? Does this refer to an increase in intensity?
The sentence was changed as follows:
Due to chromatic aberration and the imperfect alignment of cameras, images acquired in each channel may be shifted, and magnified, as well as rotated relative to each other in any of the three dimensions.
Introduction:
What is meant by optical misalignment is not clear, nor are there any citations regarding optical misalignment and the causes thereof. Is this point referring to a poorly constructed microscope or is there minute misalignment inherent to even adequately aligned components? The article suggests that it is impossible for a multiple camera system to be perfectly aligned. As a result, chromatic shift as a concept has no context, which leaves the reader ill prepared to continue reading. We like to note that even sequential imaging on the same camera suffers from chromatic aberrations and likely more so than a well aligned multiple camera system.
The sentence was changed as follows (line 57):
Similarly, microscopes equipped with multiple cameras devoted to acquiring each color have more complex chromatic shifts due to differences in optical elements and imperfect alignment among the channels.
Also, a similar sentence in ABSTRACT was changed (see above).
The practice of using multicolored beads is discussed negatively here but is the recommended method for at least one situation in the protocol. When the use of beads is appropriate should be indicated here.
The explanation was changed (line 66-68):
Next, what constitutes a target versus a reference image is not well defined, even in basic terms. Also missing are generalizations regarding properties the two images should have. The necessary parameters for reference images, ideal and/or minimum to meet for each imaging scenario (as delineated in Table 1), are not clearly outlined, though some mentions are made in the paragraphs following the one beginning, "Here we describe…".
The explanation for the “reference” image has been added (line 83-84).
With respect to fluorescence, as discussed in the next paragraph, the explanation, "Since… blue, green and red channels," is not clear. Which specific channels are compatible and how many channels does the software support? The set-up described is not the only type found used in fluorescence microscopy, in other words, although immediately clear to the expert it is not clearly stated that the ideal alignment data cannot be obtained with a filter cube-based microscope. It would be helpful to clearly state what is desirable (e.g. cross talk signal) and what is technically needed to record such data.
The explanation of the requirement for bleed-through (now called “crosstalk”) reference images was expanded (line 91-95).
In addition, we added information regarding how many channels the software supports (line 129).
For potential users that process images using deconvolution, it is not specified if the chromatic shift correction should be done before or after the deconvolution, or if Chromagnon would outperform the chromatic shift estimation done by most deconvolution software. Again, this is pretty clear to the expert, but does confuse learners and non-experts.
The application of deconvolution has been commented on in DISCUSSION (line 530-532).
Furthermore, use of deconvolution was stated in PRESENTATIVE RESULTS (line 462) and the legend for Fig. 5 (line 497).
Protocol:
With respect to the protocol, having the set-up of the references under the section title "Data acquisition" is confusing to the reader, consider renaming.
The section title has been changed to “Acquisition of reference images”
Using test data from our lab we were only able to test the least preferred reference image, limiting the following comments to this scenario:
2.2.3 the article instructs you to use a sample. It can be assumed that the target and reference are one and the same for the bright field correction, but it is far from clear.
We made changes to the protocol as follows:
2.2.1. Place the target sample prepared in step 1.1 on a wide-field microscope.
2.2.2. Acquire a fluorescence image of the target in blue, green, and red channels.
2.2.3. Acquire a bright field image of the target in blue, green, and red channels exactly at the same stage position as in 2.2.2 and the same Z height in case of a 3D stack.
2.3.3. "The XY position on the stage does not matter because the amount of chromatic shift is mostly constant on a single coverslip."
Mostly constant? For the sake of consistency shouldn't an attempt be made to keep the x,y position consistent?
This sentence has been explained more carefully (line 281-284).
What about the use of a camera that does not take all the channels at the same time?
Preference either way is not stated here, nor is it in the Introduction.
This is now mentioned in INTRODUCTION (line 162-163).
What is meant by local alignment? Is there a defined volume of pixels which undergo alignment independently from the whole image? Is this done iteratively through the whole image volume?
The description of “local alignment” has now been moved from DISCUSSION to INTRODUCTION and is explained more carefully (line 134- 141).
The so called "local alignment" is performed on projected images; aren't projections inherently less accurate?
Yes, they are. However, most cell biologists collect only a few tens of pixels in the Z axis. Such a small number of pixels is not suitable for local alignment in 3D. In fact, for projected images, we set the minimum number of pixels at 60, which is often already reaching along the Z axis before subdivision.
4.8. "average references" - what is this?
The explanation has been added to INTRODUCTION (line 119-122).
"It is better to know how much accuracy is required for your study." - generally as best as one can get? This statement needs clarification
The explanation has been added at the beginning of DISCUSSION (line 521).
Why is accuracy of global alignment dependent on how much of the field of view is used?
A citation was inserted rather than an explanation of the theory (line 548).
The manuscript states four regions are used for accuracy with respect to rotation OR switches to "other methods". As neither method is well described, it does not make sense why the four regions are preferable over one.
This is briefly explained at line 549.
It is unclear why the region with the objects can't be divided into four regions and adjust the algorithm to account for difference not being about z at the origin. 
There should be recommendations to center the objects imaged, which may be mentioned in the documentation under "alignment of time frames". However, the wording is not clear and seems specific to time frames. The inability to adjust might be a weakness of the method that needs to be addressed.
Yes, it is only for time series, this is now clearly stated in the documentation.
Magnification difference is a common feature in chromatic aberration. Images should be magnified from the optical axis which is assumed to be the center of the image. Therefore, if the center is artificially moved to a position that is the wrong place in regards to the optical axis, then the true alignment parameter cannot be found.
Regarding the potential weakness of the method, we added the solution for this problem in new Table 2 and in line 554-556.
It is likely that most users would like to understand how the chromatic aberration is calculated and have access to the aberration as found between each pair/combination of channels. No such readout was available in the GUI, although some detection was mentioned during the loading of the file. The final corrections are available if one digs through the log file, but how these corrections are determined, that is what the shifts were that resulted in the corrects, is not. It also seems unclear to us if there is an explicit statement of the alignment used, e.g. if it is always an elastic, or ridged or mixed model that is used?
The text for protocol 3.13 was modified.
Also, the presence of a log file was mentioned at line 366-367. Furthermore, the contents of the log file were fully reorganized so as to easily follow the alignment process.
The kind of alignment method that is used (rigid or elastic) can be checked by looking at the output file type (chromagnon.csv or chromagnon.tif). The explanation has been modified (line 361-364).

Table 1:
This rating system seems to be ordinal; it uses a meaningless scoring system for which we do not know the maximum score nor is it clear if the scores are based on a ratio, in which case we need the reference value indicated by "+", or set difference, in which case we need the base and difference associated with each "+".
We removed the category “Simplicity” because they are only “++” and “+++”. In addition, rough estimates for the accuracy expected for “+” and “+++” were added in the legend.
The difference between biological calibration on the same versus different slides should be flushed out in the discussion, preferably following a quantitative results section.
Sentences have been added in INTRODUCTION (line 122-125) and in DISCUSSION (line 587-589).
Is there a difference between the two biological calibrations if the local calibration is measured by multicolored bead samples?
The expected difference was mentioned at line 150-152.

Documentation Edits:
* The disadvantage for bleed-through images is worded in a confusing way, instead of bleed-through maybe use 'cross talk' or 'bleed-through - also known as cross talk - …'
We have changed “bleed-through reference image” to “crosstalk reference image”. The document for the software has also been changed.
* Why are the only rotations looked at in the z-direction?
The current Chromagnon measures rotations around the Z-axis (from the XY plane) and X-axis (from the ZY plane), but the X-axis rotation is not used because it only has a minor effect and its robustness in the measurement process has not been tested enough. We are not ready to correct this rotation, but it is one of our future plans.

Testing the software:
We were only able to create the brightfield reference because we used a cube based microscope and also did not have three colors of phalloidin, and we were only able to obtain diffraction limited images. We used a Leica DMi8 widefield microscope with a 63x oil 1.4 NA Leica Plan Apoachromat, Hamamatsu ORCA flash 4 sCMOS camera, and mercury halide lamp. Our sample was of formaldehyde fixed Jurkat T cells stained for lamin B and nuclear pore complex. The Brightfield reference and fluorescent target image were acquired at the exact same position and z stack. The target image was deconvolved with ten blind iterations.
When the non-deconvolved image was corrected in chromagnon, it resulted in a highly pixelated and granular appearance. The pixel number was conserved, but the image quality was not. Also, the correction took nearly ten times longer than the estimate provided by the article despite being processed on a dual core liquid cooled imaging computer with 64GB RAM.
We are sorry that the result of the non-deconvolved image was not good. Presumably, the software failed to find the true magnification factor. The problem might be that the contrast of the brightfield image was too low. Solutions written in Table 2 may help in obtaining better results (“Cause” … “Low contrast”).
As to the processing time, we did not mention the number of CPU core and threads in our system. The number of threads is important for correctly estimating the processing time because Chromagnon uses parallel processing. Numbers of cores and threads and a type of storage on our Mac were written in the revised manuscript at line 463-464. 
Assuming the power of the computer is similar for simplicity’s sake, the processing time is not extremely different from expectation. As always, the calculation time depends on the number of pixels. The data for Fig. 5 was 60 Z slices, 256 x 256 pixels, 3 channels, and it measured local alignment. If the reviewer’s image was 21 Z slices, 2k x 2k pixels, 4 channels, then number of pixels to be calculated is about 30 times greater. Therefore, if local alignment was measured, the simplest calculation suggests that it can take even 30 times longer. If we compare the reviewer’s image with the data in Fig. 6, 76 Z slices, 1k x 1k pixels, 3 channels, then the reviewer’s data is 1.7 times larger in terms of number of pixels to be calculated. However, the experiment in Fig. 6 was measured without local alignment, so it should take at least twice the amount of time to measure the local alignment of the same number of pixels, and this gives an expected time of about 3 times longer for the local alignment of the reviewer’s data. Other factors such as different storage types (SSD vs HDD) may also affect the processing time, as data are read several times during processing. From these considerations, we think the processing time was within reasonable bounds.
The deconvolved image was then corrected. This time, the image quality was preserved completely, but the number of z slices was reduced from 21 to 18. It is not clear what happened to the other three slices, or which three slices were removed. Is the software limited to 18 z slices? This made it exceedingly difficult to compare the corrected image to the original as we could not determine which z slices corresponded.
We added explanations to the “crop margins” option of Chromagnon as protocol 3.5 and we also added these to the REPRESENTATIVE RESULTS (line 466-468).
We have never deconvolved bright-field images. But if such deconvolution was successful, then we would also consider using it.
The original deconvolved image had slight chromatic aberration as seen below. In the upper left of the nucleus, the red lamin ring extends past the yellow nuclear pore complex ring which is not physiologically accurate. As expected, the opposite is seen on the lower right side of the nucleus. The effective pixel size is 103nm, and as such, the chromatic aberration can be estimated to be approximately 206nm or two pixels on a linear-lateral vector.
The corrected deconvolved image largely shows the same chromatic aberration as the original. Subjectively, there is a slight shift of the lamin ring on the bottom right toward the NPC ring, so there may be a marginal correction. Overall, using a brightfield reference did not cause sufficient chromatic correction.
///IMAGE to be added here/// submission system unfortunately did not allow for upload of documents.
When I tested the software with the provided example images, the brightfield, bleed-through, and biological calibrations all adequately corrected the chromatic aberration between two channels. The images that were provided had higher lateral resolutions than the image we acquired and that may be why the correction was easier to qualify.
If the correction of chromatic shift in the image was only marginal, one possibility for this is low contrast of the bright-field reference image. The solution for this problem is mentioned in Table 2 (“Cause” … “Low contrast”). Alternatively, the camera chip may have acquired dust, which can compromise the correction accuracy. This problem was also mentioned in Table 2 (“Cause” … “Contamination of unrelated images”). Yet another possibility that the reviewer raised is the lateral resolution. If lower lateral resolution is a result of spherical aberration, it also affects the correction accuracy of the axial (Z) direction. This is mentioned in Table 2 (“Cause” … “Optical aberration”). Finally, Z step size may have not fulfilled the Nyquist criterion. This important explanation was lacking in the previous version of the manuscript. We added it to Protocol 2.1.2, 2.2.2 and 2.3.2 and Table 2 (“Cause” … “The Z step size is too sparse”).
Whilst having such uncertainty, it is still possible that the reviewer’s image is well-corrected. Although red fluorescence from lamin was sometimes inside and sometimes overlapped with green nuclear pores before alignment, it was slightly but always inside the nuclear pores after alignment. If the target NPC protein was at the cytoplasmic side or at the plane of the nuclear envelope, then the localization patterns of two proteins are biologically correct. Even though the lateral resolution of the microscopy is, say, 250-300 nm, we can distinguish slight but invariable differences in the localization of two proteins that are separated by only 20 nm by visual inspection, if chromatic shifts are well-corrected. Therefore, slight differences in localization between red and green may be an expected result.
To find out if it is true, the reviewer can use the image of lamin and NPC as both reference and target images for chromatic correction by Chromagnon without local alignment. If multiple nuclei are present in the image, then the image should work as a good reference for correcting itself by global (linear) alignment. If the red fluorescence is slightly inside of the green fluorescence in all nuclei as in the image provided, then that is likely a truth.
The provided images also calculated faster than the one we tested, although we tested an image with twice as many channels. The calculation time may be proportional to the number of channels? Again, the corrected images were missing z slices. When the image was corrected with different reference types, the resulting images all had different numbers of z slices between 32 and 37.
The calculation time and reduction in number of z slices was answered above. The calculation time should be proportional to the number of channels (excluding one reference channel).
Finally, when more than one corrected image was displayed in the build-in image viewer, changing the z stack position caused the image to suddenly and irreversibly become highly skewed and obfuscated, and as such became completely unviewable. The image file itself was fine when I inspected it in FIJI.
We believe that opening multiple images in the viewer is not a big problem because only 2D images are loaded into memory each time. We assume that the problem you encountered is due to handling error of a large image file (2k x 2k). We added a new function in the viewer, namely “Load whole data into memory”. The new function is explained in protocol 3.11 (line 373-374).

Minor Concerns:
Copy Edits:
* Line 38-39. Change to "lateral (x,y) and axial (z) dimensions"…
* Line 78. Change envelop to envelope
* Line 91. Change to: "blue, green, and red"…
* Line 351. The files must have equal x, y, and z dimensions, so "pixels" should be replaced with "voxels".
* Line 418. Envelops to envelopes
These points have been corrected as suggested.
* Line 304. There are a lot of glass bottom dishes with different thicknesses. Does this refer to a #1.5 - 0.17mm glass bottom?
Yes, an explanation was added to protocol 4.2.
* Line 441. What is meant by more than three channels? 4-6? Infinite? NIR?
The corresponding phrase (line 583) was changed to any desired number of channels.

Program Bugs:
Unable to get to the screen in Figure 4.
The explanation at Protocol 3.13 (line 396) was changed to:
load a “.chromagnon.csv” or “.chromagnon.tif” file into Chromagnon’s Reference or Target box (Fig. 1), then double click it to open the alignment editor (Fig. 4)
Significantly more time to load and process than indicated in the article on a more powerful computer. The time given for running the program does not hold true; it took us much longer with 2048x2048 images with 21 slices in the z-stack and lambda = 4.
The problem is discussed above.
Crashed often when adjusting element "B" in Figure 3. 
We assume that this is again due to handling error of a large image (2k x 2k). We added a new function in the viewer, namely “load whole data into memory”. The new function is explained in protocol 3.11 (line 373).
The color/channel assignment was ordered in a randomly and changed between test images.
The problem is discussed in the NOTE of protocol 3.3, and Table 2 (“Cause” … “Metadata of the image file is lost”). We are currently working on a way to solve this important problem.
The result of our test use had 18 slices from 21 in the original z-stack. It is not clear which ones were removed as the "margins." This made comparison between the original and the processed images subjective.
We added an explanation for the “Crop margins” option at protocol 3.5. Please uncheck this check box if comparison is required.
Unclear what all the options that appear when one R-clicks on the color bar mean.
[bookmark: _GoBack]They are briefly explained in protocol 3.11 (line 377-380). In addition, we removed a few menus that are not used anymore.
Orthogonal view… did not seem to work, cannot move through image this way. What it was showing and the purpose was unclear.
This is again likely due to handling error of a large image (2k x 2k). We modified the program so that once the “orthogonal view” button is pressed, the whole image is loaded into the memory. The problem should now be resolved.

Log File Edits:
"geuss" is this guess or Gauss? Word is not found in protocol text
"affine" - Word is not found in protocol text
These words were corrected or changed to other words found in the text.

GitHub Edits:
Documentation spelled incorrectly in the initial markdown file.
The misspelling was corrected.
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