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Author Questionnaire 
1. Microscopy: Does your protocol require the use of a dissecting or stereomicroscope for performing a complex dissection, microinjection technique, or something similar?  NO  

2. Software: Does the part of your protocol being filmed include step-by-step descriptions of software usage?  YES
Authors: Please create screen capture videos of the shots labeled as SCREEN, create a screenshot summary, and upload the files to your project page as soon as possible: https://review.jove.com/files_upload.php?src=20245948
3. Filming location: Will the filming need to take place in multiple locations?   NO


Current Protocol Length

Number of Steps:  33
Number of Shots:  51 

Interviews 
1. Video 1: Author Spotlight: Enhancing Diagnostic Strategies and Biomarker Development for Comprehensive Lung Function Analysis

Ethics Title Card
This research has been approved by the ethics committee of Hannover Medical School 

Videographer: Obtain headshots for all authors. 


REQUIRED: What is the scope of your research? What questions are you trying to answer? 
1.1. Jens Vogel-Claussen: The scope of our research encompasses early disease detection, monitoring, and treatment response measurement in lung conditions such as cystic fibrosis, chronic obstructive pulmonary disease, and chronic thromboembolic pulmonary hypertension. We aim to identify sensitive and reproducible biomarkers to improve patient outcomes, focusing on developing and enhancing diagnostic strategies.
1.1.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera Suggested B roll: 2.5

What are the most recent developments in your field of research?
1.2. Filip Klimeš: Recent developments introduce sequences for 3D isotropic volume reconstruction of ventilation cycles, yielding higher spatial resolution than 2D protocols, creating a 3D PREFUL variant. This advancement, while significant, lacks perfusion insights, positioning the 3D and 2D protocols as complementary tools for a more holistic lung function analysis.
1.2.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera


What significant findings have you established in your field?
1.3. Jens Vogel-Claussen: Our protocol has led to significant findings, including the prediction of lung transplant outcomes through dynamic ventilation measurements—outperforming traditional spirometry. Additionally, we've observed treatment responses in COPD patients through changes in regional ventilation dynamics post-inhaler use. These achievements underscore the value of dynamic data, further evidenced by recent PREFUL-derived pulmonary artery pulse wave velocity measurements.
1.3.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera Suggested B roll: figure 9


What advantage does your protocol offer compared to other techniques?
1.4. Andreas Voskrebenzev: Our protocol, Phase-Resolved Functional Lung MRI, allows free-breathing imaging without additional hardware, contrast media, or radiation, using universally available MRI sequences. It offers retrospective image sorting, providing a detailed analysis of ventilation and perfusion dynamics. This combination of accessibility, non-invasiveness, and comprehensive diagnostic capabilities sets it apart from other techniques.
1.4.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera Suggested B roll: 2.6

What research questions will your laboratory focus on in the future?
1.5. Andreas Voskrebenzev: In the future, our laboratory will focus on reducing scan times and enhancing image quality through optimized sequence protocols, designs, and AI-driven reconstruction techniques. We are also dedicated to refining, developing, and validating new quantitative biomarkers, including quantitative perfusion, pulse wave velocity, and pulmonary arterial pressure measurements. 
1.5.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera

Videographer: Obtain headshots for all authors.

Protocol Videos 
2. Video 2: Phase-Resolved Functional Lung MRI Procedure for Perfusion and Ventilation Assessment
Demonstrator: Andreas Voskrebenzev
Ethics Title Card
Procedures involving human subjects have been approved by the ethics committee of Hannover Medical School
Protocol
2.1. To begin, educate patients about the procedure's magnetic properties and risks upon their arrival [1]. Instruct patients to remove all personal metallic items [2-TXT].
2.1.1. WIDE: Talent discussing the magnetic properties and risks of the procedure with a patient. Videographer: Please take a still image of talent performing this action. Make sure that it is at least a half-body shot with the talent's face visible and zoom out so we have room for cropping.
2.1.2. Patients remove metallic items like jewelry and watches. TXT:  Provide the patients with a gown if necessary

2.2. Then, orient the patient head-first in a supine position on the 0.55T, 1.5T, or 3T system [1]. Provide hearing protection, an emergency bell, padding, and a blanket for safety and comfort [2].
2.2.1. Talent positioning the patient head-first in a supine position on the system.
2.2.2. Talent handing over hearing protection and an emergency bell to the patient.

2.3. Next, position a multi-channel flex coil just beneath the patient's chin to ensure optimal coil sensitivity across all lung areas [1] and secure the coil's placement without hindering the patient's breathing [2].
2.3.1. Talent adjusting the multi-channel flex coil beneath the patient's chin.
2.3.2. Talent securing the coil's placement.

2.4. Then, instruct the patient to close their eyes [1] and mark the center of the lung with the MR (M-R) laser [2].
2.4.1. Talent instructs the patient to close their eyes.
2.4.2. Talent marking the center of the lung with the MR laser.


2.5. After aligning the lung center at the isocenter, scan the initial localizers to establish a general orientation [1] and conduct a transversal morphological scan to identify the tracheal bifurcation [2]. Then, anchor the first coronal slice at the tracheal bifurcation as a landmark to ensure reproducibility [3].
2.5.1. The initial localizer scan is being performed.
2.5.2. A transversal morphological scan is being conducted.
2.5.3. Talent setting the first coronal slice at the tracheal bifurcation.

2.6. Depending on the scan protocol, either capture three slices spaced at 100% of slice-to-slice distance or acquire multiple slices covering the entire lung at 20% or 33% distance [1-TXT]. 
2.6.1. The scan is being performed for three slices spaced at 100%. TXT: Acquire each slice separately; Avoid interleaving
3. Video 3: Quantitative Assessment of Ventilation and Perfusion Using Phase-resolved Functional Lung MRI
Demonstrator: Andreas Voskrebenzev
[bookmark: _Hlk120633226]Ethics title card
Procedures involving human subjects have been approved by the ethics committee of Hannover Medical School

Protocol

SCREEN: A simplified overview over the core protocol steps, consisting of acquisition, registration, filtering and sorting and finally, cardiac and respiratory cycle synthesis is provided.	Comment by Voskrebenzev, Andreas Dr.: Depending how the video is edited, it is necessary to provide a general overview of the method. This information / shot / slide was included for this purpose.

Slide #1
3.1. To begin, retrieve the acquired phase-resolved functional lung MRI (M-R-I) images [1]. Select the Main Path and click Process to separate DICOM (Di-Com) images based on slice location and temporal sequence using header information [2].	Comment by Voskrebenzev, Andreas Dr.: Slide #2	Comment by Voskrebenzev, Andreas Dr.: This would be a very app-specific assignment and was removed
3.1.1. WIDE: Talent in front of the computer scrolling through the acquired images.
3.1.2. SCREEN: The main path is being clicked, followed by process to separate DICOM images based on the slice location and temporal succession.
Authors: Please create screen capture videos of the shots labeled as SCREEN, create a screenshot summary, and upload the files to your project page as soon as possible: https://review.jove.com/files_upload.php?src=20245948

3.2. Perform lung boundary segmentation on all temporally averagedunregistered images, either automatically with a trained U-Net (U-Net) or manually [1] and apply a low-pass filter with a cut-off of 0.7 Hz to obtain an estimate for the respiration phases.
3.2.1. SCREEN: Lung boundary segmentation is being performed on a temporally averaged image using trained U-Net.	Comment by Voskrebenzev, Andreas Dr.: Slide #3-4

3.3. Then, exclude large vessels to refine lung boundary segmentation and obtain a region of interest or ROI (R-O-I) for lung parenchyma [1]. Using this segmentation, construct a rectangular mask encapsulating the lung and diaphragm from the lung segmentation coordinates [2].	Comment by Voskrebenzev, Andreas Dr.: This part was updated with a newer and more elegant solution. Sorry for any inconvenience. This part was also updated in the manuscript.
3.3.1. SCREEN: The large vessels are being excluded to refine the lung boundary segmentation and obtain an ROI.
3.3.2. SCREEN: The rectangular mask encapsulating the lung and diaphragm is being constructed from the lung segmentation coordinates.

3.4. Spatially average the signal in the rectangular ROI to estimate respiration positions [1]. Based on the varying amounts of low-signal lung parenchyma and high-signal diaphragm in the rectangular ROI, classify high signal as expiration and low signal as inspiration [2].
3.4.1. SCREEN: The signal in the rectangular ROI is being spatially averaged.
3.1.4.	Classify high number of segmented voxels as inspiration and low amount as expiration.
[bookmark: _GoBack]SCREEN: Classification of signals as expiration or inspiration within the ROI is being performed based on the amounts number of low-signal lung parenchyma and high-signal diaphragmsegmented lung parenchyma voxels after low-pass filtering.

3.5. Then, divide the images into 10th percentiles, with equal image numbers in each of the 10 groups [1].
3.5.1. SCREEN: The images are being divided into 10th-percentiles with equal image numbers in each of the 10 groups.	Comment by Voskrebenzev, Andreas Dr.: Slide #5

3.6. Select either ANTs (BSplineSyN with cross-correlation metric) (Ant-s-B-Spline-Sin-with-cross-correlation-metric) or Forsberg (polynomial expansion with elastic and fluid regularization) (Forsberg-polynomial-expansion-with-elastic-and fluid-regularization) as the registration algorithm [1].	Comment by Voskrebenzev, Andreas Dr.: This very app-specific selection was removed
3.6.1. SCREEN: The ANTs (BSplineSyN with cross-correlation metric)/ Forsberg (polynomial expansion with elastic and fluid regularization) registration algorithm is being selected.

3.7. Then, conduct intra-registration for each group towards the intermediate lung position of the respective group [1]. Average the group results to obtain one image for each group [2]. Conduct inter-registration from each group image to its next neighbor in the direction of the 5th group [3].
3.7.1. SCREEN: Intra-registration for each group is being conducted towards the intermediate lung position.	Comment by Voskrebenzev, Andreas Dr.: Slide #6
3.7.2. SCREEN: The group results are being averaged.	Comment by Voskrebenzev, Andreas Dr.: Combined on Slide#7
3.7.3. SCREEN: Inter-registration is being performed from each group image towards the next neighbor in the direction of the 5th group.

3.8. Afterwards, apply the chain of deformations to the original images, to reach the respiratory position represented by the averaged image in group 5 [1].
3.8.1. SCREEN: The chain of deformations is being applied to the original image.
	Comment by Voskrebenzev, Andreas Dr.: Slide #8
3.8.2. SCREEN: The motion compensation achieved by registration is demonstrated with an example. 	Comment by Voskrebenzev, Andreas Dr.: Slide #9
3.9. Perform lung boundary segmentation on the temporally averaged registrated images with a trained U-Net (U-Net) or manually [1]. 
3.9.1. SCREEN: The lung boundary segmentation is demonstrated for three slices.	Comment by Voskrebenzev, Andreas Dr.: Slide #10
3.10. Then	, exclude large central vessels to refine lung boundary segmentation and obtain a region of interest or ROI (R-O-I) for lung parenchyma [1]. 
3.10.1. SCREEN: The large central vessels are removed from the intial segmentation. 	Comment by Voskrebenzev, Andreas Dr.: Slide #10
3.11. Now, use the temporally averaged registered image as the guiding image to denoise the registered images with image-guided filtering [1-TXT].
3.11.1. SCREEN: The denoising process with image-guided filtering, using the temporally averaged registered image as the guiding image, is being performed. TXT: Settings Used: NeighborhoodSize = [10, 10], DegreeOfSmoothing = 1	Comment by Voskrebenzev, Andreas Dr.: Slide #11

3.12. For ventilation and perfusion analysis, use a low- or high-pass filter with a cut-off at 0.7 Hz (Hertz) to suppress the respective other component [1-TXT].
3.12.1. SCREEN: The effect of a filter with a cut-off of 0.7 Hz is being selected demonstrated for ventilation and perfusion analysis. TXT: Omit the first 20 images from further processing, except for perfusion analysis	Comment by Voskrebenzev, Andreas Dr.: Slide #12
Perfusion and Ventilation
3.13. To perform the piece-wise estimation of the cardiac phase, segment the signal into smaller portions using local maxima, followed by a piecewise sinusoidal fit considering amplitude, phase offset, and frequency [1].
3.13.1. SCREEN: The signal is being segmented into smaller portions using local maxima. A piecewise sinusoidal fit based on amplitude, phase offset, and frequency is being performed. Finally, the signal is sorted according to phase.	Comment by Voskrebenzev, Andreas Dr.: Slide #13 and #14
3.14. 

3.15. Then, employ Nadaraya-Watson kernel regression with a Gaussian kernel to interpolate 15 phases onto a uniformly spaced time grid for a single cardiac cycle [1].
3.15.1. SCREEN: Nadaraya-Watson kernel regression with a Gaussian kernel is being applied for phase interpolation on a uniformly spaced time grid for a single cardiac cycle.	Comment by Voskrebenzev, Andreas Dr.: Slide #15 and #16

3.16. Using empirical rules, exclude extreme outliers [1]. Derive the amplitude range R and offset C from the signal-time series created for registration grouping [2].
3.16.1. SCREEN: The extreme outliers are being removed following the specified empirical rules.	Comment by Voskrebenzev, Andreas Dr.: Slide #18
3.16.2. SCREEN: Derivation of amplitude range R and offset C from the signal-time series is being performed.	Comment by Voskrebenzev, Andreas Dr.: Slide #19

3.17. Then, classify the data into inspiration and expiration states based on the slope [1]. Achieve more refined phase determination according to the model function shown here [2].
3.17.1. SCREEN: The data is being classified into inspiration and expiration states. The final sorting is demonstrated in an animation.	Comment by Voskrebenzev, Andreas Dr.: Slide #20	Comment by Voskrebenzev, Andreas Dr.: Slide #21
3.17.2. Text on the plain background

	

	




3.18. Calculate the regional ventilation or RVent (R-Vent) for each phase, substituting the inspiration phase with the respective phase [1-TXT].
3.18.1. SCREEN: The regional ventilation is being calculated for each phase. The inspiration phase is being substituted with the respective phase. TXT: Equation used:     	Comment by Voskrebenzev, Andreas Dr.: Slide #22
Parameter Calculation
3.19. Using the inspiratory phase, derive RVent (R-Vent) with the equation shown here [1].
3.19.1. SCREEN: Exemplary RVent maps are displayed. 	Comment by Voskrebenzev, Andreas Dr.: Slide #23
3.19.2. Text on the plain background



3.20. Display regional or averaged ventilation slopes as a function of the respective RVent, generating a phase-resolved functional lung imaging equivalent to flow volume loops or FVL (F-V-L) analysis [1]. Then, normalize it using the given equation [2].
3.20.1. SCREEN: The regional or averaged RVent slopes are being shown and a PREFUL equivalent to FVL analysis is being generated. Additionally, FVL loops are schematically displayed to motivate the use of the correlation metric. Finally, FVL-CM maps are shown.	Comment by Voskrebenzev, Andreas Dr.: Slide #24
3.20.2. Text on the plain background


3.21. Next, perform an exponential fit to estimate the signal associated with maximal magnetization [1-TXT].
3.21.1. SCREEN: Exponential fitting process is being performed. TXT: Model Used: 	Comment by Voskrebenzev, Andreas Dr.: Slide #28

3.22. Using the cardiac cycle phase with maximal signals in the lung parenchyma ROI, determine a map Q related to parenchymal perfusion [1].
3.22.1. SCREEN: The map Q for parenchymal perfusion is being determined using cardiac cycle phase with maximal signals in the lung parenchyma ROI.	Comment by Voskrebenzev, Andreas Dr.: Slide #17

3.23. For the estimation of regional blood fraction, normalize the S0 (S-Not) value by averaging the values above the 99.99th percentile in the search ROI [1]. Calculate the final quantified perfusion in milliliters per minute per 100 milliliters [2].
3.23.1. SCREEN: The values above the 99.99th percentile in the search ROI is being averaged.	Comment by Voskrebenzev, Andreas Dr.: Slide #29
3.23.2. SCREEN: The final quantified perfusion is being calculated in mL∙min-1∙100 mL-1.	Comment by Voskrebenzev, Andreas Dr.: Slide #30

Thresholding and Statistics
3.24. Statistically describe the parameters for the middle slice and all slices with mean value and standard deviation [1].
3.24.1. SCREEN: Statistical description of parameters with mean value and standard deviation is being performed.	Comment by Voskrebenzev, Andreas Dr.: #Slide 31

3.25. Normalize the standard deviation to the coefficient of variation for a relative account of dispersion [1]. Select the mean value and coefficient of variation as final statistical outputs [2].
3.25.1. SCREEN: The standard deviation is being normalized to the coefficient of variation for a relative account of dispersion.	Comment by Voskrebenzev, Andreas Dr.: #Slide 31
3.25.2. SCREEN:  Exemplary results for RVent are demonstrated. The mean value and coefficient of variation are being selected as final statistical outputs.	Comment by Voskrebenzev, Andreas Dr.: #Slide 31

3.26. Then, apply thresholds to the parameter maps to generate defect maps and derive defect percentage values [1].
3.26.1. SCREEN: The thresholds are being applied to generate defect maps and defect percentage values.
 	Comment by Voskrebenzev, Andreas Dr.: #Slide 32
3.27. Classify values below the thresholds as ventilation or perfusion defects [1]. Combine these maps to quantify the overlap of defects and normal regions in ventilation and perfusion classes [2].
3.27.1. SCREEN: The values below the thresholds are being classified as ventilation or perfusion defects. 	Comment by Voskrebenzev, Andreas Dr.: #Slide 32
3.27.2. SCREEN: The maps are being combined to quantify overlap of defects and normal regions in V/Q classes.	Comment by Voskrebenzev, Andreas Dr.: #Slide 33

3.28. Afterward, calculate the percentage of ventilation defect, perfusion defect, and ventilation and perfusion classes as the number of voxels in the respective class relative to the total lung parenchyma voxels [1].
3.28.1. SCREEN: The defect percentages for VD, QD, and V/Q classes are being calculated as the number of voxels in the respective class relative to the total lung parenchyma voxels.	Comment by Voskrebenzev, Andreas Dr.: #Slide 34

3.29. Calculate the defect percentage for each slice and the compound coronal slices [1-TXT] 
3.29.1. SCREEN: The defect percentages for each slice and compound coronal slices are being calculated. TXT: OR-operation: VD = VD(RVent) OR VD(FVL-CM)
Representative Results
3.30. The functional lung imaging maps of a 30-year-old healthy female showed a homogeneous distribution of the parenchymal values and low defect percentages [1]. However, a 60-year-old male COPD (C-O-P-D) patient heterogeneous distribution of the parenchymal values and high defect percentages [2].
3.30.1. LAB MEDIA: Figure 8
3.30.2. LAB MEDIA: Figure 9
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